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1. About the Meeting 

1.1 Meeting Overview 

The 2022 Department of Defense (DoD) Steels Summit held 15–16 November 
2022 in the Mallette Training Facility at Aberdeen Proving Ground, Maryland, was 
hosted by the Army Research Directorate of the US Army Combat Capabilities 
Development Command (DEVCOM) Army Research Laboratory (ARL). This was 
the sixth annual DoD Steels Summit, returning to an in-person format after 2 years 
of virtual meetings during the COVID-19 pandemic. The primary objective of the 
summit was to bring together defense, industry, and academic communities 
engaged in the production, use, and research of steel alloys relevant to military 
applications to better advance the development and integration of steels to 
accomplish current and future Warfighter needs.  

The 2022 DoD Steels Summit comprised keynote and invited speakers, technical 
briefings, a panel discussion, and poster sessions, as outlined in Table 1. Sixteen 
technical briefings were presented in six different sessions, and a panel discussion 
was held to discuss the state of the steel industry. There were two poster session 
breaks at which 31 posters were presented by their authors. Dr Ernest Chin, 
Sciences of Extreme Materials Division Chief, welcomed the attendees at the 
opening of the summit.  

Table 1 2022 DoD Steels Summit agenda 

Date Start time Description 
15 Nov 2022 0830 Opening and Welcome 

 0900 KEYNOTE: COL Ryan Howell, PhD (US Army) 
 1015 Session A: Structure–Processing–Property Relationships  
 1115 Session B: Data Science and Modeling 
 1155 Group Photo and Lunch 
 1330 INVITED: Dr Rachel Abrahams (US Air Force) 
 1400 Session C: Physical Metallurgy of Ultra-High Strength Steels 
 1500 Poster Session 
 1600 Session D: Additive Manufacturing of Ultra-High Strength Steels 
 1700 Conclude Day 1 
  No-Host Social, Prost German Restaurant 

16 Nov 2022 0830 Session E: Degradation and Performance 
 0945 Session F: Ballistic Performance 

 1025 Poster Session 
 1125 INVITED: Dr Glenn Daehn (The Ohio State University) 
 1140 PANEL: Steel Industry of Today and Tomorrow 
 1225 Concluding Remarks – end of open session 
 1330 Closed Government Session 
 1530 Conclude Day 2 
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1.2 Meeting Attendance 

The summit was attended by more than 150 people representing more than 60 
different government, academic, and industrial organizations. The value of the 
summit to the attendees was enhanced by the experience and diversity brought to 
the briefings, through the posters and discussions by the attendees. The meeting 
attendee affiliation has consistently included the DoD, other government agencies 
(OGAs), industry, and academia (faculty, postdoctoral associates, and students). 
The affiliations of the 2022 summit registrants are shown in Fig. 1 (consistent with 
previous summits). 

 
Fig. 1 DoD Steels Summit 2022 registrant affiliation 

Although the general affiliation of attendees has remained relatively constant, the 
individuals in attendance are changing. The number and location of previous DoD 
Steels Summits attended by registrants are shown in Fig. 2. Almost half of the 
registrants (47%) had not yet attended a DoD Steels Summit. Of registrants who 
had previously attended, a majority (80%) had attended at least one in-person 
summit before the pandemic. 
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Fig. 2 Number of DoD Steels Summits previously attended by 2022 registrants. Also 
indicated is which summit was first attended by the registrants. 

2. Technical Content Overview 

Authors, affiliations, titles, and abstracts for each of the special speakers, panel 
discussion, technical briefings, and poster presentations are included in this section 
based on type of presentation. A short summary of the panel discussion is also 
included. Technical briefings are listed in chronological order, and posters are 
presented in alphabetical order by title. Presenting authors are indicated in italicized 
text. Proceedings and posters that have been cleared for public release in print form 
have been included as separate appendixes as denoted at the end of each abstract. 
Abstracts have not been edited and appear as submitted by the corresponding 
authors. 

2.1 Special Speakers 

2.1.1 Keynote Speaker 

Relevance of Steel in a Modern Threat Environment 

COL Ryan Howell, PhD 

US Army Program Manager Main Battle Tank Systems 

Keywords: Steel, Metal, MDO, Threat, Capability 

Army ground combat modernization is no longer a classic metals centric endeavor. 
Capability is defined by software, sensors, AI, automated and robotic enabled 
capabilities. That presents opportunities for steel and materials as well as risks to 
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investment. As we are all witnessing from the RU-UKR war, offensive capability 
in a Multi-domain Operation (MDO) still requires copious amounts of heavy metal, 
armor capability, and steel enabled lethality to offensively remove an aggressor 
from the battlefield. As the US Army modernizes for future conflict, steel remains 
the backbone of the force and therefore the steels we use must modernize 
commensurate with the capabilities needed to fight on the modern battlefield now 
and into the future. 

2.1.2 Invited Speakers 

Steel Research Needs and Trends in the USAF Weapons Portfolio 

Rachel Abrahams (USAF Agile Weapons Lead EN/SME) 

US Air Force Life Cycle Management Center 

Introducing HAMMER-ERC 

Glenn Daehn 

The Ohio State University 

Keywords: Hybrid Autonomous Manufacturing, Forging, Supply Chain, Local 
Properties 

Our new NSF Engineering Research Center (HAMMER) Hybrid Autonomous 
Manufacturing Moving from Evolution to Revolution will complement the efforts 
of the DoD steels community. We have secured a long-term grant and hope to 
provide high-quality agile-manufacturing solutions in service of the US economy 
and security efforts. The core of the approach is related to numerically controlled 
deformation to serve a number of use cases. Issues of quality, trust, automated build 
and qualification, including model-based certification and the research agenda 
required to create value with this new technology will be emphasized. See some 
details of our center at http://hammer.osu.edu. 

2.2 Panel Discussion 

A summary of the panel discussion “The Steel Industry of Today and Tomorrow” 
along with the participants is provided here. This is not intended to be a transcript 
of the dialogue, rather an overview of the topics discussed. 

Abstract: After decades of globalization and public policy have eroded the domestic 
manufacturing ecosystem, what manufacturing technology will sustain or even 
enable leapfrog capability to support the warfighter. The focus will be on 
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technology and a next generation workforce to suit the technical nature of the 
audience. 

Panelists: 

• Jim Myers (MetalTek) 

• Mike Maxeiner (Arcosa) 

• Raymond Monroe (Steel Founders Society of America, Steel Performance 
Initiative) 

Moderator: David Poweleit (Steel Founders Society of America) 

The panel led off by considering the biggest challenges facing their industry, 
offering thoughts including personnel and the challenge of working with the DoD 
acquisition environment. Challenges for personnel included not only recruiting 
people to metallurgy but also keeping them invested and engaged throughout 
business developmental cycles. The panelists commented that it is easy to recruit 
from far away for short term, but it is often difficult for people to permanently 
relocate if not from that region. With increasing facility automation, recruiting 
personnel with advanced technological skills and interests is also becoming 
increasingly important. The DoD acquisition environment also poses a significant 
challenge because of the combination of low quantity, low cost, and high 
performance. One panelist also commented that the qualification standards should 
be reviewed and revised such that only relevant testing is being done to reduce 
unnecessary burden on suppliers. The panelists further commented on the things 
they need: earlier engagement during materiel development, continued tool 
development, and specification revision. The panel also discussed briefly how to 
recruit people into metallurgy and emphasized showing off the cool aspects and 
demonstrations, and promoting hands-on projects such as Cast in Steel and senior 
design projects. 

2.3 Oral Technical Briefings 

2.3.1 Session A: Structure-Processing-Property Relationships 

Intercritical Annealing of HY Steel to Improve Impact Toughness  

John D. Galuardi, Kip O. Findley, and Emmanuel De Moor 

Colorado School of Mines 

Keywords: Intercritical Annealing, Impact Toughness, Retained Austenite, 
Austenite Stability, Casting Products 
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Intercritical annealing/tempering treatments (IA/T) have been historically used to 
improve low-temperature impact toughness in Ni-bearing steels, and have been 
applied to the High Yield (HY) system to improve impact toughness in large section 
size castings. IA/T treatments are believed to improve impact toughness by 
stabilizing retained austenite (RA) leading to transformation-induced plasticity. IA 
treatments ranging from 1380-1435 °F and T treatments from 1140-1265 °F have 
been applied to cast HY-80 material representing a 5” section size. Mechanical 
testing found yield strengths between 58-100 ksi with Charpy impact energies 
measured at -100 °F ranging between 28-108 ft-lbs. The impact toughness 
properties are independent of the measured RA volume fraction. Dilatometry 
indicates the ratio of stable austenite to ferrite during IA may affect yield properties. 
Lower IA temperatures extend the range of T temperatures that achieve acceptable 
mechanical properties below the minimum T temperature outline by NAVSEA 
requirements. 

Proceedings included as Appendix A.  

Effects of Direct Resistance Heating on Recrystallization in Cold-Worked 
Steels 

Dawn Van Iderstine, Shiraz Mujahid, YubRaj Paudel, and Hongjoo Rhee 

Center for Advanced Vehicular Systems, Mississippi State University 

Keywords: Steel production, recrystallization, grain growth, thermomechanical 
simulation, electron wind effect 

The electron wind effect, where an electric current interacts with microstructural 
features such as dislocations, has been cited as a potential catalyst of solid-state 
transformations in metals. While literature focuses primarily on high-density 
currents (≥1000 A/mm2), recent studies suggest that the phenomenon can occur at 
lower current densities, such as those used by thermomechanical simulators. Owing 
to precise thermal control, these simulators are seeing increased use in developing 
novel microstructures for advanced high-strength steels. However, industrial-scale 
recreation of such microstructures through convective/radiative means requires 
analysis of heating method effects on microstructure evolution. This study 
compares the response of cold-worked steels to heating in a conventional furnace 
and in a Gleeble 3500 thermomechanical simulator, focusing on the rate and extent 
of recrystallization and subsequent grain growth. Mechanisms for resultant 
microstructural discrepancies are examined in the context of prior work on the 
topic. 

Proceedings included as Appendix B.  
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HSLA-100 for Thick-Section Forgings  

Joshua J. Mueller1, Virginia K. Euser1, Joshem Gibson1, Nick Ferry2, and Mark 
Royer2 
1 Los Alamos National Laboratory 
2 Lehigh Heavy Forge Corporation 
 
Keywords: Low-Temperature Toughness, Forgings, Charpy V-Notch, 
Hardenability, Retained Austenite 

HSLA-100 is a naval steel that was developed to exhibit exceptional combinations 
of strength and toughness while maintaining good weldability without post-weld 
heat treatment. Originally developed as a plate steel grade, there is interest in 
adapting HSLA-100 to thick-section forgings. The work presented here investigates 
the amenability of HSLA-100 to forgings, and highlights successes and challenges 
associated with production of high-strength, high-toughness forgings relative to 
plate. Mechanical property results, including uniaxial tensile and Charpy V-notch, 
for various heat treatments are presented. Variation in mechanical properties in 
thick-section forgings are discussed and tied to through-thickness changes in 
microstructural evolution. Finally, potential alloy modifications are introduced that 
intend to remedy challenges associated with adapting HSLA-100 to thick-section 
forgings. Experimental trials suggest that HSLA-100 forgings can meet marginally 
reduced strength-toughness targets with the original HSLA-100 composition; 
however, with judicious alloy modifications, thick-section forgings may achieve 
properties comparable to plate. 

Proceedings included as Appendix C.  

2.3.2 Session B: Data Science and Modeling 

Machine Intuitive Design of Army Steels - MIDAS  

Krista R. Limmer, Heather A. Murdoch, Benjamin A. Szajewski, Daniel M. Field, 
Berend C. Rinderspacher, Daniel Schreiber, Levi D. McClenny, and Mulugeta A. 
Haile 

DEVCOM Army Research Laboratory 

Keywords: alloy design, machine learning, CALPHAD, property prediction, high 
throughput 

The goal of this study is to understand the degree of material composition and 
processing history required to reliably predict properties and performance in a 
machine learning enabled framework for developing materials that can be applied 
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in Army applications. Our hypothesis is that the composition and processing 
variables are insufficient to inform a robust machine learning model, and the 
addition of synthetic microstructures developed through high-throughput 
CALPHAD methods will provide the additional information required to inform the 
models and make a more robust framework that is generalizable to other systems. 
We present a preliminary integrated machine learning and alloy design workflow 
based on low alloy steel hardness response during tempering. The framework links 
composition – processing – properties through a series of models of varying 
fidelity. Model uncertainty and databasing challenges will also be discussed. 

Proceedings included as Appendix D.  

Incorporation of Partitioning Effects During Martensitic Phase 
Transformation in Phase Field Modeling of Steels 

YubRaj Paudel, Shiraz Mujahid, Haitham El Kadiri, and Hongjoo Rhee 

Mississippi State University 

Keywords: Partitioning, Phase Field Modeling, Martensitic Phase Transformation 

This work presents efforts to incorporate partitioning effects in thermo-mechanical 
Phase Field (PF) simulation of austenite to martensite phase transformation in 
steels. A Ginzburg-Landau equation is coupled with mechanical equilibrium, heat 
conduction, and diffusion equations to incorporate the effect of carbon partitioning 
under various thermal and mechanical boundary conditions. The simulations were 
performed on single crystal and polycrystal domains with a multivariant embryo as 
an initial condition to motivate initial convergence in the absence of nucleation 
criteria. The simulation was able to predict variation in microstructure due to 
coupled partitioning effects. The robust phase-field model of martensitic phase 
transformation with partitioning effects allows for microstructure prediction under 
various heat treatment schedules. 

Proceedings included as Appendix E.  

2.3.3 Session C: Physical Metallurgy of Ultra-High Strength Steels 

Effect of Thermomechanical Processing and Heat Treatment on Mechanical 
Properties and Fracture Behavior of a Cr-Ni-Mo-V Ultra-High-Strength Steel 

Viraj Ashok Athavale1, Kingsley T. Amatanweze1, Soumava Chakraborty1, Mario 
F. Buchely1, Laura N. Bartlett1, Ronald J. O'Malley1, Daniel M. Field2, Krista R. 
Limmer2, Katherine M. Sebeck3 
1 Missouri University of Science and Technology 
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2 DEVCOM Army Research Laboratory 
3 DEVCOM Ground Vehicle Systems Center 
 
Keywords: casting, partially rolled, tensile ductility, toughness, cleanliness 

Quenched and stage I tempered ultra-high-strength steels, UHSS, have widespread 
potential use for a variety of military castings as well as for rolled high hard armor. 
A study was conducted to understand the effect of heat treatment and 
thermomechanical processing on Cr-Ni-Mo-V ultra-high-strength steel castings and 
partially rolled plates. The results were compared with the properties of the 
commercially produced product. All materials were given a standard heat treatment 
of stage-I tempering to obtain martensitic microstructure and tempered to a target 
hardness of 50 HRC. The tensile properties and Charpy V-notch toughness was 
evaluated at room temperature and at -40 °C. Although ultimate tensile strength and 
yield strengths between the cast and partially rolled steels remain comparable at 
240 ksi and 182 ksi respectively, partially rolled materials showed a three-fold 
improvement in tensile ductility over cast material. The hot-rolled Cr-Ni-Mo-V 
steel showed excellent notch toughness of 40 J. Fractography and microstructural 
characterization elucidated the influence of the production route on porosity, 
cleanliness, and ultimately the improvement in mechanical properties. 

Proceedings included as Appendix F.  

High-Fidelity, Through-Thickness Measurements of Residual Strain in Bent 
Armor Steel Plates 

Marriner H. Merrill1, Tony Wang2,3, Gary Cola4, Alex Thiel5, Kelly E. Nygren6, J. 
Y. Peter Ko6 and Chris Budrow7  
1 U.S. Naval Research Laboratory 
2 Prior: U.S. Naval Air Systems Command, Naval Air Warfare Center, Aircraft 
Division  
3 Navistar Advanced Technology Center 
4 Flash Steelworks, Inc. 
5 Oshkosh Corporation 
6 Materials Solutions Network at CHESS, Cornell High Energy Synchrotron 
Source, Cornell University 
7 Budrow Consulting, LLC 
 
Keywords: Synchrotron, Residual Stress, Armor Steel, Bending, Forming 

Armor steels are often bent and formed during vehicle manufacturing, potentially 
leading to high residual stresses that could make the material more susceptible to 
cracking. Different forming methods and armor materials are hypothesized to have 
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higher or lower amounts of residual strain after bending. We obtained high-fidelity 
thru-thickness measurements of residual strains in bent armor plates through testing 
at the Materials Solutions Network at CHESS (MSN-C) with synchrotron X-Rays. 
Measurements included strains in X, Y, Z, and XY axes, where X is the primary 
bending strain, and Y is the through-thickness strain. The bent armor samples were 
from two different sources, and hardness included 500, 550, and 600 Brinell 
hardness, corresponding to MIL-DTL-46100, -46186, and -32332. In this paper, we 
report only analysis of the primary bending strains. However, the other strains were 
also significant. We have seen delayed cracks develop perpendicular to the bend 
line, which are likely related to these stresses. The complete dataset of all measured 
strains and the accompanying stress tensors are available as an Appendix. 

Proceedings included as Appendix G.  

Application of Rapid Tempering to High Hardness Armor Steels 

Lawrence Cho1, Garrison M. Hommer1, Kapil B. Bhagavathula1, Leslie 
Lamberson1, Daniel M. Field2, Krista R. Limmer2, Kip O. Findley1, and John G. 
Speer1 
1 Colorado School of Mines 
2 DEVCOM Army Research Laboratory 
 
Keywords: High hardness armor steels, rapid tempering, quenching and tempering, 
toughness, tempered martensite embrittlement 

Recent studies have shown that rapid higher temperature tempering can mitigate 
tempered martensite embrittlement and improve strength-toughness combinations 
compared to conventionally quenched and tempered martensitic microstructures. 
The objective of this study is to apply rapid tempering to high hardness armor steels 
and demonstrate enhanced impact toughness and dynamic fracture performance at 
high hardness levels, associated with the MIL-DTL-46100E specification. The 
Hollomon-Jaffe tempering parameter was used to determine tempering 
temperatures that would provide an approximately equivalent degree of tempering 
for given conventional (1800 s) and rapid tempering times (1 s). Rapid thermal 
processing was simulated using a Gleeble 3500 thermomechanical simulator, and 
the results were compared to conventional furnace tempering. Toughening and 
embrittlement mechanisms associated with rapid and conventional tempering are 
discussed along with microstructural and fractographic analyses. 

Proceedings included as Appendix H. 
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2.3.4 Session D: Additive Manufacturing of Ultra-High Strength Steels 

Prediction of Prior Austenite Grain Size and Morphology as a Function of 
Processing Parameters in AF9628 Steel Processed via Directed Energy 
Deposition  

Stephen Cluff, Clara Mock, and Brandon McWilliams 

DEVCOM Army Research Laboratory 

Keywords: Steel, Microstructure, Modeling, Austenite, Additive 

The ability to control local microstructure in high-strength steel via AM is of direct 
interest to the Army. Such control over steel microstructure provides a means to 
homogenize mechanical properties across varied part geometries, and to implement 
designed heterogeneities. The localized application of heat that occurs during AM 
enables such control, as heat is the primary driver for the formation of both 
microstructure and mechanical properties. One steel of interest is AF9628, which 
has shown microstructural sensitivity to AM processing parameters. The control of 
this steel’s final microstructure via AM is mediated by the prior austenite 
microstructure. The current work presents a model that captures the evolution of 
the parent austenite grain structure in this material during DED processing using a 
Potts/Monte Carlo method implemented in the SPPARKS software. This model is 
used to predict austenite grain size and morphology as a function of processing 
parameters and can be used as a design tool for the control of austenite and 
subsequent final microstructure. 

Proceedings included as Appendix I.  

Laser Powder Bed Fusion and Directed Energy Deposition Printability 
Frameworks to Fabricate Ultrahigh Strength Martensitic and Austenitic 
Steels 

Ibrahim Karaman1, R. Seede, M.W. Vaughan1, A. Whitt1, M. Elverud1, J. Ye1, S. 
Gibbons2, P. Flater2, B. Gaskey2, R. Arroyave1, and A. Elwany1 
1 Texas A&M University 
2 Air Force Research Laboratory 
 
Keywords: Additive manufacturing, framework, laser powder bed fusion, directed 
energy deposition, advanced high strength steels 

Currently, the printing process is poorly standardized, so it can often be challenging 
to print new materials with properties comparable to that of wrought alloy 
counterparts, with the various AM technologies available. For this reason, this talk 



 

12 

presents the printability frameworks developed at Texas A&M University that, 
when applied, can solve these problems, by successfully printing steel parts to near 
full (>99%) density via various AM technologies, e.g. laser powder bed fusion (L-
PBF) and directed energy deposition (DED). Here, different advanced high strength 
steels (AHSSs) such as martensitic AF9628 and austenitic FeMnAl were printed 
successfully by both L-PBF and DED to near full (>99%) density by applying these 
frameworks. Overall, ultimate tensile strengths well in excess of 1 GPa and 
excellent ductility (>10% for AF9628 and >30% for FeMnAl) were realized, results 
that validate the framework and show its applicability for advancing the AM of 
other DoD metal systems. 

Limited distribution proceedings not included in this report. 

Process-Feature-Microstructure Property Relationships for AF9628 Directed 
Energy Deposition Additive Manufactured Steel Components 

Nikolas Vega Michalak1, Boian T. Alexandrov1, Dennis D. Harwig1,2 
1 The Ohio State University 
2 EWI 
 
Keywords: Steels, additive, manufacturing, welding, AF9628 

A computational design of experiment (CDoE) platform for process-feature-
microstructure-property optimization is being developed for additive 
manufacturing (AM) of AF96 steel components. A key component of this platform 
are quantitative process-property-microstructure relationships for a range of DED 
deposit sizes, heat inputs and interpass temperature build conditions.  

This paper presents continuous cooling transformation (CCT) diagrams developed 
for the conditions of GMA- and PL-DED deposits with a focus on the coarse-
grained, fine grained, and intercritical heat affected zones (HAZ) of AF96 steel. In 
general, AF96 steel develops fully martensitic microstructure in a wide range of 
cooling rates from above the AC3 temperature, while multiple reheats below the AC1 
temperature generate significant tempering effect. 

The developed CCT diagrams represent the process-microstructure relationships 
for AF96 DED processes. The feature-microstructure-properties relationships will 
be developed by tensile and Charpy impact testing of samples with simulated AM 
microstructures and of AF9628 AM builds produced by WA- and PL-DED. 

Proceedings included as Appendix J.  
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2.3.5 Session E: Degradation and Performance 

Corrosion Fatigue of Shaft Steels in Seawater Environment 

Attilio Arcari1, Ryan McCoy2, Aron Rubinoff2, Derek Horton1, Edward Lemieux1 
1 Naval Research Laboratory 
2 Excet Inc 
 
Keywords: corrosion fatigue, natural seawater, low alloy steel, damage initiation, 
exposure time 

Steel forgings are often used as propulsion shafts which are subjected primarily to 
bending, torque, and thrust loads. Given the corrosion susceptibility of steel 
exposed to a seawater environment, corrosion fatigue life is an important design 
consideration for shafting materials. We show that while corrosion damage initiates 
within the first few hours exposure, there is a significant effect of long-term 
environmental exposure on fatigue life beyond corrosion damage accumulation. 
The fatigue life of two classes of MIL-STD-23284A steel were tested at three 
different test frequencies in rotating bending, during open circuit exposure in 
natural seawater at the U.S. Naval Research Laboratory located in Key West, 
Florida. A statistically significant difference in fatigue life was found as a function 
of testing frequency. Fatigue damage initiation, evolution, and progression are 
discussed, based on fractographic images and corrosion rate measurements. 

Limited distribution proceedings not included in this report. 

Effect of Microstructure on Hydrogen Diffusion of Ultra High Strength Steel 

Gregory Kubacki and Yoel Emun 

University of Alabama 

Keywords: ultra-high strength steel, environmental degradation, hydrogen 
embrittlement 

Martensitic, ultra-high strength steels (UHSS) offer excellent strength-to-weight 
ratio and impact resistance for vehicle components. However, UHSS are known to 
be susceptible to hydrogen-assisted cracking in environments with excessive 
hydrogen evolution or during high temperature joining processes. Here, we 
investigate the hydrogen absorption and transport characteristics of a variety of 
materials meeting a single specification to develop predictive knowledge on the 
relationship between microstructure and hydrogen-assisted cracking susceptibility. 
Electrochemical techniques were used to assess hydrogen diffusivity and the 
strength and distribution of trapping sites. These results will be correlated to 
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microstructure. Hydrogen uptake is found to correlate with the fraction of 
precipitated or retained austenite as well as increased charge passed for iron 
oxidation during high-rate potential sweeps, which may suggest hydrogen-
enhanced decohesion is a contributing factor to failure. Further investigation is 
underway into the presence, location, and chemistry of nanoprecipitates that may 
affect the diffusion rate and trap strength. 

Proceedings included as Appendix K.  

Damping Measurement from Charpy Impact Test 

Jin Hyeong Yoo and Nicholas J. Jones 

Naval Surface Warfare Center – Carderock Division 

Keywords: Charpy impact test (CVN), metallic damping capacity estimation, force 
oscillation, logarithmic decrement, material toughness 

The Charpy impact test (CVN) was invented in 1900, and it is one of the most 
common tests used to evaluate the relative toughness of a material. One possible 
parameter to be measured from the CVN is damping capacity. Damping capacity is 
a measure of a material’s ability to dissipate elastic strain energy during mechanical 
vibration. The damping capacity of a material may also be a good measure of a 
material toughness or resistance to crack initiation. While traditional CVN tests 
measure impact toughness, measurement of the damping performance during 
fracture gives a detailed picture of the mechanistic and real-time absorption of the 
energy during an impact or blast event. This technique requires no changes to 
specimen blanks, machining criteria, or additional specimens, but shows great 
promise for improving the correlation of conformance criteria to material 
performance and may provide significantly more correlations to useful toughness 
metrics. 

Proceedings included as Appendix L.  

2.3.6 Session F: Ballistic Performance 

Development of Ballistic Cast Steel Appliques using Additively-Manufactured 
Cores 

William Gooch1,2, Hathibelagal M. Roshan3, and Michael Wabiszewski3 
1 W A Gooch Consulting Inc 
2 DEVCOM Army Research Laboratory  
3 Maynard Steel Castings Company 
 



 

15 

Keywords: Steel, castings, appliques, AM cores, aluminum, MIL-A-11356F 

Over the last 20 years, lightweight monolithic aluminum appliques have provided 
increased ballistic protection to steel-based tactical trucks and light combat 
vehicles. These removable appliques were first machined from low-cost 6061 
wrought plate with later development of higher-cost, higher-density aluminum 
alloys allowing increased ballistic performance but requiring additional 
engineering design trade-offs between thickness, areal weight, and cost. 

Maynard Steel has patented a casting process producing three-dimensional, non-
homogeneous cast steel appliques that replace aluminum on an equal thickness 
and/or areal weight basis. The cross-sections of less-costly heat-treatable steel 
alloys are cast using patented AM sand cores. Comparative ballistic testing with 
6000/7000 series monolithic alloys will be provided. The intent is to replace higher-
cost aluminum appliques with lower-cost cast steel equivalents at equal 
performance, thickness and areal weight. 

Proceedings included as Appendix M.  

Ballistic Performance of Additively Manufactured 17-4 PH Stainless Steel 

William Slocumb, Brandon Holm, and Vic Kelsey 

BAE Systems (CMS) 

Keywords: .30 APM2, .50 FSP, 17-4 PH, H1025, additive manufacturing, AM, 
wire arc additive manufacturing, directed energy deposition, WAAM, DED, 
microstructure, mechanical properties 

Armored fighting vehicles make extensive use of alloy steel armor in wrought, cast, 
and forged product forms. As a result of increasing system performance 
requirements and lack of agility and availability in more complex casting processes, 
additive manufacturing (AM) has become desirable for increasingly production 
agility and developing novel armor geometries for use on ground vehicles. To 
address this need, three distinct directed energy deposition (DED) processes were 
used to fabricated 17-4 PH (Type 630) stainless steel samples in Condition H1025 
to subject to ballistic testing against the .30 APM2 and .50 FSP projectiles. 
Processes surveyed were wire arc additive manufacturing, wire-laser DED, and 
laser powder-blown DED. These were compared against commercial wrought 17-
4 PH (Condition H1025) with a baseline target performance of meeting the MIL-
DTL-12560 minimums. In general, all AM production methods did not meet 
specification requirements but performance was similar regardless of which 
process was used. Chemical, mechanical, and microstructural data were collected 
for both AM and wrought samples. 
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Proceedings not included in this report due to copyright restrictions.  

2.4 Poster Session 

Additive Manufacturing of Ferrium C64 for Aerospace Gear Applications 

Diana David and Thomas Kozmel 

QuesTek Innovations LLC  

Keywords: Additive Manufacturing, gears, Ferrium C64, steel, aerospace 

Additive manufacturing (AM), by allowing for net-shape fabrication of highly 
complex geometries without molds or machining, offers the potential to reduce 
material usage and fabrication time. AM presents the unique opportunity to 
manufacture single components quickly and also provides the potential to examine 
the effects of individual design alterations on overall system performance. QuesTek 
has utilized its proven integrated computational materials engineering (ICME) 
methodology to adapt Ferrium C64 for additive manufacturing, and demonstrated 
success in AM-processing from procurement of powder through final test part 
fabrication. This production route is demonstrating the ability to fabricate a near-
net shaped part at a significantly reduced lead time, making it especially useful for 
rapid prototyping of new components. 

Poster included in Appendix Q. 

CANCELLED - Aermet360 Material Properties at Production Scale 

Calvin Lim1, Jason Wood2, Colleen Tomasello3, Kate Adkinson3, Kyle Santangelo1, 
and Aisha Haynes1 
1 DEVCOM Armaments Center  
2 Southern Research  
3 Carpenter Technology 
 
Keywords: Aermet, 360, High Temperature, High Toughness, High G 

The US DoD uses steel thanks to its strength, formability and most of all its relative 
abundance in almost everything and is always seeking to make products stronger 
and lighter. It is hard to replace steel so the most fruitful way is to advance and push 
the limits of steel. Aermet 360 is the latest of these efforts and was initially 
produced in smaller quantities. The Army worked with Carpenter Technology to 
develop the steel further in a larger production environment to ensure its properties 
would be retained in the most adverse and extreme environments. Several large 
billets were commissioned and various heat treat methods were investigated. 
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Testing was performed with multiple labs including Southern Research Institute 
(KRATOS) to provide an independent assessment of the material properties. The 
data shows that the Aermet achieved 364.9 ksi maximum stress and 31.12 Msi for 
Elastic Modulus at room temperature and retained 21% of the maximum stress at 
1300 °F along with 47% stiffness. With this higher toughness and ability to retain 
its properties, this can mean saving weight, or pushing the performance envelope 
of its current portfolio with a relatively simple transition plan. 

Agile Expedient Manufacturing Using Scrap Steels 

Marc Pepi1, Brandon McWilliams1, Danielle Cote2, Christopher Massar2, 
Christopher Eonta3, Andrew LaTour3, Matthew Charles3 
1 DEVCOM Army Research Laboratory 
2 Worcester Polytechnic Institute 
3 MolyWorks Materials Corporation 
 
Keywords: Advanced Manufacturing, Recycled Steel, Cold Spray, Laser Powder 
Bed Fusion, Operational Readiness 

ARL and its research partners have been developing new capabilities for processing 
scrap and indigenous materials into usable feedstock for traditional, or advanced 
manufacturing at the point-of-need with optimized material properties. The 
motivation for this research thrust is to develop a “grave-to-cradle” concept of 
utilizing materials at the point-of-need to fabricate parts or repair weapon system 
components to improve Warfighter operational readiness, overcome traditional 
supply chain/long-lead time issues and reduce the logistics tail of getting spare parts 
to the battlefield. A key component of this work is the Greyhound Mobile Foundry 
(developed by the MolyWorks Corporation, and refined and optimized through 
Army SBIR funding), which is capable of gas atomizing scrap and/or virgin 
material into AM-Grade metallic powder of various size distributions. Scrap steels 
that were utilized as part of this study include AISI 4340, 316 stainless steel, 
FeMnAl, and Rolled Homogeneous Armor (RHA). The powders created from these 
scrap steels were characterized, and subjected to additive manufacturing (AM) 
processes, including cold gas dynamic spray (cold spray) and/or laser powder bed 
fusion (LPBF). The results of these AM processes showed the potential of this 
system to gas atomize metal scrap at the point of need for further AM processing. 

An Evaluation of Advanced EBSD Methods for Phase Detection in Martensitic 
Steels 

David Rowenhorst and Richard Fonda 

US Naval Research Laboratory 
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Keywords: Microstructure, EBSD, martensite, austenite 

Electron backscattered diffraction (EBSD) mapping has become a powerful tool for 
the evaluation of alloy microstructures due to its ability to clearly differentiate 
between phases and crystallographic orientations, and thereby providing clear 
descriptors of grain size and morphologies. However, due to the high amount of 
plastic strain present in some alloys, such as martensitic steels, the EBSD signal 
can be weak and difficult get reliable indexing. Because even small amounts of 
retained austenite can strongly influence the properties of a steel, this study 
evaluates the ability of two different pattern processing and indexing methods, 
Dictionary Indexing and Non-Local means Pattern Reindexing (NLPAR), to 
improve the indexing success in a martensitic steel with a minority of retained 
austenite. We will show that both methods improve the indexing success rate by at 
an order of magnitude, and can accurately differentiate between the BCC-indexed 
martensite and the FCC austenite. 

ARL Designed High-Strength Steel Feedstock for Powder Bed Fusion Additive 
Manufacturing 

Frank Kellogg1,2, Daniel Field2, Matthew Vaughn2,3, Alex Butler3, Josh Taggart-
Scarff1,2, and Brandon McWilliams2 
1 SURVICE Engineering 
2 DEVCOM Army Research Laboratory 
3 Oak Ridge Associated Universities 
 
Keywords: Powder Feedstock, Additive Manufacturing, High-Strength Steel, 
Charpy Impact Testing 

Due to the amount of time, effort, and cost of material development, once a steel 
alloy reaches the common market, there is little to no room to make changes to its 
composition. However, with additive manufacturing (AM) opening the possibility 
of making parts with properties tailor made for specific applications, a one size fits 
all approach to alloy chemistry does not work as well. Small production volumes 
and small volumes of material usage makes AM an ideal method for screening 
multiple compositions of the same alloy. In this study, different compositions of a 
high strength steel were designed via thermodynamic modelling for either 1) lower 
cost powder feedstock, 2) enhanced processing via laser powder bed fusion (LPBF) 
AM, or 3) improved strain hardening. These newly designed alloys were then 
manufactured and produced in small batches, processed via PBF AM, and 
compared to established AM high strength steel samples by tensile and Charpy 
impact testing. 
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Poster included in Appendix Q. 

Cast in Steel 2023 

Raymond Monroe 

Steel Founders Society of America 

Keywords: casting, steel, student competition 

Cast in Steel is a sponsored competition for University teams to cast an item that 
has been made traditionally as a forging. This year teams have been challenged to 
produce an African Spear point. The entries are awarded for authenticity, best 
casting, their technical report and video documenting the project and most 
importantly; competing in a Forged in Fire type competition. Ben Abbott from the 
show is one of the judges every year. Past winners will be shown including the 
bowie knife 2019, Thor’s hammer 2020 and Celtic leaf sword, 2022. We are being 
supported this year by DoD OSD IBAS as a part of their engagement in workforce 
development. We welcome DoD experts to work with us and help the student teams 
succeed, potentially doing a webinar for the teams on the design or material choices. 

CANCELLED - Design & Microstructural Evolution of Fe-Rich Multi-
Principal Element Alloys for Protective Structures  

James Frishkoff, Madeline Rivera, Nathan Brown, Kester Clarke, and Amy Clarke 

Colorado School of Mines 

Keywords: Multi-principal element alloys, metastability, dual phase, alloy design 

Multi-principal element alloys (MPEAs) are promising for demanding mechanical, 
thermal, corrosion and wear environments. Improved understandings of 
microstructural evolution with processing and deformation are prerequisite for the 
adoption of MPEAs in structural applications. Recrystallization, grain growth and 
precipitation kinetics are of particular relevance. In order to study these behaviors, 
a family of non-equiatomic, Fe-rich and Co-free precipitation-hardening MPEAs 
was designed through a multifactor screening approach. A design of experiment for 
thermomechanical processing and precipitation heat treatments is presented. 
Recrystallization, grain growth and precipitation kinetics are discussed and 
compared to existing ferrous alloy products. 

Development of Ballistic Cast Steel Appliques using Additively-Manufactured 
Cores 

Hathibelagal M Roshan1, Michael Wabiszewski1, and William Gooch2,3  
1 Maynard Steel Casting Company 
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2 W A Gooch Consulting Inc 
3 DEVCOM Army Research Laboratory 
 
Keywords: Steel Castings, Additive Manufacturing, Sand cores, Appliques, 
Ballistics 

In 2017 Maynard Steel Casting Company patented a lightweight steel 
manufacturing process that combines traditional casting technology, additively 
manufactured precision cores and heat treatment to create cost-effective, high 
stiffness structural/ballistic panels. Additively manufactured cores enable 
production of unique internal structures that enhance structural stiffness and 
blast/ballistic performance while greatly reducing areal density. W A Gooch 
Consulting Inc has worked with Maynard Steel since November 2019 to develop 
military applications of their technology. This technology offers direct cost savings 
and reduces dependence on high cost materials or processes. It enables to produce 
structures with improved ballistic and blast resistant properties. 2” thick light 
weight steel panels with the same areal density as aluminum appliques were 
manufactured and V50 ballistic performance was determined. This technology will 
allow the current army vehicles to be re-fitted with steel add-on armor appliques 
having similar ballistic and blast resistance performance compared to current 
aluminum appliques. 

Poster included in Appendix Q. 

Dynamic Mechanical Characterization of AF9628 Steel 

Andrew Roginski, Cody Kirk, and Weinong Chen 

Purdue University 

Keywords: Dynamic loading, Kolsky bar, ballistics, synchrotron, steel alloy 

AF9628 (Patent 0369362, 2016) is a steel alloy developed for improved ballistic 
performance. However, the thermo-mechanical response to high-rate loading, the 
effects of microstructures, and variability of the dynamic properties of the steel 
have not been well understood. In the realm of ballistics, understanding the bridge 
between microstructure features/composition and the failure modes at intermediate 
to high strain rates is critical for research and safety measures. Currently, dynamic 
tension tests at the Advanced Photon Source (APS) at Argonne National Laboratory  
have been performed to evaluate the dynamic properties of AF9628 at a spectrum 
of strain rates ranging from 500 to 2500 1/s. Techniques including Kolsky bar, X-
ray diffraction, thermal imaging, and phase-contrast imaging (PCI) have been 
implemented to evaluate the mechanical response and microstructure evolution in-
situ.  
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Poster included in Appendix Q. 

Dynamic Recrystallization Behavior of Ni-containing Lightweight Fe-Mn-Al 
Steels 

Rogerio Cardoso1, Mike Piston1, Mario Buchely1, Laura Bartlett1, Ron O’Malley1, 
Krista Limmer2, Daniel Field2, and Katherine Sebeck3 
1 Missouri University of Science and Technology 
2 DEVCOM Army Research Laboratory 
3 DEVCOM Ground Vehicle Systems Center 
 
Keywords: Lightweight steel, Recrystallization kinetics, thermomechanical testing, 
precipitation hardening 

Lightweight ultra-high-strength steels, UHSS, have the potential to lower the 
density of RHA and HHA armor steels by as much as 15%. These steels can be 
hardened by a combination of NiAl precipitation after hot rolling and subsequent 
kappa carbide precipitation. Understanding the effect of thermomechanical 
processing on recrystallization kinetics and subsequent NiAl precipitation is 
important to control the final microstructure and mechanical properties. Controlled 
microalloy additions of Nb are also promising to control grain size during hot 
rolling. In the current study, a Fe-21Mn-9Al-7Ni-0.9C-1.0Mo steel with and 
without Nb additions was subjected to single-hit tests in the temperature range of 
850 to 1200 ⁰C using a quenching deformation dilatometer with the goal of 
determining the effect of Nb on the recrystallization kinetics of austenite. 

Poster included in Appendix Q. 

The Effect of Adding Minor Alloying Elements on Mechanical Properties and 
the Effect of Carbon Content on Embrittlement and Recovery Mechanisms in 
High Yield Strength (HY) Steels 

Aphrodite Strifas1,2, Matthew Frichtl1,2, Matthew Draper2, and Sreeramamurthy 
Ankem1 

1 University of Maryland  
2 Naval Surface Warfare Center, Carderock Division 
 
Keywords: Microstructure, Grain size, Micro-alloying addition, Temper 
Embrittlement 

The present work reports on prior austenite grain size refinement due to a micro-
alloying addition to a baseline HY-80 composition and that effect on mechanical 
properties, including tensile and Charpy impact properties. In addition, the present 



 

22 

work also reports on the effect of different levels of carbon equivalent on 
embrittlement and recovery mechanisms in HY-80 steels. The explanation for the 
mechanisms of temper embrittlement includes the stress and strain distributions as 
determined by finite element modeling regarding continuous carbide precipitation 
along the grain boundaries. The details of the investigation will be presented. 

Acknowledgement: This research is partly sponsored by the DLA-Troop Support, 
Philadelphia, PA, and the Defense Logistics Agency Information Operations, J68, 
Research & Development, Ft. Belvoir, VA. 

Effect of Section Size on AF9628 Mechanical Properties and Microstructure 

Michael Rupinen Jr, Amy Clarke, and John Speer 

Colorado School of Mines 

Keywords: section-size, strength, toughness, cooling-rate, microstructure 

AF9628 steel is a highly hardenable steel with a favorable balance of yield strength 
and impact toughness. While the high hardenability allows for the manufacture of 
large components, the effect of section size on the microstructure and properties 
throughout a component is not fully understood. Large sections may experience 
significant differences in cooling rate during quenching leading to significant 
autotempering and autopartitioning. Understanding how cooling rate and alloying 
affect properties in large sections is critical in continuing to develop strong/tough 
steels. A model has been developed to predict the relative effect of autotempering 
and tensile and Charpy specimens quenched in various media to simulate fast and 
slow quenching conditions were tested to observe differences in microstructure and 
properties. Significant differences in the microstructural evolution and mechanical 
properties (especially Charpy impact energy) following quenching and tempering 
were observed. 

Electron Beam Welding AerMet 360 

Humberto Raposo1, Kate Adkison1, Boian Alexandrov2, and Dennis Harwig2,3 
1 Carpenter Technology Corporation 
2 The Ohio State University 
3 EWI 
 
Keywords: AerMet, Weld, EB, FeUH, Toughness 

NiCoCr Martensitic Steels Alloys provide the highest combination of strength and 
toughness in the Ultra-High Strength Steel Alloy Class (FeUH) of materials. These 
alloys are designed to provide materials solutions to mission critical challenges. For 
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example, AerMet Alloys have been developed into a family of alloys which provide 
Ultimate Tensile Strength capabilities ranging from 280 KSI to over 360 KSI while 
preserving the highest level of toughness reflected in Elongation %, Reduction of 
Area %, Charpy V-Notch Impact Strength, and Fracture Toughness. AerMet 100 
has been used extensively in DOD, Aerospace, and Automotive Racing 
applications and while AerMet 100’s mechanical strength capabilities make it very 
attractive from a performance perspective, it also possesses other desirable 
characteristics that make it conducive to the demands of these challenging 
applications. These characteristics include tolerant hot workability, castability, 
Additive Manufacturing (AM) characteristics, repeatable and predicable heat treat 
characteristics, and weldability. In a December 1993 paper published in Foundry 
Management & Technology by Paul Novotny (Carpenter Technology Corp.), it was 
demonstrated that Cast + HIP’ed + Heat Treated properties were almost equivalent 
to those of cast wrought properties. (1) In a 1999 paper published by Sandia National 
Laboratories, the welds of AerMet 100 were demonstrated to have almost the same 
mechanical strength and ductility of the base metal. (2)   

The work presented in this paper explores the Electron Beam Welded (EBW) 
characteristics of AerMet 360 which is currently the highest strength member of 
the AerMet series of Ultra-High Strength Steel Alloys. The work demonstrates that 
the EB weld properties closely match the base metal properties. The resulting 
microstructure depicting the as welded condition and welded + post weld heat 
treatment condition is presented in support of the observed mechanical property 
performance.  

Proceedings included as Appendix N. 

Poster included in Appendix Q. 

Enhanced Performance in Steels Through Intense Shear Deformation 
Processing: Potential for Solid State Additive Manufacturing 

Rajiv S. Mishra1, Brandon McWilliams2, and Kyu C. Cho2 
1 University of North Texas 
2 DEVCOM Army Research Laboratory 
 
Keywords: Steels, Intense shear deformation, Microstructure, Strength, Ductility 

Steels have a very high degree of microstructural flexibility for a given 
composition, which happens through controlled phase transformation. Last twenty 
years have seen development of steels for exceptionally high structural 
performance. The microstructural tailoring in these alloys is mostly done through 
heat treatment optimization. Friction stir processing involves intense shear 
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deformation at high temperatures. Steels processed through this technique show 
synergistic improvement in strength-ductility combination. Examples of enhanced 
performance in P92 steel, AF9628 steel and Eglin steel will be given to highlight 
the fundamentals as well as the potential for using friction stir additive 
manufacturing. The microstructural variants responsible for enhanced properties 
will be discussed. 

Enhanced Thermal Stability of Retained Austenite in a HighNi Martensitic 
Steel via a Thermomechanical Treatment 

Chia-Pao Lee1, Amir R. Farkoosh1, Paul Lambert2, and David N. Seidman1 
1 Northwestern University 
2 Naval Surface Warfare Center - Carderock Division 
 
Keywords: High-Ni steels, phase transformation, crystallographic defects, electron 
backscatter diffraction, atom probe tomography 

A standard quench-lamellarization-tempering (QLT) treatment of 10 wt.% Ni steels 
result in a fine dispersion of retained austenite in a martensitic matrix, which is 
critical to their excellent ballistic resistance attributed to the transformation-
induced plasticity (TRIP) effect. We have demonstrated that an additional cold 
rolling step (~10 - 70% plastic deformation step, “D”) between the Q- and L-steps 
(denoted as a QDLT treatment) can significantly increase the volume fraction of 
the retained austenite. Herein, we further study the underlying mechanisms that 
lead to a higher volume fraction as well as the enhanced thermal stability of the 
retained austenite in QDLT-treated steel utilizing atom probe tomography (APT), 
in-situ x-ray diffraction (XRD), scanning electron microscopy (SEM) and electron 
backscatter diffraction (EBSD). 

Poster included in Appendix Q. 

Evaluation of FeMnAl for Corrosion Protection & Coating Performance 

Lindsey Blohm, Krista Limmer, and Joe Labukas 

DEVCOM Army Research Laboratory 

Keywords: FeMnAl, RHA, corrosion, coating, adhesion 

FeMnAl, a ferrous alloy containing large amounts of manganese (Mn) and 
aluminum (Al) is under consideration for use in Army systems and is subsequently 
being investigated for corrosion performance. FeMnAl has the potential to be 
utilized as an alternative for Rolled Homogeneous Armor (RHA). An 
electrochemical investigation of 12 alternate FeMnAl compositions was performed 
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in 0.1 M H2SO4 electrolyte, showing only minor changes in the corrosion potential. 
Mass loss was also performed in ASTM B117, showing FeMnAl alloys to be 
comparable in corrosion performance to RHA. Work has also been performed to 
evaluate FeMnAl’s coating performance following pretreatment and coating 
application. This work includes four pretreatments with MIL-DTL-53022 in ASTM 
B117, GMW 14872, and ongoing outdoor exposures top coated with MIL-DTL-
53039 at Cape Canaveral Space Force Station. 

Evaluation of Martensite Transformation Temperatures using Magnetometry 

Nicholas J. Jones, Paul K. Lambert, Jin-Hyeong Yoo, Suok-Min Na, and Charles 
R. Fisher 

Naval Surface Warfare Center - Carderock Division 

Keywords: phase transformations, martensite, austenite, magnetism, 
thermodynamics 

Martensite start and finish temperatures are two critical parameters needed to define 
the processing variables for steels. Magnetization measurements have been used 
herein as a method to determine these structural phase transformation temperatures. 
Eight compositions of steel having published martensite start temperatures ranging 
from -130 °C to +30 °C were synthesized via vacuum arc melting. After a high-
temperature homogenization heat treatment, samples were extracted and room-
temperature magnetic hysteresis loops were measured before and after a 
temperature cycle to cryogenic temperatures under constant applied field. Samples 
showed pronounced increases in magnetization as temperature decreased due to the 
martensitic transformation, and eventually magnetization plateaued below the 
sample’s martensite finish temperature. In addition to the measured martensite start 
and finish temperatures and general characterization of the samples, the choice of 
applied magnetic field strength will be discussed, to ensure that the transformation 
is being appropriately characterized. 

H&M Blacknitride+® QPQ Nitrocarburizing A-21 Stainless Steel  

Humberto Raposo1, Robert Buck, Ph.D.1 Shade McMillen2, Patrick D. Quinn2 

1 Carpenter Technology Corporation 
2 H&M Blacknitride+ TM 

 
Keywords: A-21, Nitriding, Stainless, Steel, QPQ 

A-21 Stainless Steel is a novel alloy originally designed to maintain exceptional 
corrosion resistance after carburizing whereby it develops a robust hard and wear 
resistant 60 HRC case in combination with a tough and ductile core. In this 
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condition, it has displayed the ability to pass 200 hour salt spray corrosion testing 
per ASTM B117. This is a unique accomplishment in itself. A-21 Stainless has also 
shown the ability to develop a deep 0.003” 70 HRC nitride case with excellent 
corrosion resistance using the H&M Blacknitride+ QPQ salt bath nitro-
carburinzing process. The depth of this case can be modified by controlling the time 
and temperature through the carbo-nitriding process. The results of the salt bath 
nitriding process and associated microstructures are presented in this poster.  

The benefits of A-21 Stainless can be broadly applied by either using the alloy in 
the Quench and Tempered condition, the carburized condition, or the nitro-
caburized condition. The surface hardness can be manipulated by carburizing or 
nitro-carburizing to achieve properties suitable for the intended application. In all 
conditions, the alloy develops exceptional corrosion resistance.  

Proceedings included as Appendix O. 

Poster included in Appendix Q. 

High Hardness Additively Manufactured Steels in Fuel Lubricated Sliding 
Interfaces 

Nikhil Murthy1, Monica Ferrera1, Caleb McCoy 2, Kelly Jacques 2, Miranda 
McCraw2, Vanessa Montoya1, Jonathan Ligda1, Diana Berman2, and Stephen 
Berkebile1 
1 DEVCOM Army Research Laboratory 
2 University of North Texas 
 
Keywords: Wear, Engine, Fuel, Additive Manufacturing, Tribology 

Additive manufacturing (A.M.) can offer many advantages to the next generation 
of direct injection fuel delivery systems such as potential weight savings and ease 
of manufacturing of small integrate components. However, scuffing and wear are 
persistent issues in these systems, especially in the presence of low lubricity fuel. 
In this study, we attempt to address these fuel lubricity concerns by evaluating three 
A.M. engineered high hardness steels. Two sets of experiments were used to 
compare the performance of the A.M. steel candidates to a baseline AISI 52100 
steel under three low lubricity fuels: F-24 jet fuel, decane, and ethanol. The first 
experiment determined the friction and wear under a constant load and the second 
experiment evaluated resistance to scuffing under an increasing load. Additionally, 
post-test evaluation of the wear tracks was conducted to determine the effects of 
topography and surface chemistry. 
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ICME Design and Characterization of Nano-Precipitate Strengthened 
Austenitic Steel 

Colin Stewart1, Edwin Antillon1, Richard Fonda1, Keith Knipling1, Patrick 
Callahan1, and Paul Lambert2 

1 Naval Research Laboratory  
2 Naval Surface Warfare Center - Carderock Division 
 
Keywords: ICME, Medium-Mn, Atom Probe Tomography, Precipitation, First 
Principles 

Integrated computational materials engineering (ICME) tools have been used to 
discover a promising family of Mn-stabilized fully Austenitic steels, Fe–17.7Mn–
10.0Ni–5.0Al–4.7Cr–4.0Cu–1.0V–0.48C (wt.%). These steels can achieve 
hardness values over 560 HV (estimated σy ~200 ksi) by forming three nano-scale 
phases upon ageing: (i) insoluble Cu; (ii) β-NiAl; and (iii) VC. Depending on the 
composition and ageing treatment, these precipitates will form with a variety of 
morphologies, size distributions, and spatial arrangements. Such factors can 
influence the yield strength and affect the overall material cost. This poster will 
discuss the characterization of precipitate evolution using atom probe tomography 
(APT) and microhardness, and how the experimental microstructures may be 
predicted with ICME tools. Modeling the yield strength by combining 
microstructural data with molecular dynamics and theoretical models will then be 
discussed, in the context of further ICME alloy development. 

In situ Neutron Diffraction Observations of Steel Deformation Mechanisms 

Daniel Magagnosc, Krista Limmer, Jeffrey Lloyd, and Daniel Field 

DEVCOM Army Research Laboratory  

Keywords: Neutron Diffraction, Stacking fault energy, mechanical properties, 
twinning, TRIP 

Advanced high strength steels employ a variety of deformation mechanisms, such 
as dislocation slip, twinning induced plasticity (TWIP), and transformation induced 
plasticity (TRIP), to achieve improved strength and ductility. The active 
deformation mechanism is predicted in part by the stacking fault energy (SFE) and 
austenite-to-martensite driving force. In situ neutron diffraction during tensile 
loading is used to investigate the deformation mechanisms in medium-Mn steels. 
Three examples, corresponding to dislocation slip, TWIP, and TRIP mechanisms, 
are presented to elucidate the role of temperature and stress on each mechanism. 
The deformation characteristics are observed through lattice strain measurements 
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and full diffraction pattern fitting. In a duplex steel, a temperature dependent 
composite strengthening mechanism is found. Next, in TWIP the temperature and 
stress dependence of the SFE is revealed. Finally, the transition from phase 
transformations to twinning at elevated temperatures is examined in a TRIP steel. 

Influence of Annealing on Microstructure and Mechanical Properties of 
Additively Manufactured 316L 

Matthew Schreiber, Charles Smith, Olivia Denonno, Kip Findley, John Speer, 
Jonah Klemm-Toole, Zhenzhen Yu, Amy Clarke, Craig Brice, and Joy Gockel 

Colorado School of Mines 

Keywords: 316L, PBF-LB, LPBF, DED-Arc, WA-AM, AM, annealing, 
mechanical properties 

In this presentation, the annealing response of 316L manufactured with both laser 
powder bed fusion (PBF-LB) and wire-arc additive manufacturing (DED-Arc) is 
discussed in the context of microstructural evolution and mechanical properties. 
Because AM comprises several technologies that differ in heat source, feedstock, 
and scan strategy, among other build variables, the final products can exhibit a 
range of thermal histories. These unique thermal histories can subsequently 
influence as-built properties and annealing response of AM materials, most notably 
those manufactured with different AM deposition processes. Characterization 
methods including optical microscopy, electron backscattered diffraction (EBSD), 
and tensile testing are utilized to better understand how deposition history affects 
the extent of annealing. Comprehensive characterization results are presented to 
provide insight into the necessary post-build processing required to achieve desired 
properties for AM materials. 

Influence of Composition on the Weldability and Tensile Properties of Cast 
Monel Alloys  

Christopher Farnin and John DuPont 

Lehigh University  

Keywords: Monel, Weldability, Mechanical Properties, Solidification, Segregation 

Monel alloys are used extensively in marine environments due to the combination 
of good mechanical properties and excellent resistance to corrosion. Silicon 
alloying leads to high strength via Ni-Si precipitation, however the formation of 
intermetallics during solidification leads to poor ductility and weldability. Despite 
widespread use, there is a significant lack of understanding on the influence of 
composition on the weldability and mechanical properties of cast Monel alloys. In 
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this work, a matrix of alloys with systematic variations in composition was 
characterized through several techniques such as EPMA, varestraint testing, and 
tensile testing to determine the effects on solute segregation, weldability, and 
tensile properties. Initial results showed that higher Si contents led to increased 
precipitation and hardness, while higher Cu, Mn and Nb additions stabilized 
intermetallic phases expected to be detrimental to solidification temperature range 
and tensile properties. 

Poster included in Appendix Q. 

Laser Powder Bed Fusion of Aermet 100 

Elias Jelis and Matthew Feurer 

DEVCOM Armaments Center 

Keywords: Steel, Additive Manufacturing, Aermet, Laser, powder 

Aermet 100 is high alloy steel with high strength (280 ksi min.) and high fracture 
toughness (100 ksi-in.5 min). It is good candidate for laser powder bed fusion 
because it is weldable and can tolerate large flaws. Laser powder bed fusion 
parameters were developed (LPBF) for Aermet 100 to reach full density (>99.5%). 
Heat treatment in vacuum is necessary to reach the desired tensile (290 ksi) and 
yield strength (245 ksi). Laser diffraction of procured powder showed non-
spherical powder in particle sizes outside of the specification set for this effort. This 
is considered the cause for large amounts of spatter and insufficient melting of 
powder. Large defects were present on the fracture surface tensile test specimens 
and in the microstructure. The defects correlated with a reduction in ductility in the 
tensile specimens when in the heat treated condition. It was concluded that better 
control of the powder size and morphology is required to improve the material and 
mechanical properties.  

Laser Powder Bed Fusion of Ultra-High Strength Steel from Gas Atomized 
Alloy Powders 

Thinh Huynh and Yongho Sohn 

University of Central Florida 

Keywords: laser powder bed fusion, gas atomization, AF9628, phase 
transformations, microstructure 

High strength steel, AF-9628 alloy was gas atomized to produce powder feedstock 
for additive manufacturing by laser powder bed fusion (LPBF). Charge alloys were 
inductively melted with Argon shrouding at a superheating temperature of 1800 °C, 
and subsequently gas atomized using Argon gas at a pressure of 2 MPa. The as-
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atomized powders were characterized for microstructure, composition, phase 
constituents, particle morphology, size distribution, and flowability. Phase 
transformations and microstructural development during rapid solidification of gas 
atomization were analyzed. LPBF optimization was then performed as a function 
of power and scan speed. The as-fabricated LPBF specimens consisted of 
martensite and traces of supersaturated austenite. Changes in the as-built 
microstructure and phase constituents were documented as a function of laser scan 
speed. Tensile properties and hardness were examined to assess the mechanical 
behavior as functions of various heat treatments along with correlated 
microstructural development. 

Microstructure and Mechanical Properties of a Multipurpose High-Strength 
High-Toughness Martensitic Steel Produced via Selective Laser Melting 

Amir R. Farkoosh1, Daniel H. Bechetti2, Matthew F. Sinfield2, and David N. 
Seidman1  
1 Northwestern University 
2 Naval Surface Warfare Center – Carderock Division 
 
Keywords: Selective laser melting, high-Ni steels, Transformation induced 
plasticity, Retained austenite, Atom-probe tomography 
In recent years, several steel design activities have been initiated to develop 
alternatives to the high yield (HY) and high strength low alloy (HSLA) steels with 
improved mechanical properties, producibility, and weldability. Born out of these 
research efforts is a novel multipurpose low-carbon 10 wt.% Ni martensitic steel, 
which exhibits high strengths, high toughnesses, and excellent ballistic resistance 
at ambient and cryogenic temperatures. In this study, we have utilized laser powder 
bed fusion to additively manufacture a variant of this steel. Excellent mechanical 
properties: a tensile yield strength of 1150 MPa and 22% elongation were achieved, 
demonstrating superior mechanical properties to those of conventional 
counterparts. We utilize synchrotron X-ray diffraction, electron backscatter 
diffraction (EBSD), and local-electrode atom-probe tomography (LEAP) to study 
the microstructural features of this AM steel over hierarchical length scales. 

Poster included in Appendix Q. 

Modeling Magnetic Field Influence on Iron Alloy Phase Transformations 

Heather Murdoch, Efraín Hernández-Rivera, Anit Giri, Dan Field, and Matthew 
Guziewski  

DEVCOM Army Research Laboratory 
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In order to take full advantage of magnetic field as a processing parameter it is 
necessary to be able to predict the change of material behavior (such as phase 
transformation temperatures) as a function of applied magnetic field, processing 
temperature, and composition. Such methodology will aid in determining which 
materials/alloys will be most responsive to applied magnetic field. Here we focus 
on Fe-X and Fe-X-C alloys (where X= Co, Ni, Mn, etc.) and their austenite/ferrite 
and martensitic transformations. We have also collated the necessary magnetic 
properties of these alloys, namely magnetic moment and Curie temperature as a 
function of alloy content. The application of alternate magnetization models 
(Kuz’min, Arrott) to the typically used Weiss Molecular Field Theory allows for 
the improved prediction of magnetic field assisted phase transformations in 
addition to a larger compositional and temperature range than previously studied. 

Modeling of the Transient and Varying Thermophysical Properties of Nickel 
Aluminum Bronze 

Henry Molintas1,2, Scott Giese3, and Sairam Ravi3 
1 Joshua Engineering 
2 Naval Surface Warfare Center 
3 University of Northern Iowa 
 
Keywords: Modeling, Thermophysical, Transient, Properties, NAB 

A novel transient one-dimensional energy equation is presented here to determine 
the thermal conductivity and latent heat of fusion of nickel aluminum bronze 
(NAB) poured initially at 1340 K. Because of its superior stability and robustness 
in numerical modeling, fully implicit scheme was used in solving the transient one-
dimensional heat conduction equation of NAB. Three different finite control 
volume integration equations were developed to model NAB transient 
thermophysical properties as a pure liquid, a liquid-solid mixture, and a pure solid. 
The changes in density and specific heat during phase transition were modeled 
using the rule of mixtures to incorporate the contributions of various metallic 
alloying elements of NAB at specific temperatures. The fraction of liquid and solid 
curve was determined at the center of the computational domain of the discretized 
form of a one-dimensional transient energy equation. The latent heat of fusion was 
obtained at 198.8 kJ/kg, which agreed with published literature. The values of NAB 
thermal conductivity between 1300 to 1340 K were determined at 132.8 and 18.8 
W/m-K, respectively during phase transition. 

Proceedings included as Appendix P. 
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Poster included in Appendix Q. 

Prediction and Experimental Validation of Solidification for the Study of Hot 
Tearing in a Cr-Mo-Ni Steel 

Katelyn Kiser1, Ron O'Malley1, Laura Bartlett1, Simon Lekakh1, Mario Buchely1, 
Viraj. A Athavale1, Soumava Chakraborty1, Krista Limmer2, Katherine Sebeck3, 
and Daniel Field2 
1 Missouri University of Science and Technology 
2 DEVCOM Army Research Laboratory 
3 DEVCOM Ground Vehicle Systems Center 
 
Keywords: solidification, hot tearing, continuous casting, high temperature laser 
confocal microscopy, thermodynamic modeling 

An investigation into the differences between simulated and experimental 
solidification results for Cr-Mo-Ni steels for the purposes of increasing accuracy 
during the controlled deformation test (CDT). The CDT was designed to replicate 
hot tearing conditions during continuous casting in order to assess an alloy’s 
sensitivity to hot tearing. Scheil and Equilibrium solidification results are compared 
to a two-point Fourier analysis derived from experimental results from a controlled 
deformation test. In addition, simulated results and experimental results are also 
compared to solidification studies in a high-temperature laser confocal microscope 
which allowed for in situ identification of phase transformation temperatures. 

Poster included in Appendix Q. 

Q&P Processing of Plate Steels for Dynamic and Toughness Applications 

Miranda Bell1, John Speer1, Kip Findley1, Krista Limmer2, and Daniel Field2 
1 Colorado School of Mines 
2 DEVCOM Army Research Laboratory 
 
Keywords: Q&P, Plate Steels, Toughness, Dynamic Performance, 

There has been significant research effort into the development of advanced high-
strength steels (AHSSs) for non-defense applications such as automotive structures. 
These steel concepts may be of interest for DOD applications, and one such effort 
involves the utilization of the quench and partition (Q&P) heat treatment, a method 
that aids in the partitioning of carbon from martensite into austenite to stabilize 
retained austenite (RA). The objective is to utilize the TRIP effect associated with 
RA to enhance mechanical properties in low-alloy steels. Current Q&P 
development has focused on thin sheet steels; therefore, research into Q&P 
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processed plate steels is needed. This poster will highlight current work to develop 
Q&P plate microstructures with improved combinations of hardness and Charpy 
impact toughness when compared to current quench and tempered plate steels. 

Solid-state Additive Manufacturing of High-Strength Steels via Additive 
Friction Stir Deposition  

Nikhil Gotawala, Ryan B. Gottwald, Donald J Erb, Reece Pressier, and Hang Z. 
Yu 

Virginia Tech  

Keywords: solid-state, additive manufacturing, friction stir, high strength steel, 
martensite 

Using fusion-based approaches like wire arc additive manufacturing or selective 
laser melting, additive manufacturing often leads to porosity, undesired 
microstructures, and high residual stresses in high-strength steels. Qualifying the 
printed steel parts for DoD applications requires rational design of the feedstock, 
careful control of the process condition, and extensive post-processing efforts. 
Here, we explore pathways to additive manufacturing of high-strength steels 
without melting and solidification. Specifically, we leverages the friction stir 
principle and material feeding to enable location-specific printing of 4xxx and 
USAF-96 high-strength steels. Known as additive friction stir deposition, the feed 
material undergoes severe plastic deformation at elevated temperatures, resulting 
in forging-like microstructures and mechanical properties. We demonstrate the 
printing by instrumenting a desktop CNC machine, which leads to fully-dense 
steels in the as-printed state with excellent interface quality. Such a miniaturized 
set-up not only improves the spatial resolution but also offers a sustainable solution 
for W-Re tooling. 

Poster included in Appendix Q. 

Stainless Steel and Aluminum Alloy Development for Highly Consistent and 
Isotropic Properties in Laser Powder Bed Fusion 

Benjamin Rafferty1, Jeremy Iten1, Aaron Stebner2, Sridhar Seetharaman3, Branden 
Kappes4, Akansha Singh5, Dyuti Sarker2, and Soumya Mohan2 
1 Elementum 3D 
2 Georgia Tech 
3 Arizona State University 
4 KMMD 
5 Colorado School of Mines 
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Keywords: Stainless Steel, Laser Powder Bed Fusion, Alloy Development, 
Additive Manufacturing, integrated computational materials engineering 

To increase additive manufacturing (AM) robustness and reliability, there is a need 
for metal feedstocks that produce more isotropic and highly consistent properties. 
Current laser powder bed fusion (LPBF) feedstocks show variation in 
microstructure and mechanical properties based on build direction. By combining 
integrated computational materials engineering (ICME) with an inoculant-based 
approach, we experimentally validated a more isotropic 300 series stainless steel 
and an extraordinarily consistent high-strength 5000 series aluminum metal matrix 
composite. The 300 series stainless steel showed UTS measurements consistency 
across X-Y and Z direction of 96% compared to 90% for 316L. The 5000 series 
aluminum MMC showed >99% equivalent UTS across X-Y and Z directions and 
showed no change in YS or UTS from the as-built condition after a 2-hour stress 
relief at 300 °C. The 5000 series aluminum MMC demonstrated a yield strength 3 
times that of wrought 5083-O with 7% elongation. 

Synthesis and Sliding Behavior of Bearing Steel-based Composites 

Stephen Berkebile1, Caleb Matzke2, Emily Dahlke2, Abdulrahman Aldossary2, 
Nikhil Murthy1, and Surojit Gupta2 
1 DEVCOM Army Research Laboratory 
2 University of North Dakota 
 
Keywords: bearing steel, composite, synthesis, microstructure, wear 

There is a need for high performance materials for triboactive applications. We 
demonstrate that MAX phases – layered, hexagonal carbides – increased the 
hardness and improved tribological properties in 100Cr6 steel composites. We 
determined the microstructure and hardness of 100Cr6 Steel - MAX phase 
composites (100Cr6 steel – 5 vol% Cr2AlC) and their effect on the wear and 
coefficient of friction when lubricated by fuels of varying chemistries (Ethanol, F-
24) compared to dry sliding. The steel composites were densified in an 
unpressurized furnace using argon atmosphere at 1400 ⁰C for 30 minutes. Steel 
composites were also heat treated in a small box furnace heated to 840 ⁰C for 23 
minutes in air and then quenched in deionized water. Nital-etched surfaces were 
captured using optical and scanning electron microscopy, which revealed unique 
structure formations. Detailed tribological studies will be presented for these 
compositions. 

CANCELLED - Variant Segmentation of Prior Austenite Grains via Graph 
Cut 
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Austin Gerlt1, Steve Niezgoda1, and Eric Payton2,3  
1 The Ohio State University 
2 Air Force Research Laboratory 
3 University of Cincinnati 
 
Keywords: Graph cut, computational, segmentation, reconstruction 

Reconstruction of prior austenite grains from a nearly or fully transformed 
Martensitic structure is a challenging process that has seen progress in recent years 
by multiple methods. Similarly challenging though is mapping regions of the 
structure to the correct martensite variant they formed from. Doing so can lead to 
insights into the structure/property relationship of martensitic steels. Of specific 
interest is investigating which subgrain boundaries (packet, block, and/or variant) 
predominantly control different microstructural responses, such as fatigue, shock 
response, and corrosion properties. 

This work uses graph cut theory and entropy minimization to assign variant maps 
in an automated and rapid fashion to Electron Backscatter Diffraction Maps of an 
AF96 martensitic steel. 
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List of Symbols, Abbreviations, and Acronyms 

AFRL Air Force Research Laboratory 

AHSS advanced high-strength steels  

Al aluminum 

AM additive manufacturing 

AP armor piercing 

APT atom probe tomography 

ARL Army Research Laboratory 

bcc body-centered cubic 

C carbon 

CALPHAD  calculation of phase diagrams 

CCT continuous cooling transformation 

CDoE computational design of experiments 

CDT controlled deformation test 

CHESS Cornell High-Energy Synchrotron Source 

Co cobalt 

Cr chromium 

CVN  Charpy V-notch impact  

DED directed energy deposition 

DEVCOM US Army Combat Capabilities Development Command 

DoD Department of Defense 

EBSD electron backscatter diffraction 

EBW electron beam weld 

ERC engineering research center 

fcc face-centered cubic 

Fe iron 

FSP fragment simulation projectile 

HAMMER Hybrid Autonomous Manufacturing Moving from Evolution to 
Revolution 

GVSC Ground Combat Systems Center 
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HAZ heat-affected zone 

HHA high-hardness armor 

HSLA high-strength low-alloy 

IA/T intercritical anneal/temper 

IBAS industrial base analysis and sustainment 

ICME integrated computational materials engineering 

LEAP local-electrode atom probe tomography 

LPBF laser powder bed fusion 

MDO Multi-domain Operations 

Mn manganese 

Mo molybdenum 

MPEA multi-principal element alloy 

NAB nickel aluminum bronze 

Ni nickel 

NLPAR Non-Local means Pattern Reindexing 

OGA other government agencies  

OSD Office of Secretary of Defense 

PCI phase-contrast imaging  

PF phase field 

Q&P quench and partition 

QDLT quench, deform, lamellarize, and temper 

QLT  quench, lamellarize, and temper 

RA retained austenite  

RHA rolled homogeneous armor 

SBIR Small Business Innovation Research 

SFE stacking fault energy 

TRIP transformation-induced plasticity 

TWIP twinning induced plasticity 

UHSS ultra-high-strength steel 

WAAM wire arc additive manufacturing 
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INTRODUCTION 


High Yield strength (HY) steel castings of section sizes greater than 20 in (500 mm) are currently 
unable to consistently meet impact property requirements (a Charpy impact energy of 41 J at -73 oC 
and 68 J at -18 oC at the centerline) outlined in the governing specifications of the alloy system [1], 
and thus necessitates an alternative solution to produce HY material with adequate impact 
toughness in large section sizes. Some cryogenic nickel alloy steels, which exhibit excellent impact 
toughness across a wide range of testing temperatures, share similar compositional aspects with 
some grades of HY and present an opportunity to introduce the toughening mechanisms of nickel 
alloy-steel into the HY system to counteract the processing limitations of large section sizes. These 
steels use a heat treatment that features annealing and tempering at temperatures where both 
austenite (γ) and ferrite (α) are thermodynamically stable, called the intercritical (IC) range, and 
are referred to as intercritical annealing (IA) treatments. During IA of an as-quenched martensitic 
steel, a fraction of the α reverts back to γ [2]. This diffusional transformation causes partitioning 
of alloying elements between the reverted γ and the untransformed α [2]. The reverted γ undergoes 
a martensitic transformation upon quenching, resulting in a mixture of α and martensite (α’) [2]. 
Due to the martensitic structure prior to IA, the α and α’ after quenching from IA are in a layered, 
lath-like configuration [2]. A subsequent T treatment tempers the α’ and further anneals the α. 
Literature reports retained austenite (γr) to be the primary source of improved impact toughness 
resulting from IA/T treatments, caused by Ni enrichment of γ during IA and T [3]. This creates a 
thermally stable-mechanically metastable γr phase that provides enhanced toughness by a variety 
of suggested mechanisms including crack tip blunting and transformation-induced plasticity 
during fracture [4].  


The purpose of the present work is to investigate both the individual and joint effects of an 
intercritical annealing and tempering (IA/T) heat treatment schedule on the mechanical properties 
of HY steel. The results of this study will directly inform the selection of an intercritical annealing 
heat treatment schedule for thick section-size castings to improve impact toughness at 0 oF (-18 oC) 
and -100 oF (-73 oC) and thus more consistently meet NAVSEA requirements for HY. 
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METHODS 


Material Selection 


Due to the compositional similarities between HY-80 and HY-100, a composition was used that 
satisfied both material specifications. The HY block used in this study was cast and given 
preliminary heat treatments by the supplier and further processed at the Naval Surface Warfare 
Center, Carderock Division (NSWC-CD). The composition is given below in Table 1 [1]. 


Table 1. Chemistry for Cast HY Used in Reported Work 


wt pct Fe C Mn Si Ni Cr Mo Ti V Al S P Cu Nb 
- Bal 0.16 0.66 0.32 3.07 1.6 0.53 0.002 0.011 0.027 0.001 0.009 0.01 0.002 


Heat Treatments 


The study was conducted using 9 samples of HY material. All samples were cut from the same 
block of as-cast HY-80. The block was normalized at 1093 oC for 5 h and water quenched, then 
austenitized at 843 oC for 5 h and water quenched by the supplier. The block was shipped to 
NSWC-CD and machined into individual heat treatment blocks. These blocks were heat treated 
with a 4 h IA treatment and a 6 h T treatment, the temperatures for which are detailed in Figure 1. 
Both IA and T treatments were followed by water quenching. Heat treated blocks were machined 
into 6 CVN specimens and 2 tensile bars per specifications defined in [1], and additional material 
was saved from each sample for microstructural characterization. Additionally, 3 samples were 
prepared from the block using the IA treatments outlined in Figure 1 without the additional 
tempering step to investigate the microstructural effects of the IA. 
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Figure 1. Schematic of the heat treatment schedule used to prepare the IA/T samples of HY. 


 


Dilatometry 


A TA DIL 805L dilatometer was used to heat specimens with a diameter of 4 ± 0.1 mm and a 
length of 10 ± 0.1 mm to 1093 oC at a rate of 50 oC/min to determine the AC1 and AC3 temperatures, 
and to determine the fraction of γ that has transformed as a function of temperature. Heating was 
performed under vacuum and cooling was performed using argon gas to quench to room 
temperature. An S type platinum thermocouple was used to measure the temperature of the 
specimen during testing.  


Charpy Impact Testing 


Charpy impact testing was conducted at varying temperatures to provide information on the ductile 
to brittle transition. NAVSEA requires that HY 80/ 100 undergo Charpy impact testing at two 
testing temperatures: -18 oC (0 oF) and -73 oC (-100 oF) [1]. For cast section sizes thicker than 
> 254 mm (10 in), specimens must have Charpy V-notch (CVN) values greater than 68 J for -18 
oC and 41 J for -73 oC. The heat treatments applied to the material for the study were designed 
assuming a 127 mm (5 in) section thickness, and thus the material is considered adequate if the 
CVN is greater than 95 J for -18 oC and 68 J for -73 oC [1].  


CVN specimens were machined to be 10 mm x 10 mm x 55 mm, with a broached 45o notch, 
compliant with ASTM A370 [5]. Samples were loaded into an MTS Exceed Model E22® Charpy 
impact tester and chilled with liquid nitrogen until an internal thermocouple read the appropriate 
testing temperature, and then allowed to soak for 30 min. Samples were automatically loaded and 
tested, ensuring the specimens were outside of the cooling chamber for less than 5 sec before 
impacting.  
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Uniaxial Tensile Testing 


Tensile testing of the IA/T samples was performed on an MTS Landmark® hydraulic load frame, 
using an MTS 634.12F-24® 25.0 mm gauge length extensometer to measure displacement. 
Cylindrical specimens were machined to have a gauge length of 25.4 mm (1 in), with a diameter 
of 6.4 mm (0.252 in). Specimens were pre-loaded to 0.1 kN before testing. A 0.00005 s-1 
engineering strain rate was used. Two tensile specimens per heat treat condition in the test matrix 
were prepared and tested. Yield strength was measured by determining the 0.002 strain offset 
stress.  


X-Ray Diffraction (XRD) 


A Siemens X-Ray Diffractometer with a Cu-Kα radiation source was used to collect spectra. 
Diffraction conditions were measured from 2θ values of 40o to 115o using a step size of 0.02o and 
a dwell time of 2 s. Specimens were polished with a series of diamond suspension slurries to 1 µm, 
and then polished overnight using a Vibromet® polisher and a 0.05 µm colloidal silica suspension. 
Background noise was accounted for using the software GSAS-II [6]. The Chebyschev method 
was applied to remove background noise [6]. Following noise removal, peak intensities and 
volume fraction was measured using the methods laid out by Cullity [7]. Due to a significant 
amount of overlap, the [110]α and the [111]γ peaks were ignored for the purposes of volume 
fraction measurements. XRD measurements were also taken of the 3 IA specimens. 


DISCUSSION 


The yield strengths exhibited by the IA/T treatments are presented below in Figure 2. The majority 
of the IA780 specimens are above the NAVSEA maximum yield strength to be considered HY-80 
(688 MPa) [1].  
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Figure 2. 0.2% offset yield strength for IA/T specimens as a function of IA temperature, grouped by T temperature. 
The dashed lines represent the region of allowable yield strengths per NAVSEA requirements [1]. 


It can be seen in Figure 2 that yield strength decreases with decreasing IA temperature and 
increases with decreasing T temperature. The loss of yield strength with increasing T temperature 
is a well-documented behavior in martensitic steels, as tempering reduces tetragonality in the unit 
cell and reduces the dislocation density, both of which lower yield strength [8]. The loss of yield 
strength with decreasing IA temperature is likely due to the increasing amount of intercritical α 
present in the microstructure, as shown in Figure 3.  


Quenched and tempered martensite has a higher yield strength than intercritical α that has been 
further annealed during tempering, so as the fraction of tempered martensite decreases, the yield 
strength decreases. Of the nine conditions tested, the IA780/T685, IA765/T650, IA765/T615, 
IA750/T650, and IA750/T615 meet the yield strength requirements outlined by NAVSEA for cast 
HY-80. 
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Figure 3. Austenite vol pct during IA as a function of temperature of HY specimens determined from dilatometry. 


The average Charpy impact energies measured from the IA/T specimens are shown in Figure 4, 
with the dashed line representing the minimum required Charpy impact energy at the test 
temperature. A typical CVN for cast HY at -73 oC for similar section sizes is ~100-120 J [9]. 
IA780/T685, IA765/T685, IA765/T650, and IA750/T650 meet NAVSEA requirements for both 
yield strength and Charpy impact energy. Every heat treatment met the -18 oC requirements of >95 
J, but the IA780 specimens and the IA765/T615 specimens did not meet the -73 oC requirements 
of >68 J. The specimens annealed at 765 oC and 750 oC followed by a temper at 685 oC or 650 oC 
and IA750/T650 met the impact toughness requirements. 


The CVN values for the IA780 and IA765 specimens exhibited the expected response to 
T treatments, with lower T temperatures decreasing the Charpy impact energy. IA780/T650, 
IA780/T615, and IA765/T615 exhibited particularly low Charpy impact energies. As IA decreases, 
the range of T temperatures that produces adequate -73 oC impact toughness extends to lower 
temperatures. Notably, the NAVSEA requirements prohibit the tempering of cast HY product 
below 643 oC to avoid low impact toughness and embrittlement [1]. IA750/T615 met NAVSEA 
requirements and was close to the typical Charpy impact energies from quench and tempered cast 
material [9].  


The γr content in the IA/T specimens measured with XRD are shown in Figure 5. Comparing the 
pre-temper γr contents to the post-temper γr contents shows a general increase in γr percent. This 
increase in γr supports the claim that tempering causes additional enrichment of γ for the IA780 
and IA765 conditions, but not for the IA750 condition. 
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Figure 4. Charpy impact energy data for IA/T specimens as a function of intercritical annealing temperature for the 
(left) -18 oC testing condition and (right) -73 oC testing condition. The dashed line represents the 68 J NAVSEA 


requirement for Charpy impact energy tested at -73 oC. 


 


Figure 5. Retained austenite volume percent from XRD data for IA/T specimens as a function of  IA temperature. 


From Figure 6, it can be seen that there is no direct correlation between the volume percent of γr 
and the CVN values  at -73 oC. This is similar to XRD analysis performed on higher nickel steels 
given IA/T treatments [2,3], where bulk γr measurements returned no direct correlation between 
the austenite content and the impact toughness.  
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Figure 6. Retained austenite vol pct plotted against CVN (J) at -73 oC. 


The increased fraction of intercritical α from lower IA temperatures could be a potential cause of 
the improved low temperature impact toughness seen in the IA750/T615 condition, but α and α’  
exhibit a similar temperature dependence on impact toughness [8]. A non-bulk characterization 
technique like transmission Kikuchi diffraction and electron backscatter diffraction should be 
employed to verify the XRD results. 


It is apparent from this work that IA/T does not necessarily produce higher Charpy impact 
energies, but it does appear to extend the range of viable heat treatments to lower tempering 
conditions. This could be used to improve impact toughness in larger section sizes by reducing 
the time needed to successfully temper the centerline, as different target tempering temperatures 
can be used for the surface and the centerline. The IA temperature does appear to be sensitive, 
though, and NAVSEA allows for a variation of 14 oC during heat treatments. Therefore, the 
IA765/T650, IA750/T650, and IA750/T615 conditions define the region of interest for IA/T heat 
treat schedules for large section size castings of HY-80. IA780/T685 does meet NAVSEA 
requirements, but does not provide a robust processing window, as a steep fall-off in low-
temperature CVN occurred in the IA780 material with decreasing T temperature.  


CONCLUSIONS 


The implementation of IA/T treatments for the improvement of impact toughness in large 
section-size castings of HY appears to be possible, and warrants further consideration. From this 
work, the following can be summarized: 


• Lower IA temperatures produce lower yield strengths and a wider range of viable T 
temperatures to meet impact toughness requirements. 


• IA780/T685, IA765/T650, IA750/T650 and IA750/T615 are the only compliant heat 
treatment schedules [1] of those tested from the intercritical annealing heat treatment study. 
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• The IA765/T650, IA750/T650, and IA750/T615 heat treatment conditions are of 
technological interest for large section sized castings of HY-80 as they provide an adjacent 
range of temperatures with compliant mechanical properties 
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INTRODUCTION 


The need to design materials at a microstructural level has highlighted the importance of 
simulation in materials development.  Simulation can be defined as laboratory-scale replication of 
larger-scale processes in a precisely controlled setup [1].  A high level of control allows different 
parameters to be isolated and their effects on material structure and properties to be studied.  As 
new generations of steel depend on more complex microstructures, understanding microstructural 
interactions to design these steels in a scalable manner requires accurate simulation. 


Thermomechanical simulators such as the Gleeble were developed to meet this need in material 
characterization and have seen increased use with time.  The primary difference between such 
thermomechanical simulators and conventional thermal processing is the use of direct resistance 
heating, in which a current is passed through the sample to heat it.  A key question becomes 
whether this current has any intrinsic effects on the microstructure during heat treatment. 


Electric current effects on plastic flow and solid-state transformations 


The interaction between moving electrons and dislocations in a material, termed the “electron wind 
effect,” was first reported by Troitskii and Likhtman in a 1963 study on plastic flow in irradiated 
zinc single crystals [2].  They found that exposure to an electron beam increased plastic 
deformation of the single crystal under stress when the beam was directed along the primary slip 
plane.  The extent of plastic deformation was decreased when the beam was directed transverse to 
this plane [2,3].  Similar studies were also performed on cadmium, tin, lead, and indium, with 
results leading to the hypothesis that electrons were assisting dislocation movement in the direction 
of current flow.  In 1978, Okazaki et al. [4] expanded these studies to include titanium and iron, 
along with further tests on tin and lead.  


In 1984, Sprecher et al. [3] published a detailed account of experimental work on current effects 
in various polycrystalline materials.  As in the prior studies, a drop in flow stress was observed 
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during plastic deformation of the polycrystalline samples when a high-density current pulse was 
applied.  Through a carefully-designed experimental setup, the effects of the current on flow stress 
were separated from the accompanying thermal effects and from any machine inertial effects, 
effectively demonstrating that electrons interact with dislocations when a current is applied.  This 
interaction was attributed in part to a force applied to the dislocation from the momentum of the 
drifting electrons. 


In addition to affecting flow stress, high-density electric currents (~103-105 A/cm2) have been 
shown to affect solid-state phase transformations in metals.  Conrad [5] reviewed several studies 
on intermetallic compound formation, precipitation, crystallization, and recrystallization, 
highlighting the influence of current pulses on these diffusion-driven processes.  The presence of 
the current had notable effects on the rate and extent of the transformations and could impede or 
accelerate them depending upon the material processing histories.   In all cases, the current effects 
were especially pronounced in the initial stages of transformation, indicating a common effect on 
nucleation kinetics.  Recrystallization in various metals (including aluminum, titanium, and 
copper) was found to be accelerated by the current pulses. In addition to accelerating the 
recrystallization, electric current pulses were found to decrease the rate of subsequent grain 
growth.  Transmission electron microscopy (TEM) studies revealed a significantly lower 
dislocation density in a pulsed-annealed-recrystallized sample compared to an annealed-
recrystallized sample.  With a lower dislocation density after pulsing, there was a lower driving 
force for grain growth following recrystallization, leading to a smaller final grain size.  These 
observations lend support to the theory that dislocation mobility is enhanced by a pulsed current 
[5]. 


Gleeble vs. conventional heating studies 


Thermomechanical simulators typically use direct resistance heating to control specimen 
temperature.  However, the applied current densities are somewhat lower than that of the pulsed 
currents discussed previously (~101-103 A/cm2 instead of ~103-105 A/cm2), and the current is 
continuous instead of rapidly pulsed.  Recent studies, summarized in Table 1, have begun to focus 
on whether and how recrystallization is affected in such conditions. 


Table 1.  Summary of available literature on direct resistance (Joule) heating effects on material microstructures. 


Author Year Focus Results + Notes 
Krawczynska 
et al. [6] 


2010 • 316 stainless 
steel, 
hydrostatically 
extruded 


• Effects of Joule 
heating on 
microhardness, 
grain size 


• Heating mode: 
Conventional 
furnace, Gleeble 
3800 


• Little change in microhardness in furnace-annealed samples; decrease 
in microhardness in Gleeble samples. 


• Bimodal grain structure developed in Gleeble-annealed samples; 
average grain size remained fairly constant with annealing time. 


• Homogeneous grain sizes in furnace-annealed sample; average grain 
size converged with that of Gleeble-annealed samples after ~2 hrs. 


• Carbide precipitation favored different sites in furnace- and Gleeble-
annealed samples. 


• Initial heating rates were likely inconsistent between furnace-annealed 
and Gleeble-annealed samples, with the Gleeble samples heating more 
rapidly.  This discrepancy may be reflected in the results at shorter 
annealing times. 
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Table 1.  Continued. 


Author Year Focus Results + Notes 
Fabrègue et 
al. [7] 


2014 • Copper rod, 
extruded 


• Effects of Joule 
heating on grain 
structure and 
extent of 
recrystallization 


• Heating mode: salt 
bath, spark plasma 
sintering (SPS) 
machine 


 


• Only recovery was observed in the salt bath heat treatments (based on 
grain structure/in-grain orientations after annealing and on texture 
analysis). 


• Extensive recrystallization was observed in the SPS-treated sample, 
as indicated by grain refinement, low in-grain orientations, and 
randomized texture. 


• Inconsistency in heating rate between the heating modes 
• A stress of ~40 MPa was applied to the SPS-treated samples to ensure 


good contact for current flow.  Gradual deformation was observed in 
the SPS sample that was annealed for the longest duration, which was 
attributed to a decrease in yield stress as a result of the 
recrystallization that occurred.  It would be beneficial to remove the 
stress from the sample to ensure microstructural changes caused the 
deformation and were not brought about by it. 


Huang et al. 
[8] 


2017 • Aluminum, cold 
rolled 


• Effects of Joule 
heating on 
recrystallization 


• Heating mode: 
conventional 
furnace, Gleeble 
3800 


• An increased level of cold reduction corresponded to an increased effect 
of Joule heating on the rate of recrystallization, with the effect being 
more pronounced when current flowed along the rolling direction 
(compared to transverse). 


• Increased density of high-angle grain boundaries, which are more 
susceptible to the electron wind effect, along the rolling direction and in 
the sample with larger prior cold reduction was cited as the reason for 
enhanced recrystallization in these cases relative to the other Gleeble-
annealed samples. 


Nicoläy et al. 
[9] 


2021 • Inconel 718 
• Effects of Joule 


heating on static 
and dynamic 
recrystallization 


• Heating mode: 
conventional 
furnace, Gleeble 
3800 


• Recrystallization occurred much more rapidly in the Gleeble-annealed 
Inconel, as indicated by misorientation data from EBSD. 


• Recrystallized grain size was found to be smaller in the Gleeble-
annealed samples than in the furnace-annealed samples. 


• Several checks were performed by the authors to validate the 
conclusions regarding current effects.  It was confirmed experimentally 
and mathematically that variables such as starting microstructure and 
radial thermal gradients in Gleeble samples did not significantly affect 
the final microstructures. 


In each of the studies summarized in Table 1, the enhancement of vacancy concentration and 
dislocation mobility by an electric current is cited as the mechanism by which recrystallization is 
accelerated. 


Objective of Present Study 


The present study seeks to compare the extent of recrystallization that occurs in cold-worked 
ferritic steels under conventional furnace heating and direct resistance heating.  Steel samples cold 
rolled at varying reductions were heat treated in a conventional furnace, and a Gleeble 3500 
thermomechanical simulator replicated the furnace heat treatments via direct resistance heating.  
In each case, the extent of recrystallization was quantified and compared to observe the effects of 
an electric current on the microstructural evolution. 
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METHODS 


Hot-rolled low carbon steel plates (ASTM A36 grade) were acquired for the present study.  The 
composition of the steel from the manufacturer’s certificate is listed in Table 2. 


Table 2.  Composition of the A36 steel used in this study 


Element C Mn Si Cr Cu Mo Ni V P S 
Amount (wt%) 0.200 0.780 0.008 0.040 0.030 0.013 0.020 0.001 0.007 0.009 


To soften and normalize the starting microstructure, the steel plates were annealed at 900°C for 
two hours in an argon environment and furnace cooled.  The plates were subsequently cold rolled 
to 50% and 75% total reduction, with the same rolling schedule applied for each plate up to the 
highest common reduction level (50%).  Strip samples with the geometry in Fig. 2 were extracted 
from the cold-rolled plates for heat treatment.  


 
Figure 2.  Sample geometry for furnace and Gleeble experiments. 


Samples from each reduction were subjected to annealing treatments in either a muffle furnace or 
in a Gleeble 3500 thermomechanical simulator.  In each case, an argon environment was used to 
reduce the extent of oxidation during the heat treatment.  Annealing was performed at 550°C for 
times ranging from 50-5000s, where annealing duration was measured from the time the sample 
reached the target annealing temperature.  To ensure the thermal profiles between the different 
heating modes were identical, a K-type thermocouple was spot welded to the furnace sample, and 
the temperature of the sample was recorded over the duration of the heat treatment.  This 
temperature data was then input into the Gleeble to control the sample heating.  An example 
annealing profile is shown in Fig. 3, with the thermal data from the furnace and the Gleeble 
overlaid. 


 
Figure 3.  Thermal data from the furnace-annealed and corresponding Gleeble-annealed samples. 
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Samples for microstructural characterization were extracted from the center of each steel strip after 
annealing.  The strip samples were sectioned crosswise so that the rolling-normal plane would be 
visible for subsequent analysis.  All samples were hot mounted in phenolic resin, ground with SiC 
foil up to 2000-grit, and polished with a 3-μm diamond suspension followed by a final polish with 
0.04-μm colloidal silica suspension. 


Two methods have been used in this study to assess the extent of recrystallization: microhardness 
and electron backscatter diffraction.  As recrystallization progresses in a material, strain hardening 
from prior deformation is relieved.  If the as-deformed hardness and fully recrystallized hardness 
of the material are known, the annealed hardness can be related to them to give a recrystallized 
fraction [10,11].  This relationship is given in Eqn. 1, where X is the fully recrystallized fraction, 
H0 is the as-deformed hardness, Hrx is the fully-recrystallized hardness, and H is the measured 
hardness after annealing. 


 X = 
H0 - H


H0 - Hrx
 (1) 


Vickers hardness indents were made on each sample with a 500 gf load and 13 s dwell.  All 
hardness measurements were taken in the rolling-normal plane of the steel, and reported values are 
the average of nine indents. 


Diffraction-based methods provide grain data which can be analyzed in terms of aspect ratio.  In 
addition, misorientation data can be measured with EBSD, allowing recrystallized and deformed 
grains to be distinguished based on local misorientations [12].  Thus, EBSD was also performed 
on the annealed samples.  Samples were tilted to 70° for pattern collection, and a working distance 
of 10 mm was used with a 20 kV accelerating voltage.  On each sample, a 150x150 μm region was 
scanned with a 0.3 μm step size.  The scanned region was located in the center of each specimen 
in the rolling-normal plane. 


RESULTS AND DISCUSSION 


In the furnace and Gleeble annealing treatments, the hardness of the steel evolved as shown in Fig. 
4.  Included for reference is the initial hardness of the steel after cold reduction.  To obtain a 
representative fully-recrystallized hardness value for use in Eqn. 1, samples were annealed at 
600°C and 650°C for times ranging from 500-5000 s.  For the CR-50% samples annealed at 650°C, 
the hardness did not change appreciably with time; it also converged with the hardness of the 
600°C samples at the longest hold times.  Similar convergence was seen in the CR-75% steel, 
indicating completion of recrystallization in that case as well.  Thus, the average of the converged 
hardness values for 600°C and 650°C was taken as the fully recrystallized hardness of each steel 
(Hrx in Eqn. 1). 


With the fully recrystallized hardness values known, the progression of recrystallization for each 
furnace heat treatment was mapped via Eqn. 1.  Figure 4 shows the recrystallized fraction at each 
time interval for the given reductions. 
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(a) 


 
(b) 


 
(c) 


 
(d) 


Figure 4.  (a), (c) Change in hardness with annealing temperature and time for the CR-50% steel and CR-75% steel.  
Error bars represent standard deviation.  (b), (d) Fraction recrystallized vs. annealing time based on average 


hardness. 
For both prior reduction levels, recrystallization occurs more rapidly in the Gleeble-annealed 
samples than in the furnace-annealed samples.  The most pronounced case is the CR-50% Gleeble-
annealed microstructure, which after 5000s exhibits a recrystallized fraction twice that of the 
corresponding furnace-annealed microstructure.  The trends observed in the hardness data are also 
apparent in the EBSD maps collected for each sample.  Grain average misorientation was used to 
partition the microstructure and obtain recrystallized fractions (see Fig. 5).  Grains with an average 
misorientation of less than 1° were considered recrystallized.  The inverse pole figure (IPF) maps 
from the furnace- and Gleeble-annealed samples are shown in Fig. 6, sorted by prior cold 
reduction.  
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Figure 5.  Fraction recrystallized vs. annealing time based on EBSD data (recrystallized = grain average 


misorientation ≤ 1°). 


0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0


0 1000 2000 3000 4000 5000


Fr
ac


tio
n 


R
ec


ry
st


al
liz


ed


Time (s)


CR-50%


Furnace


Gleeble


0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0


0 1000 2000 3000 4000 5000


Fr
ac


tio
n 


R
ec


ry
st


al
liz


ed


Time (s)


CR-75%


Furnace


Gleeble







2022 DoD Steels Summit 
15–16 November 2022, Aberdeen Proving Ground, MD 
Approved for Public Release 


8 


 


Figure 6.  IPF maps of the furnace- and Gleeble-annealed specimens.  Reduction, heating mode, and annealing 
duration are indicated for each map. 
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As revealed by the EBSD data, the discrepancies in hardness between corresponding furnace- and 
Gleeble-annealed samples are related to the extent of recrystallization that took place. 


The extent of these results’ implications on the relationship between thermomechanical simulation 
and industrial processing is not yet known, and future work will further explore the effect of the 
electric current on the microstructural evolution in these cold-rolled steels.  Specific questions to 
be addressed are: 


• How much time must elapse for the conventionally annealed samples to recrystallize to the 
same extent as the Gleeble-annealed samples? 


• What intrinsic differences exist in the resulting fully recrystallized microstructures (e.g. 
lower dislocation density after Gleeble annealing, similar to the pulsed-current studies in 
[5])? 


• How are mechanical properties (strength, work hardening, formability, etc.) affected by the 
electric current-microstructure interactions? 


Given the proven usefulness of thermomechanical simulation in lab-scale design and testing of 
industrial processes, the effects of the electric current are not expected to be drastic enough to 
preclude thermomechanical simulation as a viable research and development tool.  However, 
especially as complex microstructures increase in use, the effects cannot be ignored and must be 
accounted for when transitioning from lab-scale production to industrial implementation. 


CONCLUSIONS 


Based on literature dating as far back as the 1960s, it is known that an electric current interacts 
with dislocations in such a manner as to accelerate recrystallization and solid-state phase 
transformations, as well as to lower the flow stress required for plastic deformation when the 
current is oriented favorably.  More recent studies have begun to assess the effects of low-density 
alternating currents as well, such as those applied to specimens in thermomechanical simulation.  
In the present study, the presence of an electric current had a pronounced effect on the static 
recrystallization behavior of the cold rolled steels that were evaluated.  Recrystallized fractions, as 
measured by hardness and EBSD, increased more rapidly with time in Gleeble-annealed specimens 
than in furnace-annealed specimens.  Future work will focus on the implications of this electron 
wind effect on the mechanical properties of the heat treated microstructures. 
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INTRODUCTION 


Developed in the 1980’s with direction from the David Taylor Research Center, HSLA-100 is a 
plate-steel grade intended for naval applications where high yield strength and toughness are 
required, in combination with good weldability without preheating [1], [2]. The motivation for the 
development of HSLA-100 was predominantly the potential for cost-savings corresponding to an 
HY-100 equivalent that could be implemented without post-weld heat treatment. Early 
industrial-scale trials of HSLA-100 plate in sections up to 51 mm (2 in) thick indicated that 
HSLA-100 could readily meet the desired minimum mechanical property requirements in heat 
treated plate and weld metal [3]. With an identical strength level, HSLA-100 could retain the 
light-weighting benefits of HY-100, while substantially reducing fabrication costs for 
shipbuilding. A NAVSEA Technical Publication eventually expanded guidance and requirements 
for optimum mechanical properties in plate up to 102 mm (4 in) thick, which included minimums 
of 690 MPa (100 ksi) tensile yield strength and 81 J (60 ft∙lb) Charpy V-Notch (CVN) at -84 ○C 


(-120○F) [4]. A provision for plate 102-152 mm (4-6 in) thick with a reduced minimum tensile 
yield strength of 655 MPa (95 ksi) was also included in the technical publication. While the 
NAVSEA Technical Publication also provides guidance on producing forgings from HY grades, 
it does not for HSLA-100.  


Thermal processing of HSLA-100 includes consecutive austenitizing and quenching treatments 
followed by an ageing treatment. The consecutive austenitizing treatments are performed to refine 
the austenite grain size, which subsequently limits the martensite packet size formed during 
quenching and promotes an increase in yield strength [5]. Furthermore, the double austenitizing 
treatment has been directly correlated to improved strength and toughness in HSLA-100 [6]. 
Controlled-rolling practices may also be implemented for flat products to refine the austenite grain 
size. In conventional HSLA steels, micro-alloy additions (e.g. Niobium and Vanadium), in 
conjunction with controlled-rolling practices, are intended to promote a fine, usually ferritic, 
microstructure by limiting the prior austenite grain size. However, in forged components, it is 
unlikely that the micro-alloy additions would have a similar effect compared to plate production 
that incorporates controlled-rolling.  


During the ageing treatment, several notable processes may occur that contribute to the final 
mechanical properties of the steel: tempering of martensite, precipitation of fine copper (Cu) 
particles, and formation of austenite. Thompson suggested that a final microstructure of tempered 
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martensite with fine Cu precipitates corresponds to optimal mechanical properties [7]. Achieving 
a fully martensitic microstructure in thick sections can be difficult due to reduced cooling rates. 
Thus, producing mechanical properties in thick-section forgings comparable to those achievable 
in plate presents a challenge. 


The present study focuses on evaluating the mechanical properties of a thick-section HSLA-100 
forging. The amenability to support thicker sections is assessed by investigating the 
through-thickness, as-quenched microstructural variation in a forging, as well as the mechanical 
properties after subsequent ageing from material immediately adjacent to the forging centerline, 
where cooling rates are expected to be lowest. Results indicate that acceptable mechanical 
properties may be achieved in thick-section forgings of HSLA-100. However, the processing 
window to achieve adequate properties is relatively narrow and may be difficult to consistently 
achieve on an industrial scale. Opportunities for tailoring the chemical composition with slight 
modifications are discussed with the aim of increasing the amenability of HSLA-100 to thicker 
sections, while maintaining the fundamental metallurgical design of the alloy. 


EXPERIMENTAL METHODS 


The steels for this study were manufactured using industrial-scale processing, including electric 
arc furnace melting, ladle-refining, vacuum-degassing, and bottom-poured ingot casting. The 
chemical compositions of the two steels explored are listed in Table 1 and are consistent with 
HSLA-100 [4]. A disk with a diameter of 1.077 m (42 in) and a thickness of 210 mm (8.25 in) was 
forged from the steel corresponding to the composition labelled Disk Forging in Table 1, and a 
Jominy sample was extracted from a forging produced from the composition labelled Jominy.  


Table 1. HSLA-100 Steel Chemical Compositions  


  C Mn P S Si Ni Cr Mo 
Disk Forging 0.03 0.85 0.004 0.001 0.24 3.45 0.53 0.57 


Jominy 0.03 0.80 0.005 0.001 0.24 3.37 0.51 0.59 
 


 


 


The forged disk was consecutively austenitized and quenched twice, which consisted of heating 
from a furnace charge of 149 ○C (300 ○F) to 913 ○C (1675 ○F) over a 20 h duration, isothermal 
holding for 8 h, and water quenching. Following the second austenitization and quench, blanks 
with dimensions of 51 x 127 x 210 mm (2 x 5 x 8.25 in) were extracted from the forged disk for 
subsequent ageing; the approximate location and orientation of the blanks relative to the disk 
forging are depicted in Figure 1. The blanks were obtained from within a 340 mm (37 in) diameter 
to avoid edge effects from quenching and were oriented parallel to the disk thickness. 


Rockwell C hardness measurements, consistent with ASTM E18 [8], were performed on an 
as-quenched blank from surface to disk centerline. A staggered indent pattern was utilized to gather 


  V Cu Nb Al Ti N 
Disk Forging 0.01 1.25 0.04 0.019 <0.01 0.006 


Jominy 0.006 1.24 0.04 0.016 0.003 0.005 
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hardness measurements at depth intervals of 2 mm (0.08 in). Samples from various distances from 
the as-quenched surface were prepared for electron backscatter diffraction (EBSD) analysis using 
standard metallographic practices and a final polish of 0.03 µm. EBSD was collected using an Apreo 
scanning electron microscope (SEM) equipped with an Oxford Instruments AZtec EBSD system. 
Images were collected at a beam current of 13 nA and an accelerating voltage of 20 kV. Post 
processing of EBSD images was conducted using AZtec Crystal and consisted of cleaning images 
using zero solution removal with four iterations and a nearest neighbor requirement of 5 pixels. 


Additional blanks were subject to ageing treatments at temperatures ranging from 454 ○C (850 ○F) 
to 677 ○C (1250 ○F) and times from 2 to 11 h. After ageing, samples for mechanical testing were 
extracted from each blank immediately adjacent to the forging centerline to reflect properties 
associated with the slowest quench rate after austenitizing. Round tensile samples with 12.7 mm 
(0.5 in) gauge diameters were tested at a quasi-static rate and in accordance with ASTM E8 [9]. 
Charpy V-Notch (CVN) samples for impact toughness were tested at -84 ○C (-120 ○F) and 
consistent with ASTM E23 [10]. 


RESULTS AND DISCUSSION  


Representative images of the as-quenched microstructure at different depths from the forged disk 
surface are shown in Figure 2. The microstructures in Figures 2(a) and 2(b) correspond to material 
immediately adjacent to the quenched surface and at approximately 10 mm from the quenched 
surface, respectively. The microstructures exhibit many fine, lath-like features and are similar in 
appearance to as-quenched martensite in HSLA-100 identified by Thompson [11], Colvin [12], 
and Dhua et al. [13]. Thompson [11] and Colvin [12] observed martensite after quenching at a 
controlled cooling rate of 100 ○C∙s-1 (180 ○F∙s-1), while Dhua et al. [13] after oil quenching with 
an approximate cooling rate of 50 ○C∙s-1 (90 ○F∙s-1). 


 


Figure 1. Schematic of forged disk with general location and orientation of blanks extracted for different ageing 
treatments. Tensile and CVN specimens were extracted from blanks, after ageing treatments, in the general 
location indicated. 
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Figure 2. EBSD maps of Band Contrast + Grain Boundaries from as-quenched disk. All boundaries associated 
with a misorientation angle greater than 2 degrees are outlined in black. Maps were collected from material 
adjacent to the surface (a), and at depths of approximately 10 mm (b), 40 mm (c), 80 mm (d), and 120 mm (e) 
from the quenched surface. Darker contrast regions, identified by white arrows in c, d, and e, indicate areas of the 
microstructure identified as M/A constituent.  
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The microstructures in Figures 2(c), 2(d), and 2(e) correspond to depths of approximately 40, 80, 
and 120 mm (1.57, 3.15, and 4.72 in) from the disk surface and exhibit fewer lath-like features 
relative to the microstructures observed in Figures 2(a) and 2(b). Numerous darker contrast 
regions, indicated by white arrows, are consistent with martensite/austenite (M/A) constituent. The 
M/A constituent forms from C-enriched regions of austenite and is caused by C segregation from 
the forming ferrite phase into the remaining austenite during non-martensitic decomposition of 
austenite [14]. Thompson [11] and Colvin [12] identified similar HSLA-100 microstructures after 
cooling rates of 1 ○C∙s-1 (1.8 ○F∙s-1) as acicular ferrite with M/A constituent.  Dhua et al. have also 
observed similar HSLA-100 microstructures, identified as granular bainite, after both air and 
furnace cooling with approximate cooling rates of 1 ○C∙s-1 (1.8 ○F∙s-1) and 0.1 ○C∙s-1 (0.18 ○F∙s-1), 
respectively [13].   


Hardness measurements from an as-quenched blank are shown in Figure 3; error bars in the plot 
indicate the standard deviation of three measurements. A hardness of approximately 26 HRC was 
measured immediately adjacent the surface. The hardness is shown to gradually decreased to a 
value of 22-23 HRC at 15 mm (0.6 in) and remains relatively consistent at greater depths. 
Corresponding hardness results from a Jominy test, as well as approximate cooling rates associated 
with Jominy end-quench tests [15] are shown in Figure 4(a). Here, the as-quenched end 
corresponds to a hardness of 32 HRC and a stable hardness of 22-23 HRC was measured at 
distances greater than 38 mm (1.5 in) from the quenched end. An evaluation of hardness from the 
Jominy end-quench sample as a function of cooling rate is shown in Figure 4(b), which indicates 
that the as-quenched hardness is relatively sensitive to cooling rates less than 50 ○C∙s-1 (90 ○F∙s-1). 
The trend line in Figure 4(b) was established using a natural log fit and has the following 
relationship: 


𝐻𝐻𝐻𝐻𝐻𝐻 = 2.148 ∙ 𝑙𝑙𝑙𝑙�204.076 (𝑄𝑄𝑄𝑄)� + 8.759        Eq. (1) 


where HRC is the calculated hardness in Rockwell C, and QR is the approximate cooling rate. To 
solve for QR, Eq.1 is rearranged into the following equation: 


 𝑄𝑄𝑄𝑄 =  204.076−1 ∙ 𝑒𝑒
𝐻𝐻𝐻𝐻𝐻𝐻−8.759


2.148          Eq. (2) 


The mean hardness data in Figure 2 and the cooling rate-hardness relation of Eq. 2 were used to 
estimate the cooling rates corresponding to increasing depths from the surface of the as-quenched 
forged disk, which are plotted in Figure 5. Note that Eq. 2 is only applicable for microstructures 
composed predominantly of martensite; the hardness of bainite-martensite microstructures in 
HSLA-100 have been shown to be relatively insensitive to corresponding cooling rates [12]. 
Colvin identified a minimum cooling rate of 4 ○C∙s-1 (7.2 ○F∙s-1) to produce microstructures 
composed predominantly of martensite in HSLA-100 [12]; below this minimum cooling rate, 
microstructures were observed to also contain granular bainite. Shown in Figure 5, the calculated 
cooling rate is approximately 14 ○C∙s-1 (25.2 ○F∙s-1) at the disk surface. At depth of 
15 mm (0.59 in), the calculated cooling rate is approximately 4 ○C∙s-1 (7.2 ○F∙s-1), suggesting that 
the microstructure transitions from predominantly martensite to a mixture of martensite and bainite 
at this depth. 
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Figure 6 displays the low-temperature, CVN impact toughness plotted against yield strength for 
different ageing times and temperatures. The darker blue boxed region indicates where properties 
meet or exceed the minimum requirements for HSLA-100 plate in sections less than 102 mm (4 in). 
The left adjacent, lighter blue boxed region indicates an extended acceptable property area for 
plate thicknesses of 102-152 mm (4-6 in). The data in Figure 6 show that the forged samples 
consistently meet the requirements for plate up to 102 mm (4 in) within an ageing temperature 
regime of 510-550 °C (950-1022 °F) and ageing times of 2 h. The samples aged at 502 °C (936 °F) 
with ageing times of 5, 8, and 11 h also consistently meet the 102 mm (4 in) plate requirements. 


 


Figure 3. Hardness plotted against increasing distance from surface in the as-quenched forged disk.  


 
Figure 4. Hardness measurements and approximate cooling rates with increasing distance from quenched end on a 
Jominy sample (a). Jominy hardness measurements plotted against approximate cooling rates (b). Inset in b shows 
magnified view at low cooling rates. 


 


Figure 5. Calculated cooling rate with increasing depth from the surface of the disk during quenching. 
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Increasing ageing time at 502 °C (936 °F) corresponds to a substantial increase in low-temperature 
toughness, but relatively little reduction in yield strength. 


Regarding the samples with ageing times of 2 h, the severe decrease in impact energy with 
decreasing ageing temperatures below 550 ○C (1022 °F) creates a relatively narrow temperature 
regime for which mechanical properties are consistent with those required for plate in thicknesses 
less than 102 mm (4 in). Conversely, there is a wider processing margin to achieve acceptable 
properties consistent with 102-152 mm (4-6 in) plate, with ageing temperatures of 510-621 °C 
(950-1150 °F) all shown to exceed the minimum requirements. Additionally, if a 35 MPa (5 ksi) 
reduction in minimum yield strength can be accommodated, an impact toughness greater than 
200 J is consistently attainable for ageing temperatures of 552-621 °C (1026-1150 °F). 


 


Importantly, the present results suggests that HSLA-100 forgings up to 210 mm (8.25 in) thick 
may be heat treated to exceed the minimum strength and low-temperature impact toughness 
requirements for HSLA-100 plate. Although ageing times would need to be adjusted to reflect the 
increased time required to heat full-thickness forgings, the study demonstrates that the as-quenched 
microstructure corresponding to the slowest cooling rate experienced in the disk forging is capable 
of being heat treated to exhibit acceptable mechanical properties. However, the relatively narrow 
thermal processing regime highlights an opportunity to tailor alloying and/or thermal processing 
with the aim of improving the robustness of thick-section forgings toward exhibiting mechanical 
properties consistent with HSLA-100 plate.  


Thompson showed that martensite, which requires relatively high cooling rates during quenching 
from austenitization, is the optimal as-quenched microstructure in HSLA-100 prior to ageing [7].  
With decreasing cooling rates, the as-quenched microstructure transitions from martensite to 


 


Figure 6. Low-Temperature CVN impact energy plotted against yield strength for different ageing 
temperatures (a). Enlarged view of red boxed region in a (b). Data plotted as black circles correspond to ageing 
times of 2 h and are labelled with ageing temperature. Data plotted as red squares correspond to ageing at 502 °C 
(936 °F) for ageing times of 5, 8, and 11 h and are labelled with ageing time and temperature. Region shaded in 
darker blue indicates acceptable properties for HSLA-100 plate in sections less than 102 mm (4 in). Lighter blue 
shaded area indicates acceptable properties for plate thicknesses of 102-152 mm (4-6 in). ✧ Indicates at least one 
CVN sample exhibited an impact energy greater than 80 pct of pendulum capacity. 


(a) (b) 
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bainite and eventually proeutectoid ferrite-containing microstructures, which correspond to 
progressively diminished mechanical properties after ageing. This is particularly relevant in the 
context of thick-section forgings, where it is challenging to induce rapid cooling during quenching. 
Based on the estimated cooling rates presented in Figure 4 and the 
continuous-cooling-transformation behavior of HSLA-100 described by Colvin [12], it is 
presumed that austenite decomposition corresponding to depths less than 15 mm (0.59 in) from 
the quenched surface was predominantly martensite and transitioned to mixtures of martensite and 
bainite at greater depths. The EBSD micrographs in Figure 2 also support this interpretation. Thus, 
increasing the hardenability is of interest for improving the mechanical properties of HSLA-100 
forgings. 


An increase in the C content would promote hardenability; however, it would also increase the 
ductile-to-brittle transition temperature and reduce weldability. A more attractive strategy for 
increasing hardenability, without compromising the low-temperature impact toughness and 
weldability, is to slightly increase the Mn concentration. Mn is amongst the most potent 
hardenability promoting alloying elements [16], and a relatively small increase in Mn 
concentration would likely increase the maximum forging thickness that may achieve 
through-thickness martensitic decomposition of austenite. Additionally, an increase in the Mn 
concentration may also promote formation of stable, interlath austenite films during ageing [17], 
which Mujahid et al. suggest as being beneficial toward improving toughness in HSLA-100 while 
maintaining high yield strengths [18], and is also generally accepted as a microstructural feature 
that promotes high toughness in steels [19], [20].  


SUMMARY & CONCLUSIONS 


Ageing trials of sub-sized blanks extracted from an as-quenched 210 mm (8.25 in) thick forging 
suggest that HSLA-100 forgings of equivalent thicknesses may be heat treatable to meet minimum 
mechanical property requirements commensurate with plate, although, the narrow range for ageing 
temperatures may be challenging for industrial processing. Alternatively, a reduction in the 
minimum yield strength requirement to 655 MPa (95 ksi) could enable an increased minimum 
CVN requirement of 200 J (148 ft∙lb) at -84 °C (-120 °F). The as-quenched microstructure of the 
forged disk transitioned from predominantly martensite to bainite at approximately 15 mm (0.6 in) 
from the quenched surface. Improvement of the amenability of HSLA-100 to forgings may be 
possible through a slight increase in the Mn content of the alloy, which would increase the 
hardenability and promote formation of stable austenite films. 
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INTRODUCTION 


Design of high-performance Army-relevant steels requires a multi-objective optimization to tailor 
specific properties and performance characteristics. Machine learning (ML) has recently been 
applied to accelerate discovery of new compounds in organic chemistry1 and also inorganic 
chemistry. 2 These recent gains in the field of wet chemistry synthesis are based on molecular 
structure, bonding, and formation energy or reaction enthalpy, which are not readily translatable 
to structural material synthesis. Structural materials development emphasizes integrating multi-
scale modeling and experimental methods to accelerate development through fundamental 
understanding of the composition – process – structure – property – performance (CPSPP) 
linkages. This mechanistic understanding promotes bottom-up and top-down materials design. 
These development projects are generally focused on a single material system and application and 
are not easily translated to other materials systems or applications. Structural materials data is also 
not captured in a consistent manner across different materials systems, applications, and research 
units, which makes it challenging to agglomerate sufficient data for off-the-shelf machine learning 
algorithms to be viable. 3  


Because we intuit that microstructure characteristics are a significant feature enabling prediction 
of structural materials properties and performance, it is necessary then for a robust ML model to 
incorporate microstructure data in addition to composition and processing. The immediate 
challenges are to:  


a) identify the depth of composition, process, and microstructure information needed to 
accurately predict a range of properties of structural materials, 


b) determine the efficacy of such an ML framework to identify synthesis routes (composition 
and processing) to achieve an optimal combination of properties, and  


c) extend the ML framework to different properties, performance, and materials systems. 
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Across structural materials, the martensitic steel dataset is one of the most complete, based on 
more than a century of research development and industrial production. Despite the long history 
of development and use of martensitic steel alloys, the fundamental CPSPP relationships are 
defined by empirical models constrained to limited composition windows. 4-5 The design of new 
high-performance alloys requires extending beyond the historic composition and processing 
limitations.  


Successfully moving beyond these alloy constraints to design a comprehensive and extensible 
workflow that integrates microstructural contributions to property predictions can be approached 
by high throughput generation of synthetic microstructures. For tempered martensitic steels, the 
microstructural features of interest are the carbides that precipitate during heat treatment as shown 
in Figure 1. These carbides are generally nano-scale, which would require onerous characterization 
by transmission electron microscopy (TEM). As such, very little data exists describing the size, 
distribution, and morphology of the carbides as a function of heat treatment. Many other materials 
systems, such as 2xxx and 7xxx aluminum alloys, rely on nano-scale features for their properties 
as well, making the methodology of generating synthetic microstructures (in lieu of nanoscale 
characterization) for the ML framework valuable and potentially extensible. Robust 
thermodynamic and kinetic databases used in the calculation of phase diagrams (CALPHAD) 
method have been developed over the years, particularly for industrially relevant steels and 
aluminum alloys. Using the CALPHAD approach to generate synthetic microstructures as a 
function of heat treatment bypasses the sparse experimental data available at the required length 
scales to well-define the microstructural features of each alloy-process combination. 


 


Figure 1. Schematic of microstructure evolution during tempering of martensitic steel with notional description of 
carbide effect on properties. 


By leveraging the rich data sets (composition, process, property) available for martensitic steels, 
an integrated ML and alloy design workflow is being developed to accelerate structural materials 
development through property and performance predictions, starting with Army-relevant steels – 
Machine Intuitive Development of Army Steels (MIDAS).  
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METHODS 


The initial development of the MIDAS framework is restricted to quench and tempered steels. 
Data was collected from multiple sources that provided at minimum the composition, temper 
temperature, and tempered hardness. The primary data sources used to-date include a commercial 
database, 6 a reference book, 7 and selected papers. 5-8 Each data source provided different 
additional processing, structure, or property information that was also collected during the data 
sourcing process. This initial work focuses on predicting the hardness as a function of the input 
parameters. There are several tiers to the prediction, beginning with assessing an existing empirical 
model, 9 moving to a simple ML model generated to perform a direct minimization using only the 
raw input data, and then to the multi-stage synthetic microstructure inputs.      


The creation of CALPHAD-based structure information as a physics-aware digital twin was 
accomplished by synthetic microstructure generation using the TCFE10 and MOBFE5 databases 
in Thermo-Calc 2020b through the TC-PYTHON software development kit. 10 This synthetic 
microstructure information is used as input in addition to the raw inputs to train and test various 
ML algorithms in the comparative workflow runs shown schematically in Figure 2. Intermediate 
variables include primarily equilibrium phase compositions and volume fractions. In the first run 
(Train 1), a Gaussian Process Regressor (GPR) is trained on the intermediate variables and the raw 
input dataset. In the second run (Train 2), a variational autoencoder (VAE) and a Physics-informed 
neural network (PINN) are envisaged to generate the intermediate variables for the cases where 
the CALPHAD database has missing entries. Time-series microstructure includes phase fraction, 
morphology, and composition results from a carbide precipitation simulation. There is a significant 
time-cost increase in moving from the intermediate variables to the time-series microstructure data 
generation. The third run (Train 3), a recurrent neural network (RNN) incorporates the time-series 
microstructure data, in addition to the raw input and intermediate data, for the most expensive and 
high-fidelity predictions.  
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Figure 2. MIDAS ML workflow for property prediction 


To facilitate data processing, a workflow was developed as shown in Figure 3. This workflow 
includes additional CALPHAD parameter selection option details. Data management is performed 
using the python-based pandas tabular data analysis and manipulation tool. A first step in this data 
manipulation was the standardization of the input data to a common unit set. From this 
standardized input data, a PROCESSED.csv file is generated and used to seed the equilibrium 
CALPHAD calculations that result in the SYSTEM.csv file.  


This paper focuses on predicting the hardness of tempered steels using the direct minimization and 
first ML variation incorporating the CALPHAD equilibrium synthetic microstructure. Both of 
these ML models leverage a gaussian process regressor (GPR) and will be discussed in detail in 
the results. Variations 2 and 3 are anticipated to incorporate variational autoencoders (VAE), 
physics-informed neural network (PINN), and recurrent neural network (RNN) models. The 
implementation of these methods is not included here. 
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Figure 3. MIDAS data and decision-making flowchart 


RESULTS & DISCUSSION 


The raw data sourced for this MIDAS framework included a wide range of compositions, 
tempering temperatures, and tempered hardness. The range of compositions shown in Figure 4 
clearly indicates that the available data far exceeds the valid composition range in the empirical 
hardenability of steel calculation. 4 The composition ranges of interest are nominally within the 
TCFE10 limits, although combinations of multiple elements at their maximal limit may not 
provide reliable results. 
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Figure 4. Alloy compositions evaluated are indicated by the points. The compositional region covered by the 
existing empirical equation is designated by the green bars. The hatched regions are outside the limits recommended 


for the TCFE10 database. 


The standardized data that is included in the PROCESSED.csv file includes the temper 
temperature (in K), the composition (in weight %), and the hardness (in HV). There are currently 
1338 entries in this input data set (of which 1058 are low alloy and 280 are high alloy). For the 
purposes of this work, we have defined a threshold for what is considered a “high alloy” versus a 
“low alloy” steel in case adjustments need to be made about the ML model for the different classes 
of steels. The thresholds are based on existing empirical property predictors for steel, in particular 
the ASTM 255 hardenability predictor, which has compositional limits as shown in Figure 4 by 
the green shaded regions. Additionally, steels with an ideal diameter maximum (>7) were 
considered high alloy steels.  


An example of the composition, temper temperature, and resulting hardness are shown in Figure 
5 for a simple iron (Fe), manganese (Mn), carbon (C) system. 8 It should be noted that the 
uncertainty in the input data values has not yet been accounted for in the models developed to-
date. 
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Figure 5. Example of the relationship between composition, process, and tempered hardness data for the Fe-xMn-
0.2C system. 8 


Empirical Model 


Athavale5 developed an empirical model for tempered hardness based on the theory of Crafts and 
Lamont11 and the data of Grange8 that fit polynomials based on the incremental contribution of 
alloying elements to the total hardness. When the empirical model is applied to the data used in 
the development of that model, 5-8 e.g. the training dataset, the predicted hardness is reasonable, 
with an R2 of 0.868 as shown in Figure 6A. However, when applied to the larger current data set 
(most of which is still well within the stated compositional limits of the empirical model 
coefficients) as shown in Figure 6B, the predictions are very poor, with an R2 of 0.128. It is also 
clear that as the alloy content of the steel increases (as indicated by the color scale of the points), 
the predictive capabilities of the empirical model decrease. 


 


Figure 6. Predicted versus measured hardness for A) data used in the development of the empirical equation B) 
current dataset in this project. The colors of the points indicate the alloy content, i.e. the sum of the non-Fe elements. 
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Direct Minimization Model 


The direct minimization model is a direct mapping of material composition (i.e., percentage of C, 
Mn, P, Si, Cr, Ni, Mo, V, Vo, Al, W, Cu, Nb, Ti, B, N), select processing parameters (Tempering 
Temperature) as well as select steel properties (as-quenched (AQ) hardness prior to tempering) 
against experimental/literary final steel hardness values. A wide variety of ML methodologies 
could deliver a mapping of tabular data to a target prediction, such as linear regression, gradient 
boosting, etc. However, a critical nuance of the systems described in this manuscript is that the 
data is experimentally captured in many instances, or in some capacity is incomplete due to various 
deterministic physical processes resulting in inconsistent input data structure. Therefore, a model 
that captures and quantifies uncertainty can potentially deliver more powerful predictions when 
intended for use on potential downstream experimental applications. To capture this uncertainty, 
a Gaussian Process was selected as a basis to capture uncertainty in the final prediction model, as 
well as provide a means to “marginalize out” certain components of the material evolution model 
that could be described via probabilistic or stochastic models. 


As an initial basis for comparison, the composition, processing, and property data are fed into a 
Gaussian Process Regressor (GPR) with a Radial Basis Function (RBF) kernel to capture a “direct 
minimization” of material prediction without incorporating transitive evolution data such as 
precipitate volumes/compositions or computationally derived kinetic evolutions. This direct 
minimization boils down to a mapping of approximately 12 input parameters to 1 output parameter 
- in this case the hardness of the tempered steel.  Training data came from the Athavale5 and 
GRANTA6 databases and was split into training and testing sets. The calculated uncertainty can 
account for experimental data collection errors, and assigns “error bars” to the predictions to give 
a probabilistic range of the potential hardness value for that combination of composition, AQ 
hardness, and tempering temperature. A plot of predicted vs. actual results of the proposed GPR 
hardness prediction model is shown in Figure 7, with an R2 = 0.87, indicating a good fit on the 
holdout set.  


 


Figure 7.Validation on holdout set for direct minimization model 
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Variation 1 – Including Intermediate Variables 


The intermediate variables contained in the SYSTEM.csv file represent the equilibrium 
CALPHAD calculation results. Within this file the molar volume, composition, and driving force 
for each of the phases that were possible for these alloys are reported. Additionally, for any stable 
phases the equilibrium volume fraction is reported. Finally, a kinetic calculation was initialized 
and the initial precipitation parameters including interfacial energy (σ), energy of formation of the 
precipitate from the matrix (dGα→β), incubation time (τ), and steady-state nucleation rate (Js) are 
also reported. In the end, this SYSTEM.csv file has 182 different output columns.  


Feature reduction was performed, both for the purpose of the ML models and for reducing the 
complexity of the calculations necessary for the subsequent kinetic step. A total of 79 phases 
(excluding the matrix phase) appeared in the SYSTEM files across the alloys in the GRANTA 
dataset. 6 The equilibrium calculation results (VM, composition, driving force) exist for all these 
phases; however, when initializing the kinetic calculation (for σ, dGα→β , τ, JS), many phases will 
not nucleate, i.e. there is a high nucleation barrier or other obstacle to precipitation. Tabulated in 
Figure 8 are all the instances when the phase was considered possible to nucleate, as a function of 
the temper temperature and the Fe content of the alloy. The phase names are those used by 
TCFE1012. Of the initial 79 phases, only 34 appear to nucleate in at least one alloy/temper instance. 
Of these, we filtered out those phases where there are less than 10 instances (indicated by grey 
line). Next, as we were primarily focused on carbide phases that would form during the tempering 
treatment, we excluded phases that are not carbides (black line), and also high Si-phases (black 
dashed line). Finally, the phase FECN_CHI (Fe2.2(C, N)1) has been absorbed into the M5C2 phase 
in the most recent Thermo-Calc steel database, so to be forward compatible this was also removed. 
This resulted in a set of 12 carbide phases whose information will be tracked across the alloys as 
consistent inputs for the machine learning model and for the kinetics calculations.   


 


Figure 8. Down-selection of phases for feature reduction and to include in kinetic precipitation calculation. Points 
are colored by temperature for ease of visualization. Hatched boxes had no instances where the phase was 
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considered to nucleate. Grey line had less than 10 instances. Black line is not a carbide phase. Black dashed line are 
silicon containing phases. Black dotted line is duplicate phase.  


To introduce additional system data into the data-driven model previously discussed, the system 
files needed to be preprocessed and transformed such that the low-dimensional manifold of 
information could be adequately captured for subsequent model design. The system files contain 
multiple phases of precipitates that all featurize a single composition/processing/property entry in 
the direct minimization model. Therefore, those precipitates (down selected to 12 as discussed 
previously) are subsequently “flattened” into a single entry of data to fold into the direct 
minimization model. However, the dimensionality of the data once flattened is relatively large, 
especially for most GP type algorithms that could accurately capture the nonlinear relationships 
present in material interactions. Due to the smaller volume of collected data, utilizing heavily 
parameterized neural network techniques is less-than-ideal. Therefore, the dimensionality of the 
feature space must be reduced while preserving the dynamics of the precipitate phase compositions 
and volumes. We trained a fully connected autoencoder to perform this dimensionality reduction 
(from an initial dimensionality of 182 features down to 8) and subsequently trained a Gaussian 
process on the latent space embedded features, effectively capturing the dynamics of the input 
feature space in a lower-dimensional manifold that could be combined with the direct minimization 
approach to predict the final hardness value. The combination is performed via a stacked GPR 
model, in which the outputs of the direct minimization GPR and the intermediate GPR are used as 
inputs to a “stacking” regressor, which in this case is a third Gaussian Process, that combines the 
two predictions and creates a subsequent final hardness mean and standard deviation prediction. 
Aggregated regressor results on a small subset of complete testing data are shown in Figure 9. The 
final stacked regressor yielded an R2 of 0.89 on the holdout set, which indicates that complimenting 
the direct minimization model with associated processing parameters, via an autoencoder-based 
latent space embedding, improved the overall quality of the hardness predictions without harming 
generalizability. 


 


Figure 9. Validation on holdout set for aggregated regressor 


CONCLUSIONS 


The MIDAS data processing and ML framework validates the original hypothesis that 
microstructure information is a critical factor in accurate prediction of structural material 
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properties. For even the simplest property of hardness, the ML model incorporating intermediate 
synthetic microstructure data showed significant improvement compared to a direct minimization 
model. The MIDAS framework developed to date successfully incorporates composition, 
tempering temperature, and a range of intermediate equilibrium-based variables. The model 
refinement through the incorporation of additional equilibrium-based variables such as the A1, A3, 
and Ms temperatures may provide further gains in not only the prediction of hardness, but more 
complex properties such as impact toughness. On-going effort includes parameterization of the 
time-series microstructure calculations.  


Data-driven models yield a positive level of efficacy in capturing some of the dynamics of the 
materials systems present and can provide predictive abilities on material systems which the model 
has been in contact with before during training. More robust testing and validation will need to be 
performed to determine efficacy on out-of-distribution samples and to determine predictive 
abilities on materials systems that the model has not encountered in training. Incorporating more 
information from the interim steps of the process outlined in this manuscript (i.e. including system 
and kinetic calculations) could yield models more effective at predicting properties on out-of-
distribution materials systems. However, we do demonstrate reasonable generality and accuracy, 
especially in direct minimization, of the materials systems to which the model has been exposed. 
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INTRODUCTION 


Quenching and partitioning as well as inter-critical annealing have been two of the main 
approaches towards tailoring the microstructures and mechanical properties of steels through 
manipulation of the phase fraction, stability, and distribution of retained austenite.  


In particular, strength and ductility in multiphase steel containing martensite, austenite, and ferrite 
are achieved through martensitic transformation, where the martensitic phase provides strength to 
steel and austenite retains ductility [8,9,22]. Aspects of diffusion-less martensitic phase 
transformation in steels, such as their nucleation, morphologies, crystallography, autocatalysis, 
and interaction between multivariant martensite, have been studied through experimental and 
numerical methods [4,7,10,11,13,15,19]. As the martensitic transformation happens in a fraction 
of a second, studying these features through in situ experiments is challenging. In recent years, a 
phase-field method based on martensitic phase transformation has successfully predicted 
transformation features such as lath structure, martensite variants, and autocatalysis [3,5,15,19].  


Phase Field (PF) method is a powerful numerical tool based on a phenomenological character 
called ‘order parameter’ that can predict microstructural evolution for a wide range of materials 
undergoing various transformations, including solidification[1,3], grain growth[21], precipitate 
growth[20], and solid-state phase transformation[2,6,18]. The order parameter is a continuous 
variable representing each phase and is governed by classic thermodynamics and kinetics 
equations. PF methods have been used to study the effects of various mechanical boundary 
conditions, external loadings, and latent heat effects. PF simulations in steels were able to predict 
the optimal shape of martensite nucleus, self-nucleation of new domains, and morphological 
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mirrors [19], as well as martensitic transformation rate due to thermomechanical effects such as 
isothermal, adiabatic boundary conditions, and latent heat effects [15].  


While PF models have significantly evolved to predict martensitic transformation and 
microstructure evolution in polycrystalline steel robustly, limited attempts have been made to 
couple partitioning effects to accurately predict the microstructure after quenching and partitioning 
as well as intercritical annealing. The partitioning of alloying constituents during tempering and 
annealing has been an effective approach to improve the microstructure and ultimately the 
properties of advanced high-strength steels. Speer’s group [17] illustrated that carbon partitioning 
between quenched martensite and retained austenite could create mixtures of carbon-depleted 
martensite and carbon-enriched retained austenite. Similarly, researchers showed that varying 
inter-critical annealing in medium Mn steels resulted in mechanical properties as a result of 
varying austenite fraction and stability due to Mn partitioning from martensite to austenite[9,22]. 
Most recently, the PF model simulated for CrMo steel with a quenching and partitioning cycle 
could predict the austenite grain size, phase fraction, and microstructural constituents [5]. In the 
present work, the phase field model with thermomechanical kinetics is coupled with carbon 
diffusion and partitioning effects to accurately predict the microstructural evolution, retained 
austenite fractions, and carbon distribution in various phases. The simulations presented in the 
current work are performed for a single crystal domain with embedded boundary conditions for 
301 type stainless steel. 


PHASE FIELD (PF) METHOD 


The evolution of a multidomain microstructure is described in a phase field model using a field 
variable (order parameters). The spatiotemporal evolution of this order parameter is governed by 
time-dependent Ginzburg-Landau kinetic equation [12], as shown by the equation below: 


𝜕𝜕𝜂𝜂𝑝𝑝(𝑟𝑟, 𝑡𝑡)
𝜕𝜕𝜕𝜕


= −𝐿𝐿�
𝛿𝛿𝛿𝛿


𝛿𝛿𝜂𝜂𝑞𝑞(𝑟𝑟, 𝑡𝑡)


𝑞𝑞=𝑛𝑛


𝑞𝑞=1


 


 𝜂𝜂𝑝𝑝 is the order parameter describing the continuous distribution of the pth variant of the 
phase (α)-domain, L is kinetic or mobility coefficient, φ is local free energy density or PF potential 
related to the total Gibbs free energy of the system as 𝐹𝐹 = ∫ 𝜑𝜑𝜑𝜑𝜑𝜑 


𝑉𝑉 . The order parameter 𝜂𝜂𝑝𝑝 varies 
from 0 to 1. For austenite to martensite (𝛾𝛾 →  𝛼𝛼′) transition, 𝜂𝜂𝑝𝑝 = 1 is for pth orientation variant 
of α-phase (transformed phase) and 𝜂𝜂𝑝𝑝 = 0 for all other variants of α-phase. The PF potential is 
divided into three parts: 


𝛿𝛿𝛿𝛿
𝛿𝛿𝜂𝜂𝑞𝑞(𝑟𝑟, 𝑡𝑡)


=
𝜕𝜕
𝛿𝛿𝜂𝜂𝑞𝑞


�𝑓𝑓𝑐𝑐ℎ + 𝑓𝑓𝑔𝑔𝑔𝑔 + 𝑓𝑓𝑒𝑒𝑒𝑒� 


In the above equation, 𝑓𝑓𝑐𝑐ℎ, 𝑓𝑓𝑔𝑔𝑔𝑔, and 𝑓𝑓𝑒𝑒𝑒𝑒  are the chemical, interfacial, and elastic parts of Gibbs free 
energy, respectively. 


Chemical driving force 
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 The chemical potential is a thermodynamic function of order parameters (𝜂𝜂) expressed as a 
Landau 2-3-4 type polynomial as shown below [19] : 


𝑓𝑓𝑐𝑐ℎ =
1
𝑉𝑉𝑚𝑚


�
𝐴̂𝐴
2
�𝜂𝜂𝑞𝑞2
𝑞𝑞=𝑛𝑛


𝑞𝑞=1


−
𝐵𝐵�
3
�𝜂𝜂𝑞𝑞3
𝑞𝑞=𝑛𝑛


𝑞𝑞=1


+
𝐶̂𝐶
4 �


�𝜂𝜂𝑞𝑞2
𝑞𝑞=𝑛𝑛


𝑞𝑞=1


�


2


� 


where 𝑉𝑉𝑚𝑚 is the molar volume, and the coefficients 𝐴̂𝐴,  𝐵𝐵� , and 𝐶̂𝐶 are given as 𝐴̂𝐴 = 32∆𝐺𝐺∗;  𝐵𝐵� =
�3𝐴̂𝐴 − 12∆𝐺𝐺𝑚𝑚�; 𝐶̂𝐶 = �2𝐴̂𝐴 − 12∆𝐺𝐺𝑚𝑚�. ∆𝐺𝐺∗ is the Gibbs energy barrier at 𝑇𝑇0, the temperature at 
which Gibbs energy of γ and 𝛼𝛼′ are equal and 𝐴̂𝐴  = 𝐴𝐴, 𝐵𝐵� = 𝐵𝐵, and 𝐶̂𝐶 = 𝐶𝐶. At 𝑇𝑇 = 𝑇𝑇0, 𝐶𝐶 = 2𝐴𝐴, 
𝐵𝐵 = 3𝐴𝐴 and ∆𝐺𝐺∗ = 1


8
 𝐴𝐴 − 1


24
 𝐵𝐵 + 1


64
 𝐶𝐶 = 1


32
 𝐴𝐴. ∆𝐺𝐺∗ is also expressed in terms of molar volume 


(𝑉𝑉𝑚𝑚), interface thickness (δ) and gradient coefficient β, as follows: 


∆𝐺𝐺∗ =
𝑉𝑉𝑚𝑚 𝛽𝛽
2𝛿𝛿2


 


∆𝐺𝐺𝑚𝑚 is the driving force which is a function of T and carbon composition. ∆𝐺𝐺𝑚𝑚(𝑥𝑥𝛾𝛾) = 0 at 𝑇𝑇 =
𝑇𝑇0(𝑥𝑥𝛾𝛾), where 𝑇𝑇0(𝑥𝑥𝛾𝛾) is the equilibrium temperature for the given carbon concentration. 


Interfacial kinetics 


𝑓𝑓𝑔𝑔𝑔𝑔 is the gradient part of the potential due to the presence of the phase boundaries, which provides 
a diffuse transition zone between the phases as opposed to a sharp boundary 


𝑓𝑓𝑔𝑔𝑔𝑔 =
1
2


 𝛽𝛽��𝛻𝛻𝑖𝑖𝜂𝜂𝑞𝑞�
2


𝑞𝑞=𝑛𝑛


𝑞𝑞=1


 ,𝑎𝑎𝑎𝑎𝑎𝑎 𝛽𝛽 =
9𝛾𝛾2 𝑉𝑉𝑚𝑚
16∆𝐺𝐺∗ 


 


Elastic strain energy and mechanical equilibrium 


𝑓𝑓𝑒𝑒𝑒𝑒 is the elastic strain energy density, which is determined as follows:  


𝑓𝑓𝑒𝑒𝑒𝑒 =
1
2
𝜎𝜎𝑖𝑖𝑖𝑖𝜀𝜀𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒 =


1
2
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �


1
2
�𝑢𝑢𝑗𝑗,𝑖𝑖(𝑟𝑟) + 𝑢𝑢𝑖𝑖,𝑗𝑗(𝑟𝑟)� − 𝜀𝜀𝑖𝑖𝑖𝑖0 (𝑟𝑟)� �


1
2
�𝑢𝑢𝑙𝑙,𝑘𝑘(𝑟𝑟) + 𝑢𝑢𝑘𝑘,𝑙𝑙(𝑟𝑟)� − 𝜀𝜀𝑘𝑘𝑘𝑘0 (𝑟𝑟)� 


where 𝜀𝜀𝑖𝑖𝑖𝑖0   (𝑟𝑟) is the transformation induced stress-free eigenstrain, which depends on 
transformation pathways, and 𝜀𝜀𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒(𝑟𝑟) is the elastic strain. Next, the linear elastic constitutive law 
using the elasticity tensor depends linearly on the order parameters and is given as follows, 


𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑟𝑟) = �1 −∑ 𝜂𝜂𝑞𝑞𝑞𝑞 �𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + ∑ �𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖00 (𝑞𝑞)� 𝜂𝜂𝑞𝑞(𝑟𝑟)𝑞𝑞=𝑛𝑛
𝑞𝑞=1 , 
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The Ginzburg-Landau equations are coupled to mechanical equilibrium equations 𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖
𝜕𝜕𝑟𝑟𝑗𝑗


= 0 to find 


the strain and eventually displacement field subjected to given boundary conditions of 𝑡𝑡𝑖𝑖𝑎𝑎 = 𝜎𝜎𝑖𝑖𝑖𝑖𝑎𝑎𝑛𝑛𝑗𝑗.  


Quenching 


Furthermore, to simulate quenching, the following conditions with the heat equation are 
incorporated in the model. 


𝜌𝜌𝐶𝐶𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕


+ 𝛻𝛻�⃗ ∙ 𝑞⃗𝑞 = 𝑄𝑄𝐿𝐿 ;   𝑞⃗𝑞 = −𝑘𝑘𝛻𝛻�⃗ 𝑇𝑇 


where initial temperature of the processing part is assumed as uniform (𝑇𝑇|𝑡𝑡=0 = 𝑇𝑇0), and 
quenching is modeled by considering convective and radiative heat fluxes employing a unique 
heat transfer coefficient used to describe both fluxes (−𝑛𝑛�⃗ ∙ 𝑞⃗𝑞 = ℎ(𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑇𝑇)). The latent heat (𝑄𝑄𝐿𝐿) 
due to solid phase transformations are considered using latent heat (∆H) of γ→α′ transformation 
�𝑄𝑄𝐿𝐿 = 𝜕𝜕(𝜂𝜂1+𝜂𝜂2)


𝜕𝜕𝜕𝜕
Δ𝐻𝐻�. 


Carbon Diffusion and Partitioning 


The spatial and temporal evolution of carbon in martensite and austenite is modeled using Fick’s 
second law of diffusion: 


𝜕𝜕𝑥𝑥𝑐𝑐𝑖𝑖


𝜕𝜕𝜕𝜕
=


𝜕𝜕
𝜕𝜕(𝑟̂𝑟, 𝑡𝑡)


�𝐷𝐷𝑐𝑐𝑖𝑖(𝑇𝑇)
𝜕𝜕𝑥𝑥𝑐𝑐𝑖𝑖


𝜕𝜕(𝑟̂𝑟, 𝑡𝑡)
� ± 𝜒𝜒�𝑥𝑥𝑐𝑐𝛼𝛼


′ , 𝑥𝑥𝑐𝑐
𝛾𝛾� 


Where 𝑥𝑥𝑐𝑐𝑖𝑖  refers to carbon composition in austenite and martensite, and 𝐷𝐷𝑐𝑐𝑖𝑖  refers to the diffusion 
coefficient of carbon in austenite and martensite, and 𝜒𝜒(𝑥𝑥𝑐𝑐𝛼𝛼


′ , 𝑥𝑥𝑐𝑐
𝛾𝛾) refers to a partitioning term that 


depends on the carbon chemical potentials in martensite and austenite phases at temperature T. 
The diffusion coefficient of carbon in austenite and martensite phases are calculated using the 
equations below[5]: 


𝐷𝐷𝑐𝑐𝛼𝛼
′ = 2 × 10−6 exp �−


10115
𝑇𝑇 � . exp�0.5898 �1 +


2
𝜋𝜋
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �1.4985 −


15309
𝑇𝑇


 ��� 


𝐷𝐷𝑐𝑐
𝛾𝛾 = 4.53 × 10−7  �1


+ 𝑦𝑦𝑐𝑐(1 − 𝑦𝑦𝑐𝑐) �
8339.9
𝑇𝑇 �� exp�−�


1
𝑇𝑇
− 2.221 × 10−4� (17767 − 26436𝑦𝑦𝑐𝑐)�, 


𝑦𝑦𝑐𝑐 =
𝑥𝑥𝑐𝑐
𝛾𝛾


1 − 𝑥𝑥𝑐𝑐
𝛾𝛾   
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𝐷𝐷𝑐𝑐𝛼𝛼
′ and 𝐷𝐷𝑐𝑐


𝛾𝛾 are respective diffusion coefficients of carbon in martensite and austenite phases 
evaluated in 𝑚𝑚2/𝑠𝑠, and T is the absolute temperature.  


Meanwhile, the carbon partitioning 𝜒𝜒(𝑥𝑥𝑐𝑐𝛼𝛼
′ , 𝑥𝑥𝑐𝑐


𝛾𝛾) is driven by chemical potential gradient as diffusion 
coefficient and solubility of carbon varies in austenite and martensite. The partitioning rate is 
determined by: 


𝜒𝜒�𝑥𝑥𝑐𝑐𝛼𝛼
′ , 𝑥𝑥𝑐𝑐


𝛾𝛾� =
𝐷𝐷𝑐𝑐𝛼𝛼


′(𝑇𝑇) ∗ 𝑥𝑥𝑐𝑐𝛼𝛼
′


𝑅𝑅𝑅𝑅
×
�𝜇𝜇𝑐𝑐


𝛾𝛾�𝑥𝑥𝑐𝑐
𝛾𝛾−𝑒𝑒𝑒𝑒𝑒𝑒�𝑥𝑥𝑐𝑐𝛼𝛼


′�,𝑇𝑇 � − 𝜇𝜇𝑐𝑐𝛼𝛼
′�𝑥𝑥𝑐𝑐𝛼𝛼


′ ,𝑇𝑇��
ℎ2


∗�Δ𝜂𝜂𝑞𝑞
𝑞𝑞


   


Where 𝜇𝜇𝑐𝑐
𝛾𝛾 𝑎𝑎𝑎𝑎𝑎𝑎 𝜇𝜇𝑐𝑐𝛼𝛼


′ are carbon chemical potential for austenite and martensite, h is the 
austenite/martensite interfacial thickness. The carbon potentials are expressed as[16]: 


𝜇𝜇𝑐𝑐
𝛾𝛾 = 77108 + 𝑅𝑅𝑅𝑅 ln�𝑥𝑥𝑐𝑐


𝛾𝛾� + �1 − 𝑥𝑥𝑐𝑐
𝛾𝛾�2(−53699) 


𝜇𝜇𝑐𝑐𝛼𝛼
′ = 84273 + 𝑅𝑅𝑅𝑅 ln�𝑥𝑥𝑐𝑐𝛼𝛼


′� + �1 − 𝑥𝑥𝑐𝑐𝛼𝛼
′�
2


(−18673) 


When phase transformation occurs, the carbon chemical potential is different despite the equal 
carbon concentration in martensite and austenite. In order to guarantee equal carbon chemical 
potential at austenite/martensite interface, the carbon concentration in austenite and martensite are 
expressed by the following relationship [16]: 


𝑥𝑥𝑖𝑖𝑖𝑖𝑖𝑖𝛼𝛼′ = 𝑥𝑥𝑖𝑖𝑖𝑖𝑖𝑖
𝛾𝛾 exp�


76789 − 43.8𝑇𝑇 − (169105 − 120.4𝑇𝑇)𝑥𝑥𝑖𝑖𝑖𝑖𝑖𝑖
𝛾𝛾


𝑅𝑅𝑅𝑅
� 


Simulation conditions 


In this work, martensitic phase transformation simulations are performed on a two-dimensional 
single crystal of 301 type stainless steel with domain dimensions and simulation parameters for 
thermomechanical equations adapted from Paliwal et al. [15] as shown in Figure 1(a). The domain 
dimensions are 1𝜇𝜇𝜇𝜇 ×  1𝜇𝜇𝜇𝜇, and order parameters are set to zeros as an initial condition with a 
single multi-variant martensitic nucleus in the center 𝜂𝜂1 =  𝜂𝜂2 = 0.5  The initial temperature field 
is uniform, equal to 265K in the entire domain.  
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(a) (b) 
Figure 1: (a) Austenite crystal with crystallographic orientation containing initial multivariant martensitic nucleus 


on top and single variant martensite/austenite structure subjected to embedded boundary condition and (b) 
quenching (265K) and tempering (365K) temperature profile applied as a Dirichlet boundary condition at all four 


edges. 


The embedded mechanical boundary condition is implemented with initial carbon composition of 
0.15 wt.% set to the whole domain. A zero-flux boundary condition is applied for the diffusion 
model on all four edges. Meanwhile, a Dirichlet boundary condition with a temperature profile, as 
shown in Figure 1(b), where a smoothed Heaviside function with continuous first derivative is 
used to transition between a quenched temperature of 265K and a tempering temperature of 365K. 
This work utilizes COMSOL Multiphysics to solve the partial differential equations [14]. The 
domain was discretized by quadratic triangular elements with a total of 11974 elements; time steps 
less than 1 × 10−9𝑠𝑠 were used in all simulations. 


RESULTS & DISCUSSION 


A two-dimensional microstructure evolution was implemented with the heat treatment condition 
shown in Figure 1b, including a quench step to generate a microstructure with martensite and 
austenite, and a tempering step to study the carbon partition effect on the evolving microstructure. 
Figure 2 and 3 shows the microstructure evolution at various times: 1.5E-8 s, 2.5E-8 s, 5.0E-8s, 
and 10E-8s for simulation with and without carbon diffusion and partitioning effects. The coupled 
effects of carbon partitioning and diffusion during the quenching process of the single crystal 
domain are shown in Figure 2. The microstructure evolution starts in a similar manner during the 
quenching process (first column), followed by a slight variation with variant selection during the 
partitioning stage. In Figure 2, microstructure evolution without carbon diffusion and partitioning 
effect is shown in the top row, and its effect is shown in the middle row. The bottom row in Figure 
3 shows the variation of carbon composition from the initial values during the microstructure 
evolution. The inclusion of partitioning and diffusion physics have accelerated the phase 
transformation process as the carbon-depleted martensitic region becomes stable quicker. The 
carbon-depleted martensitic region and carbon-enriched austenite region can be clearly observed 
in the plots shown in the bottom row of Figure 2. 
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Figure 2: Martensitic transformation without (top row) and with (middle row) carbon partition and diffusion 


physics added to the PF model. The deviation of carbon composition from initial value is shown in the bottom 
row. The addition of partitioning physics shows microstructure with carbon enriched retained austenite in 


between the martensitic laths. 


Similarly, Figure 3 shows a microstructure evolution and carbon distribution in the simulation 
domain, starting with the austenite/martensite dual-phase structure. The images on the top row 
show how a different martensitic variant nucleates and transforms the austenite regions to 
minimize the strain energy during phase transformation. Likewise, the variation of carbon 
composition in the bottom row of Figure 3 shows that the carbon diffusion and partitioning start 
during the tempering temperature, enriches the austenitic regions during microstructure evolution, 
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and after total phase transformation to martensite, the variation in carbon composition is almost 
homogeneous with some pockets of enriched carbon regions at the variant interfaces.  


 


Figure 5. Microstructure evolution and carbon distribution during quenching and tempering of austenite/martensite 
microstructure.  


Although these simulation results are limited in time span, leading to a small amount of variation 
in carbon composition, the observed trends are of significant importance, as they illustrate the 
mechanics behind complex microstructure and topology of retained austenite in steels. Simulation 
results illustrate that incorporating diffusion and partitioning of alloying constituents in phase field 
modeling is essential to utilize such methods to design a new generation of advanced high-strength 
steels. 


CONCLUSIONS 


In this work, a carbon diffusion and partitioning model is coupled with a thermomechanical phase 
field model to study the microstructure evolution in a single crystal domain. Microstructure 
evolution on austenite single crystal with a multi-variant nucleus and partitioning mechanism 
showed variation in microstructure evolution compared to the results from the simulation without 
the partitioning mechanism. The phase transformation was faster in the case of the new model as 
the carbon-depleted martensite reached equilibrium quickly. Likewise, results showed a trend in 
variation of carbon distribution during microstructure evolution with carbon depleted martensitic 
regions, and carbon enriched austenitic regions. 
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ABSTRACT  


Quenched and stage I tempered ultra-high-strength steels, UHSS, have widespread potential use 
for a variety of military castings as well as for rolled high hard armor.  A study was conducted to 
understand the effect of heat treatment and thermomechanical processing on Cr-Ni-Mo-V ultra-
high-strength steel castings and partially rolled plates. The results were compared with the 
properties of the commercially produced product. All materials were given a standard heat 
treatment of stage-I tempering to obtain martensitic microstructure and tempered to a hardness of 
50 HRC. The tensile properties and Charpy V-notch toughness were evaluated at room temperature 
and at -40oC. Although ultimate tensile strength and yield strengths between the cast and partially 
rolled steels remain comparable at 240 ksi and 182 ksi respectively, partially rolled materials 
showed a three-fold improvement in tensile ductility over cast material. The hot-rolled Cr-Ni-Mo-
V steel showed excellent notch toughness of 40J. Fractography and microstructural 
characterization elucidated the influence of the production route on porosity, cleanliness, and 
ultimately the improvement in mechanical properties.     


Keywords: casting, partially rolled, tensile ductility, toughness, cleanliness 
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INTRODUCTION 


Ultra-high strength steels for armament, aerospace, and commercial applications have been a topic 
of interest in the past decade. Demands for higher strength and toughness are now combined with 
higher hardness levels. Alloy steels like AISI 4340 or high nickel and cobalt-containing steels like 
AF1410, HP 9-4-20, HP 9-4-30 could easily meet the desired mechanical properties but are too 
costly. The recent development of Eglin steel provided an alternative without containing 
significant amounts of Ni or Co. But it contains a high quantity of Tungsten (1 wt%) to promote 
fine precipitation of tungsten carbides in martensitic laths. Such carbides provide dislocation 
pinning sites and promote high impact toughness. It is important to note that these steels were 
targeted for forged and wrought processing. The typical mechanical properties of these ultra-high-
strength steel are summarized in Fig. 1[1], [2].  


    


Figure 1 Typical tensile and toughness properties of ultra-high strength steels. The reported average properties for 
Eglin steel are: ultimate tensile and yield strength  of 1600 MPa (232 ksi) and 1250 MPa (182 ksi) respectively and 


Charpy V-notch toughness of 28J at -40oC [1] 


To meet the requirements of mechanical properties while remaining cost-efficient, new families 
of Cr-Ni-Mo-V alloy steels are being evaluated. Unfortunately, although these steels can achieve 
remarkable combinations of strength and toughness, they are very sensitive to solidification 
segregation, microporosity, and steel cleanliness [2]–[4]. A multistep high temperature processing 
practices including normalization to prevent forming and coarsening of persistent alloy carbides 
have been proved to be successful in cast alloy steels[5]–[7]. The goal of the study presented here 
is to understand and compare the effect of heat treatment on the physical and mechanical properties 
of laboratory produced castings and commercially produced partially rolled plates of Cr-Ni-Mo-V 
alloy steel. Tensile tests, Charpy V-notch tests at room temperature and at -40oC were conducted 
to evaluate the performance of heat-treated material.  


METHODS 


The materials studied were produced by two different routes. Heat 1 and Heat 2 are the modified 
S&T Y-block castings, poured using a coreless 200lbs induction furnace at Robert V. Wolf 
Research and Educational laboratory foundry, Missouri University of Science and Technology.  
Whereas the commercially produced products were continuously cast at controlled facilities and 
supplied by Cleveland Cliffs Inc. The slab was continuously cast to 9” thickness and further 
partially rolled to cross-sectional dimension of 7.5” x 7.5”. The slab was then sectioned using an 
acetylene torch to size shown in Fig. 2.  While Heat 1 and Heat 2 were deoxidized with Al and 
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also calcium treated by plunging calculated length of Ca-Si wire into the furnace, deoxidation 
details for the commercially produced slab are unavailable.  


      


The chemical compositions of the steels are given in Table 1. The chemistry of the castings and 
partially rolled slab (PR Slab) was analyzed by optical emission spectroscopy using an Oxford 
Foundry Master optical spectrometer, whereas carbon, sulfur, oxygen, and nitrogen values were 
reported by LECO combustion and inert gas fusion analysis [8]. The bottom 3” portion of the Y-
block casting, next to steel chill, was sectioned in such a way to get four tensile blanks approx.1.2” 
x 1.2” x 5.5” and a Charpy block approx. 2.5” x 2.5” x 3” size. The steel chill was intentionally 
placed to promote directional solidification. Similarly, PR Slab was sectioned avoiding the heat 
affected zone to get blanks of approx. 2.5” x 2.5” x 6” size. Standard heat treatment was employed 
for all materials and is shown in Fig. 3.  


Table 1 Chemical composition of the studied material in weight percent. 


 


All casting sections from Heat 1 and Heat 2 were heat treated as shown in Fig. 3. The partially 
rolled, PR, slab material was also processed as shown in Fig. 3, however, additional material was 
also quench hardened and tempered at 175oC for 2 hours to compare with steels tempered at 204⁰C. 
It has been reported that for wrought Cr-Ni-Mo-V alloy steel with a similar composition, an 
optimum combination of tempered hardness and impact toughness at -40oC was obtained for steels 
tempered at 175oC for 2 hours[9]. Austenitization temperatures for normalization and quench 
hardening were determined using the carbide and/or nitride stability calculations as described in 
previously published work [5], [10]. Four standard Charpy bars each were tested at room 
temperature and at -40oC. Similarly, a total of twelve Charpy bars were machined form the heat-
treated PR slab material. Six Charpy bars were each tested at room temperature and at -40oC. All 
Charpy bars were machined in LT orientation. All mechanical tests were conducted in controlled 
condition in accordance with ASTM Standard E8[11] and section 8 of ASTM Standard E23[12]. 
Fracture surfaces of the broken tensile bars were analyzed for identifying possible fracture 


Heat 1 0.28 0.55 0.92 2.8 1.04 1.04 0.1 102 ppm 0.019 63 ppm 65 ppm 99 ppm


Heat 2 0.26 0.53 0.84 2.75 0.99 1.03 0.1 117 ppm 0.019 41 ppm 60 ppm 109 ppm


 PR Slab 0.28 0.68 0.95 2.70 0.96 0.90 0.096 89 ppm 0.007 10 ppm 6 ppm 13 ppm


O, ppmAlloy C Mn Si Cr S, ppm P, ppmNi Mo V N, ppm Al


Figure 2 Example of the Missouri S&T modified Y-block Casting and received industrially produced 
partially rolled slab of Cr-Ni-Mo-V steel 
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initiation region and fracture modes using TESCAN Scanning Electron Microscope. Samples were 
taken right below the fracture surface and prepared for optical microscopy and inclusion analysis 
following standard metallographic sample preparation process. Automated feature analysis was 
performed using on the selected samples using the commercial software equipped with the scope.  


 


Figure 3 Thermal processing map utilized to obtain a stage-I tempered martensitic microstructure with a target 
hardness of 50 HRC. 


RESULTS 


Figures 4 and 5 summarize the mechanical properties of heat-treated cast and partially rolled Cr-
Ni-Mo-V alloy steel. Interestingly, yield and ultimate tensile strengths of all materials were within 
a margin of error and averaged 182 ksi (1250 MPa) and 242 ksi (1670 MPa), respectively. 
However, a major difference was identified in tensile ductility. The PR slab steel tempered at 
204oC shows the best overall tensile ductility and is almost a three-fold improved compared to cast 
material. It is important to note that all PR slab tensile bars were machined and tested with loading 
axis parallel to the rolling direction. Authors believe that this might have a slight advantage and 
reflected in the results.  


Charpy V-notch test results are summarized in Fig.5. For cast material, the average breaking 
energies at room temperature was reported 33.5J whereas at -40oC, it was slightly lower, 29.5J. 
Significant drop in notch toughness was not observed when the testing temperature was reduced 
to -40oC. This indicates lower ductile to brittle transition temperature for Cr-Ni-Mo-V steel. For 
steel tempered at 204oC, there was little difference in notch toughness and the cast steel actually 
show a slight increase in performance. However, the partially rolled, PR slab material, 
outperformed the cast-steels when tempered at 175oC/ 2 hours. It is important to note that, all of 
these materials attained an average tempered hardness of 49.5 HRC (475 BHN). With comparable 
hardness levels, PR slab CVN bars tempered at 175oC/ 2 hours showed average breaking energies 
of 43J and 38J at room temperature and at -40oC, respectively.  


Many authors have implemented multistep thermal processing schedules to obtain higher 
toughness for similar Cr-Ni-Mo-V alloy steels but processed via other processing routes such as 
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aser powder bed fusion additive manufacturing or equal channel angular pressing [13], [14]. It 
typically involves double austenitization cycles to get the benefits from homogenization as well as 
grain refinement. Other important variables controlling notch toughness and ductility include alloy 
segregation and associated non-uniform heat treatment response (at the macro and micro levels) 
as well as defects such as microporosity and nonmetallic inclusions.   


 


Figure 4 Summarized tensile strengths and total ductility of cast and partially rolled Cr-Ni-Mo-V steel. Tensile bars 
tempered at 204oC show almost threefold better ductility as compared to cast material while average tensile 


strengths remain comparable. 


 


Figure 5 Comparison of Charpy V-notch testing performed at room temperature and at -40oC. Tempering at 175oC/ 
2 hours proved to be effective in developing high toughness without losing hardness 
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Alloying elements such as chromium, molybdenum, and vanadium are segregated in the 
interdendritic regions. These elements are also strong carbide formers, creating local differences 
in heat treatment response as well as persistent carbides in interdendritic regions that do not 
dissolve during homogenization and austenitization treatments. After partial rolling, it was 
observed that alloy segregation in the PR steel is noticeably less than in the cast steels. Figure 6 
shows a noticeable difference between optical micrographs sectioned from a tensile bar of Heat 2 
and the PR slab respectively. The light contrast regions in Fig.6a represent the non-uniform etching 
response resulting from high amounts of alloy segregation in cast material. In the partially rolled 
material, as shown in Fig. 6b, higher temperature processing and mechanical working helped 
reduce the alloy segregation, and resulted in better performance in tensile as well as Charpy V-
notch tests.  


DISCUSSIONS 


Figure 7 shows representative fractographs from Heat 1, Heat 2 and Slab PR tensile bars. The 
castings were prone to solidification micro-shrinkage and gas porosity and this was visible on the 
fracture surface of test bars to nucleate cleavage fracture in some areas. The partially rolled slab 
material appears to have less porosity and the fracture surface presents a mainly ductile failure 
mode with microvoid nucleation and coalescences around small inclusions.   


a)       b)  


Figure 6 Optical microstructures taken just below the fracture surface of a tensile bar (a) Heat 2 and (b) PR Slab. 
The light etched regions indicate the alloy segregation in cast material whereas the microstructure of a wrought 


material appears more homogeneous and less segregated. Etched with 2% Nital.  


Fig.8. shows the area fraction of inclusion coverage as a function of inclusion type for the different 
steels.  Manganese sulfide and alumina were the main types of inclusions reported. Heat 1 has a 
significant quantity of MnS and Al2O3-MnS complex inclusions, while Heat 2 has significant 
quantity of MnS and solid calcium aluminate inclusions. The PR slab was appeared to be Mn-Si 
deoxidized, it also showed mainly MnS and manganese silicate based complex inclusions. Heat 1 
and 2 which were Al-killed, and Ca treated, also showed c1alcium based complex inclusions. The 
total area fraction of all inclusions for Heat 1, Heat 2 and PR slab were 1020 ppm, 611 ppm and 
575 ppm respectively. Heat 1 was the dirtiest, while PR slab was the cleanest and this slightly 
correlates with their breaking energy. Fracture surface of PR Slab sample, as shown in Fig.7 appear 
to be much cleaner. The impurity levels (sulfur, phosphorous, nitrogen) in the laboratory produced 
cast material were much higher as compared to commercially produced partially rolled material. 
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It was reflected as total population of inclusions and gas porosity and assumed to be primary reason 
for variation in the tensile ductility and slightly lower toughness levels.   


     


Figure 7 Tensile bar fractography, a) Heat 1, b) Heat 2, c) PR slab Cr-Ni-Mo-V steel. Inevitable defects in casting 
such as shrinkage porosity affected overall tensile ductility 


 


Figure 8 Inclusion analysis showing major inclusion types and their area fraction.  


CONCLUSIONS 


This study shows that the mechanical properties of ultra-high-strength Cr-Ni-Mo-V steel are 
sensitive to their initial processing and starting microstructures. Optical microstructural evaluation 
highlighted that partially rolled material was less segregated and responded well to the thermal 
processing as compared to heavily segregated cast material. However, following the designed 
thermal processing schedule, cast as well as partially rolled material yielded an average tempered 
hardness of 475 BHN/ 49.5 HRC. At these hardness levels, ultimate tensile strength and yield 
strengths between the cast and partially rolled steels remain comparable at 240 ksi and 182 ksi 
respectively, while partially rolled material showed a three-fold improvement in tensile ductility 
over cast material. Cleanliness and porosity levels of laboratory produced castings and 
commercially produced partially rolled materials were significantly different and were clearly 
reflected in the mechanical properties. Tempering at 175oC/ 2hours proved to be highly effective 
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improving toughness without losing hardness as opposed to materials tempered at 204oC/ 2hours 
It could be attributed to the precipitation and coarsening of fine carbides at higher tempering 
temperatures and needs further validation.   
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INTRODUCTION  


Armor steels are often bent and formed during vehicle manufacturing, potentially leading to high 
residual stresses that could make the material more susceptible to cracking.  Different forming 
methods and armor materials are hypothesized to have higher or lower amounts of residual strain 
after bending. We obtained high-fidelity thru-thickness measurements of residual strains in bent 
armor plates through testing at the Materials Solutions Network at CHESS (MSN-C) with 
synchrotron X-Rays. Measurements included strains in X, Y, Z, and XY axes, where X is the 
primary bending strain, and Y is the through-thickness strain. The bent armor samples were from 
two different manufacturers. Hardness included 500, 550, and 600 Brinell hardness, corresponding 
to MIL-DTL-46100, -46186, and -32332. In this paper, we report only analysis of the primary 
bending strains. However, the other strains were also significant. We have seen delayed cracks 
develop perpendicular to the bend line, which are likely related to these stresses. The complete 
dataset of all strains and the accompanying stress tensors are available as an Appendix. 


Residual stresses are stresses retained within a part when no external forces acting upon it. They 
can be can induced by processing in a variety of ways via steep thermal gradients or deformation 
of the material.[1, 2] This results in misfits: some sections that would tend to expand or contract 
are constrained by material surrounding it. There are many different types of residual stresses, 
mainly identified via characteristic length scales. This paper will be focused on Type I residual 
stress, or continuum-level stresses. 


Type I residual stress is currently measured with three types of techniques: destructive, semi-
destructive, and non-destructive testing.[2] Destructive and semi-destructive testing, typically 
involves the cutting or drilling of the materials in order to create stress-free surfaces, and the 
corresponding change in strain in the sample is assumed to be caused by the relaxation of residual 
stresses. Non-destructive testing measures residual stress using X-ray or neutron diffraction, or 
ultrasonic and magnetic techniques that measures a parameter that is related to stress. 


Currently, there is some research on measuring residual strains on martensitic steels, most focused 
on measuring the effects of welding on residual stress, which includes different types of welds[3, 
4] welding of dissimilar metals[5], and post weld processing.[6] Other related studies involve the 
geometry of the steel structure in question,[7, 8], hydrogen embrittlement,[9] and induction 
hardening.[10, 11]  


METHODS 


Materials 


The samples used in the study are summarized in Table 1. Samples were from two different steel 
sources with three different hardness levels.  The armor steel samples included 500 Brinell 
hardness (HB), 550 HB, and 600 HB. These three grades of armor steel are described by MIL-
DTL-46100, -46186, and -32332, respectively. The steel we have labeled “Steel550” represents 
current manufacturing state of the art in materials and forming processes with production-relevant 
variations in processing. Sample1-HT was heat treated at the U.S. Naval Research Laboratory 
(NRL) after forming.  Details are proprietary, but a ‘maximum’ heat treatment was used, going to 
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a temperature above that allowed in the MIL-STD-3040A for two hours.  A V50 test on the 
material showed no significant change in ballistics before and after the heat treatment. It is believed 
that higher temperatures or longer time could cause tempering and reduce ballistic properties. The 
other steel in the study is Flash® steel and was provided in two grades (500 and 600 HB).  The 
samples were smaller – only ~50mm wide. Bending of the steel 2 specimens was accomplished in 
an arbor press with force applied by a hand-cranked hydraulic cylinder.  The hand cranking led to 
an inconsistent and uneven pressure applied during bending in the steel forming dies due to the 
starting and stopping of the hand-cranking. The manufacturer found that a bend radius of about 36 
mm (5.7T) was where cracking initiated. A cracked and uncracked sample at that radius were 
provided (samples 10 and 11). With the simplified analysis and modeling performed in this paper, 
only radius of curvature was considered, not the total bend angle. But, three different bend angles 
were examined, as listed. 


Flash® steel was produced using a novel method by Flash Steelworks, Inc. Steel, upon slow-
cooled solidification from the melt ladle, generally segregates to low carbon ferrite, high carbon 
pearlite, and carbides.  Flash® Processing uses a rapid thermal cycle which attempts to leverage 
this inherent granular homogeneity, maintaining a varied and random distribution of 
microstructures, carbon concentrations, and partial carbide dissolution at the intragranular scale, 
including a partially bainitic microstructure.  To obtain such a morphology, Flash Processing uses 
standard induction heating technology to rapidly increase the temperature of a narrow segment of 
a steel plate, sheet, or tubing to over 1000°C.  Without delay in a continuous rolling process, the 
near-immediately created austenite is then quenched to control carbon migration, alloy 
homogenization, and limit carbide dissolution. Chemical and microstructural heterogeneity is 
preserved by limiting thermal cycling to <10 seconds. 


Table 1. Bent Samples (dimensions nominal) 
 
# Material Hardness 


(HB) 
Radius of 
Curvature 


(mm) 


Angle 
(deg) 


Thickness 
(mm) 


Length 
(mm) 


Width 
(mm) 


Comments 


1 Steel550 550 42 46 6.5 260 175 Baseline 
1-HT Steel550 550 42 46 6.5 260 175 + post-bend Heat-Treat (NRL) 


2 Steel550 550 42 46 6.5 260 175 Topcoat 
3 Steel550 550 42 46 6.5 260 175 Heat B 
4 Steel550 550 42 46 6.5 260 175 Heat C, Tooling B 
5 Steel550 550 42 33 6.5 260 175 Heat B 
6 Steel550 550 42 33 6.5 260 175 Heat C, Tooling C 
7 Flash500 500 49 90 6.35 185 51  
8 Flash500 500 49 90 6.35 185 51 Replicate of (7) 
9 Flash600 600 49 90 6.35 185 51  


10 Flash600 600 36 90 6.35 185 51  
11 Flash600 600 36 90 6.35 185 51 Cracked during bending 


Synchrotron Measurements 


Synchrotron based X-ray diffraction measurements were performed at the Cornell High Energy 
Synchrotron Source (CHESS) Structural Materials Beamline. The Energy Dispersive Diffraction 
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(EDD) method was used to measure thru-thickness gradients of the bending residual strain. In 
EDD measurements the detector is fixed at a specific angle, 2𝜃𝜃, and a diffraction volume is defined 
in space and the sample is manipulated to measure the average strain of a specific volumes of 
material [12-14]. The sample-to-X-ray-detector spatial relationship is shown in Figure 1a. The 
diffraction volume (DV) takes the shape of a parallelogram with the following geometry: 0.080 x 
1.00 x 1.40 mm (width[w], height [h], length [L]) and TOA = 7.559; the DV shape is shown in 
Figure 1d. The TOA and L are measured with a CeO2 calibrant and a steel-foil scan respectively. 
In the steel-foil scan, shown in Figure 1c, a foil of thickness 0.254mm was used. The lattice strain 
is calculated from the measured strained lattice plane spacing, d, and the unstrained lattice plane 
spacing, d0, as follows: 


𝜖𝜖ℎ𝑘𝑘𝑘𝑘(𝑡𝑡) =
𝑑𝑑(𝑡𝑡,ℎ𝑘𝑘𝑘𝑘) − 𝑑𝑑0(ℎ𝑘𝑘𝑘𝑘)


𝑑𝑑0(ℎ𝑘𝑘𝑘𝑘)
 


𝑑𝑑(ℎ𝑘𝑘𝑘𝑘) is computed using Bragg’s Law: 𝜆𝜆 = 2𝑑𝑑 sin𝜃𝜃; where 𝜆𝜆 is the wavelength of the diffracted 
X-rays and is proportional to X-ray energy. Spectra of Intensity vs. Energy are measured with 
peaks corresponding to diffraction events of different crystal planes;  𝑑𝑑(𝑡𝑡,ℎ𝑘𝑘𝑘𝑘) are computed from 
the peak positions. A continuum scale strain is computed from a peak-intensity weighted average 
of five measured lattice strains; the (211), (220), (310), (222), and (321) peaks.  A secondary strain 
calculation optimizes a single strain value when fitting the 5 peaks (rather than 5 independent 
values); the results are typically indistinguishable unless a peak fitting error has occurred.  Thirteen 
equispaced data points were collected through the thickness of the sample, as shown in Figure 1b.  
The thickness of the sample was measured using a laser to precisely center the mid-point of the 
plate. The outer-most data points were located 0.700 mm interior of either face. 


 


Figure 1. a) Experimental schematic showing geometric relationship between plate samples and detector. b) 
Through-thickness measurement point visualization. c) Results of diffraction volume length scan with 0.254 mm 
steel foil. d) Shape of diffraction volume. 


Modeling 


Residual strain is typically considered as an additive effect between an elastic-plastic bending 
process and an elastic springback.[15] We performed theoretical calculations on elastic-plastic 
steel plates following analysis developed for forming using roller bending machines in 
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shipyards.[16] The model assumed that the material in question is perfectly plastic, and only on a 
one-dimensional aspect. Based on the integration for the moment of a bent plate that was derived: 


𝑀𝑀 = 2𝐵𝐵�
𝜎𝜎𝑦𝑦
𝑧𝑧𝑜𝑜
𝑧𝑧2𝑑𝑑𝑑𝑑


𝑧𝑧𝑜𝑜


0
+ 2𝐵𝐵� 𝜎𝜎𝑦𝑦𝑧𝑧𝑧𝑧𝑧𝑧


𝑡𝑡
2�


𝑧𝑧𝑜𝑜
= 𝐵𝐵𝜎𝜎𝑦𝑦 �


𝑡𝑡2


4
−
𝑧𝑧02


3 �
 


This function is based on the characteristic coordinate, 𝑧𝑧𝑜𝑜, which is the point where the material’s 
strain transitions from an elastic strain to plastic strain. The characteristic coordinate is a constant 
based on the neutral radius, the yield stress of the material, and the elastic modulus, 𝑧𝑧𝑜𝑜 = 𝑟𝑟𝑛𝑛 𝜎𝜎𝑦𝑦/𝐸𝐸, 
where the neutral radius, 𝑟𝑟𝑛𝑛, is the radius of the bend of the material. This assumes that the neutral 
radius of the material is fixed while the material is bent. Springback stress and applied stress are 
defined as: 


𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑧𝑧) = 𝑀𝑀
𝐼𝐼
𝑧𝑧 = 𝜎𝜎𝑦𝑦𝑧𝑧


𝑡𝑡3
[3𝑡𝑡2 − 4𝑧𝑧02], 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = �


𝐸𝐸 𝑧𝑧
𝑟𝑟𝑛𝑛


, 0 < 𝑧𝑧 ≤ 𝑧𝑧𝑜𝑜


𝜎𝜎𝑦𝑦, 𝑧𝑧𝑜𝑜 < 𝑧𝑧 ≤ 𝑡𝑡
2


 


Assuming that 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and using the coordinate system with positive 
towards the outside of the bend, the applied stress is negative (in compression) at the bottom of 
the plate (z<0), and the springback stress is the opposite, so the moment is positive.  Additionally, 
allowing for different yield stress in tension and compression, the algorithm becomes: 


𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =


⎩
⎪
⎪
⎨


⎪
⎪
⎧−


𝑡𝑡
2
≤ 𝑧𝑧 < 𝑧𝑧0𝑐𝑐 𝜎𝜎𝑦𝑦𝑦𝑦 +


𝜎𝜎𝑦𝑦𝑦𝑦𝑧𝑧
𝑡𝑡3


[3𝑡𝑡2 − 4𝑧𝑧0𝑐𝑐2 ]


𝑧𝑧0𝑐𝑐 ≤ 𝑧𝑧 < 0 𝐸𝐸
𝑧𝑧
𝑟𝑟𝑛𝑛


+
𝜎𝜎𝑦𝑦𝑦𝑦𝑧𝑧
𝑡𝑡3


[3𝑡𝑡2 − 4𝑧𝑧0𝑐𝑐2 ]


0 ≤ 𝑧𝑧 < 𝑧𝑧0𝑡𝑡 𝐸𝐸
𝑧𝑧
𝑟𝑟𝑛𝑛
−
𝜎𝜎𝑦𝑦𝑦𝑦𝑧𝑧
𝑡𝑡3


[3𝑡𝑡2 − 4𝑧𝑧0𝑐𝑐2 ]


𝑧𝑧0𝑡𝑡 ≤ 𝑧𝑧 ≤
𝑡𝑡
2


𝜎𝜎𝑦𝑦𝑦𝑦 −
𝜎𝜎𝑦𝑦𝑦𝑦𝑧𝑧
𝑡𝑡3


[3𝑡𝑡2 − 4𝑧𝑧0𝑡𝑡2 ]


 


 strain is then calculated from the stress by assuming a plane strain scenario, 𝜀𝜀 = (𝜎𝜎/𝐸𝐸)(1 − 𝑣𝑣2). 


RESULTS AND DISCUSSION 


The primary bending strains for all plates are summarized in Figure 2. The overall strain profile is 
typical for a plate in bending, and seems to be generally similar for all plates. The strain measured 
for Sample 1 far from the bend shows the presumed baseline residual strain, which is under 500 
microstrains. Figure 3 shows the Steel550 results and particularly the effect of the heat treatment. 
Figure 4 shows the Flash steel results. In most plots, the scatter points show the actual 
measurements.  As a general rule, the strain error is 10-4 (300 microstrains).  The absolute location 
error in the through-thickness direction is assumed to be 50 mirometers. Relative displacement is 
very accurate based on the stage motion. Absolute location in the thickness is determined with 
lasers by measuring both the top and bottom surfaces of the material and then taking measurements 
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starting equally spaced from the center of those two points. The zero position strain is at the 
material centerline with negative towards the concave side of the plate.  


Examining the measured strain results for Steel550 Samples 1-6, the measured strains seem 
relatively similar. Examining only the peak strains, the heat treatment had some effect in reducing 
peak strains and shifting the centerline strain slightly compressive. The reduction in peak strains 
was similar to that seen between Sample 1 and Sample 2 (topcoat) and Sample 3 (Heat B material). 
Unexpectedly, the highest strains were measured from Sample 5, which was similar to Sample 3, 
but bent to a smaller total angle.  This might indicate that much of what is observed is experimental 
variation in the samples, as opposed to clear differences in strain due to processing. 


  


Figure 2. Left: Summary of primary strain components for all samples. Right: Summary of the 4 main samples: 
Baseline, Flash500 and Flash600 bent at 49mm radius and Flash600 bent at 36mm (initiation of cracking). 


  


Figure 3. Steel550 results. 


With the Flash500 and Flash600 steels shown in Figure 4, there is a greater difference between the 
new materials and the baseline test. Looking at the total difference between maximum and 
minimum measured strains, it is seen that Sample 7 (500 HB, 49 mm) is 7050 microstrains.  Sample 
9 (600 HB, 49mm) is 9510 microstrains, and Sample 10 (600 HB, 36 mm) is 9760 microstrains.  
The increase of strain from 500 HB to 600 HB is expected and shows the challenge of bending 
higher hardness steels.  A larger increase of strain would have been expected with the reduced 
radius of curvature.  It is possible that the highly bent sample had some other cracking which was 
reducing the max strains. 
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The most noticeable difference between the baseline and Flash samples is that the Flash strains 
appear to be shifted toward the right (outside of the bend), and the material centerline is at a 
significant compressive strain between 2000 and 4000 microstrains. Assuming that the bending 
process was similar to that used for the Steel550 samples, the difference must be in the material 
itself and the manner in which it yields. Other differences in Flash from the baseline is that the 
maximum compressive strains seem similar, but the maximum tension strains shifted. This could 
indicate that the compressive yield stress remained constant, but the tensile yield stress changed 
with increasing hardness. However, for the two Flash600 samples that were bent to the point of 
cracking, the max compressive strain shifted as well.  


 


Figure 4. Flash500 and Flash600 results compared with the Steel 1 Baseline. 


To give context to the experimental results, we utilized a simple model to predict the residual 
strains with the estimated material parameters for a 550 HB steel with the geometry of Sample 1 
(the baseline). As can be seen in Figure 5, the model and experiment match the linear nature of the 
strains and the rough locations of the inflection points.  


  


Figure 5. Left: Analytical and measured residual strain for the baseline model. The red dashed lines are rough 
estimates to identify 𝑧𝑧0. Right:  Analytical predictions comparing the baseline case with the MIL-DTL-46100 bend 


test (4T) and predicting the corresponding radius of curvature for MIL-DTL-32332 steel for the same residual stress. 


The primary differences between the model and the experimental results are that the model 
overpredicted the max/min strains at the inflection points, the slope of the central region is more 
shallow in the central region, and the experimental results are not symmetric between the tensile 
and compressive results.  Examining the equations that describe each segment of the model, it is 
not possible to fit the model to the provided data. However, some trends can be shown.  For 
example, increasing the magnitude of the compressive yield strength shifted the analytical model 
to be more similar with the experimental measurements. 
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The model was also used to give insight into the effect of modifying hardness (yield strength) and 
bend radius. In Table 2 the model is used to show the maximum strains for the MIL-DTL-46100 
bend test, which assumes a 4T radius for thicknesses under 0.3125 inches thick. This is compared 
to the 600 HB steel at the same radius of curvature, and then the radius of curvature was increased 
until the maximum strains were the same for both the 500HB and 600HB steel.  That occurred at 
6.6T.  Therefore, if a bend test were added to the MIL-DTL-32332, that would be a logical start. 


Table 2. Analytical prediction of residual bending stresses. 
 


 Baseline MIL-DTL-46100 MIL-DTL-32332 MIL-DTL-32332 
(match strain) 


Modulus  210 GPa 210 GPa 210 GPa 210 GPa 
Poisson’s Ratio 0.28 0.28 0.28 0.28 
Hardness (Yield 
Stress) 


500 HB (1.9 GPa) 500 HB (1.9 GPa) 600 HB (2.1 GPa) 600 HB (2.1 GPa) 


Radius of Curvature 42 mm 26 mm 26 mm 43 mm 
Thickness  6.5 mm 6.5 mm 6.5 mm 6.5 mm 
Radius / Thickness 6.46 4 4 6.6 


CONCLUSIONS 


Residual strains were measured for a range of steels and forming processes. The measured strains 
were compared with a one-dimensional analytical model. Based on the data collected, the largest 
differences in residual strain were related to the hardness of the material used (500 HB, 550 HB, 
and 600 HB) and the radius of curvature.  Second, there was a difference between the residual 
stress profiles of the Flash steels and the traditional 550 steel. Forming methods had a lower 
impact.  For example, Samples 1-6 (Steel550) had residual strains that were relatively consistent 
across three different heats, different tooling, post-bend heat treatment and coating and final bend 
angles (same radius of curvature).  


The simplified 1D analytical model proved to be a relatively good predictor of the general shape 
of the residual strains.  The model provided a way to analyze the existing 1D data. Using the model, 
it was shown that if the 4T bend test used in MIL-DTL-46100 was applied to the high hard steel 
MIL-DTL-32332, reducing the maximum bend to 6.6T would result in an approximately equal 
level of residual strain. 


The analysis and discussion here used only a single strain component for simplicity. However, 
high resolution strains were measured in three orthogonal directions and one shear. These 
measurements are provided in the Appendix. Further work will require analysis of all the measured 
strain components and the accompanying stresses.   


APPENDIX 


Electronic files available upon request from Dr. Marriner Merrill (marriner.merrill@nrl.navy.mil). 
Data includes the lattice strains associated with individual hkl peaks fit from the Robust-Lsq strain, 
strain calculated using three different methods, the strain tensor, and the stress tensor. Sample 1 



mailto:marriner.merrill@nrl.navy.mil
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includes a mapped scan across the bend as well as a through-thickness scan at a location remote 
from the bend. 
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INTRODUCTION 


Investigations on medium to high carbon (0.35-0.58 wt pct) steels [1-5] have shown that rapid higher 
temperature tempering can mitigate tempered martensite embrittlement (TME) and improve combinations 
of strength and toughness compared to conventionally quenched and tempered martensitic 
microstructures. For example, Euser et al. [3-5] studied the rapid tempering responses of two medium 
carbon high strength steels, 4340 (low Si) and 300-M (high Si), using short (1 s to 100 s) and conventional 
(3600 s) tempering times. In their research, “rapid” and conventional tempering heat treatments were 
designed to have an equivalent degree of tempering defined by the Hollomon–Jaffe tempering parameter 
(TP). Rapid tempering generally improved impact resistance across hardness conditions in both steels. 
Specifically for the 4340 alloy, the TME trough depth was diminished with decreasing tempering time, 
associated with the suppression of decomposition of retained austenite into cementite in the rapidly 
tempered conditions.  
 
Inspired by the successful application of rapid tempering to various medium- to high-carbon high strength 
steels, the current work is aimed to achieve similar improvements in mechanical performance via rapid 
tempering applied to two MIL-DTL-46100E high hardness armor steels. The military specifications 
require a relatively high, specific range of hardness (477–534 HB) with limited alloying to manage carbon 
equivalence (e.g. carbon content ≤ 0.32 wt pct, per the specifications). They also require minimum Charpy 
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impact absorbed energy, e.g. for a transverse-longitudinal (T-L) specimen orientation of 16.3 J (12.0 ft∙lbs) 
and 8.1 J (6.0 ft∙lbs) for standard size and half-width specimens, respectively. These requirements present 
a need to identify appropriate rapid tempering conditions for the high hardness armor steels to satisfy the 
military specifications, which is one primary focus of the current study.  


METHODS 


Heat-treated hot-rolled plate materials, designated as Materials A and B, that meet the MIL-DTL-46100E 
specifications [6] were used for this study. The MIL-DTL-46100E specifications encompass quenched 
and tempered or auto-tempered high-hardness wrought steel armor plates for lightweight armor 
applications. Material A plates were received with two different thicknesses, 5 mm and 13 mm, while 
Material B plates had a thickness of 8 mm. The materials in the fully processed condition had a 
through-hardened martensitic microstructure in each instance. Prior to any further heat treatment, the 
received plates were cut to small coupons or tensile/Charpy specimen blanks.  
 
In an independent research by the present authors [7], hardness measurements were performed on 
heat-treated Materials A and B to identify austenitizing, quenching, and “conventional” tempering 
conditions that yield the hardness range of interest to the U.S. Army, associated with MIL-DTL-46100E 
for high hardness armor. Table 1 shows tempering temperatures (ranging from 175 °C to 300 °C) for the 
conventional (1800 s) tempering time, selected based on the hardness measurements in the previous study 
[7]. As shown in Table 1, MIL-DTL-46100E specifications require Brinell hardness of 477 to 534, which 
can be approximately converted to Vickers hardness of 508 to 568 HV using the standard hardness 
conversion table and equations for non-austenitic steels, described in ASTM E140 [8]. An alternative 
hardness range assuming 1:1 Brinell to Vickers hardness conversion is also presented in Table 1.* 
 


Table 1 – Conventional Tempering Conditions Selected for Tensile and Charpy Impact Tests and Corresponding Ranges of 
Average Hardness Obtained from 13 mm-Thick Material A and 8 mm-Thick Material B Plates  
 


 Time (s) Temperature (°C) 
Avg. Vickers 
Hardness 
Range (HV)  


Approximate Vickers hardness range associated 
with the MIL-DTL-46100E specification 


according to  
ASTM E140 [8]   


assuming 1:1  
Brinell to Vickers  
hardness conversion 


Material A 1800 175 200 250 481-534  508-568 HV 477-534 HV Material B 1800 200 250 300 490-548  
 


The Hollomon-Jaffe TP was used to determine combinations of tempering temperatures that would 
provide an approximately equivalent degree of tempering for the given conventional (1800 s) and rapid 
tempering time (1 s). The TP was calculated through the following equation:  
 


TP=T (c + log t) (1) 
 


where T is absolute temperature, c is a material constant, and t is the time in seconds. A c-value of 16 was 
used in this study, following the recommendation in a publication by Hollomon and Jaffe that a c-value 
of 16 (for time in seconds) resulted in satisfactory results for plain carbon and alloy steels with carbon 


 


* Our industrial collaborator, a sponsor of the ASPPRC, has suggested that the Brinell to Vickers hardness 
conversion may be more accurate using a 1:1 value, according to their independent research. 
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contents ranging from 0.25 to 0.4 wt pct [9]. The determined matrix of tempering temperature-time 
conditions and corresponding TP calculated using Eq. 1 are shown in Table 2. Note in Table 2 that rapid 
(1 s) tempering needs to be performed at a higher temperature compared to conventional (1800 s) 
tempering so that each of the tempering counterparts yields an equivalent TP and thus hardness. The 
determined rapid tempering temperatures ranged from 266 °C to 417 °C. 
 


Table 2 – Time-Temperature Tempering Matrix and Tempering Parameter Calculated Using Eq. (1) 
 


 Time (s) Temperature (°C) 
Conventional 
 Tempering 1800 175 200 250 300 


Rapid Tempering 1 266 296 356 417 
Calculated 
Tempering Parameter  8629 9111 10073 11036 


 


Coupons for hardness measurements and tensile/Charpy specimen blanks were taken from Material A and 
B plates and heat-treated following the thermal cycles shown in Figure 1 based on the matrix in Table 2. 
For conventional temper heat treatments (Figure 1(a)), the coupons and blanks were first austenitized in a 
box furnace, the temperature of which was preset to an austenitizing temperature of 850 °C, and held at 
the austenitizing temperature for 20 min prior to quenching with water to room temperature. The heating 
rates ranged from about 1 to 7 °C·s-1 below 840 °C. In practice, the soaking temperature was maintained 
at 850 ± 5 °C. Conventional (1800 s) tempers were then performed at target temperatures in the range of 
175 °C to 300 °C using a box furnace, followed by water quenching. The tempering time (1800 s) was 
started when the sample temperature monitored using a thermocouple reached approximately the target 
tempering temperature. The procedures for austenitizing and quenching for the rapid temper heat 
treatment were the same as those used for the conventional Q&T heat treatment (Figure 1(b)). All blanks 
were austenitized at 850 °C for 20 min and water-quenched to room temperature. Rapid (1 s) tempers 
were then performed at target temperatures in the range of 266 °C to 417 °C using a Gleeble® 3500 
thermomechanical simulator, followed by water quenching. All rapid tempering heat treatments used a 
heating rate of 200 °C·s-1. 
 


 
Figure 1. Schematics of thermal cycles used for (a) quenching and “conventional” (1800 s) furnace tempering versus (b) “rapid” 
(1 s) tempering in a Gleeble® 3500 thermomechanical simulator. Both heat treatments involved austenitizing at 850 °C for 20 
min and water-quenching to room temperature, prior to each tempering heat treatment.   


 
For all conditions, microstructural analyses and hardness measurements were performed on the transverse 
mid-thickness cross-section (transverse direction (TD)-normal direction (ND) plane) such that the rolling 
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direction (RD) for each specimen was perpendicular to the analysis plane. The cross-sections of the 
specimens cut from the heat-treated samples were mounted, mechanically ground, and polished. A final 
polishing step was performed using 1 μm diamond suspension. Etching was conducted using a 2 pct Nital 
solution to observe carbides precipitated within the martensitic microstructures. The microstructures were 
analyzed by means of field emission scanning electron microscopy (SEM) using a JEOL 7000F FE-SEM 
operated at 15-20 keV. In the present report, the microstructural analysis concentrated on the heat-treated 
specimens of Material B.  
 
Vickers hardness measurements were performed on the heat-treated specimens of Materials A and B, 
using an automatic LECO AMH55 microindentation hardness tester with a 1 kg-f load and 10 s dwell 
time. The samples were prepared via mounting and polishing to a 1 μm finish. The mid-thickness regions 
of the cross-sections of the heat-treated specimens were analyzed using 25 Vickers microhardness indents 
to obtain the average Vickers hardness. Charpy V-notch impact testing at -40 °C was conducted on an 
MTS Exceed® E22 pendulum impact test system, in accordance with ASTM E23 [11.15]. This impact 
tester includes an auto specimen feeding device with an integrated cooling chamber. Prior to each test at 
-40 °C, the Charpy specimen was placed and held for at least 1.5 hours in the cooling chamber, the 
temperature of which was preset to -40 °C. The standard (10 mm thickness) and subsize (5 mm thickness) 
V-notch Charpy specimens were used in this study. Charpy specimens were taken in the transverse 
longitudinal (T-L) orientation with respect to the plate rolling direction, with the notch oriented 
perpendicular to the plate surface. 


RESULTS & DISCUSSION 


Microstructural Characterization 


Figure 2 compares SEM micrographs showing the microstructures of Material B after quenching and 
conventional tempering versus rapid tempering using a variety of tempering temperatures (from 200 °C 
to 417 °C). In all cases, the mid-thickness microstructures were fully hardened (martensitic). After 
conventional tempering at a relatively low temperature (200 °C), the amount of precipitated carbides was 
clearly limited, as shown in Figure 2(a). The amount and size of carbides generally increased as the 
tempering temperature increased from 200 °C to 300 °C (Figure 2(b)), which is clear evidence of the 
progress of tempering reactions including carbide coarsening. Particularly after conventional temper at 
the highest tempering temperature (300 °C), the tempered martensitic microstructure contained aligned, 
coarsened carbides, i.e. inter-lath cementite, as indicated by arrows in Figure 2(b). Carbides with a 
diameter greater than 100 nm were frequently noted in the 300 °C-1800 s temper condition (inset of Figure 
2(b)). It is important to note that many researchers have attributed TME to retained austenite 
decomposition into inter-lath cementite. In particular, it is believed that cementite at inter-lath boundaries 
acts as an embrittling agent by providing preferred crack initiation sites and an easy fracture path [10], 
and TME is also associated with cementite coarsening [11].  
 
Figures 2(c) and (d) present SEM micrographs of the rapidly (1 s) tempered microstructures of Material B. 
Similar to the conventional temper conditions, the rapidly tempered specimens exhibited increasing 
amounts of carbides with an increase in tempering temperature. Notably, rapid tempering at the highest 
tempering temperature (417 °C) resulted in the precipitation of relatively fine carbides within the 
martensitic matrix (Figure 2(d)), compared to the conventionally tempered equivalent TP condition 
(Figure 2(b)). Although inter-lath carbides still existed in the 417°C-1s rapid temper condition (as 
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indicated with arrows in Figure 2(b)), they were generally smaller and less elongated than the coarsened 
carbides noted in the 300 °C-1800 s conventional temper condition. While these SEM results clearly 
highlight the advantage of rapid tempering in terms of finer carbides compared to conventional temper, 
additional study is required to quantitatively assess the sizes and distributions of different phase 
constituents (i.e. cementite, transition carbides, and retained austenite) within these microstructures. The 
microstructure development in Material A will also be investigated.  
 


 


 
Figure 2. SEM micrographs of (a,b) quenched and conventionally tempered and (c,d) rapidly tempered microstructures of 
Material B. All specimens were austenitized at 850 °C for 20 min and water-quenched to room temperature. Conventional 
tempers were performed at (a) 200 °C and (b) 300 °C for 1800 s. Rapid temper heat treatment involved rapid (200 °C∙s-1) 
heating to (c) 296 °C and (d) 417 °C and isothermal holding for 1 s. All conditions were Nital-etched. Arrows in (b) and (d) 
indicate aligned carbides, i.e. inter-lath cementite. 


Charpy Impact Properties  


Figure 3 summarizes the Charpy V-notch impact energy at -40 °C of quenched and conventionally 
(1800 s) versus rapidly (1 s) tempered Materials A and B as a function of calculated TP. Note that Charpy 
specimens with different thicknesses were used depending on the original plate thickness, i.e. standard 
size Charpy samples were used to evaluate the properties of the 13 mm-thick Material A plate, while 
subsize (5 mm-thickness) Charpy samples were evaluated for the 8 mm-thick Material B plate. For 
Material A in the conventional temper conditions (Figure 3(a)), the highest tempering temperature 
(250 °C) condition, which is likely within the TME trough, exhibited a lower average impact energy 
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compared to the two other tempering temperature (175 °C and 200 °C) conditions. In contrast, the rapidly 
tempered conditions exhibited increased impact toughness with increasing TP or tempering temperature. 
The impact energy for the rapid and conventional temper conditions was similar at a TP of 8629. Notably 
at higher TP of 9111 and 10073, the rapid temper conditions showed enhanced impact toughness compared 
to the conventional temper conditions for a given TP. For example, when tempered to an equivalent TP 
of 10073, the 356 °C-1 s rapid temper condition exhibited a higher impact energy compared to the 250 °C-
1800 s conventional temper condition (50.9 ± 5.8 versus 40.1 ± 1.9 J). As shown in Figure 3(b), the 
influence of rapid versus conventional tempering on impact energy of Material B was generally similar to 
Material A, i.e. the impact toughness of the conventionally tempered samples generally decreased with 
increasing TP, whereas rapidly tempered conditions exhibited increased impact toughness with increasing 
TP.  
 


 
Figure 3. Charpy V-notch impact energy at -40 °C of (a) Material A (13 mm-thick plate) and (b) Material B (8 mm-thick plate) 
as a function of calculated tempering parameter (TP). All specimens were austenitized at 850 °C for 20 min, water-quenched 
to room temperature (RT), and conventionally (1800 s) or rapidly (1 s) tempered at the target tempering temperature in the 
range of 175 °C to 417 °C. The impact test data in (a) are from standard size (10 mm) Charpy samples (T-L orientation), taken 
from the 13 mm-thick plate of Material A, while (b) shows the data for half thickness (5 mm) Charpy samples (T-L orientation), 
taken from the 8 mm-thick plate of Material B. The minimum requirement of absorbed energy in J, according to the MIL-DTL-
46100E specification is represented by dashed lines in (a) and (b) for each specimen size.  
 
For all conditions, Figure 3 shows that the impact energy was higher than the minimum required Charpy 
impact absorbed energy at -40 °C in the MIL-DTL-46100E specification. Figure 4 plots the Charpy 
V-notch impact energy at -40 °C versus Vickers hardness of quenched and conventionally versus rapidly 
tempered Materials A and B, which indicates that overall heat treatment conditions selected for both 
Materials A and B were within the range of the properties associated with the MIL-DTL-46100E 
specification. In addition, across the hardness conditions, the average hardness for the rapidly tempered 
sample was higher or similar compared to the conventional temper condition, and greater improvements 
in impact toughness associated with rapid tempering were noted at lower hardness levels or higher TP 
conditions for each material. One exception was noted for the 9111-TP condition for Material B, where 
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the impact energy for the 296 °C-1 s temper condition was slightly lower compared to the 175 °C-1800 s 
temper condition (18.9 ± 1.4 versus 20.5 ± 2.0 J).  
 
Overall, the Charpy tests indicated promising results from rapid tempering of the two high hardness armor 
steels, i.e. for the investigated test conditions, rapid tempering generally improved impact toughness 
compared to the conventional temper condition with an equivalent hardness level. It is interpreted that the 
beneficial effect of rapid tempering is partly associated with precipitation of relatively fine carbides within 
the martensitic matrix as discussed in Section Microstructural Characterization. It is also possible that 
rapid tempering resulted in more austenite retention as reported by Euser [3], and this possibility will be 
examined through in-depth characterization of the microstructures. 
 


 
Figure 4. Charpy V-notch Impact energy at -40 °C versus Vickers hardness of (a) Material A (13 mm-thick plate) and (b) 
Material B (8 mm-thick plate) after quenching and conventional (1800 s) tempering at a temperature in the range of 175 °C to 
300 °C versus rapid (1 s) tempering at a temperature in the range of 266 °C to 417 °C. The allowable Charpy impact energy 
and approximate hardness range associated with the MIL-DTL-46100E specification according to the hardness conversion 
table in ASTM E140 [8] are represented by the blue shaded regions. An alternative range assuming 1:1 Brinell to Vickers 
hardness conversion is represented by the grey shaded regions.  


CONCLUSIONS 


This study provides data and comparative analysis of quenching and conventional (1800 s) versus rapid 
(1 s) tempering responses of two industrially produced, high hardness armor steels, with respect to 
microstructural development and mechanical properties. Key conclusions drawn from the current 
investigation are as follows:   
 
1. When conventionally (1800 s) tempered, the amounts and sizes of carbides increased with increasing 


tempering temperature. Particularly after conventional temper at the highest tempering temperature 
(300 °C), inter-lath carbides with diameters greater than 100 nm were frequently noted. In contrast, 
rapid tempering resulted in the formation of generally finer carbides within the martensitic matrix, 
compared to the conventionally tempered microstructure.  
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2. Within the investigated test conditions, rapid tempering improved Charpy impact toughness of the two 


high hardness armor steels compared to the conventional temper condition with equivalent hardness 
level. The impact toughness of the quenched and conventionally tempered samples generally 
decreased with increasing tempering temperature (or tempering parameter), as the higher tempering 
temperatures (250 °C and 300 °C) were within the tempered martensite embrittlement trough. In 
contrast, rapidly tempered conditions exhibited increased impact toughness with increasing tempering 
temperature.  


 
3. For both Materials A and B, overall heat treatment conditions investigated were within the range of 


the target (hardness and impact toughness) properties associated with the MIL-DTL-46100E 
specification. 
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INTRODUCTION 


Additive manufacturing (AM) has played an increasing role in the fabrication of Army materiel 
due to several advantages it provides. Such advantages include increased agility, reduced 
manufacturing footprint, reduced waste, and the opportunity to fabricate otherwise out-of-service 
parts requiring manufacturing infrastructure that is no longer in place. Together, these benefits 
have contributed to an increasing interest in AM for an ever-expanding list of printable alloys. One 
such additive process is known as directed energy deposition (DED), in which one or several 
nozzles deliver metal powder propelled by an inert carrier gas directly into a melt pool formed by 
a laser. This method of manufacturing has been shown to be effective for the fabrication of parts 
of complex geometry in various material systems. 


One such material of interest is a high-strength steel known as the Air Force 9628 alloy, or AF9628 
[1-3]. This steel, with the composition given in Table 1, is readily printable resulting in excellent 
static properties in the as-printed condition [1,2]. Although this alloy has good printability, it has 
also shown a microstructural sensitivity to processing parameters. Even though its final 
microstructure is typically fully martensitic due to the severe thermal gradients typically 
encountered in AM [1,2], the highly localized nature of AM results in a continually moving 
austenite-martensite phase boundary with a significant amount of material re-melting as the laser 
passes over previously added material. This transformation boundary depends heavily on the 
thermal gradient that surrounds the melt pool, which determines the rates of austenite grain growth, 
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the nucleation of new grains, and the cooling rates that result in the formation of martensite. All 
of this has direct impact on this steel’s microstructure and is further dependent on AM process 
parameters such as laser power and contour speed. Because this material undergoes the martensite 
transformation, it’s important to note that the final microstructure of this material is mediated by 
the prior austenite microstructure. As such, it is essential to study how additive processes effect 
the austenite microstructure of AF9628. 


Table 1: Composition of AF9628 [3] 


Element C Cr Mo Mn V Si Ni Fe 
Wt. % 0.24—0.32 2-3 0.5—1.5 ≤ 1 0.05—0.35 ≤ 0.25 ≤ 3 Balance 


The current work seeks to demonstrate the feasibility of modeling the formation of austenitic 
microstructure in AF9628 as a function of DED processing parameters. The scope of this work is 
to observe the microstructure of DED processed AF9628 experimentally and compare 
observations to the predictions of a model that simulates the grain growth behavior of austenite as 
a function of laser power and scan speed. A qualitative comparison to the resulting simulated 
austenite grain morphologies indicates the extent to which the presented model can capture the 
relevant grain growth behaviors. Such a model can be further developed to provide a mapping 
from process parameters to microstructure, which can then be used to optimize the material’s 
mechanical properties. This ability will provide insight into how parameters such as the laser 
power and scanning speed can be manipulated to result in favorable part performance. 


METHODS 


Thermal and Microstructural Simulation Method 


The primary driver for the formation and growth of austenite is the thermal history, which is 
directly determined by the DED processing parameters. The distribution of temperature 
immediately surrounding the melt pool is of primary interest as the thermal gradient is severe and 
the majority of austenite microstructure development occurs near the melt pool. For this work, the 
characterization of temperature near the melt pool was performed via transient finite element 
analysis (FEA) of the heat input by the laser source. Such FEA models of AM processes are 
common in the literature. A review of these methods is not given here, but several excellent 
reviews have been recently published [4,5]. Here, a basic description of the relevant material 
behaviors is given alongside their governing equations. 


The model was implemented in the Abaqus 2020 FEA solver, and custom user subroutines were 
written to define heat input from the laser and to govern boundary conditions. The model 
considered a 650 W laser moving with a scan speed of 30 in/min (12.7 mm/s). The FEA model 
was built to account for conductive, convective, and radiative heat transfer, as well as the 
temperature dependent material properties of AF9628. The thermal conductivity, density, and heat 
capacity of AF9628 were simulated using the JMatPro software using the composition in Table 1. 
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The conduction of heat is governed by the Fourier law of conduction given by Equation 1. The 
values of T, Q, and t are the temperature, internal heat, and time respectively. The material 
properties k, ρ, and C are respectively the thermal conductivity, density, and heat capacity—which 
are themselves functions of temperature. The solution of this equation using the FE method 
provides the temperature distribution in the solid part. Externally, the manufactured part interacts 
with its surroundings via convective and radiative cooling. These are implemented as boundary 
conditions in the FEA model according to Equations 2 and 3.   


𝑞𝑞𝑐𝑐 = −ℎ𝑐𝑐(𝑇𝑇𝑆𝑆 − 𝑇𝑇0) 2 
𝑞𝑞𝑟𝑟 = −𝜀𝜀𝜀𝜀(𝑇𝑇𝑆𝑆4 − 𝑇𝑇04) 3 


In these equations, the convective heat loss qc and the radiative heat loss qr are both functions of 
the surface temperature Ts and ambient temperature T0. The material parameters are the convection 
coefficient hc and the material’s emissivity ε. These parameters, along with all other parameters 
used as inputs to the FEA model, are summarized in Table 2. 


The output of the thermal history model is used to define the shape of the melt pool used in the 
microstructural simulation. The temperature distribution predicted by the thermal history model 
also provides the thermal gradient through the solid material just outside the melt pool, which 
drives grain growth and the development of other aspects of microstructure. For the purposes of 
this work, the melt pool boundary is assumed to be the temperature contour at the average of the 
liquidus and solidus temperatures. 


Table 2: Parameters used for the FEA simulation of temperature near the melt pool. 


Thermal Model Parameters   
Power P 650 W 
Scan Speed v 12.7 mm/s 
Thermal Conductivity Range k25-1600 27.3—34.7 W/mK 
Density Range ρ25-1600 784—696 kg/m3 
Specific Heat Capacity Range Cp,25-1600 445—822 J/kgK 
Absorptivity Α 0.4 
Emissivity Ε 0.3 
Latent Heat ΔH 182 kJ/kg 
Liquidus TL 1763 K 
Solidus TS 1713 K 
Ambient Temperature T0 298 K 
Convection Coefficient hc 150 W/m2K 


The simulation of austenite growth was performed using the open-source SPPARKS software 
package. This software implements a Potts Monte Carlo method to simulate the evolution of 
microstructure [6-8]. It has been shown to proficiently simulate the energy-driven growth of grains 
in crystallographic materials generally as well as in AM processed materials [6,7]. This method 
was chosen due to its computational efficiency, in contrast with other microstructural simulation 
methods which incorporate more advanced physics but are restricted to much smaller time/space 
domains [6]. This is required for the simulation of austenite structures in DED processed AF9628, 
which span relatively large length scales. 
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The Potts Monte Carlo method operates on a simple lattice, or a collection of voxels, that spans a 
volume of material. Each lattice point is assigned an integer m that denotes what grain it belongs 
to. The spacing of this lattice depends on the resolution required to capture the relevant energy-
driven physics, as each lattice point is used to track the internal energy within the volume of 
material it represents. Similarly, the contact area each voxel shares with its neighbors can be treated 
as a potential boundary energy term. By comparing each lattice site to each of its neighboring sites, 
the configurational energy state for the entire system can be defined by the sum 𝐸𝐸 =
1
2
∑ ∑ (1 − 𝛿𝛿(𝑚𝑚𝑖𝑖 ,𝑚𝑚𝑗𝑗))𝐿𝐿


𝑗𝑗
𝑁𝑁
𝑖𝑖 , where N is the total number of lattice sites and L is the number of 


neighbors at each site. The Potts Monte Carlo method iteratively reduces this energy state 
stochastically, changing the value m at individual sites when it is energetically favorable to do so. 
This results in the larger-scale trend of grain growth, where lattice sites are changed to those of 
their neighbors. The probability that a selected site will have its value changed is given by Equation 
4. Here, Tsim is the simulation temperature parameter and kb is Boltzmann’s constant. The value of 
ΔE is calculated for a proposed change at a single site and the event is either accepted or rejected 
based on the comparison of the calculated probability to a randomly generated number. 


𝑝𝑝 = �
𝑀𝑀(𝑇𝑇) 𝑒𝑒𝑒𝑒𝑒𝑒 � −∆𝐸𝐸


𝑘𝑘𝑏𝑏𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
�  𝑖𝑖𝑖𝑖 ∆𝐸𝐸 ≥ 0


𝑀𝑀(𝑇𝑇)                     𝑖𝑖𝑖𝑖 ∆𝐸𝐸 ≤ 0 
 4 


The probability that a site will change its value is mediated by the mobility function M(T), an 
Arrhenius equation of the form 𝑀𝑀(𝑇𝑇) =  𝑀𝑀0𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑄𝑄𝑅𝑅𝑅𝑅), that relates the grain boundary mobility in 
crystalline solids to the temperature T. The activation energy Q and the pre-exponential factor M0 
are both material properties that are treated as tuning parameters in the present work. The tuning 
process consisted of choosing values of Q from comparable works in the literature [8] and 
manipulating both Q and M0 until the predicted austenite grain sizes were comparable to 
experiment. The temperature T is read in from the results of the thermal FEA solution, which 
provides the field of temperature that immediately surrounds the melt pool. 


Experimental Procedure 


Single-track thin walls of AF9628 were printed using an RPM Innovations 222 Directed Energy 
Deposition system under an argon atmosphere. Thin walls were 1 inch in both height and length, 
with thicknesses determined by the laser power used for each thin wall. Two laser powers were 
considered, 350 and 650 Watts. Each wall was built layer-by-layer in a back-and-forth pattern with 
no dwell time between layers at a contour speed of 30 inches/min and a layer height of 0.004 inches 
(0.1016 mm).  


Printed samples were sectioned and polished in preparation for electron back-scatter diffraction 
(EBSD) imaging. Each sample was cut to expose a face perpendicular to the laser track at the 
middle of the wall’s length. The finishing polishing steps utilized 9, 3, and 1 μm diamond abrasive 
and a final step of 0.02 μm colloidal silica. EBSD scans were performed in an FEI Helios NanoLab 
600i using TEAM for EBSD data collection, with postprocessing performed in a combination of 
OIM Analysis 8 and custom Matlab code. Several scans were gathered from each sample for the 
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purpose of imaging sufficient area to observe austenite grain sizes and morphologies. Scan data 
was stitched together using a MATLAB program written for this work. 


The observation of austenite in AF9628 was accomplished by the computational reconstruction of 
the austenite grain structure from the crystallographic orientations of the as-printed martensite 
laths gathered via EBSD. This reconstruction was performed by a custom-written Matlab program 
that groups martensite laths into their respective parent austenite grains by assuming an orientation 
relationship (OR) between the martensite and austenite [9,10]. For lath martensite, the Kurdjumov-
Sachs orientation relationship is generally assumed [9]. The result of the reconstruction is a 
depiction of the austenite grain boundary network as well as the crystallographic orientation of 
each austenite grain—providing the prior austenite grain size, morphology, and texture. This 
information is critical to understand the effect that AM processing has on the final martensitic 
microstructure. 


RESULTS 


The EBSD images of martensite and the reconstructed austenite grains are presented for two 
samples in Figure 1. Images A and C depict the martensitic microstructure measured by EBSD for 
two DED processed samples of AF9628. Images B and D depict their computationally 
reconstructed prior austenite grains. Both samples exhibit elongated prior austenite grains, 
denoting epitaxial growth as the melt pool passes nearby. The direction that the austenite grains 
extend indicates the direction of the closest point of the melt pool boundary. 


 


Figure 1: The EBSD micrographs of two thin-wall samples of AF9628, build direction indicated by the red arrow. 
The martensite microstructure (A) and reconstructed martensite (B) for a sample wall built using a laser power of 


650 W. The martensite (C) and reconstructed austenite (D) for a sample wall built using 350 W. 


The simulation of temperature immediately surrounding the melt pool was performed for a single 
line scan using a 650 W laser, with a contour speed of 30 inches per minute. Figure 2 shows the 
resulting melt pool cross-section. The resulting melt pool width and depth were approximately 1.1 
mm and 0.55 mm respectively. 







2022 DoD Steels Summit 
15–16 November 2022, Aberdeen Proving Ground, MD 
Approved for Public Release 


6 


 


Figure 2: The cross-section of the melt pool as predicted by the FEA model, using a 650 W laser and a 30 in/min 
contour speed. The melt pool width and depth are approximately 1.1 mm and 0.55 mm respectively. 


The temperatures surrounding the melt pool were read from the FEA results and formatted to be 
read by SPPARKS to be used as the driving force for microstructural development. The 
microstructure model tuning parameters chosen were M0=1e5 and a ratio of Q/R=18,000. Figure 
3 depicts the model’s prediction of grain growth for a simulation domain spanning half of a thin 
wall, consisting of 20 100-micron layers, using a lattice spacing of 10 μm. For simplicity, the 
melt pool was moved in the same direction for each pass. 


 


Figure 3: Cross-sections of the resulting austenite grain structure as predicted by SPPARKS, viewing (a) 
perpendicular to the scan direction and (b) parallel to it. The z direction is the build direction. The simulated 


austenite grains show the same epitaxial growth and resulting elongated morphology as in experiment. 


DISCUSSION 


The morphology of the austenite grains predicted by the SPPARKS program showed good 
agreement with that of the experimentally observed prior austenite grains. The simulated austenite 
grains showed the same epitaxial growth, as well as the same competition to extend toward the 
direction of the melt pool. Similarly, the simulation predicts the typical equiaxed grain structure 
that remains within the last pass of the melt pool. Figure 4 shows a side-by-side comparison of the 
simulated and experimentally observed prior austenite microstructures, providing a qualitative 
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comparison of grain morphologies. The grain sizes in the simulation were significantly larger than 
those experimentally observed. This is a result of several factors, including the chosen input 
parameters and the resolution of the lattice that defines the simulation domain. These values need 
to be adjusted to tune the resulting size of predicted austenite grains to match experimental values. 
The scalable nature of the Potts Monte Carlo method allows for this discrepancy to be addressed 
without affecting the desired grain growth behaviors. Because of this, these results demonstrate 
that the Potts Monte Carlo method has the potential to capture the relevant grain growth behaviors 
necessary to predict austenite microstructures in AF9628.  


 


Figure 4: Side-by-side comparison of the simulated and experimentally observed austenite grains. The morphology 
is very similar. Further model tuning and validation is required. 


Further work is required to verify the validity of both thermal history and microstructural 
simulations, as well as improve the correlation of grain size between simulation and experiment. 
The size and shape of the melt pool will change as a function of height within the thin wall and 
distance from the build plate. Detailed models that capture the full thermal history of a simulation 
region, and not simply one melt pool’s geometry, will be required for increased accuracy. Thermal 
history predictions will also need to be validated against experimental observations of melt pool 
geometries. Similarly, a larger set of experimentally observed prior austenite microstructures 
formed under different processing parameters will be needed to properly validate the 
microstructural predictions. This work is ongoing. 


It is important to note that both thermal history and microstructure models include simplifying 
assumptions that omit relevant physical phenomena. The FEA model, for example, does not 
currently address the effect of fluid flow within the melt pool. The microstructural model does not 
account for the martensite transformation, outside of the thermal history’s consideration of latent 
heat. Moving forward, the accuracy of these models may be improved by the inclusion of 
additional physical behaviors. 


CONCLUSIONS 


From these results, it can be concluded that the Potts Monte Carlo algorithm is a useful method of 
simulating the austenite microstructures in AF9628. This may extend to other martensitic steels as 
well. Further work is needed to ensure that the thermal history simulations are sufficiently 
validated for this material, as the size and shape of the melt pool, as well as the severity of the 
thermal gradient, determine the rates of austenite grain growth. The microstructure model also 
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requires more complete validation across an expanded set of experiments using different process 
parameters. Once fully validated, this model may provide an excellent means of predicting 
austenite grain size and morphology in AF9628. 
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INTRODUCTION 


AF9628 is a low alloy steel that was developed with the goal of maintaining ultra-high strength 
and good toughness across relatively thick sections while also being less expensive compared to 
other high strength steels containing more costly alloying elements such as nickel, cobalt, and 
tungsten. Another contributing factor of the low cost is its enhanced processability compared to 
other steels in this class, including the Eglin steel which contains up to 3.25% tungsten. Military 
applications of such steels include hard target penetrator warhead cases, missile components, 
armor plating, military aircraft frame and landing gear components, and gun components [1]. 


There has been interest in additively manufacturing penetrative warheads to reduce weight and / 
or improve performance. Possible concepts may include selective reduction of cross sections of 
warhead casings, complex features such as lattice geometry and topology optimization that is 
difficult to produce using traditional manufacturing [2]. Multiple studies of additively 
manufactured AF9628 components have already been conducted using laser powder bed fusion 
(LPBF) that show promising mechanical properties [3]–[6]. LPBF, while highly accurate, has 
longer build times and relatively small build areas compared to wire arc directed energy deposition 
(WA-DED). WA-DED provides much higher build rates and larger build volumes but requires 
machining of final features post build. Currently, there is no public literature on WA-DED of 
AF9628. Therefore, it is necessary to build a foundation of the process-microstructure-property 
relationship of AF9628 steel when using WA-DED. 



https://unum.nsin.us/afrl-challenge-4/info
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Continuous cooling transformation (CCT) diagrams are used to describe the phase transformations 
and microstructure in steels that undergo cooling from austenitic state. Conventional CCT 
diagrams reflect the phase transformations in steel subjected to heat treatments that involve full 
dissolution of precipitates and compositional homogenization by holding above the Ac3 
temperature, followed by cooling to room temperature in a range of cooling rates. Such CCT 
diagrams cannot represent the solid-state phase transformations in additive builds that experience 
multiple, fast heating and cooling rate reheats with peak temperatures varying between the Ac1 
and the liquidus temperatures. The reheat cycle parameters, heating and cooling rate, and peak 
temperature, control the completeness of the transformation to austenite, extent of precipitate 
dissolution and grain growth, and subsequent on-cooling phase transformations.  


The objective of this study is to develop a CCT diagram that represents the phase transformations 
in the coarse-grained, fine-grained, and intercritical heat affected zone (HAZ) of additive builds in 
AF9628 steel produced by WA-DED. This CCT diagram is a foundational step in development of 
process-microstructure-property predictive relationships and, will support a computational design 
of experiment (CDoE) framework to optimize WA-DED process parameters for AF9628 steel 
components. 


METHODS 


A CCT diagram of AF9628 steel, for the conditions of additive manufacturing in WA-DED, was 
developed by simulating welding thermal histories of CG-, FG-, and ICHAZ using the GleebleTM 


3800 thermo-mechanical simulator. The composition of the tested heat of wrought AF9628 steel 
is shown in Table 1. 


Table 1. AF9628 Composition 


Element Fe C Cr Mo Mn Ni Si Cu 
Amount (wt%) Bal. 0.27 2.81 0.92 0.76 1.07 0.83 0.08 


The simulations were performed on 0.25” diameter samples and involved heating a constate rate 
of 100°C/s to peak temperatures of 1350 °C, 1000 °C, and 866 °C for the CG-, FG-, and ICHAZ 
respectively, followed by free cooling to room temperature. The cooling rate was controlled by the 
free span between the Gleeble copper grips that served as a heatsink for samples cooling. Free 
spans between 10mm and 70mm produced a wide range of cooling rates between 100 °C/s and 5 
°C/s and cooling times between 800°C and 500°C (Δt8/5) of 3s to 53s, see Tables 2, 3, and 4. The 
simulated thermal histories, in terms of peak temperatures and cooling rates, covered the whole 
spectrum of thermal histories experienced during WA-DED in steel heat affected zones, Figures 1 
shows the CGHAZ samples thermal histories. 


A dilatometer, placed at the thermocouple location in the middle of the sample free span, was used 
to measure volumetric changes caused by on-heating and on-cooling phase transformations. The 
start and finish temperatures of the austenite and martensite transformations, Ac1, Ac3, MS, and MF, 
were determined using tangent lines drawn over dilation vs. temperature curves as shown in 
Figures 2 and 3. A CCT diagram for the CGHAZ, FGHAZ, and ICHAZ of AF9628 steel was 
developed by plotting the phase transformation temperatures vs. Δt8/5. 







2022 DoD Steels Summit 
15–16 November 2022, Aberdeen Proving Ground, MD 
Approved for Public Release 


3 


Five Vickers hardness measurements with 1 Kg load were performed on the central cross-sections 
of all tested samples. The samples were polished using a standard metallography procedure, etched 
in 2% Nital, and imaged using light optical microscopy (LOM). 


RESULTS 


Figure 1 shows the thermal histories experienced in the GleebleTM simulations by CGHAZ 
samples. 


 


Figure 1. CGHAZ CCT Thermal Histories with Δt8/5 3.8s to 50s (10mm through 70mm free spans) 


For each HAZ region, transformation temperatures were determined using dilation data lines 
where tangents to the curve before a major deviation in the curve represent a phase change. As an 
example, the dilation vs. temperature curve for the CGHAZ sample with Δt8/5 3.8s is shown in 
Figure 2. Notable transformations, Ac1, Ac3, MS, MF, TS, and TF, are depicted along the dilatometry 
curve as well. The thermal cycle is also depicted by the heating and cooling arrows 
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Figure 2. Dilation curve of CGHAZ test with Δt8/5 3.8s (10 mm Free Span) 


Figure 3 shows the ICHAZ dilation curves with Δt8/5 12.5s. The ICHAZ dilation curves have a 
peak temperature of 866°C between the Ac1 and Ac3 temperatures. Also note the considerably 
higher start temperature start of the on-cooling transformation, which could include formation of 
some amount of bainite in advance of the martensitic transformation. 


 


Figure 3. Dilation curve of ICHAZ test with Δt8/5 12.5s (25 mm Free Span) 


Tables 2, 3, and 4 show the cooling time Δt8/5, cooling rate, hardness, and phase transformation 
temperatures respectively for the CGHAZ, FGHAZ, and ICHAZ. 


Table 2. Experimental Data Collected During CGHAZ GleebleTM Simulations 


Free Span (mm) Δt8/5 
(s) 


Cooling 
Rate 


(°C/s) 


Ac1 (°C) 


 


Ac3 (°C) Ms (°C) Mf (°C) Ts (°C) Tf (°C) HV1 


10 3.8 78.40 831 922 346 164 1139 1202 545.3 
15 6.0 49.85 827 898 346 157 1100 1244 555.8 
20 8.1 37.00 823 892 341 160 1120 1241 552.4 
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25 10.0 30.07 819 894 341 153 1058 1231 559.3 
30 14.8 20.29 824 901 343 150 1076 1262 539.2 
35 17.8 16.82 827 904 345 153 1128 1242 540.1 
40 19.8 15.18 831 912 350 164 1123 1265 537.2 
70 50.0 6.00 834 912 356 150 1121 126 569.7 


Average  


(St. Dev.) (°C) 


- - 827 
(5.14) 


905 
(10.9) 


- - 1111 
(30.3) 


1243 
(20.3) 


- 


Table 3. Experimental Data Collected During FGHAZ GleebleTM Simulations 


Free Span (mm) Δt8/5 
(s) 


Cooling 
Rate 


(°C/s) 


Ac1 (°C) 


 


Ac3 (°C) Ms (°C) Mf (°C) HV1 


10 3.5 85.34 835 945 416 215 526.1 
25 9.3 32.31 834 914 381 183 520.8 
40 18.0 16.59 832 903 370 184 537.0 
70 52.1 5.76 835 897 351 164 521.0 


Average (St. Dev.) (°C) - - 834 (1.2) 921 (17.8) - - - 


Table 4. Experimental Data Collected During ICHAZ GleebleTM Simulations 


Free Span (mm) Δt8/5 (s) Cooling Rate 
(°C/s) 


Ac1 (°C) 


 


Ms (°C) Mf (°C) HV1 


10 3.0 100.35 837 425 265 471 
25 12.5 23.96 829 454 279 451.8 
40 19.8 15.19 820 444 272 439.3 
70 53.0 5.66 831 472 285 420.0 


Average (St. Dev.) (°C) - - 829 (6.9) - - - 


The CCT diagram of AF9628 steel for the conditions of WA-DED and welding is shown in Figure 
4. It contains the martensite start and finish temperatures, MS and MF, in the CGHAZ, FGHAZ, 
and ICHAZ plotted vs. the Δt8/5 cooling time. 
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Figure 4. AM / Welding CCT Diagram of AF9628 Steel. Martensite Transformation Temperatures vs. Δt8/5 for CG-, 
FG-, and ICHAZ 


The bar chart in Figure 5 demonstrates the effect of cooling time Δt8/5 on the CGHAZ, FGHAZ, 
and ICHAZ hardness in comparison to the base metal hardness. Micrographs of the as delivered 
base metal, CGHAZ, FGHAZ, and ICHAZ in AF9628 steel are shown in Figures 6a through d. 
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Figure 5. Effect of Δt8/5 on the Hardness in the CG-, FG-, and ICHAZ of AF9628 steel 


a)            b)   


c)            d)   


Figure 6. Microstructure of the a) Base Metal (280 HV1) b) CGHAZ with Δt8/5 10.0s (559 HV1) c) FGHAZ with 
Δt8/5 9.3s (521 HV1) d) ICHAZ with Δt8/5 12.5s (452 HV1) 
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DISCUSSION 


A CCT diagram of steel AF9628 for the conditions of WA-DED and welding was developed in 
this work. This CCT diagram illustrates the effects of peak temperature and cooling rate of a 
simulated thermal cycle on the on-cooling phase transformations, microstructure, and hardness in 
HAZ compared to the as delivered AF9628 steel base metal. The base metal microstructure shown 
in Figure 6a displaying a high density of carbides. Such microstructure and carbide distribution 
are likely the result of a normalization and tempering heat treatment. 


The range of simulated cooling rates and resulting Δt8/5 times, respectively between 100 °C/s and 
5.7 °C/s, and between 3s and 53s, represents the cooling conditions in a wide range of WA-DED 
processes parameters. While the cooling rate varied drastically, the resulting hardness and 
microstructure remained similar within each of the simulated CGHAZ and FGHAZ samples, as 
shown in Tables 2 and 3. The CGHAZ simulations produced a highly martensitic microstructure 
that is twice harder than the base metal even at relatively slow cooling rates, see Table 2 and 
Figures 6a through d. Notice the coarse-grained microstructure with lack of carbides in the 
CGHAZ, compared to the base metal and ICHAZ. The CGHAZ showed complete carbide 
dissolution and austenitization by heating to peak temperature of 1350 °C. Advanced 
characterization, utilizing scanning electron microscopy (SEM) and electron beam scattering 
diffraction (EBSD), will be performed to check for presence of retained austenite in the CGHAZ 
microstructure. The high temperature CGHAZ transformation, identified as TF and TS in Figure 2 
and Table 2, is potentially related to the austenite homogenization, including carbide dissolution 
and grain growth, and warrants further investigation. 


The thermal cycle peak temperature showed marked differences in hardness and microstructure of 
the CGHAZ, FGHAZ, and ICHAZ, Tables 2, 3, 4, and Figures 6b, c, and d. Higher peak 
temperatures produce a more homogenous and stable austenite phase. The CGHAZ produced a 
more stable austenite phase than the FGHAZ and ICHAZ, evidenced by higher hardness and lower 
martensite transformation temperatures. Compared to the CGHAZ, the FGHAZ showed a slightly 
softer, finer grained microstructure that was difficult to positively identify using light optical 
microscopy (LOM), Figure 6c. The obvious decline in the FGHAZ martensite transformation 
temperatures with decreasing the cooling rate / increasing Δt8/5, as shown in Table 3 and Figure 4, 
evidences larger degree of austenite homogenization related to prolonged dwell times at high 
temperatures. Further SEM and EBSD characterization would help better understand the level of 
austenite homogenization and dissolution of carbides, which were present in the original base 
metal microstructure, and their effect on the FGHAZ microstructure. 


The ICHAZ experienced an incomplete transformation to austenite and carbide dissolution due to 
the short exposure at peak temperature between Ac1 and Ac3. This is evidenced by the fine-grained 
microstructure and high density of carbides shown in Figure 6d. The notably lower ICHAZ 
hardness suggest a microstructure containing a mixture of fresh martensite, undissolved carbides, 
and some amount of bainite. LOM does not allow positive identification of the ICHAZ 
microstructural constituents, warranting further characterization with SEM and EBSD. The 
potential of a bainite formation preceding the martensitic transformation is evidenced by the 
increasing on-cooling transformation temperatures with decreasing the cooling rate / increasing 
Δt8/5, as shown in Table 4 and Figure 4. Dilatometry is insensitive to resolve subsequent volumetric 
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changes resulting from phase transformations. Single sensor differential thermal analysis (SS 
DTA) [7], which determines phase transformations by the associated enthalpy variations, will be 
used to identify the potential bainitic transformation in the ICHAZ. 


CONCLUSIONS 


This study developed a CCT diagram of AF9628 steel that represents the phase transformations, 
microstructure, and hardness in the CGHAZ, ICHAZ, and ICHAZ resulting from single reheat 
thermal histories reflecting a wide range of WA-DED process parameters.  


It was shown that the microstructure and hardness in the CGHAZ and FGHAZ of AF9628 remain 
almost unchanged within a wide range of cooling rates and Δt8/5 times, confirming the high 
hardenability of this steel. These results are important for the development of process-
microstructure-property relationships, as similar microstructure and properties can be expected in 
a wide range of WA-DED processing parameters. However, this is not the case for the ICHAZ 
where the cooling rate has a significant effect on the resulting hardness.  


Further work on the AF9628 CCT diagram will include advanced characterization to identify 
potential presence of retained austenite in the CGHAZ and of formation of bainite and presence of 
undissolved carbides in the FGHAZ and ICHAZ microstructures. The development of process-
microstructure-property relationships for multipass DED builds will involve physical simulations 
of multiple reheat WA-DED thermal histories, followed by hardness, tensile, and impact toughness 
testing. 
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INTRODUCTION 


Ultra-high strength steels (UHSS) have become more popular as an increase in strength 
allows for a reduction in weight, although an increase in strength is also associated with an increase 
in susceptibility to hydrogen induced cracking (HIC). Hydrogen exists in steel either as diffusible 
hydrogen or trapped hydrogen [1], with trapped hydrogen broken down further into reversibly 
trapped hydrogen and irreversibly trapped hydrogen. A binding energy (Ea) below 30 kJ/mol 
classifies a trap as reversible indicating hydrogen can be captured and released at relatively low 
temperatures. A binding energy above 50 kJ/mol is classified as an irreversible trap indicating 
hydrogen will be captured until a saturation limit is reached and higher temperatures are needed to 
allow hydrogen to diffuse into lattice. HIC sensitivity is dependent on distribution of phases, grain 
size, secondary phases and defects. Martensitic steels are especially susceptible to HIC due to 
residual stress in the lattice, but can be reduced with a tempering heat treatment.  
 The mechanism of hydrogen embrittlement (HE) assumes that atomic hydrogen 
recombines in micro voids resulting in a high gas pressure and hydrostatic stress leading to 
cracking [2]. Once a crack tip has formed, hydrogen atoms will diffuse toward the crack tip 
enhancing crack growth until catastrophic failure. Oriani et al. added that solute hydrogen reduces 
the strength of atomic bonds and generally decreases surface energy, resulting in accelerated crack 
initiation and propagation [3]. Exposure of hydrogen to steel occurs during steel making, pickling 
(H+ abundance due to acidic pH) and welding (consumed electrode coating, flux).  
 This study focuses on four ultra-high-strength steels (UHSS) for the purpose of 
determining differences in hydrogen absorption properties. Materials in this study were analyzed 
microstructurally by Scanning Electron Microscopy (SEM), and X-Ray Diffraction (XRD) as well 
as electrochemically tested to determine effect of small differences in chemistry on overall 
hydrogen absorption.   
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EXPERIMENTAL PROCEDURES 


Material Characterization 


Materials investigated in this study include four UHSS tempered martensitic steels 
designated as Steel #1, #2, #3, #4 for simplicity. All materials were delivered as uncoated, rolled 
steels with a thickness varying from 5-9 mm. The microstructure of the steels was examined using 
light optical microscopy (LOM) and SEM coupled with Energy Dispersive Spectroscopy (EDS). 
Samples intended for microstructural analysis were mounted, ground, polished to 0.25 µm and 
etched using a 2% Nital solution. To determine a quantitative estimation of retained austenite (RA) 
content, (XRD) was conducted on samples ground to 4000 grit SiC. 


Immersion Test 


To determine materials resistance to pitting, samples were cut to 1”x1” and ground to 4000 
grit. Samples were then masked off leaving only an area of 1 cm2 exposed and placed in a 250 mL 
solution of 0.5% NaCl for 30 min to measure pit initiation sites. Samples were then cleaned with 
DI water and ASTM G1 cleaning solution containing 50% HCl (aqueous) + 5 g/L C6H12N4 [4]. 
Optical images were taken of corroded surface and analyzed with ImageJ software to determine a 
pitting density. 


Electrochemical Tests 


Two electrochemical sequences were used to quantify the hydrogen absorption efficiency of 
all four steels. Tests consisted of a three electrode electrochemical cell with a platinum mesh as 
the counter electrode and a Ag/AgCl reference electrode connected to a Gamry 1010E potentiostat. 
Surfaces of steels were ground to 4000 grit before testing and baked at 150 °C to remove trapped 
hydrogen. 


i) Potentiostatic  
Samples were cathodically held at - 1.4 V in a 0.1 M NaOH + 3 g/L NH4SCN solution 
for 2 h, then immediately cleaned with DI water before placing in a vacuum desiccator 
for 2 h to remove diffusible hydrogen. After 2 h hold, samples were placed back in 
electrochemical cell and anodically discharged at +0.2 V in 0.1 M NaOH + 3 g/L 
NH4SCN for 2 h. 
 


ii) Cyclic Voltammetry 
In a solution of 1 M NaOH + 8g/L NH4SCN, 4 steps of cyclic voltammetry were run: 
1) Two cycles sweeping from -1.4 V to 0.2 V at scan rate of 10 mV/s 


• First cycle is meant to clean surface while second cycle determines reference curve, 
informing the amount of hydrogen present in steel pre-charging 


2) Potentiostatic discharge at -0.9 V for 0.5h, to verify adsorption/desorption of H+  
3) Potentiostatic charge at -1.4 V for 1 h, leading to adsorption of H+ on steel surface 
4) Three cycles sweeping from -1.4 to 0.2 V at scan rate of 10 mV/s 
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• First cycle contains hydrogen oxidation peak, illustrating amount of hydrogen absorbed 
during charging 


RESULTS AND DISCUSSION 


Material Characterization 


Figure 1 a-d shows the microstructures for Steel #1-4 which exhibit a tempered martensitic 
microstructure with ZrN precipitates found only in Steel #4. Grain size of each material is 
comparable with a lath width of approximately 1-2 µm. Due to nearly identical chemistries and 
heat treating procedures, it is expected for steels to exhibit little difference, although ZrN 
precipitates found in Steel #4, does illustrate a difference in Zr content between materials. EDS 
maps of ZrN precipitate can be seen in Figure 1 e-h.  


a)


 


b) 


 


c) 


  


d) 


  
e) 


 


f) 


 


g)


 


h)


 


Figure 1: SEM Images of microstructure a) Steel #1 b) Steel #3 c) Steel #3 d) Steel #4, EDS Maps of Steel #4 
precipitates e) SEM Image f) Fe Kα Map g) Zr Kα Map h) N Kα Map 


XRD curves in Figure 2a, show evidence that the dominant phase present in these steels is 
martensite with a high degree of texture. The preferred orientation appears to be the BCC (110) 
plane, coupled with less dominant peak intensity at BCC (200). Figure 2b depicts a closer look at 
the FCC (200) peak sitting at the ~ 59°, illustrating the presence of retained austenite (RA) within 
the martensite matrix.  
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Figure 2: a) XRD curves using Co source b) XRD curves zoomed in to see FCC 200 peak 


To determine the phase fraction of RA, XRD data was analyzed according to ASTM E975 
within Proto PDAnalysis software. Figure 3 depicts a comparison of RA within each steel sample. 
Steel #2 contains a negligible amount of RA, where Steel #4 contains the most with ~ 2.1%. The 
amount of RA present can lead to an increase in hydrogen absorption, due to the high solubility 
and a low diffusivity of hydrogen in austenite. Park et al. demonstrated that RA behaves as a 
hydrogen trap in steels increasing the chance of cold cracking post welding [5].   
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Figure 3: Retained Austenite Content (%) 
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Immersion Testing 


Material arrived encapsulated in corrosion product, due to exposure to outdoor 
environment. This led to a question as to the pitting resistance of these alloys and the effect 
hydrogen played on the pitting resistance. Thomas et al. demonstrated that hydrogen absorption 
can causes a decrease in Fe-Fe bond strength, leading to more rapid corrosion and decrease in 
pitting resistance [6]. Images of samples post ASTM G1 cleaning step can be seen in Figure 4a 
with varying amounts of pitting. To determine pitting densities, LOM images were taken of the 
steel surfaces and analyzed using ImageJ. Steel #1 appears to exhibit only one pit, although much 
smaller pits were visible under LOM.  
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Figure 4: a) Images of steel immersion samples post cleaning step b) Pitting density comparison 


A significant difference can be seen in the pitting densities present in Figure 4b, between 
Steel #1 and Steel #4. This is also clear from the images in Figure 4a. A closer look at the pits is 
shown in Figure 5 a-d, which uncover precipitates present within the pits found in Steel #4. EDS 
maps in Figure 1, illustrate these precipitates are ZrN, indicating a galvanic couple occurred 
between ZrN and Fe matrix. Localized corrosion on Steel #1-3 exhibits a ring around pit, most 
likely highlighting the cathodic region surrounding anodic pit. 
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b) 
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a)


 


b) 


 
c) 


 


d) 


 


Figure 5: SEM images of pits post immersion in 0.5% NaCl solution a) Steel #1 b) Steel #2 c) Steel #3 d) Steel #4 


Electrochemical Testing: Potentiostatic 


 Equation 1 illustrates the overall reduction of water to produce hydrogen gas. An important 
step during the process is adsorbed hydrogen intermediates (Hads) recombining to form H2(g). Due 
to the addition of NH4SCN, which behaves as a hydrogen recombination poison, Hads atoms on the 
surface diffuse into steel surface rather than combine to form H2(g). Some are trapped in preferred 
sites, while the remainder diffuses through the matrix and remains unbound. After charging the 
steels with hydrogen, samples were placed in a vacuum desiccator to remove diffusible hydrogen, 
allowing for the measurement of trapped hydrogen electrochemically. The curves in Figure 5a, 
illustrate that Steel #4 which exhibits highest oxidation current contains the most trapped 
hydrogen. This is not unexpected due to ZrN precipitates as well as the high RA content, both of 
which behave as strong hydrogen traps [5]. Steel #3 exhibits the next highest hydrogen discharge 
current correlating well with RA content observed in Figure 3. Although a divergence in 
correlation can be seen with Steel #1 exhibiting a lower hydrogen discharge current while also 
exhibiting a higher RA content than Steel #2. This result indicates that other factors may have an 
effect on the amount of hydrogen absorbed and further investigation is needed. 


 


2 H2O(l) +2 e- -> H2(g) + 2 OH- (aq) (1) 
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Figure 6: a) Current vs time plot of steels charged with hydrogen in 0.1 M NaOH + 3g/L NH4SCN b) Hydrogen 
concentration comparison 


Electrochemical Testing: Cyclic Voltammetry 


The benefit of running a cyclic voltammetry test, is the ability to acquire potential and 
current responses to multiple reactions occurring on the sample surface. Figure 6a depicts three 
peaks in both charged and non-charged Steel #1 CVs. The reaction at each peak can be seen in 
Equation 2-4. Literature states peak 1 represents the oxidation of hydrogen, where peak 2/2’ and 
peak 3/3’ represent Fe oxidation/reduction reactions [7, 8]. With more sweeps peak 2 decreases as 
peak 3 increases appearing to mirror each other. This indicates these reactions are related with the 
peak 2 reaction behaving as a rate limiting step.       
 Integration of peak 1 was used to determine mols of hydrogen oxidized and is graphed in 
Figure 6b. A significant difference is not seen between each steel sample suggesting, although a 
difference was observed in trapped hydrogen concentration, differing retained austenite contents 
and the presence of a secondary phase particle is not sufficient to affect the amount of diffusible 
hydrogen present in the matrix.          
 Not only is an increase in peak current seen in peak 1 after charging but also in both peak 
2/2’ and peak 3/3’. This is due to the increased activity of Fe atoms after hydrogen charging. 
Thomas et al., demonstrated that diffusible hydrogen in steel results in increased anodic dissolution 
by 200-500% [6]. An implication can be made that due to Equations 3 & 4 both requiring Fe atoms 
as reactants, an increase in Fe activity would lead to an increase in reaction rate. 


                                   H 𝑎𝑎𝑎𝑎𝑎𝑎 ⇋  𝐻𝐻+ +  e −                                                                                 (2) 


 Fes + 2 Fe(OH)2 + 4 OH− ⇋ Fe3O4 +  4 H2O + 4 e − (3) 


 Fes +  Fe3O4 + 4 OH− ⇋ 2γ − Fe2O3 + 2 H2O + 4e − (4) 


 


a) b) 
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Figure 7: a) Cyclic voltammetry curves of Steel #1 non-charged and charged b) Hydrogen concentration comparison 


 


CONCLUSIONS 


1) A correlation is seen between trapped hydrogen concentration and retained austenite, caused 
by the high solubility and low diffusivity of hydrogen in austenite. Although Steel #2 exhibited 
a lower retained austenite content yet higher trapped hydrogen concentration than Steel #1 
indicating further investigation is needed. 
 


2) No significant difference is present in amount of hydrogen oxidized by CV immediately after 
charging. This suggests that the amount of hydrogen charged is sufficient to fill hydrogen traps 
and lattice sites of each steel. 
 


3) Increased charge for Fe oxidation peaks in CV curves after charging suggests enhanced 
oxidation rates when adsorbed hydrogen is present. 


 
4) Pitting densities after immersion in NaCl solution correlate well with trapped hydrogen 


concentration, further suggesting hydrogen diffusion leads to increased anodic dissolution. 
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INTRODUCTION 


The Charpy impact test (CVN) was invented in 1900, and it is one of the most common tests used 
to evaluate the relative toughness of a material [1]. One possible parameter to be measured from 
the CVN is damping capacity. Damping capacity is a measure of a material’s ability to dissipate 
elastic strain energy during mechanical vibration. The damping capacity of a material may also be 
a good measure of a material toughness or resistance to crack initiation. While traditional CVN 
tests measure impact toughness, measurement of the damping performance during fracture gives 
a detailed picture of the mechanistic and real-time absorption of the energy during an impact or 
blast event. This technique requires no changes to specimen blanks, machining criteria, or 
additional specimens, but shows great promise for improving the correlation of conformance 
criteria to material performance and may provide significantly more correlations to useful 
toughness metrics. This paper presents some preliminary measurements from different alloys and 
the relationship between the damping measurement from the CVN test and the relative toughness 
of materials.  


METHODS 


The damping performance of a sample is extracted from the force-time curve of a Charpy impact 
test (CVN). A strain gage based force sensor detects the material force response during the CVN 
test. Figure 1 shows a typical CVN test result for a mixed mode fracture sample. P1 and P2 in the 
plot indicate the general yield force and maximum force, respectively. There is some force 
oscillation observed after the general yield force but the oscillation is damped out by plasticity 
before the maximum force. These force oscillations arise from force interaction between the striker 
and the specimen [2]. The red solid line shows a quadratic curve fit result from the data in between 
P1 and P2 in Figure 1.  The force oscillation can be isolated by subtracting the curve fit result (red 
line) from the test data (blue line) as shown in Figure 2 for HY-80 material as an example. There 
are two ways to estimate the damping performance from the force oscillation data. One is the 
logarithmic decrement method and the other is the modal curve fitting method. The logarithmic 
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decrement method assumes the system has one degree of freedom. However, the modal curve 
fitting method can also be implemented for a multi-degree-of-freedom system response. In this 
study, the Ibrahim time domain method [3] is used to estimate the damping performance from the 
force oscillation data.  


  
Figure 1. An experimental Charpy test result for a 


mixed mode fracture sample (sample B-1 in Table 
2). 


Figure 2. Force oscillation after general yield force 
(P1) from Figure 1. 


Logarithmic decrement 


A convenient way to determine the amount of damping present in a system is to measure the rate 
of decay of free oscillations. Logarithmic decrement, δ, is defined as the natural logarithm of the 
ratio of any two successive amplitudes [4]: 


   𝛿𝛿 = ln 𝑥𝑥𝑛𝑛
𝑥𝑥𝑛𝑛+1


= 2𝜋𝜋𝜋𝜋
�1−𝜁𝜁2


         (1) 


where xn and xn+1 are the amplitudes of the n-th cycle and the (n+1)th cycle, respectively.  The 
logarithmic decrement calculation result from the force oscillation is depicted in Figure 2 with a 
yellow dotted line. The two data points for the calculation are plotted with solid orange circles on 
the figure. 


Modal curve fitting method (Ibrahim method) [3] 


The Ibrahim time domain method uses time function data to estimate modal parameters. An 
eigenvalue problem is constructed from the time function data and, by solving the eigenvalue 
problem, the natural frequencies, damping ratios, and mode shapes are estimated. The time 
functions are either free decays from the structure or impulse response functions.  


Any free response of the structure can be expressed as a linear combinations of modes:  


 𝑦𝑦(𝑡𝑡) = 𝑦𝑦(𝑖𝑖Δ𝑡𝑡) =  Φ1𝑒𝑒𝜆𝜆1𝑖𝑖Δ𝑡𝑡 + Φ2𝑒𝑒𝜆𝜆2𝑖𝑖Δ𝑡𝑡 + ⋯ =  Φ1𝛽𝛽1𝑖𝑖 + Φ2𝛽𝛽2𝑖𝑖 + ⋯  (2) 


A matrix of sampled free vibration response can be formed as: 
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 𝑌𝑌 = �


𝑦𝑦(1) 𝑦𝑦(2)
𝑦𝑦(2) 𝑦𝑦(3)


𝑦𝑦(3) ⋯
𝑦𝑦(4) ⋯


𝑦𝑦(3) 𝑦𝑦(4)
𝑦𝑦(4) 𝑦𝑦(5)


𝑦𝑦(5) ⋯
𝑦𝑦(6) ⋯


� = �𝑌𝑌1𝑌𝑌2
�      (3) 


If equation (2) is applied to equation (3),  


 𝑌𝑌 =  [Φ1 Φ2 ⋯] �
𝛽𝛽10 𝛽𝛽11 ⋯
𝛽𝛽20 𝛽𝛽21 ⋯
⋮ ⋮ ⋱


� =  [Φ][Β] =  �𝑌𝑌1𝑌𝑌2
� =  �Ψ1Ψ2


� [Β]   (4) 


   𝑌𝑌1 = [Ψ1][Β]
𝑌𝑌2 = [Ψ1][Μ][Β]       (5) 


where, [Μ] = �
𝛽𝛽12 0 ⋯
0 𝛽𝛽22


⋮ ⋱
�. 


From Equations (4) and (5), we derive the equation where [Β] has been eliminated 


   [Ψ1]−1𝑌𝑌1 = [Μ]−1[Ψ1]−1𝑌𝑌2 


Now, multiplying with 𝑌𝑌1𝑇𝑇 from the right, we obtain the square and normally full rank matrix  


𝐴𝐴 = [Ψ1][Μ][Ψ1]−1 = 𝑌𝑌2𝑌𝑌1𝑇𝑇(𝑌𝑌1𝑌𝑌1𝑇𝑇)−1    (6) 


Thus the eigenvectors and eigenvalues can be found by performing an eigenvalue decomposition 
of the matrix 𝐴𝐴. Figure 3 shows a result from a modal curve fit of the experimental result. 


 


Figure 3. Comparison of the time response between experiment (blue solid line) and modal curve fit result (green 
dot). 
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RESULTS 


The force response of CVN test can be grouped as the following types: 


Type A: Lower shelf (brittle fracture) 
Type B: Ductile-to-Brittle transition Region (mixed mode fracture) 
Type C: Upper shelf (ductile fracture) 


With force curves of type A, typically only unstable (brittle) crack propagation occurs. For type 
B, various amounts of stable and unstable crack propagation can occur. For type C, only stable 
(ductile) crack propagation occurs [2]. The preliminary damping performance for each type of 
sample was calculated and summarized in a table comparing with the general yield force (P1) and 
maximum force (P2).   


 


  
Figure 4. An experimental Charpy test result for a 


brittle fracture sample (sample A-3 in Table 1). 
Figure 5. Force oscillation after general yield force 


(P1) from Figure 4 and logarithmic decrement 
calculation result (yellow dotted line). 


 


Figure 6. Comparison of the time response between experiment (blue solid line) and modal curve fit result (green 
dot) for sample A-3 in Table 1. 
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Type A: Lower shelf (brittle fracture) sample 


Figure 4 shows a typical CVN test result for a brittle fracture sample (sample A-3 in Table 1). The 
red solid line show a quadratic curve fit result from the data in between P1 and P2 in Figure 4.  
The force oscillation can be isolated by subtracting the curve fit result (red line) from the test data 
(blue line) as shown in Figure 5. The logarithmic decrement calculation result from the force 
oscillation is depicted in Figure 5 with a yellow dotted line. The two data points for the calculation 
are plotted with solid orange circles on the figure. Figure 6 shows a result from a modal curve fit 
(Ibrahim method) of the experimental result. The results from 4 different type A (brittle fracture) 
specimens are summarized in Table 1, and the general yield force (P1, Fgy), and maximum force 
(P2, Fm) are compared with the damping calculation from logarithmic decrement method (ζLD) 
and Ibrahim time domain method (ζIB). 


Table 1. Results from Type A (brittle fracture) CVN specimens  


Sample 
ID 


 P1, Fgy  
[kN] 


 P2, Fm  
[kN] 


Damping  
(ζLD) 


Damping  
(ζIB) 


A-1 7.3529 9.8870 0.0426 0.0855 
A-2 6.9698 9.8243 0.0403 0.1083 
A-3 5.3297 14.9682 0.0076 0.0609 
A-4 6.3034 15.1570 0.0077 0.0690 


Average 6.4890 12.4591 0.0246 0.0809 


 


Type B: Ductile-to-Brittle Transition Region (mixed mode fracture) sample 


Figure 1 shows a typical CVN test result for a mixed mode fracture sample (sample B-1 in Table 
2). The red solid line show a quadratic curve fit result from the data in between P1 and P2 in Figure 
1.  The force oscillation can be isolated by subtracting the curve fit result (red line) from the test 
data (blue line) as shown in Figure 2. The logarithmic decrement calculation result from the force 
oscillation is depicted in Figure 2 with a yellow dotted line. The two data points for the calculation 
are plotted with solid orange circles on the figure. Figure 3 shows a result from a modal curve fit 
(Ibrahim method) of the experimental result. The results from 4 different type B (mixed mode 
fracture) specimens are summarized in Table 2, and the general yield force (P1, Fgy) and 
maximum force (P2, Fm) are compared with the damping calculation from logarithmic decrement 
method (ζLD) and Ibrahim time domain method (ζIB). 


Table 2. Results from Type B (mixed mode fracture) CVN specimens 


Sample 
ID 


 P1, Fgy  
[kN] 


 P2, Fm  
[kN] 


Damping  
(ζLD) 


Damping  
(ζIB) 


B-1 7.856 10.907 0.0245 0.1375 
B-2 7.1547 10.55 0.0571 0.1240 
B-3 7.7754 10.618 0.0220 0.1449 
B-4 7.0524 10.477 0.0178 0.1088 


Average 7.4596 10.6378 0.0304 0.1288 
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Type C: Upper shelf (ductile fracture) sample 


Figure 7 shows a typical CVN test result for a ductile fracture sample (sample C-4 in Table 3). 
The force oscillation can be isolated by subtracting the curve fit result (red line) from the test data 
(blue line) as shown in Figure 8. The logarithmic decrement calculation result from the force 
oscillation is depicted in Figure 8 with a yellow dotted line. The two data points for the calculation 
are plotted with solid orange circles on the figure. Figure 9 shows a result from a modal curve fit 
(Ibrahim method) of the experimental result. The results from 4 different type C (ductile fracture) 
specimens are summarized in Table 3, and the general yield force (P1, Fgy) and maximum force 
(P2, Fm) are compared with the damping calculation from logarithmic decrement method (ζLD) 
and Ibrahim time domain method (ζIB).  


  
Figure 7. An experimental Charpy impact test result for 


a ductile fracture (Type C) sample (sample C-4 in 
Table 3). 


Figure 8. Force oscillation after general yield force 
(P1) from Figure 7 and logarithmic decrement 
calculation result (yellow dotted line). 


 


Figure 9. Comparison of the time response between experiment (blue solid line) and modal curve fit result (green 
dot) for sample C-4 in Table 3. 
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Table 3. Results from Type C (ductile fracture) CVN specimens 


Sample 
ID 


 P1, Fgy  
[kN] 


 P2, Fm  
[kN] 


Damping  
(ζLD) 


Damping  
(ζIB) 


C-1 8.4367 10.657 0.0228 0.2298 
C-2 8.1004 10.926 0.0071 0.1415 
C-3 6.7471 8.681 0.0646 0.1567 
C-4 7.1797 9.1673 0.0628 0.1999 


Average 7.6160 9.8578 0.0393 0.1820 


SUMMARY AND DISCUSSION 


In this study, the damping performance of a sample is estimated from the force-time curve of a 
Charpy impact (CVN) test for HY80 with various heat treatment condition. There is a force 
oscillation observed after the general yield force on the force-time curve during the CVN test. 
These force oscillations arise from force interaction between the striker and the specimen.  The 
force oscillation from CVN test was isolated from the raw measurement using a linear signal 
processing technique and the preliminary damping coefficient was estimated using two different 
methodologies, logarithmic decrement (LD) method and Ibrahim time domain (IB) method. The 
damping coefficient from a CVN test results are compared with the general yield force and 
maximum force.  


The force response of CVN test can be categorized three different types, type A: lower shelf (brittle 
fracture), type B: ductile-to-brittle transition region (mixed mode fracture), and type C: upper shelf 
(ductile fracture). The damping coefficient of each type of the sample showed consistent result 
with the sample type, which means type A sample has low damping coefficient, type C sample 
shows high damping coefficient, and the damping coefficient of type B sample is in the middle 
range of the value. This result shows an evidence of the force oscillation of the CVN test is intrinsic 
and it can be used for the performance of the energy dissipation during large deformation of the 
sample. Further investigation will be needed to find out the relationship between the damping 
coefficient from CVN test and the material toughness for the large deformation. 
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INTRODUCTION 
Over the last twenty years, development and fielding of lightweight monolithic aluminum 
appliques has provided increased ballistic protection to steel-based tactical trucks and light combat 
vehicles. The demand for ballistic-grade aluminum saw a large increase from 2003 to 2011 due to 
the excellent ballistic advantages of this low-density metal when utilized as non-structural add-on 
armor for removable B-Kit appliques on tactical trucks and combat vehicles. Developed under the 
Army’s Tactical Wheeled Vehicle Strategy [1], these removable appliques are mechanically 
attached to the base structure of the vehicle and significant amounts of aluminum plate were 
machined into the required shapes for application to current produced systems. In Figure 1, the 
two best examples are the Family of Medium Tactical Trucks (FMTV) in the A1P2 variant as well 
as the upgraded A2 variant and the Heavy Expanded Mobility Tactical Truck (HEMTT) A4 
variant. Additional aluminum-integrated amor applications included the M915A5 Line Haul trucks 
and the series of High-Mobility, Multi-purpose Wheeled Vehicles (HMMWV) to include the 
M1151A1 with the aluminum-steel Fragment Kit 5 [2].  
The ballistic advantages of aluminum over other higher-performance, non-metallic systems were 
further demonstrated when fielded aluminum armors were subjected to large blasts and multiple, 
simultaneous fragment impacts from improvised explosive devices. The primary baseline ballistic-
aluminum alloys are the 5083 alloy in MIL-DTL-46027K [3] and 6061 alloy in MIL-DTL-32262A 
[4]. The 5000-series wrought aluminum derives its properties from strain hardening, primarily by 
rolling or stretching that requires large industrial machines and facilities; these strengthening 
techniques have resulted in limitations on increasing production capacity of 5083. To alleviate this 
limitation, certification of heat-treatable 6061 alloys was expedited in 2007 and most aluminium 
appliques in use today are 6061-T6 procured to MIL-DTL-32262A’s standards. Later development 
of higher performance, 2000-series [5] and 7000-series [6] aluminums allowed increased ballistic 
performance but required additional engineering to replace earlier aluminum alloy appliques with 
these higher-cost, higher-density alloys. The design trade-off is between thickness, areal weight, 
and cost of both the alloys and engineering of the applique to base armor attachments. 
 In 2017 and 2019, Maynard Steel Castings of Milwaukee, WI patented a low-alloy steel 
manufacturing process [7,8,9] that combines traditional casting technology, additively 
manufactured precision cores and heat-treatment to create cost-effective weight-efficient, high-
strength and stiffness structural/ballistic panels. Additively-manufactured precision cores enable 







2022 DoD Steels Summit 
15–16 November 2022, Aberdeen Proving Ground, MD 
Approved for Public Release 


2 


production of unique internal structures that enhance structural stiffness and blast/ballistic 
performance while greatly reducing areal density. Manufacture of complex cross-sectional panels 
by sand casting is a high productivity process eliminating welding and quality issues associated 
with 3D metal printing approaches. 
WA Gooch Consulting Inc. has worked with Maynard Steel since November 2019 to develop 
military applications of their technology that offer direct cost savings and reduce dependence on 
higher-technology materials or processes that are often more expensive or require new 
manufacturing processes (unproven at scale) to produce structures/systems with improved ballistic 
properties. The thickness and areal density of the cast steel applique can be adjusted to replace the 
existing aluminum applique at the same thickness and attachment interfaces, a significant 
engineering cost saving. The approach of this effort and objective of this paper is to document the 
development of a series of cast steel ballistic test coupons that replicate the baseline ballistic 
performance of a representative monolithic aluminum plate at the same thickness, i.e., a 2.00” 
6061-T6 wrought plate with an areal density of 28.32-psf or less. Both appliques are stand-alone 
designs without base-armor backing that allow direct comparison of the ballistic performance. 
 
 
 


Medium Tactical Truck FMTV A2 Heavy Tactical Truck HEMTT A4 


M915A5 Line Haul Armored Tractor  M1151A1 with Fragment Kit 5 


Figure 1. Tactical Trucks with Aluminum Appliques 
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ADDITIVELY-MANUFACTURED CORES 
Additive manufacturing (AM) uses Computer-Aided Design (CAD) software to direct the suitable 
hardware to deposit material layer by layer in precise geometric shapes.  The process adds material 
to create objects as compared to conventional subtractive manufacturing processes such as 
machining, milling, or carving. 3D printing and Rapid prototyping are often used to describe 
additive manufacturing and are a subset of additive manufacturing. [10] 
Additive Manufacturing includes a variety of technologies that build physical objects directly from 
three-dimensional CAD data. Various AM processes have been introduced by several companies 
and ASTM F42 [11] classifies AM processes into seven categories as listed below. 


Binder Jet 3D Printing. Liquid binder selectively deposits and joins powder or granular 
materials. Related technologies for this process include Powder Bed and Inkjet Head (PBIH), and 
plaster based 3D Printing (PP). This is suitable for foundry sand, polymers. and metals and was 
used in producing the sand cores for the ballistic cross-sections. 


Powder Bed Fusion. Thermal energy selectively fuses regions of a powder bed. Related 
technologies include Electron Beam Melting (EBM), Selective Laser Sintering (SLS), Selective 
Heat Sintering (SHS) and Direct Metal Laser Sintering (DMLS). This is suitable for metals and 
polymers 


Directed Energy Deposition. Focused thermal energy is used by melting as the material is 
being deposited to fuse materials. Laser Metal Deposition (LMD) is the related technology of this 
process. This is suitable for metals. 


Material Extrusion. Material is selectively dispensed through a through a nozzle. Fused 
Deposition Modeling (FDM) is the related technology of this process and is suitable for polymers. 


Vat Photo Polymerization. Liquid photopolymer in a vat is cured by light-activated 
polymerization.  Stereo Lithography (SLA), and Digital Light Processing (DLP) are the related 
technologies of this process and are suitable for photopolymers. 


Material Jetting. Droplets of material are selectively deposited. MultiJet modeling (MJM) is 
the related technology for this process and is suitable for waxes and polymers 


Sheet Lamination. Sheets of material are bonded to form the required object. The related 
technologies for this process include Laminated Object Manufacturing (LOM), and Ultrasonic 
Consolidation (UC) and is suitable for paper and metals. 
At Maynard Steel, lightweight steel armor structures are cast using nobake sand molds and AM 
3D printed sand cores of proprietary design to create a steel cross-section with lower density 
compared to solid steel. The manufacturing process involves the provision of AM 3D printed sand 
cores bonded with a furan nobake binder system, placing the 3D printed sand cores into a sand 
mold bonded with an ester cured nobake binder system, providing a suitable gating system for 
entry of molten steel into the mold and decoring the casting after shakeout. The steel casting is 
then heat-treated after the casting is separated from the gating system to achieve the desired 
hardness for ballistic resistance and toughness for blast resistance. Figure 2 shows a large drag 
mold being prepared for casting with AD core set in place with the casting shown on the right [9].  
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The patented system provides lightweight steel appliques and components of consistent 
predetermined densities using modifications to the well-known sand casting technology. The 
hybrid process combines modern technology of AM 3D printed sand cores with conventional sand 
casting processes. Design of AM 3D sand cores in the castings allow production of lightweight 
steel cross-sections that have lower areal weight than solid steel. The location of the 3D printed 
sand cores in the mold also allow variable density steel plates with one or both sides being solid 
with the remaining internal structure designed to meet the desired areal weight and internal ballistic 
structure. The internal cross-section is so complex that conventional core-making technologies are 
not suitable and Binder Jet 3D printing technology is utilized to make the cores that are set into 
the mold cavity before pouring molten metal (Figure 3). 


 
APPLIQUE DESIGN AND BALLISTIC REQUIEMENT 
 
The objective for this effort was to design and ballistically test a cast steel applique of equal 
thickness and equal or less areal density that exceeds the ballistic performance of a nominal 2.0” 
6061-T6/T651 aluminum applique. For these tests, there is no base armor and the aluminum and 
cast steel appliques can be compared directly. The test projectile (Figure 4) is the US 0.30-Cal 
APM2 with an impact obliquity of 0o and Table 1 provides comparative ballistic data for a 2.016” 
6061-T6/T651 wrought aluminum plate to a monolithic rolled homogeneous armor (RHA) 


Figure 3.  (a) Example of an Internal Structure with (b) AM 3D Printed, Precision Casting Core 


Figure 2. (L) - Large Drag Mold with AD Cores being Prepared for Casting                                                          
(R) Variable Density Lightweight Steel Plate (3’X5’X0.75”) with 80% Weight Compared to Solid Plate. 
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thickness and areal density at the 6061-T6/T651 V50 
Ballistic Limit (BL) velocity of 2896-fps [12]; the 
equivalent reference RHA thickness is 0.65” (26.5-
psf) at a nominal 2900-fps [13]. The Protection VBL is 
also referenced in Table 1 which can be used to 
compare 6061-T6/T651 protection to the Maynard 
cast applique; the protection ballistic limit velocity 
(VBL) can be estimated by decreasing the V50 BL 
velocity by three standard deviations [14]. The mass 
efficiency (Em) for a 2.0” 6061-T651 can also be 
calculated at 0.94 (26.50/28.32); the less than 1.0 Em results from rigid-body penetration of lower-
strength 5083 and 6061 aluminum alloys by hard-core armor-piercing (AP) projectiles. A 
monolithic RHA plate would provide slightly greater V50 performance, but neither applique stands 
alone and is generally backed by a steel base structure and must perform against other projectiles 
and fragment impact. An areal weight of 26.1-psf was selected as the applique design weight as 
this areal density is just below the baseline RHA equivalence at 2900-fps and would provide a 
ballistic improvement over a nominal 2.0” 6061-T6/T651 applique at 28.32-psf and a monolithic 
0.65” RHA applique at 26.5-psf. A series of potential cast cross-sections were examined and an 
optimized initial design designated Maynard Design 2-G4 was developed using SolidWorks [15] 
modeling. A standard AISI 8630 alloy was used in the casting that has a weight percent 
composition of 0.30 Carbon, 0.80 Mn, 0.35 Si, 0.61 Ni, 0.49 Cr, 0.24 Mo 0.039 Al with 
0.005/0.007 S and P. The use of cast steel alloys that meet MIL-A-11356F (MR) [16] can also be 
used for applications designed for either Class 1 penetration resistance or Class 2 blast resistance 
depending on heat-treatment. 
 


Table 1. Comparison of V50 Ballistic Limits for Nominal 2.0” 6061 to RHA 


Alloy 
V50 BL 


0.30-Cal APM2 
Standard 


Deviation (σ) 3σ Protection VBL 
0.30-Cal APM2 


6061-T651 2896-fps 15-fps 45-fps 2851-fps 


 
Maynard Design 2-G4 optimizes the core design with the cast steel cross-section consisting of two 
cast outer monolithic spaced steel plates with an internal cast core designed to optimize AP fracture 
and energy absorption by intersecting an internal oblique plate at an angle of at least 45o. Figure 5 
shows the cross-section, cast steel one piece part, the AM sand core and the SolidWorks model. 
The internal oblique plate design provides a minimum three plate interactions as seen with the 
three possible shot lines shown in red; perforations in the internal cast plate were used to lighten 
the structure as well as improve projectile breakup. 
 
BALLISTIC DEVELOPMENT 
 
Between December 2020 and April 2021, a series of V50 ballistic tests were conducted on the 


Alloy Nominal Plate Thickness 
(inch) 


Density  
lb/in3 (g/cm3) 


Areal Density 
lb/ft2 (psf) 


V50 Ballistic Limit 
 0.30-Cal APM2 ft/s (fps) 


6061-T651 2.016 0.098 (2.70) 28.32 2896 [12] 


RHA 0.65 [13] 0.283 (7.85) 26.50 2900  


Figure 4. 0.30-Cal APM2 
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Maynard Steel Design 2-G4 at Chesapeake Testing of Belcamp, MD; Table 2 provides 
comparative data for hardness levels of 300BHN and 420BHN. The interest was applique ductile 
petalling at the lower 300BHN hardness versus projectile breakup/fracture on the three plates of 
the steel cross-section at the higher 420BHN hardness. From ballistic observations [17], the effects 
of adiabatic shear of the applique become prevalent when hardness levels are in the range of 340-
420 BHN, depending on the alloy, thickness, and heat-treatment. The tradeoff is projectile 
breakup/fracture of hard-core projectiles versus ductile response, as required with fragment 
simulating projectiles (FSP).  
 


Table 2. Summary of Chesapeake Testing of Maynard Cast Steel Design 2-G4 


Test Date Hardness V50 BL 
0.30-Cal APM2 


Standard 
Deviation (σ) 3σ Protection VBL 


0.30-Cal APM2 


18 December 2020 420HB 3261-fps 74.3-fps 222.9-fps 3038-fps 


9 April 2021 300HB 3287-fps 49.8-fps 149.4-fps 3138-fps 


 
The data show that the lower hardness of the 300HB cast steel provided slightly increased 
protection over the higher hardness applique with significantly lower standard deviation and higher 
VBL. The increase may result from ductile failure of the lower hardness casting versus the more 
brittle shear failure of the plates in the 420HB casting. Figure 6 shows the front and rear impacts 
on the 300BHN (L) and 420BHN (R) Maynard Design 2-G4 castings. The perforations of both 
back plates were ductile petalling and show little difference in response at the two hardness levels. 
 
To further understand the interaction, the 420HB Casting was sectioned down the centerline of the 
applique and Figure 7 shows both halves together with shot lines for partial penetrations P1 (3033-
fps) and P2 (3119-fps). Both 0.30-Cal steel cores penetrated the front and inner angular plates and 
made small indentations on the inside back plate.  Shot P3 (3190-fps) was like P1/P2 and P4 (3343-
fps) cracked and bulged the back plate (shown in Figure 6) but did not penetrate the aluminum 


Figure 5. Maynard Steel Design 2-G4 
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witness plate.  In all cases the penetrations were ductile and did not exhibit adiabatic shear. 


DISCUSSION 
 
The intent of this paper was to introduce an alternate processing technology to replace current 
aluminum armor appliques. The advantages of using long-established steel casting technology and 
heat-treat capabilities, combined with modern additive manufacturing processes for sand molds 
opens a wide range of applications. Comparative ballistic testing of cast steel appliques and equal 
weight aluminum alloys has shown equal or better performance for stand-alone cross-sections. 
When appliqued to a base armor, further increases in protection result, particularly for FSP type 


Figure 6. Front and Back Photos of Maynard Design 2-4G Applique - (L) 300BHN and (R) 420 BHN 
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Figure 7. Sectioning of 420BHN Maynard Design 2-4G Applique 
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threats and higher-performance hard-cored AP projectiles. The cost advantages of high metal yield 
to the finished applique cannot be overlooked versus lower metal yield of milled monolithic 
wrought aluminum plate. Lastly, the use of modeling and simulation tools are required to optimize 
these cross-sections and this work will be the subject of a future paper. 
 
CONCLUSIONS 
 
US research facilities, both within the government and the military industrial base, have initiated 
programs to develop lower-weight appliques that can be adapted to the wide range of combat 
systems. Most fielded developments have emphasized use of monolithic plate that simplify 
application. Research efforts have ranged from lowering the density of armor steels through alloy 
modifications to the development of higher-strength, lower density alloys such as the 2000/7000 
series ballistic aluminums or even “lower-cost” Class 4a Ti-6Al-4V titanium alloys. These 
developments have been under development for many years, but have reached design limitations 
due to alloying limitations, insufficient strength, toughness, hardness, or high comparative costs. 
Maynard Steel Casting has developed and patented a steel casting concept using precision AM 3-
D printed sand cores that can be adapted to the existing thickness and ballistically designed to meet 
or exceed ballistic requirements. The availability of an alternate processing technology such as 
conventional low-alloy cast steel with comparable bulk densities to aluminum or titanium and 
comparable ballistic and blast resistance properties will allow current vehicles to be re-fitted with 
steel add-on armor appliques with the same thickness as earlier aluminum appliques.   
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INTRODUCTION 


NiCr Martensitic Steels Alloys provide the highest combination of strength and toughness in the 
Ultra-High Strength Steel Alloy Class (FeUH) of materials.  These alloys are designed to provide 
materials solutions to mission critical challenges. For example, AerMet Alloys have been 
developed into a family of alloys which provide Ultimate Tensile Strength capabilities ranging 
from 280 KSI to over 360 KSI while preserving the highest level of toughness reflected in 
Elongation %, Reduction of Area %, Charpy V-Notch Impact Strength, and Fracture Toughness.  
Aermet® 1001 has been used extensively in DOD, Aerospace, and Automotive Racing 
applications and while AerMet 100’s mechanical strength capabilities make it very attractive 
from a performance perspective, it also possesses other desirable characteristics that make it 
conducive to the demands of these challenging applications.  These characteristics include 
tolerant hot workability, castability, Additive Manufacturing (AM) characteristics, repeatable 
and predicable heat treat characteristics, and weldability.  In a December 1993 paper published in 
Foundry Management & Technology by Paul Novotny (Carpenter Technology Corp.), it was 
demonstrated that Cast + HIP’ed + Heat Treated properties were almost equivalent to those of 
cast wrought properties. (1) In a 1999 paper published by Sandia National Labs, the welds of 
Aermet 100 were demonstrated to have almost the same mechanical strength and ductility of the 
base metal. (2)   


The work presented in this paper explores the Electron Beam Welded (EBW) characteristics of 
AerMet 360 which is currently the highest strength member of the AerMet series of Ultra-High 
Strength Steel Alloys.  The work demonstrates that the EB weld properties closely match the 
base metal properties.  The resulting microstructure depicting the as welded condition and 


 
1 AerMet® is a registered trademark of CRS Holdings, a subsidiary of Carpenter Technology Corporation  
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welded + post weld heat treatment condition is presented in support of the observed mechanical 
property performance.    


METHODS 


Eight machined 0.625”x7”x12” plates were Electron Beam Welded (EBW) to form four plates.  
Prior to EBW, four of the original samples were in the Solution Annealed condition while the 
other four samples were in the Solution Annealed and Aged (SAA) condition.  Post EBW, one 
plate was left as welded (AW) while the other plate was subjected to a post weld heat treatment 
(PWHT).  The identifications and associated heat treatments are presented in Table 1.  Light 
optical microscopy (LOM) and scanning electron microscopy (SEM) with energy dispersive 
spectroscopy (EDS) were used to characterize the developed microstructure and chemistry.  
Hardness testing, tensile testing and Charpy V-Notch testing were used to characterize the 
mechanical properties of the weld relative to the base material.  The single pass Electron Beam 
Welding (EBW) used an accelerating voltage of 120 kV with a beam current of 42 mA and a 
travel speed of 20 in/min.  The characterization work was performed by Alejandro Alvarez, Dr. 
Boian Alexandrov and Dr. Dennis Harwig at The Ohio State University (Welding Engineering 
Program). (3)  


 


Table 1:  Eight hot rolled flat samples were used for the EB Welded study.  Four of the samples (1-4) were in the 
solution annealed (SA) condition while the other four (5-8) were in the Solution Annealed and Aged (SAA) 
condition.  All samples were machined post heat treatment.  Two samples were welded together within each set to 
produce 4 plates.  Within each set, a plate was left as welded (AW) while the other plate was subjected to a post 
weld heat treatment (PWHT).  


original plate 
condition 


Solution Annealed* (SA) Solution Annealed* and Aged** (SAA) 


Sample Identity 1 2 3 4 5 6 7 8 


Plate Identity SA PWHT SA AW SAA PWHT SAA AW 


*Solution 
Annealing (SA) 1775oF, 1 hr., Gas Quench to RT, Refrigerate -100oF, 1 hr., Air Warm 


**Ageing 
Treatment 


900oF, 2.5 hr., AC to RT + Refrigerate -100oF, 1 hr., Air Warm + 900oF, 2.5 hr., AC to RT + 
Refrigerate -100oF, 1 hr., Air Warm 


AW As Welded 


PWHT Post Weld Heat 
Treatment: Refrigerate -100oF, 1 hr., Air Warm + Ageing Treatment 
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RESULTS & DISCUSSION 


AerMet 360 is a Double Vacuum Melted (VIM+VAR) Steel alloy which uses M2C (M=Cr,Mo) 
Carbide precipitates in a Fe-Ni lath martensite matrix to develop the highest combination of 
strength and toughness.  Based on the original AerMet 100 chemistry, AerMet 360 was 
specifically developed to offer the highest strength while preserving toughness as reflected by 
the area under the stress strain curve.  The chemistry as presented in Table 2 stays consistent 
with that of AerMet 100 but allows for the development of a greater volume fraction of 
precipitates in the matrix which contributes directly to the strength of the alloy.   


Table 2:  Chemistry of AerMet Alloys 


  AerMet 100 AerMet 310 AerMet 340 AerMet 360 
C 0.23 0.25 0.33 0.34 
Cr 3.10 2.40 2.25 1.80 
Ni 11.10 11.10 12.00 11.10 
Co 13.50 15.00 15.60 17.00 
Mo 1.20 1.40 1.85 2.35 
Ti    0.010 


 


Macrostructure and Microstructure 


The base metal microstructure of the four welded plates is presented in Figure 1.  In both the 
Solution Annealed (SA) condition and the Solution Annealed and Aged (SAA) condition, the 
microstructure is a lathe martensite with a uniform distribution of precipitates between the lathes.  
Macro images of the weld metal are presented in Figure 2.   


    


     
Figure 1:  Microstructure of the base material associated with the four welded plates. 
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Figure 2:  Macro images of the welds. 


 


Columnar dendritic structures with dendrites growing in a direction normal to the weld centerline 
are observed; Figure 3.  The interdendritic regions are rich in C, Mo, Ti, La and Cr and lean in 
Fe, Co, and Ni; Figure 4.  Some level of porosity is noted in all the welds.  The porosity is 
generally located at the dendrite boundary triple points and is believed to be caused by the rapid 
cooling associated with EBW.  It should be noted that no effort was made to optimize the EBW 
process.  It is also believed that using multiple EBW passes instead of a single pass would have 
significantly reduced or eliminated these observations.  The HAZ grain structure in the SA 
PWHT and SAA PWHT samples is finer than that observed in the SA AW and SAA AW 
samples.  It is not believed that the grain size is changing during the PWHT but instead, the finer 
regions are simply becoming more observable.     


 
Figure 3:  SA PWHT weld metal microstructure 
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Figure 4:  SA PWHT weld metal EDS showing elevated levels of C, Mo, Ti, La, and Cr in the interdendritic regions. 


Hardness 


Hardness maps across the weld area to the base metal were developed using an automatic 
hardness tester LECO AMH43 with a Vickers indenter (100g load, 100μm steps). The hardness 
test results are presented in Figures 5-6.  As might be expected, the hardness in the weld area was 
highest in the Post Weld Heat Treated (PWHT) samples and was almost equal to the hardness 
measured in the base metal.  Non-symmetric test values were observed in the PWHT samples in 
that the base metals on each size of the weld developed consistently different hardness values.  
The As Welded (AW) samples had a more symmetric profile which is what would have been 
expected.  In the As Welded (AW) samples, the hardness dropped in the weld metal.  For the SA 
AW sample, the hardness stayed low from the weld metal area to the base metal.  For the SAA 
AW sample, the hardness increased steadily from the weld metal to that of the base metal.  For 
SA PWHT, the hardness never increased to full hard values in the HAZ/base junction but did 
increase relative to the SA AW sample.  For the SAA PWHT sample, the hardness in the 
HAZ/Base junction never reached the full hard condition observed in the other areas and stayed 
very close to the hardness of the SAA AW sample.  The area identified as the HAZ/Base Metal 
junction was very narrow in width but showed up very discretely in the hardness map.  The SA 
PWHT sample displayed the best hardness profile in terms of actual hardness value and 
uniformity across the weld. 
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a: Hardness traverse SA PWHT plate                                         b:  Hardness traverse SA AW plate 


 


c:  Hardness traverse SAA PWHT plate    d:  Hardness traverse SAA AW plate 


Figure 5:  Cross weld hardness profile associated with each plate. 
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Figure 6:  Plot of average hardness as a function of test location for each plate condition 


 


Tensile Testing 


Three cross weld transverse samples and three base metal longitudinal samples were tested for 
each plate.  The test pieces were prepared in accordance with ASTM E8.  Before sample 
extraction, the weld roots were subjected to local grinding to develop a uniform surface.  The 
tension results are presented in Table 3.  The variability observed in the Elongation and 
Reduction of Area is believed to be associated with the observed porosity.  Table 4 presents the 
average tensile values for the various heat treat conditions.  The SA PWHT sample displayed the 
best combination of strength and ductility across the weld relative to the base metal and 
published reference test values.  It is believed that these values would improve by working to 
eliminate the observed porosity and reducing the segregation by optimizing the EBW process. 


Table 3:  Tensile test results for welded plate samples 
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Table 4:  Average tensile values for various plate conditions studied  


  Location SA 
PWHT 


SAA 
PWHT SAA AW SA AW 


Published 
typical 


values for 
reference 


UTS, MPa WELD 2438 2405 2435 2030   
2521 BASE 2500 2449 2517 2174 


YS, MPa WELD 2209 2218 2140 1542   
BASE 2214 2209 2224 1526 2233 


ELNG % WELD 3.8 1.3 2.8 6   
BASE 7.1 5.5 4.9 11.3 5.8 


RA % WELD 10.8 1.3 7.7 10.6   
BASE 15.8 5.5 10.3 22.2 17.6 


Charpy V-Notch, J 
HAZ 6 5 21 24   


  
5.8 


WELD METAL 5 8 28 25 
BASE METAL 8 7 8 25 


 


Charpy V-Notch Testing 


Charpy V-Notch impact test specimens (ASTM E23) were extracted and notched in the T-L 
orientation from the following locations: 


• Weld metal centered notch 
• HAZ centered notch 
• Base metal  


The data is very consistent and is presented as average values in Table 4.  In the PWHT samples, 
the impact tests in the HAZ and weld metal area are slightly lower or equal to those measured in 
the base metal.  The Solution Annealed “As Welded” (SA AW) impact results are uniformly 
high across the weld to the base metal.  The Solution Annealed and Aged “As Welded” (SAA 
AW) displayed very high impact tests in the HAZ and Weld Metal areas similar to that observed 
in the SA AW sample.  The Impact values observed in the base metal area of the SAA AW 
sample was consistent with what one would expect for Aermet® 360 in the Solution Annealed 
and Aged condition similar to the values observed in the base metal area of the PWHT samples.  
All samples displayed good impact test results with the best overall being observed in the SAA 
AW sample.      


 


CONCLUSIONS 


Consistent with the welding behavior observed with AerMet 100, Aermet® 360 also develops 
properties across the weld similar to what is observed in the base metal.  It must be noted that the 
results presented in this paper reflect a first attempt at EB Welding AerMet 360.  No effort was 
made to optimize the weld process.  Welding induced segregation was observed in the 
interdendritic regions within the weld and HAZ.  Porosity was also observed mainly at the 
dendrite boundary triple points.  It is believed that the weld profile could be significantly 
improved by using multiple weld passes instead of a single weld pass.  The mechanical property 
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tests including hardness, tension, and impact testing showed that uniform properties could be 
achieved across the weld.  Some variability in the Elongation and Reduction of Area was 
observed and was believed to be associated with the observed porosity.  The Charpy Impact 
Energy values were very consistent and similar to or better than those observed in the base metal.  
The Solution Annealed samples with a Post Weld Heat Treat (SA PWHT) sample demonstrated 
the ability to generate high Ultimate Tensile Strength and Yield Strength along with good 
ductility consistent with that of the base metal.  As a follow up to this work, it is suggested that 
the EBW process be optimized by using multiple passes instead of a single pass to minimize the 
noted segregation and porosity.           
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INTRODUCTION 


There are three main types of nitriding methods which include gas nitriding, plasma nitriding 
(ion nitriding or glow discharge nitriding) and salt bath nitriding (nitro-carburizing).  Advantages 
and disadvantages exist for all three types of nitriding processes.  The salt bath nitro-carburizing 
is particularly attractive because it involves immersion of parts into a pre-heated (>1000oF) 
agitated fused salt bath for relatively short periods of time.  Because it is a liquid bath, long 
internal channels such as the ID of tubes have equal exposure to the nitriding media to form a 
uniform case depth throughout the entire part.   


Carbon and Nitrogen are both metabolized and diffuse into the components. The oxidizing 
operations promote the formation of varying forms of iron oxides that further enhance corrosion 
resistance imparted to alloy steels by the Quench-Polish-Quench (QPQ) Nitro-carburizing 
process. (1,2,3) In general, two discrete layers develop which are designated as the compound layer 
and the diffusion zone.  Depending on the parameters associated with the salt bath Nitro-
carburizing process and the alloy chemistry, the compound layer may not always be present or 
may be present in varying thicknesses. The compound layer consists mainly of iron carbo-
nitrides (Fe2(N, C)) and iron nitrides (Fe4N) and can range from 0.00015”-0.001” in depth. (1,2,3) 
The diffusion zone will have the original microstructure with solid solution nitrogen and 
precipitated nitrides.  The diffusion zone is typically much thicker than the compound layer.(3)  
Within the diffusion zone, the hardness will transition from the higher hardness of the compound 
layer to the base metal (core) hardness.  The observed hardness gradient within the diffusion 
zone will depend on base metal chemistry and the nitro-carburizing parameters.   


Traditional Nitriding-specific alloy steels such as Nitralloy 135 Modified and Nitralloy N have 
been specifically designed with additions of nitride forming elements such as chromium, 
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molybdenum, vanadium, and aluminum to facilitate the formation of desirable precipitates.1 
These alloys are also designed with high tempering or aging temperatures to allow for Nitriding 
which is commonly performed at temperatures greater than 850oF.  QPQ Nitro-carburizing has 
also been used extensively on alloy systems that have not specifically been designed for 
Nitriding.(4,5) Since the QPQ process involves exposure to temperatures >900oF, alloy systems 
with high aging or high tempering temperatures are more suitable.  Examples of these alloy 
systems include Nickel Maraging Alloys such as NiMark® 250 and NiMark 300 as well as 
Precipitation Hardenable Stainless Steels such as Custom 630 (17-4), 15Cr-5Ni, 13-8 Stainless, 
Custom 455®, and Custom 465® which age at temperatures in the range of 900oF to 1150oF.2   
Martensitic temper-resistant alloys such as Carpenter Technology’s GNB200 would also be 
compatible with the QPQ Nitro-carburizing process.   


A-21®Stainless Steel is a novel alloy originally designed to maintain exceptional corrosion 
resistance after carburizing whereby it develops a robust, hard (>60 HRC), and wear resistant 
case in combination with a tough and ductile core.  This paper explores the Nitro-carburizing 
response of A-21® Stainless Steel.        


METHODS 


Several parts were fabricated from Hardened and Tempered A-21 Stainless bar product at ~32 
HRC.  Cut samples were Nitro-Carburized using the described process at varying Nitro-
carburizing times and temperatures (per AMS 2753).  The main steps associated with the QPQ 
process(1,2, 3) are: 


(1) Nitride at ~900-1100oF for 30-120 minutes 


(2) Oxidize at ~750oF-850F for ~ 10 minutes  - “QUENCH” 


(3) POLISH 


(4) Oxidize at ~750oF-850F for ~ 20 minutes – “QUENCH” 


Micro-hardness was used to characterize the resultant hardness profile of the Nitro-carburized 
samples. The samples were also characterized using a Metallurgical microscope to identify and 
characterize the case depth.  SEM/EDS mapping was used to capture the bulk chemistry of the 
various layers that were developed. Salt Spray (Fog) Corrosion testing per ASTM B117 was 
used to characterize the corrosion resistance of Nitrided samples.     


RESULTS & DISCUSSION 


The mechanical properties of A-21 Stainless are presented in Table 1 relative to other popular 
carburizing-specific alloys. The associated compositions are presented in Table 2.  A-21® 


 
1 A-21® is a registered trademark of Latrobe Specialty Metals Company, a subsidiary of Carpenter Technology Corporation  
Blacknitride+® is a registered trademark of H&M Metal Processing Company 
2 NiMark®, Custom 455®, Custom 465®, and Pyrowear® are registered trademarks of CRS Holdings, a subsidiary of Carpenter Technology 
Corporation  
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Stainless and Pyrowear® 675 Stainless are the only two alloys designated as having stainless 
characteristics.   


Table 1:  Mechanical property comparison for various carburizing- specific alloys   


  8620 
(0.50"RD) 


9310 
(0.565"RD) 


Pyrowear 675 
Stainless A-21 Stainless  


0.2% Offset Yield Strength, KSI 150 138 154 158 


Ultimate Tensile Strength, KSI 188 169.5 185 197 


Elongation % 11 14.8 20 17 


Reduction of Area % 52 61.8 75 61 


Charpy V-Notch Impact, ft-lbs - - - 63 


Core Hardness. HRC 42 38 39 40 


Case Hardness, HRC 63 58 63 60 


Tempering Temperature 300oF 300oF 950oF 350oF 


 


Table 2:  Composition comparison for various carburizing-specific alloys  


  8620 
(0.50"RD) 


9310 
(0.565"RD) 


Pyrowear 675 
Stainless A-21 Stainless  


C 0.20 0.10 0.07 0.10 
Si 0.22 0.25 0.40 0.30 


Mn 0.80 0.50 0.65 0.05 
Cr 0.50 1.20 13.00 11.30 
Ni 0.55 3.25 2.60 3.00 
Co - - 5.40 - 
Mo 0.20 0.12 1.80 0.70 
V - - 0.60 0.10 
Al - - - 0.01 
Ti - - - 0.3 
Fe BAL BAL BAL BAL 


 


By protecting the chromium from reactive elements such as carbon and nitrogen, in the 
carburized state (surface hardness ~60 HRC), A-21 Stainless demonstrates the ability to pass 200 
hours salt spray corrosion testing per ASTM B117.  This is a fantastic and unique 
accomplishment.  Figure 1 shows samples from various alloys subjected to the harsh testing 
protocol.  The carburizing is accomplished by using a “Low Pressure Carburizing” (LPC) 
process where carbon is pulsed into a low pressure chamber containing the parts at high 
temperature for a period of time.  The hardening and tempering operations are integrated into the 
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carburizing process and a robust carburized >60 HRC case, 0.040”-0.125” deep, can be 
developed using this process.  Minimal distortion and size change is observed. 


 
Figure 1:  200-hour Salt Spray results for carburized A-21 Stainless Steel relative to competitive products. 


 


Stainless Steels nitro-carburize at faster rates (~3X faster) than those observed in alloy steels and 
the peak hardness is typically in the range of 68-72 HRC.   For most non-stainless alloy steels, 
the maximum achievable surface hardness is 65 HRC and the effective case depth (50 HRC) is 
limited to a maximum depth of 0.0025” to 0.005”.  The demonstrated properties of A-21® 
Stainless tempered at high temperatures make A-21 Stainless compatible with the Nitriding 
temperatures used in the QPQ salt bath nitro-carburizing process.  After 1-2-hour temper at 
1050oF, the Ultimate Tensile Strength of A-21 Stainless is ~150 ksi with an associated Charpy 
V-Notch Impact toughness of ~144 ft-lbs; Table 3.   The core hardness remains close to 32 HRC.  
The chemistry of A-21 Stainless is presented relative to other Nitriding specific alloys in Table 4 
and the presence of nitride formers such as chromium and molybdenum should be noted.    


 


Table 3:  Mechanical properties of A-21 Stainless tempered at 1050oF for various times relative to other Nitriding-
specific alloys       


  Nitralloy 135 
Modified Nitralloy N A-21 Stainless A-21 Stainless 


0.2% Offset Yield 
Strength, KSI 100 170 140 142 


Ultimate Tensile 
Strength, KSI 135 180 148 153 


Elongation % 16 16 21 21 
Reduction of Area % 50 50 74 73 
Core Hardness, HRC 30 41 32.4 32 


Charpy V-Notch 
Impact, ft-lbs 61 18 147 142 


Temper 1000-1300oF 1200-1250oF + 
975-1050oF Age 2 hrs. @ 1050oF 1 hr. @ 1050oF 
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Table 4:  Typical chemistry of A-21 Stainless compared other Nitriding specific alloys 


  Nitralloy 135 
Modified Nitralloy N A-21 Stainless 


C 0.40 0.24 0.10 
Mn 0.60 0.60 - 
Si 0.30 0.30 0.30 
Ni - 3.50 3.00 
Cr 1.60 1.15 11.30 
Mo 0.35 0.25 0.70 
Al 1.20 1.25 0.01 
Ti - - 0.30 
V - - 0.10 
Fe BAL BAL BAL 


 


Figures 2-4 present the results of the QPQ Nitro-Carburizing time study conducted by H&M 
Blacknitride+ at various temperatures and times.  Figure 5 presents the growth rates graphically.  
Trendlines are applied but one should avoid extrapolating beyond the validated dataset.  Three 
layers are clearly observed (Figures 2-4).  After QPQ nitro-carburizing for 2 hours at 1075oF, a 
compound layer measuring 0.0003” in depth develops with an associated compound zone 
measuring 0.0023” in depth relative to the surface of the part.  The hardness measures 70 HRC to 
0.002” in depth from the surface and gradually decreases to the core hardness within the 
Diffusion Zone (Figure 4).  The compound layer begins to develop after 60 minutes at 1075oF 
and 1000oF (Figure 2 and Figure 3).  No measurable size change or distortion was noted.  


 
Treatment Duration 30 mins 60 mins 90 mins 120 mins 
Compound Layer (inches) N/A 0.0001 0.0002 0.0003 
Compound Zone (inches) 0.00085 0.0015 0.002 0.0024 
Compound Zone Hardness (HRC) 70 70 71 71 
Core Hardness (HRC) 29 29 29 29 


 


Figure 2:  A-21 Stainless Steel H&M Blacknitride+ QPQ Salt bath Nitro-carburizing time study using 1075oF Nitro-
carburizing temperature.  The compound layer begins to develop after 60 minutes exposure.  The image was 


supplied courtesy of H&M Blacknitride+. 
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Treatment Temperature & Duration 30 mins @ 1000oF 60 mins @ 1000oF 


Compound Layer (inches) N/A <0.0001 
Compound Zone (inches) 0.0004 0.0006 
Compound Zone Hardness (HRC) 70 70 
Core Hardness (HRC) 32 32 


 


Figure 3:  A-21Stainless Steel H&M Blacknitride+ QPQ Salt bath Nitro-carburizing time study using 1000oF Nitro-
carburizing temperature.  The compound layer begins to develop after 60 minutes exposure.  The image was 


supplied courtesy of H&M Blacknitride+. 


 


 


Figure 4:  H&M Blacknitride+ QPQ Salt Bath Nitro-carburize case profile and observed layers.  The case was 
developed using a 2-hour cycle @ 1075F.  The image was supplied courtesy of H&M Blacknitride+. 
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Figure 5:  Plot of A-21 Stainless Steel H&M Blacknitride+ QPQ Salt bath Nitro-carburizing time study showing the 


rate of growth of the compound zone and compound layer for both 1000oF and 1075oF Nitro-carburizing 
temperatures 


 


Salt Spray (Fog) Corrosion testing per ASTM B117 was conducted on test coupons Nitro-
carburized at 1075oF for various times.  The results are presented in Figure 6.  Since A-21® 
Stainless inherently withstands this aggressive environment, no corrosion was observed on the 
control sample exposed up to the 300 hrs. test limit.  Less than 5% red rust was observed on the 
test coupons nitro-carburized for 90 and 120 minutes.  The 90 minute and 120 minute samples 
had the most developed compound layer.  The samples which were nitro-carburized for 30 and 
60 minutes (with the least developed compound layer) began to develop red rust after 96 hours 
exposure to the aggressive salt spray (fog) environment.  It should be noted that resistance to salt 
spray for 96 hours is still a good result. 
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Figure 7:  Salt Spray (Fog) Corrosion testing per ASTM B117 of samples Nitro-carburized at 1075oF for various 


times.  The image was supplied courtesy of H&M Blacknitride+. 
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SEM/EDS chemistry mapping was used to capture the bulk chemistry of the various zones.  The 
chemistry mapping does not provide information specific to the developed phases.  SEM/EDS 
chemistry mapping results are presented in Figure 8.  The captured images show that the 
compound layer is enriched in chromium and depleted in nickel and iron.  As expected, the 
nitrogen content is elevated in the compound layer and compound zone relative to the substrate.  
These observations are consistent with the results of the corrosion testing in that higher 
chromium content would be expected to contribute to better corrosion resistance.   


 
Figure 8:  SEM/EDS chemistry mapping shows that the compound layer is enriched Chromium and depleted in 


Nickel and Iron.  High localized Nitrogen content is detected at what is believed to be a pre-existing TiN particle.  
Nitrogen content is elevated in compound layer and compound zone. 
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CONCLUSIONS 


A-21 Stainless has been shown to easily develop a robust (70 HRC) Nitride case using H&M 
Blacknitride+ QPQ Salt Bath Nitro-carburizing process.  Varying degrees of case depth and 
chemistry profiles can be developed by modifying the process parameters.  The profile of the 
Nitride case can be further optimized for intended applications.  For A-21 Stainless, the 
compound layer was determined to be enriched in chromium which contributed directly to the 
corrosion resistance associated with the hard case.  It should be noted that Nitrided surfaces tend 
to be good for sliding type abrasive wear applications but cracking within the case may occur 
when exposed to high tensile, hoop and impact stresses.     
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INTRODUCTION 


Metal casting processes will continue to be crucial as the U.S. modernizes its outdated 
transportation infrastructure and electric power grid. Moreover, casting is expected to increase as 
the U.S. expands its renewable energy capacity and acquire modern weapons to contend with 
climate change and an increasingly unstable world, respectively. To meet these growing demands, 
the use of computer-aided engineering (CAE) software for high-fidelity modeling and simulation 
in casting will also continue to increase. CAE design has been proven as an effective tool for rapid 
innovation, reduction of product development cycles and increased production. Accurate 
prediction of metal solidification processes is important not just in casting but also in welding and 
additive manufacturing. However, reliable thermophysical properties (TPP) of multi-component 
metals such as NAB, Inconel and other metal alloys are still inadequate from published literature 
[1]. This is because the solidification of a liquid metal such as nickel aluminum bronze (NAB) is 
a complex interplay of phenomena such as fluid dynamics, chemical reactions, and heat transfer. 
These phenomena simultaneously start in a time-dependent geometry as soon as molten metal is 
deposited into a mold or substrate. During solidification, the liquid-solid interface is also a moving 
boundary, requiring the governing equation in each computational domain to be solved and 
updated at each time step. For mathematical simplification and expediency, the solution that is 
considered here does not consider a moving solidification front, chemical reactions, and fluid 
dynamics. Nevertheless, a novel one-dimensional energy equation for a finite volume (EEFV) is 
explored and presented here to determine the transient thermal conductivity (k), latent heat of 
fusion (Lf) and the phase changes at a point of interest in NAB casting. This approach is a major 
shift from state-of-the-art technique using computer aided cooling curve analysis (CA-CCA) based 
on equation (1). 
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where ρ is the density, Cp is the specific heat, T is the metal temperature, h is the convective heat 
transfer coefficient, A is the metal area exposed to ambient conditions, Ts is the metal temperature 
at the surface that is exposed ambient conditions, Tꝏ is the ambient or surrounding temperature, σ 
is the Stefan-Boltzman constant, Lf is the latent heat of fusion, t is time.  


The CA-CCA method uses the lumped capacitance method (LCM). Such method has been used 
extensively in determining latent heat of fusion of a solidifying metal [1, 2, 3]. The LCM is a non-
linear transient equation, which can be used with reasonable accuracy under special conditions. 
These conditions include the use of thin metal castings and measurement of the metal surface 
temperature exposed to ambient surroundings. Because of these inherent conditions, except for the 
latent heat of fusion, the LCM does not provide a determination of the metal’s (k) during 
solidification. Additionally, it is tricky to position a thermocouple to measure the temperature of a 
thin metal and its surface. Nevertheless, in some situations, the LCM combined with Newtonian 
analysis was determined to be effective for the calculation of the non-transient overall Lf   for thin-
walled castings using equation (1). Typically, during casting, the metal is poured with several 
degrees superheat to ensure that it does not prematurely solidify as it cools down and fills the mold 
cavity completely. Additionally, most castings have thick sections (i.e., greater than one inch) and 
as these solidify through heat loss, the transient properties of the (k), and (Lf) play an important 
role. To account for this condition, the EEFV is developed to capture the metal’s liquid phase 
behavior when it loses it degrees superheat and solidifies eventually. Therefore, the objective of 
this work is to eliminate the shortcomings and challenges of the LCM in determining the (Lf) and 
(k) for NAB, particularly for thick sections. Because of its superior stability and robustness in 
numerical modeling, a fully implicit scheme was used in solving the transient one-dimensional 
EEFV equation of NAB.  


METHODS 


Nickel aluminum bronze casting 


Figure 1(A) provides the placement of thermocouples within the 1.82 inches thick NAB casting 
contained within a phenolic-urethane-sand mold. The blue dots in Figure 1 (B) show the exact 
location of thermocouples created with an attached fixture as shown in Figure 1 (A).  The cope 
and drag mold were produced with a 50 lb. per minute continuous mixture and a strip time of about 
7 minutes based on a reading of 70 on a green sand mold hardness tester.  The attached fixture was 
removed, and the molds were extracted.  Prior to assembly of the mold, type K thermocouples 
were inserted and checked for electrical conductivity. For melting in a gas furnace, the NAB 
C95400 alloy was placed in a No. 100 silicon carbide crucible for a tilt pour.  During melting, a 
propriety fluoride-based flux was used as recommended by the manufacturer.  Once the desired 
temperature of 1232 oC was reached in the furnace, the flux was removed, and the liquid was 
transferred to a silicon carbide pouring ladle.  Dissolved hydrogen content was verified using the 
reduced pressure test and the sectioned sample indicated a porosity level to be less than 1 based 
on an American Foundry Society comparative chart.   Experimentally, during the pouring and 


(1) 
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solidification, the temperatures were measured and recorded with a data acquisition system as a 
function of time.  Six thermocouples were used, i.e., three for the phenolic urethane sand mold, 
two for the casting and one at the interface between the mold and metal.   All dimensional values 
for the locations of the thermocouples are referenced from the interface of metal and sand mold as 
schematically illustrated in Figure 1 (B).  


 


 


 


 


 


 


 


Figure 1. (A) Thermocouple probes used for NAB casting and (B) Schematic diagram showing the location of NAB 
casting thermocouples relative to mold material (green sand), space air and concrete floor 


Transient one-dimensional energy equation 


A transient one-dimensional energy equation was used to determine the transient (k) and (Lf) 
properties of NAB. Because the casting is long in the y and z axes directions relative to the x axis, 
only the heat flux in this direction was considered. Also, as shown in Figure 2, the heat flux (q”) 
is assumed to flow only in the positive x-direction because the bottom of the casting has thick 
insulation (i.e., green sand and concrete floor). To ensure stability and robustness in our numerical 
models, a fully implicit scheme was used in solving the transient one-dimensional heat conduction 
equation of NAB. For the same computational domain, three different finite control volume 
integration equations were developed to determine NAB transient thermophysical properties 
during its phase transition from pure liquid to a liquid-solid mixture, and finally into a pure solid. 
These equations are as follows: 


 


 


 


 


(3) 
=


(2) 


=
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where cv is control volume of the computational domain, ρ is the density, Cp is the specific heat f 
is the fraction of solid or liquid, v is the volume, k is thermal conductivity, T is the metal 
temperature, Lf is the latent heat of fusion, t is the time, Δt is the finite time step taken as 1 second, 
x is the space dimension, subscript l pertains to the liquid phase and subscript s pertains to the solid 
phase. Equations (2), (3) and (4) provides the formulation for the transient multi-phase behavior 
of NAB when it is in liquid, liquid-solid and solid, respectively as the metal solidifies after mold 
filling was completed. These equations are derived using the law of conservation of energy within 
the computational domain as shown in Figure 2. A single finite volume was used with general 
node P at the center of the domain. Nodes W and E were assigned as neighboring nodes, having 
control volume faces at w and e, respectively. Temperature measurements on the NAB casting 
were taken at nodes W and P and faces at w and e. These temperatures were then fitted into 
equations (2), (3) and (4) to determine transient TPP. 


 


Figure 2. Schematic diagram of computational domain and boundary conditions 


The changes in density and specific heat with respect to temperature during phase transitions were 
modeled using the rule of mixtures for NAB as shown in equations (6) and (7). These equations 
were used in conjunction with the thermophysical properties of NAB constituents as provided for 
in ASM Handbook [4].  NAB properties were also considered and evaluated with their 
corresponding solid and liquid fractions when using these equations to determine transient k and 
Lf values of the mixtures. This requires the consideration of the contributions of various metallic 
alloying elements of NAB at specific temperatures measured at node P. Before these equations 
were used, the liquid-solid fraction curve was first determined based on the temperature at node P 
of the discretized form of the one-dimensional transient energy equations (2), (3) and (4). Equation 
(3) is an integral from of the partial differential equation of the energy equation of the mushy zone 
with the addition of the energy released and gained by the liquid and solid metal, respectively 
during solidification. 
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where ρ is the density, Cp is the specific heat and Xi is the mass fraction of each NAB constituent 
as shown in Table. 1. 


Table 1. Various constituents, mass fractions and nominal weights of NAB alloy 


Constituents Mass Fractions (Xi) Nominal Percent by Weight 
Aluminum (Al) 0.09 9 
Copper (Cu) 0.81 81 
Iron (Fe) 0.04 4 
Manganese (Mn) 0.01 1 
Nickel (Ni) 0.045 4.5 
Nickel Aluminum Bronze (NAB) 1.0 100 


DISCUSSION 


Within the NAB casting, the thermocouple temperatures as recorded with a data acquisition are 
shown in Figure 3 with respect to time. These measurements were taken and analyzed to ensure 
that the mold is filled.  Although, there were a few temperature noise measurements especially 
with those measured at 1.5 inch below the interface (Node W), there were no significant noises for 
those measured at 0.5 inch (Node P) and interface (Face e).  


 


Figure 3. Temperature measurements on NAB metal and interface 


The mathematical models were developed by assuming a smooth interface transition region 
between the liquid, liquid-solid and solid phases. This assumption provides a continuous 
differentiable and integrable functions of temperature, specific heat, density, k and Lf  with time. 
The convective and radiative heat transfer energy contributions in the overall energy conservation 
equation were not considered in the computational domain because all the metallic boundaries are 
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not exposed to ambient conditions. Nonetheless, the radiative and convection heat transfer effects 
are expected to be the driving forces of the heat flux flow as shown in Figure 2. These models 
were formulated based on the homogeneous, isotropic, and incompressible fluids properties of 
NAB in all phase transitions. Figure 4 indicates the fraction liquid and solid diagram with Tl and 
Ts representing the liquidus and solidus temperatures, respectively. Because NAB is not a pure 
metal, Tl and Ts temperatures are not identical. The phase diagram dependent Scheil-Gulliver 
method is usually used to determine these fractions. However, in the absence of a reliable NAB 
phase diagram, the fraction liquid and solids were determined graphically as the point of tangencies 
of the cooling curves. These fractions are determined to be 100 % as indicated with the dotted lines 
in the figure. The behavior of these curves was determined based on the slopes of the cooling 
curves with the sense that the sum of these fractions is equal to 1 as shown in equation (5). Based 
on the non-linear behavior of the cooling curve, it is more than likely that the fraction liquid and 
solid curves are also non-linear.  In this work, these fractions were linearized as a function of 
temperature [5], depending on the behavior of the cooling curved measured by the thermocouple 
located at 0.5 inch from the interface. As indicated, the fraction liquid and solid decreases and 
increases in a rapid manner during the first 14 seconds and the last 25 seconds of the entire 
solidification process, respectively. This behavior also corresponds to a sudden drop in 
temperatures for the same amount of time. After the first 14 seconds of solidification, the fraction 
liquid and solid curves decreases and increases, respectively in a monotonic manner, which also 
corresponds to the decreasing behavior of the cooling temperature. Based on this evaluation, it is 
clear that the fl and fs can also explicitly provide the solidification front and behavior of a point of 
interest within a casting.   


 


Figure 4 Fraction liquid and solid diagram with Tl and Ts representing the liquidus and solidus temperatures 


Figure 5 provides the latent heat of fusion curve of NAB versus time and temperature during the 
phase change from pure liquid to pure solid. This plot also shows how the cooling curve influences 
the Lf. As shown in Figure 5, the Lf is huge at the beginning of the liquid-solid multiphase region 
and then drops rapidly from 15150 to 1269 J/kg in 14 seconds. After 14 seconds, Lf decreases to 
266 J/kg in 231 seconds. This indicates that a lot of energy is being released especially at the 
beginning of phase change which is also shown by a rapid drop of temperature.  The total latent 
heat of fusion of NAB was obtained at 198.8 kJ/kg, which is near those published in literature for 
nickel-based alloys measured between 179 – 240 kJ/kg [1, 4]. The values of NAB thermal 
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conductivity between 1300 to 1340 K were determined at 132.8 and 18.8 W/m-K, respectively 
during phase transition. 


 
Figure 5. Lf curve of NAB versus time and temperature 


Figure 6 provides the calculated thermal conductivity of NAB as it solidifies from pure liquid state 
into a mushy liquid-solid zone and finally as a pure solid. This plot is generated using equations 
(2), (3) and (4) for the liquid, liquid-solid and solid phases, respectively. As the liquid metal loses 
its energy and releases this to the surroundings by thermal conduction and latent heat of fusion, 
the thermal conductivity increases during solidification. As expected, the slope of the solid’s 
thermal conductivity is the steepest as compared to the slope of the liquid’s thermal conductivity, 
which is the most modest.    


 


Figure 6. Thermal conductivity of NAB (liquid, liquid-solid and solid) versus temperature 


CONCLUSIONS 


The transient thermophysical properties of NAB have been investigated using a novel EEFV and 
the following insights can be made: 


1. Three point thermocouple measurements on casting was sufficient and provided quality 
transient values of Lf , fl and fs during NAB solidification from a pure liquid state. 


a. Total latent heat of fusion of NAB was obtained at 198.8 kJ/kg, which is near those 
published in literature for nickel-based alloys. 
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2. Values of NAB thermal conductivity between 1300 to 1340 K were determined during 
phase transition of NAB as a pure liquid, a liquid-solid and a pure solid.  


3. The EEFV method can provide quantitative and accurate means to show the relationship 
of fl, fs, Tl, Ts and Lf  with respective to the cooling curve.  


4. The fl and fs can explicitly provide the solidification front and behavior of a specific point 
of interest within a casting.   
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Motivation Supply Chain Property Development


Laser powder bed fusion


Additive manufacturing enables:
• Prototyping with shorter lead time
• Elimination of tooling
• Reproduction of legacy parts
• Optimized geometry


Approximate cost and lead time as a function of part 
quantity for Ferrium C64 single tooth bending fatigue 


(STBF) gear produced using AM method (laser powder 
bed fusion (LPBF) vs conventional method (machining 


from bar)


Binder jet


Powder blown DED


Wire DED


QuesTek is conducting variability study
to track key indicators:


• Porosity
• Oxygen content
• Powder recyclability
• Location dependency
• Machine variability


LPBF Variability Study:


• Two powder sources
• Two AM bureaus
• Six builds with each powder


• Recycling strategy selected to
align with industrial practice 90%
recycled powder


The supply chain for LPBF C64 Single
Tooth Bending Fatigue (STBF) gears
has been established, including Hot
Isostatic Pressing (HIP), machining,
carburization and tempering, shot
peening, and superfinishing.


CAD model of a topologically optimized single tooth 
bending fatigue (STBF) gear


Powder recycling strategy for the standardized build 
plates (Reference: AMS7031)


Standardized build plates showing printed mechanical 
testing coupons


Average tensile properties for 6 build plates printed by 
an AM Service Bureau using the same powder and 


recycling strategy per subsequent builds 


Future work
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ARL DESIGNED HIGH STRENGTH STEEL FEEDSTOCK FOR POWDER BED 


FUSION ADDITIVE MANUFACTURING
FRANK KELLOGG1, DANIEL FIELD2, MATTHEW VAUGHN3, ALEX BUTLER3, JOSH TAGGART-SCARFF1, AND BRANDON MCWILLIAMS2


1SURVICE ENGINEERING, 2DEVCOM ARL, 3ORAU


Purpose


In this study, different high strength steel compositions were 


designed by DEVCOM ARL via thermodynamic modelling for 


1) lower cost powder feedstock, 2) enhanced processing 


window via powder bed fusion AM, 3) increased  austenite 


stability, or 4) improved hardenability.  The targeted 


compositions were manufactured by MolyWorks Materials 


Corp., Cloverdale CA.  


Y


X


Z


The Builds


EOS M100 


• 6 mm diameter cylinders


• 4 x4 mm gage subscale tensile 


coupons


• Charpy impact blanks


• Stress relieved at 2000 C under Ar


• Run a series of builds to 


examine differences in AM 


processing windows


• Down select 1 alloy to 


produce in large quantities for 


larger builds


Next


Conclusion


DEVCOM ARL has the 


capability to tailor alloys for 


AM based on desired build 


properties.


The alloys developed by ARL 


show an increase in impact 


toughness of ~50% and 


elongation increases of up to 


2X with a cost reduction of 


up to 60%


Design Approach


• Micrographs taken along the XY plane


• Microstructures all are martensitic from the high cooling rates obtained during build


• The baseline contains highest volume of g (8%), novel alloys have below detectable limits of g


EBSD Analysis


• Thermo-Calc2020b and Hardenability calculations as detailed 


in ASTM A255


• 4 modeling aspects were investigated as the design basis:


•Hardenability


•Solidification Range


•Equilibrium Phase Fractions/Carbide Stability of Bulk Alloy


•Obtain near equivalence in carbide phase fraction and 


solidification range 


•Volume change on Ms


•Reduce volume change on martensitic transformation


Solidification Range Hardenability


Phase Fraction


Alloy Label Volume 


Change on Ms


Baseline a 2.44 %


Maximum 


Hardenability


b 2.41%


Increased γ 


Stabilizers


c 2.50%


No Cr, Ni d 2.42%


z


Mechanical Testing Results and Discussion
• Tensile and Charpy samples were tested 900 to the  build direction (Z)


• Hardness was measured within the XY plane


• Lower C content alloys exhibit a 20% decrease in strength


• The “High C” alloy only exhibits a 7% decrement in strength


• All novel alloys provided greater total ductility and improvement to toughness


• Increase in toughness ranged from 60-100%


• Improvement to toughness is being investigated some early work has shown retained g


can be detrimental to -40 oC toughness if not properly stabilized 


Quasi-static Tensile Results Interrelationship of toughness and 


hardness for investigated alloys


Tensile Testing Charpy Impact Toughness


Room Temperature Charpy Impact 


Results


Baseline







Development of Ballistic Cast Steel Appliques using Additively-Manufactured Cores


Dr. Hathibelagal M. Roshan and Michael Wabiszewski William Gooch
                    Maynard Steel Casting Company                          WA Gooch Consulting Inc.


                      2856 S. 27th St., Milwaukee, WI, 53215, USA                    4525 Grand Lakeside Dr., Palm Harbor, FL, 34684, USA


P2P1


SolidWorks Model of Cast Part


Additively Manufactured 
Sand Core


SHOT LINE


Chesapeake Testing of Maynard Cast Steel Design 2-G4


Maynard Steel Casting Company patented a lightweight steel manufacturing process in 2017 that combines traditional casting 
technology, additively manufactured precision cores and heat treatment to create cost-effective, high stiffness, 
structural/ballistic panels. Additively manufactured cores enable production of unique internal structures that enhance 
structural stiffness and blast/ballistic performance while reducing areal density. WA Gooch Consulting Inc has worked with 
Maynard Steel since November 2019 to develop military applications of their technology. This technology offers direct cost 
savings, reduces dependence on higher cost materials or processes and enables production of structures with improved ballistic 
and blast resistant properties. Two-inch thick cast steel panels with a lower areal density as an equal thickness 6061-T6 
aluminum appliques were manufactured and comparative V50 Ballistic Limit velocities (V50BL) and Protection Ballistic Limit 
velocities (VBL) were determined with the 0.30-Cal APM2 projectile. This technology allows current US Army armored 
vehicles and tactical trucks to be re-fitted with steel add-on armor appliques having similar ballistic and blast resistance 
performance compared to current aluminum appliques.


Maynard Cast Steel Applique


Sectioned Maynard Design 2-4G (420BHN)
Front and Back Photos of Maynard Design 2-4G Applique


          (L) 300BHN and (R) 420 BHN







Dynamic Mechanical Characterization of AF9628 Steel
Andrew Roginski, School of Aeronautics and Astronautics, Purdue University 
Cody Kirk, School of Aeronautics and Astronautics, Purdue University 


Principal Investigator: Weinong Chen: wchen@purdue.edu
APS Beamline Scientists
Kamel Fezzaa: fezzaa@anl.gov 
Samuel Clark: sjclark@anl.gov 


• AF9628 is an ultra-high strength martensitic low alloy carbon steel 
ideal for armor steel [1,2]


• Compatible with existing metal additive manufacturing techniques


•Material characterization is important in design applications
•Find mechanical properties of materials and design around their 
capabilities


•Many material properties are strain-rate dependent
•Yield strength, strain hardening rates, flow stress, etc. can change
•Many material properties are obtained under quasi-static loading 
conditions
•Do not hold for high-rate conditions


•Characterizing materials under dynamic loading is crucial for 
appropriate engineering design as mechanical response is coupled to 
strain rate
•Many applicable modeling opportunities


• Approximately 100 
𝜇𝜇𝜇𝜇 in the thickness 
direction for 
sufficient x-ray 
transmission 


Introduction to Dynamic Loading


True stress-strain curves of 4340 Rc45 steel [3] 


Advanced Photon Source


Image via http://pd.chem.ucl.ac.uk/pdnn/diff2/kinemat2.htm


Image via https://www.aps.anl.gov/APS-Upgrade/About-
the-APS-Upgrade


• Synchrotron source located in 
Lemont, IL


• Experiments performed at 
beamline 32-ID B (XSD)


• Capable of generating high flux x-
rays at energies greater than 20 keV


• Dynamic x-ray diffraction in 
transmission configuration


• Sample fixed relative to detector
• Utilize 2D detector for imaging of 


scattered photons


XRD
• Shimadzu HPV-x2
• LaVision IRO
• Scintillator screen


Phase Contrast 
Imaging (PCI)


• Shimadzu HPV-x2
• Scintillator screen
• 5x tube lens
• 45° wedge mirror


Telops IR Camera


Image via [3] Kolsky Bar
Capable of strain rates 
from 102 − 104 1


𝑠𝑠


Results


• (Top left) – simulated XRD peak 
profile utilizing HiSPoD [4]


• (Bottom left) – transmission profile 
as a function of photon energy and 
sample thickness


• (Top right) – Evolution of intensity 
vs. 2𝜃𝜃 during loading


2500 1/𝑠𝑠


1500 1/𝑠𝑠


1. Sinha, V., Gonzales, M., Abrahams, R. A., Song, B. S., & Payton, E. J. (2020). Correlative microscopy for quantification of prior austenite grain size in AF9628 
steel. Materials Characterization, 159, 109835.


2. Neel, C., Gibbons, S., Abrahams, R., & House, J. (2020). Shock and Spall in the Low-alloy Steel AF9628. Journal of Dynamic Behavior of Materials, 6(1), 64-77.
3. W. Chen and B. Song, Split Hopkinson (Kolsky) Bar Design Testing and Applications, 1st ed. New York: Springer US, 2011. doi:   10.1007/978-1-4419-7982-7.
4. T. Sun and K. Fezzaa, HiSPoD: a program for high-speed polychromatic X-ray diffraction experiments and data analysis on polycrystalline samples, J. Synchrotron 


Rad. (2016). 23, 1046-1053. doi: 10.1107/S1600577516005804


t = 0 μs


IR


t = 77.23 μs t = 105.37 μs


XRD


PCI


1


2
3
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Experimental Specimens


Experimental Setup



http://dx.doi.org/10.1107/S1600577516005804





Dynamic Recrystallization Behavior of Ni-containing Lightweight 
Fe-Mn-Al Steels 


Rogerio Cardoso1, Laura Bartlett1, Mario Buchely1, Michael Piston1, Krista Limmer2, Daniel Field2, Katie Sebeck3
1Missouri University of Science and Technology     2DEVCOM Army Research Laboratory     3DEVCOM Ground Vehicle Systems Center


ABSTRACT
In this study, two lightweight Fe-Mn-Al-Ni-C steels differing in Nb addition
were subjected to single-hit compression tests by means of a
quenching/deformation dilatometer. The tests were conducted over the
temperature range 1000 - 1200 °C at the strain rates of 0.01, 0.1 and 1 s-1


with a view to exploring the effect of Nb on the dynamic recrystallization of
austenite in the steels.


Steel C Mn Al Ni Mo Nb


Nb-free 0.98 21.1 8.1 7.3 0.95 -


Nb-containing 0.97 21.5 8.36 6.9 0.96 0.07


Table 1: Chemical composition (wt.%).


Figure 1: Schematic of the thermomechanical schedule


MATERIALS AND METHODS
Prior to the compression tests, the materials used in this study (Table 1)
underwent solution heat treatment for 12 hours at 1200 °C. Cylindrical
specimens of Ø 5 mm x 10 mm were compressed according to the
thermomechanical schedule in Figure 1.


Figure 3: Dynamically recrystallized grains upon the compression at the 
strain rate of 1 s-1 at different temperatures. Nb-free: (a) 1000, (c) 1100 


and (d) 1200 °C. Nb-containing: (b) 1000, (d) 1100 and (e) 1200 °C


One can note a non-uniform DRX grain size array in Figure 3, suggesting
an inhomogeneous distribution of stress/strain in the bulk of the
specimens. This fact is evidenced in Figure 4, which shows examples of
compressed microstructures taken at the middle portion along the
compression axis.


CONCLUSIONS


ACKNOWLEDGEMENTS


Figure 6: Dynamically recrystallized grain size as a function of compression temperature for 
the strain rates of (a) 1, (b) 0.1 and (c) 0.01 s-1.


RESULTS AND DISCUSSIONS
Figure 2 shows examples of the true stress-true strain curves.


Figure 2: True stress-true strain curves resulting from the compression tests at 1100 °C at 
different strain rates; (a) Nb-free and (b) Nb-containing steel.


The flow stress decreased with lowering the strain rate. This behavior
stems from the fact that lower strain rates extend time for energy
accumulation, thereby enhancing dynamic-recrystallized grain mobility,
accelerating dislocation annihilation rate and, as a result, softening the
steel during hot deformation.


Figure 3 provides examples of the DRX microstructures, observed on the
middle section parallel to the compression axis, upon hot deformation at
the strain rate of 1 s-1.


Figure 4: Dynamically recrystallized granular structure upon compression at the strain rate of 
1 s-1 at (a) 1000 , (b) 1100 and (c) 1200 °C.


(a) (b) (c)


Figure 5: (a) LOM and (b) SEM micrographs showing evidences of strain-induced 
precipitation close to the surfaces of the compressed specimens.


Figure 6 shows the DRX grain size distributions as a function of compressed
temperature for the strain rates using in this study.


Although it’s expected that Nb can restrain the growth of DRX grains, this
phenomenon could not be observed in this study. The reason may lie in the
non-uniform strain/stress distribution in the bulk of the compressed
specimens, stemming from strain-induced precipitation close to the surfaces,
thereby rendering the specimens more resistant to deformation at these
regions. Accordingly, given that DRX is dependent on strain rate at a given
temperature, the marked standard deviation of the DRX grain size
measurements substantiates the uneven strain distribution along the
compression axis.


The reason for such an uneven stress/strain distribution, thus non-uniform
DRX grain size distribution, may lie in the occurrence of strain-induced
precipitation at the edges of the specimens, rendering these regions more
resistant to deformation. Figure 5 shows evidence of precipitation along
deformation bands next to the edges and is representative of all
compressed specimens in this study.


The authors greatly appreciate support of this project by the U.S. Army Combat
Capabilities Development Command, Army Research Laboratory and the Ground
Vehicle Systems Center as part of Cooperative Agreement Project: W911NF-20-2-
0251.


ONGOING RESEARCH
Study on the effect of strain accumulation on intragranular NiAl precipitation.
Figure 7 shows a massive precipitation within regions that didn’t undergo
recrystallization the during hot rolling process.


Figure 7: Granular structure of a Fe-Mn-Al containing both recrystallized and non-recrystallized
grains. It is suggested that the latter favors the precipitation of NiAl. 







ELECTRON BEAM WELDING AERMET® 360
Ultra-high strength and weldable


Heat treatment key


Solution annealed SA


Solution annealed and aged SAA


As welded AW


Post weld heat treated PWHT


Type analysis of AerMet alloys


AERMET 100 AERMET 310 AERMET 340 AERMET 360


Carbon 0.23 0.25 0.33 0.34
Chromium 3.10 2.40 2.25 1.80
Nickel 11.10 11.10 12.00 11.10
Cobalt 13.50 15.00 15.60 17.00
Molybdenum 1.20 1.40 1.85 2.35
Titanium — — — 0.01


Average hardness by test location 


AVERAGE HARDNESS BY TESTING LOCATION
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Heat treatment of samples 


SAMPLE IDENTITY 1 2 3 4 5 6 7 8


PLATE IDENTITY SA PWHT SA AW SAA PWHT SAA AW


SOLUTION ANNEALING 1775°F, 1 hour, gas quench to RT, refrigerate -100°F, 1 hour, air warm


AGING TREATMENT 900°F, 2.5 hours, AC to RT + refrigerate -100°F, 1 hour, air warm + 900°F, 2.5 hours, AC to RT + refrigerate -100°F, 1 hour, air warm


AS WELDED N/A


POST WELD HEAT 
TREATMENT


Refrigerate -100°F, 1 hour, air warm + aging treatment


Tensile testing results


LOCATION SA PWHT SA AW SAA PWHT SAA AW TYPICAL VALUES FOR REFERENCE


0.2% YIELD STRENGTH 
(MPA)


Weld 2209 1542 2218 2140


2233.0


Base 2214 1526 2209 2224


ULTIMATE TENSILE 
STRENGTH (MPA)


Weld 2438 2030 2405 2435


2521.0


Base 2500 2174 2449 2517


ELONGATION (%)


Weld 3.8 6.0 1.3 2.8


5.8


Base 7.1 11.3 5.5 4.9


REDUCTION OF AREA 
(%)


Weld 10.8 10.6 1.3 7.7


17.6


Base 15.8 22.2 5.5 10.3


CHARPY V-NOTCH (J)


Haz 6.0 24.0 5.0 21.0


5.8Weld metal 5.0 25.0 8.0 28.0


Base metal 8.0 25.0 7.0 8.0


Test pieces prepared in accordance with ASTM E8. Before sample extraction, the weld roots were subjected to local grinding to develop a uniform surface.


AerMet® is a registered trademark of CRS Holdings, a subsidiary 
of Carpenter Technology Corporation  
© 2022 Carpenter Technology Corporation. All rights reserved.


Macrostructure


BASE MATERIAL, SA PWHT


BASE MATERIAL, SA AW
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EBSD figure displaying the retained austenite


distributions and morphology in the QLT-


treated 10 Ni steel. Low/High angle


boundaries and KS OR interface are


highlighted on band contrast map.


◆ 10 Ni steel with the QLT treatment results in fine dispersion of retained Ni-enriched austenite phase


embedded in martensitic matrix, and it is classified as TRIP-assisted martensitic steels.


QLT treatment: austenitization (Q-step)


following with two intercritical treatments (L-


and T-steps), and all three isothermal


heating steps are terminated with ice brine


quenching.


Microstructure of the QLT sample,


where the brighter and protruding phase


is a mixture of austenite and high Ni


contained martensite, and the dark


region are the tempered martensite.


Chia-Pao Lee*, Amir R. Farkoosh*, Paul Lambert**, David N. Seidman*


*Northwestern University, Dept. Materials Science & Engineering 
**Naval Surface Warfare Center - Carderock Division (NSWCCD)


Introduction


Enhanced Thermal Stability of Retained Austenite in a High Ni 
Martensitic Steel via a Thermomechanical Treatment


◆ V addition : forms the carbides during the tempering to maintain the strength


◆ Mn addition : maintains the hardenability and prevents cracks in the hot working


◆ Cu addition : increases the strength without the degradation of the toughness.


◆ Si addition : maintains the strength


◆ Al addition : deoxidizer and a grain refiner for improved toughness
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Born out of the research efforts of the U.S. Naval steel design aiming at developing an alternative to the widely-used HSLA-series steel is a novel multipurpose low-carbon 10 wt.% Ni martensitic steel


developed by Dr. X. Jie Zhang at the Naval Surface Warfare Center Carderock Division, and this steel exhibits an excellent combination of high strengths, high toughness, and superb ballistic resistance at both


ambient and cryogenic temperatures after an appropriate quench-lamellarization-tempering (QLT)-type heat [1]. The QLT heat treatment produces a complex steel microstructure containing reverted or


precipitated austenite, martensite, ferrite, or tempered martensite, with which the transformation-induced-plasticity (TRIP) phenomenon occurs under strain and provides significant plasticity increases


through the austenite-to-martensite transformation and thereby enhanced its toughness as well as ductility while maintaining the strength. Previous researches in our group on 10 wt.% Ni steels highlighted the


importance of L- and T-step on austenite stability via Ni enrichment [2] and crystallographic defects, including dislocation and boundaries of the hierarchical microstructure, could have notable influence on the


austenite formation process and thus microstructure [3]. The QDLT treatment is further studied systemic on the aspect of the kinetic of the austenite reversion and thermal stability .


Conclusion


◆ High Ni : stabilizes the austenite(γ)-phase


◆ Low C : guarantees the weldability


◆ Mo addition: maintains the strength and prevents the


temper brittleness in the Ni-containing steel


◆ Cr addition: maintains the hardenability and strength


10 % Ni steel C Ni Mo Cr V Mn Cu Si Al


wt. % 0.11 9.55 1.03 0.73 0.07 0.67 0.16 0.23 0.03


at. % 0.51 9.10 0.60 0.79 0.08 0.68 0.14 0.46 0.06


Typical low carbon 10% Ni steel composition


 Quench-Lamellarization-Tempering (QLT)-treated 


10 wt.% Ni steel


◆ DICTRA simulation, in conjunction with atom-probe tomography experiments,


reveals that Ni concentration in the austenite form during the T-step (590°C) is


around 18 % with higher concentration (~20 %) at the core.


 Affecting factors on austenite stability 


in 10 wt.% Ni steel [2]


 Quench-Deformation-Lamellarization-Tempering 


(QD(X%)LT) thermomechanical treatment [3]


 Thermal stability of the retained austenite


◆ Introducing the deformation step after the Q- and before L- and T- steps not only increases the volume fraction but also enhances the thermal stability of the retained austenite.


◆ The stability can be attributed to less ferrite stabilizer and more austenite stabilizer in the phase. The well distribution of these elements is due to the fast alloy elements' diffusion paths, such as


dislocations, created by the cold rolling step. These features can be considered for future treatment design to reduce the heat treatment time.


◆ More austenite nucleate sites by the crystallographic defects and stored energy in the matrix result in a higher number density of austenite in the matrix and smaller grain size, benefiting the stability.


◆ A gradient of the b.c.c. structure stabilizer, including Cr, Mo, and V, can be observed in the


austenite (f.c.c) region as they are diffusing outward the phase.


Thermomechanical


Treatment


Volume fraction of 


retained austenite phase (%)


QLT 9.0


QD(13%)LT 11.1


QD(33%)LT 13.7


QD(70%)LT 15.8


5 μm


◆ QDLT treatment: Crystallographic defects such as dislocations are introduced into the martensitic matrix via cold-rolling at


room temperature after the Q-step. Significant working hardening/strengthening is observed.


◆ Higher deformation degree eventually


results in higher volume fraction of


retained austenite due to the increase of


defects inside the grains of hierarchical


martensite microstructure, serving as


suitable nucleation sites for austenite.


◆ Compared to the QLT-treated Ni steel, higher number density of retained austenite can be identified by EBSD and less


austenite-martensite interface follows the K-S orientation relation.


◆ (LN)-step: the samples are deep quenched into liquid


nitrogen for 30 minutes to eliminate the thermally


unstable retained austenite by transforming them into


martensite.


◆ The reduction of austenite volume fraction is less


significant for deep quenching QD(70)LT-treated sample


than QLT-treated one, which means the retained


austenite is more thermally stable in the former than the


latter.


The thermal stability of austenite can be described as a


function of its chemical composition, grain size,


morphology, crystallographic orientation relationship with


the matrix and the internal stress of the phases.


◆ The composition of the phases in QDLT-


treated samples is closer to the thermal


equilibrium state.


◆ No gradient is observed for the alloy


elements as there are faster diffusion


paths created by the crystallographic


defects, such as dislocation.


◆ Similar to the QLT-treated 10 Ni steel, the


Ni concentration in the austenite is around


18 % and the core region with even


higher concentration (> 20 %).


◆ Less ferrite (b.c.c.) stabilizers, including


Cr, Mo, and V, are left in the austenite


compared to the QLT-treated sample.


◆ Carbon, austenite stabilizer,


concentration is double when compared


to QLT-treated 10 Ni steel.


10 % Ni steel Ni C Mn Cr Mo Si Cu V


Austenite 18.09 0.1 1.39 0.71 0.2 0.68 0.29 0.002


α-Fe 3.72 0.001 0.074 0.53 0.13 0.25 0.024 0.006


Equilibrium Compositions (at. %) of austenite (f.c.c.) and α-Fe (b.c.c.),


at 863 K (590 °C) using ThermoCalcMartensite


Matrix
Austenite 


Phase


 Distribution of austenite/ferrite stabilizers


 Kinetic of austenite reversion (In-Situ XRD, Ag source)


Austenite


◆ In situ XRD reveals that after the deformation step, the


volume fraction of austenite grows faster than the one


without it.


◆ Higher deformation degree results in a higher Vf rising rate


and reaches close to the equilibrium volume fraction of the


phases. The final Vf after the quench is also higher.


◆ These results can owe to the crystallographic defects like


dislocation serving as fast diffusion paths for the alloy


elements to create regions suitable for austenite.


◆ The rolling step also introduces stored energy in the matrix


leading to a higher driving force for austenite nucleation to


occur.


Equilibrium Vf of γ (ThermoCalc): ~40 %
Austenite


HAGBs
(θ ≥ 15°)


LAGBs
(15° > θ ≥ 2°)


Interface close 


to the KS OR
(10° ≥ KS OR)


Equilibrium Vf of γ (ThermoCalc): ~76 %







H&M BLACKNITRIDE+® QPQ NITRO-
CARBURIZING A – 21® STAINLESS STEEL
Stainless and nitridable


Type analysis


Iron Balance Chromium 11.30 % Nickel 3.00 %


Molybdenum 0.70 % Silicon 0.30 % Titanium 0.30 %


Carbon 0.10 % Vanadium 0.10 % Manganese 0.05 %


Aluminum 0.01 % Cobalt —


Physical properties


0.2 % OFFSET YIELD STRENGTH 142 ksi CORE HARDNESS 32 HRC


ULTIMATE TENSILE STRENGTH 153 ksi CHARPY V-NOTCH IMPACT 142 ft-lbs


ELONGATION 21 % TEMPER 1050°F


REDUCTION OF AREA 73 %


SEM/EDS chemistry mapping


RATE OF GROWTH FOR COMPOUND ZONE AND COMPOUND LAYER


A-21 RATE OF GROWTH FOR COMPOUND ZONE 
AND COMPOUND LAYER
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Salt bath nitro-carburizing time for both 1000°F and 1075°F.


HARDNESS PROFILE AFTER SALT BATH NITRIDING
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Salt bath nitro-carburize case profile and observed layers  
using a 2-hour cycle at 1075°F.
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Salt spray (fog) corrosion test


CONDITION UNTREATED 30 MINUTES 60 MINUTES 90 MINUTES 120 MINUTES


6.6.22 
initial  


test set up
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24 hours  


continuous  
exposure
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exposure
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continuous 
exposure
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168 hours 
continuous 
exposure


6.15.22 
216 hours 


continuous 
exposure
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240 hours 
continuous 
exposure


6.18.22 
300 hours 
continuous 
exposure


Testing conducted per ASTM B117 at 1075°F.
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A-21® is a registered trademark of Latrobe Specialty Metals Company, 
a subsidiary of Carpenter Technology Corporation. Blacknitride+® is a 
registered trademark of H&M Metal Processing Company. 
© 2022 Carpenter Technology Corporation. All rights reserved. 


Sample coupon cross section at 250X


Mounting Material


0.0023 in.
Compound Zone


0.0003 in.
Compound Layer


Base Material


20 �m


20 �m







• Monel system lies outside of design ranges of


CALPHAD databases. A matrix of small heat castings


designed for experimental characterization instead


• Microstructural Characterization- SEM, EPMA, XRD


• Mechanical Properties- Uniaxial Tensile Testing,


Fractography


• Solidification Cracking Susceptibility- Varestraint Test


Influence of Composition on the Weldability and 


Tensile Properties of Cast Monel Alloys
Christopher Farnin


Lehigh University


Introduction


Procedure


Results and Discussion


Results


Conclusions
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Graphite


NbC
NbC


Porosity


1 wt.% Si, 0.5 wt.% Nb 1 wt.% Si, 2.8 wt.% Nb


4.4 wt.% Si, 0.5 wt.% Nb 4.4 wt.% Si, 2.7 wt.% Nb


Ni31Si12


Graphite


NbC Ni31Si12


NbC


Ni16Si7Nb6


• Low Nb Conc. results in low fraction NbC, formation of


Graphite near end of solidification from excess Carbon


• Increasing Si content promotes intermetallic eutectic


formation and solid-state precipitation of b1 (Ni3Si)


• Substantial b1 precipitates


during cooling from casting


for Si conc. ≥ 3 wt.%


• Size and morphology of


precipitates varies along


dendrite arm


3.0 wt.% Si Alloy


Solidified 


Intermetallic


b1 Precipitates


• Increased Si conc. and b1 precipitation led to higher


yield and tensile strengths


• Formation of intermetallics sharply reduced ductility


Alloy 6 Fracture Surface


Secondary Cracking in 


Monel Tensile Sample


• Monel alloys are used in a variety of marine


applications such as valves, pipes, and propeller shafts


• ASTM A494 defines the cast grades which span wide


ranges of Si and Nb contents


• Lack of basic composition-structure-property


relationships for cast Monels available in literature


• Few studies characterized  Low Si (<1 wt.%) grades, nearly


no prior work on higher strength variants


• The objective of this work was to investigate the


influence of Si and Nb conc. on the microstructure,


tensile properties, and solidification cracking


susceptibility of the cast Monel alloy system


Alloy # Ni Cu Si Nb Fe Mn C


1 Fill 30.0 4.5 3.0 3.5 1.5 0.3


2 Fill 30.0 4.5 0.5 3.5 1.5 0.3


3 Fill 30.0 3.0 3.0 3.5 1.5 0.3


4 Fill 30.0 3.0 1.5 3.5 1.5 0.3


5 Fill 30.0 3.0 0.5 3.5 1.5 0.3


6 Fill 30.0 1.0 3.0 3.5 1.5 0.3


7 Fill 30.0 1.0 0.5 3.5 1.5 0.3


• Solidification cracking susceptibility scaled strongly


with Si conc. and formation of intermetallics
• Alloys forming any quantity of Si-rich eutectics exhibited extremely


poor weldability


• Nb conc. reduced crack lengths in low Si heats, had


no discernable effect on higher Si alloys


• Nb conc. does not significantly


influence yield strength


• In low-Si heats, carbides


serve as crack nucleation


sites leading to lower ductility


• In higher Si heats, Nb has


minimal effect on ductility


This research is sponsored by the DLA-Troop Support, Philadelphia, PA and the Defense Logistics Agency 


Information Operations, J68, Research & Development, Ft. Belvoir, VA.


Disclaimer: The publication of this material does not constitute approval by the government of the findings 


or conclusion herein. Wide distribution or announcement of this material shall not be made without specific 


approval by the sponsoring government activity.


• Si conc. ≥ 3 wt.% causes b1 precipitation that increases


strength but also eutectic reactions during solidification


that severely reduce ductility and weldability


• Nb additions stabilize primary carbides  which reduce


ductility but improve weldability in low Si Monels


• At higher Si levels, Nb conc. does not significantly


influence tensile properties or weldability
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MS15 
❑ Fe-10Ni is an ideal alloy system for developing welding


consumables and powders for additive manufacturing (AM);


microstructure and mechanical properties are insensitive to


cooling rates [1]. A 10 Ni steel is produced through Selective


Laser Melting (SLM), which exhibits excellent mechanical


properties [2]:


Laser Surface Remelted: Single Track  vs Overlapping Tracks Conclusions


Introduction As-Printed Microstructure


Local Electrode Atom-Probe Tomography (LEAP), As-Printed Nanostructure


Temp.
UTS


(ksi)


YS


(ksi)


Elong.


(%)


RA 


(%)


Room ~180 ~160 ~15-20 ~30-50


Element C Mn Si Ni Mo V Ti Al Zr N (ppm)O (ppm)


Powder 0.098 0.63 0.39 9.91 1.06 0.15 0.026 <0.01 - 16 204


Printed 0.09 0.56 0.42 9.80 1.12 0.15 0.036 0.018 0.004 10 210


Chemical composition (wt.%) [2]: 


Approximate 


locations of the 


layer boundaries 


identified on the 


basis of changes 


in contrast


Epitaxially grown austenite grain transformed to martensite  


Austenite (FCC)


25 μm


EBSD Band Contrast EBSD Inverse Pole Figure (IPF) Map


EBSD Phase Map


Austenite (FCC)


(LZ) 


(FZ) 


(TZ) 


Reconstructed Prior (Parent) 


Austenite (FCC) Grains 


350 million atoms collected on a LEAP 5000XS tomograph (Cameca Instruments Inc., Madison, WI)


~ 90 o


enlarged


Nano-oxide


Carbon-rich (a carbide precursor) 


nucleated heterogeneously on a 


nano-oxide. 


Carbon decorated interfaces


❑We investigate the micro-/nano-structure of this SLM processed


10 Ni steel.


EDS Elemental Mapping of Micro-Oxides  


1 μm


Oxides


SE–SEM


Region I
(FZ)


Region II
(LZ)


Region III
(TZ)


A Single Track, 200 W, 1 m/s


AIME Transactions (1965) 


(Tempering)


(Lamellarizing)


(LZ) 


(FZ) 


(TZ) 


Fully Re-austenitized 
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(Base Metal) 


Te
m


pera
tu


re


I. Fusion Zone 


(FZ) 


II. Lamellarized Zone 


(LZ) 


III. Tempered  Zone 


(TZ)


Overlapping Tracks


Three zones are 


identified:  


The as-deposited microstructure consists of:


1. Fine lath martensite: epitaxial growth is


observed, which influences variant selection


2. Retained austenite (Vf~5%), distributed


at/around the melt pool boundaries (interlayer


regions)


3. Micro- and nano-oxide precipitates


4. Carbide precursors nucleated heterogeneously


on the nano-oxide precipitates


5. Interlath regions decorated with carbon solute


atoms.


1. FZ is free of austenite, indicating that the


austenite grains in the SLM microstructures are


induced by multiple heating and cooling cycles.


2. Grain structure and crystallographic texture in


each layer seems to be a function of hatch


spacing.SE-SEM, etched with a 4% Nital solution 
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Laser surface remelting experiments indicate:
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Thermal conductivity of NAB (liquid, liquid-solid and solid) versus 
temperature


Modeling of the Transient and Varying Thermophysical Properties (TPP) of Nickel 
Aluminum Bronze (NAB)


Dr. Henry Molintas, Dr. Scott Giese, and Mr. Sairam Ravi 


(1)


Transient TPP of NAB was determined using a novel EEFV model:
• Thermocouple measurements on casting provided quality


transient values of Lf , fl and fs during NAB solidification.
• Multiphase k values of NAB between 1300 to 1340 K were


determined
• Graphical approach to determine fl & fs provided insight about


NAB’s solidification front


• ρ is the density; Cp is the specific heat; T is the metal temperature; h
is the convective heat transfer coefficient; A is the metal area 
exposed to ambient conditions; Ts is the metal surface temperature 
exposed in ambient conditions; Tꝏ is the ambient or surrounding 
temperature; σ is the Stefan-Boltzman constant; Lf is the latent heat 
of fusion; t is time; cv is control volume of the computational 
domain; f is the fraction of solid or liquid; v is the volume; k is 
thermal conductivity; t is the time & Δt is the finite time step taken 
as 1 second


Motivations


• Metal casting, welding & additive manufacturing (AM) will 
continue to increase as:
➢ US grows its renewable energy profile to fight climate change
➢ DoD acquires modern weapons to stabilize an unstable world


• Increasing use of physics-based tools for modeling & simulation in 
metal casting, welding & AM will continue to innovate, reduce 
product development cycles & increase production
➢ Accurate TPP of materials (e.g., ρ, k, Lf & Cp) are vital to 


provide reliable modeling & simulations 
o TPP of NAB, Inconel & other metal alloys are still 


inadequate from literature 


Methods


0.25’’ from 
Casting


0.50’’ from 
Casting


1.00’’ from 
Casting


0.50” into 
Casting


Mold/Metal 
Interface


1.50’’ into 
Casting


Metal Thermocouples


Sand Thermocouples


• NAB casting & thermocouple measurements


• TPP modeling 


Results


Conclusions


State-of-the-art solidification using computer aided cooling curve 
analysis (CA-CCA) is good for very thin castings & as a result does 
not provide (k) determination of NAB or other metals


Novel 1D energy equation for a finite volume (EEFV) for thick 
castings (> 0.5 inch) enabled determination of k & dLf/dt


=


=


=


Lf curve of NAB versus time and temperature


Fraction liquid and solid diagram with Tl and Ts representing the 
liquidus and solidus temperatures


Nomenclature


(2)


(3)


Work sponsored by the DLA Troop Support Philadelphia, PA and the Defense Logistics Agency Fort Belvoir, VA under contract SP4701-18-D-1200


• Legend: (1) Liquid NAB, (2) Liquid-Solid NAB & (3) Solid NAB
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Experimental Results & Discussion


Prediction and Experimental Validation of Solidification for the Study of 
Hot Tearing in a Cr-Mo-Ni Steel
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Results & Discussion (Continued)


No-Bake Sand Mold Servo MotorElectric 
Cylinder


Steel 
Platform


Flanged 
Connectors


Load 
Cell


Steel 
Connector


Steel Clamping Nuts


Steel 
Locking Nut


Water Cooled 
Copper Chill


Linear Variable 
Differential Transformer


Fig 1. Range of key temperatures between which hot 
tearing occurs in solidifying steels3.


Hot tearing is a common issue during continuous casting of steel and is related to the
segregation of alloying elements, impurities, and the formation of liquid films on grain
boundaries during solidification. Understanding of hot tearing sensitivity depends on
accurately predicting key solidification temperatures.
.


1. At the ZST: Region of no hot 
tearing - shell cannot 
support force perpendicular 
to solidification1


2. Between the LIT and ZST: 
hot tears can form, but 
might heal due to forces 
acting on the mushy zone1


3. Between the ZDT and LIT: 
this is the brittle temperature 
region and open hot tears 
can form2,3,4


4. Below the ZDT: ductility is 
restored


The goal of this research is to identify the most accurate method for predicting solidification
temperatures for Cr-Mo-Ni steels to be used in the study of hot tearing sensitivity.


Fig 2. Controlled deformation test (CDT) setup5.


FL (%) T (°C)


Fig 3. The mold of the CDT is designed so that hot tearing can be observed in the last region to solidify, which is 
in the region covered by the insulation sleeve


Fig 4. Thermocouple positioning in
CDT mold and s-type thermocouples
inserted into the mold cavity.
Thermocouple wires go through a
double bored alumina tube in a
quartz tube and are capped with an
investment casting slurry.


Fig 5. Lasertec high-temperature laser
scanning confocal microscope melting
stage was used to conduct solidification
studies on materials sectioned from
samples from the controlled deformation
casting trials.


MAGMASOFT® model and
equilibrium thermodynamic
simulations for temperature
prediction


Experimental Measurement  
during CDT –


Thermocouples


Confocal laser scanning 
microscopy (CLSM) –


directly observe 
solidification 


Melting Stage


Fig 6. No-bake silica sand mold in CDT
test frame before being covered with
refractory blankets for the test.


• 100 lb coreless 
induction furnace


• Target tap of 1650°C 
(170°C superheat)


• Killed with 0.02 wt% 
high purity Al shot


• CDT starts when the side 
thermocouple indicates that it 
is at the ZST (fs=0.75)


• Test stops when a load drop 
occurs


• Tension on casting is released


Initial solidification prediction:
• Time to start test at the 


ZDT
• Obtained from 


MAGMASOFT®


• Based on target tap 
temperature and a pour 
time of 10 sec


The ZST was identified using
an equilibrium solidification
prediction in JMatPro®.


Use of CDT thermocouple data for a two-point Fourier analysis


𝑍𝑍𝑖𝑖 = 𝑎𝑎𝑖𝑖 ∗
4


𝑅𝑅22 − 𝑅𝑅12
∗ (𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇)𝑖𝑖


𝐿𝐿𝑖𝑖 = 𝑇𝑇𝑇𝑇′𝑜𝑜 − 𝑍𝑍𝑜𝑜 ∗ 𝐶𝐶𝐶𝐶𝑜𝑜 ∗ ∆𝑡𝑡


𝐿𝐿 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑎𝑎 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻


𝑅𝑅 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟


+ 𝑇𝑇𝑐𝑐′𝑖𝑖 − 𝑍𝑍𝑖𝑖 ∗ 𝐶𝐶𝐶𝐶𝑖𝑖 ∗ ∆𝑡𝑡


𝑓𝑓𝑓𝑓𝑖𝑖 =
𝐿𝐿𝑖𝑖


𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚


Fig 7. Center thermocouple temperature measurements and derivative and its
alignment with the calculated z-curve using the two-point Fourier analysis method5.


Fig 8. High temperature confocal melting study test plans, table, and actual melting
procedure bringing samples in a 6.5 mm diameter alumina crucible to liquid and then
re-solidifying.


Fig 9. Experimentally measured cooling curve from the side and center s-type
thermocouples versus the predicted temperatures during solidification in those positions
in the mold in the MAGMASOFT® model.


C Si Mn V Cr Mo Ni
0.27 1.0 0.7 0.09 2.8 0.87 1.0


Table 1. The nominal Cr-Mo-Ni steel
chemistry as determined by OES and
LECO Combustion methods.


The MAGMASOFT® CDT
model requires refinement
to more accurately predict
solidification temperatures
for this setup.
• Creating a data set for


this specific alloy in its
standard compositional
range


• Optimizing the properties
for the molding materials
on experimental behavior


Fig 10. Center thermocouple cooling curve
and Fourier analysis derived solidification
curve.


Fig 11. Disagreement between
Fourier and simulated cooling curves.


Fourier solidification:
• Reasonable agreement 


with model predictions 
for liquidus and solidus


• Different thermodynamic 
software


Liquidus 
(°C)


Solidus 
(°C)


Fourier from 
experimental 


data
1487 1384


Thermo-Calc 
Scheil 1489 1061


Factsage™
Equilibrium 1479 1399


JMatPro® 
Equilibrium 1483 1413


Table 2. Difference between
simulated and experimentally derived
liquidus and solidus temperatures.


• Thermodynamic simulations 
reasonably predict 
transformation temperatures of 
the Cr-Mo-Ni steel


• Experimental data shows 
differences - need for more 
accurate methods of 
temperature determination.


Target 
Temp (°C)


Slope 
(°C/min)


Hold 
(s)


Step 1 120 40 5
Step 2 1400 350 30
Step 3 1550 50 120
Step 4 1400 -50 10
Step 5 80 -350 60


50 µm


50 µm50 µm


Time: 951.23 s
Temp: 1482.0°C


50 µmTime: 954.42 s
Temp: 1479.0°C


50 µmTime: 957.32 s
Temp: 1476.0°C


50 µmTime: 960.33 s
Temp: 1473.0°C


50 µmTime: 1041.03 s
Temp: 1404.0°C


50 µmTime: 1044.17 s
Temp: 1402.0°C


50 µmTime: 1047.16 s
Temp: 1400.0°C


Start of 
solidification


Solidification 
continues


All liquid


Solidification 
continues


Fig 12. In-situ images of Cr-Mo-Ni steel’s first liquid to solidify during cooling. The dendrite tips begin to solidify out of the liquid at
approximately 1479°C.


Time: 963.31 s
Temp: 1470.0°C


Time: 969.08 s
Temp: 1462.0°C


Time: 982.74 s
Temp: 1447.0°C


Time: 1002.07 s
Temp: 1433.0°C


50 µm 50 µm 50 µm 50 µm


Fig 13. Solidification progression of the Cr-Mo-Ni steels with dendrites solidifying from the liquid,
the interdendritic regions solidifying last, and inclusions getting trapped in the last liquid to solidify.


Inclusions


Fig 14. Solidification of the last liquid in Cr-Mo-Ni steels. Once the steel reached approximately
1402°C, solidification of the interdendritic liquid was complete.


Liquidus = 1479°C
Solidus = 1402°C


The laser confocal 
microscope was 
utilized to observe 
the sample 
microstructure and 
identify 
transformation 
temperatures during 
solidification.


This work identified the temperature prediction discrepancies between simulations and the
solidification of the CDT mold and identified the high-temperature laser scanning confocal
microscope as an alternative method of studying alloy solidification independent of the CDT.


This project was supported by the U.S. Army Combat Capabilities Development Command,
Army Research Laboratory and the Ground Vehicle Systems Center as part of Cooperative
Agreement Project: W911NF-20-2-0251 as well as the Peaslee Steel Manufacturing
Research Center (PSMRC) at Missouri University of Science and Technology (Missouri S&T).
Special thanks to all of the faculty as well as the industrial mentoring committee of the
PSMRC for their help and guidance. We are also grateful to MAGMA LLC for their support of
Missouri S&T and their assistance with the simulation work in this project.
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Moving 
Forward


Compare HT confocal
results to dilatometer
results to assess the
temperature gap from
use of the chamber
thermocouple.


Try to spot weld
thermocouples to
the samples in the
chamber of the HT
confocal for exact
sample temperature.


Optimize all of the
conditions of the
Magmasoft® model
to improve the
alignment with the
experimental data.


Additional CDT
tests to compare
a larger quantity
of Fourier analysis
solidification data.


ZDT LIT ZST
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