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1. Meeting Overview

The 2021 FeMnAl Technical Review meeting was hosted by the Lightweight
Innovations for Tomorrow (LIFT) center using the Microsoft Teams platform on
August 11-12, 2021. The objective of the meeting was to bring together the
domestic academic, industrial, and defense communities working on the
development of low-density armor steel to rapidly advance the material maturation.
FeMnAl, a ferrous (iron[Fe]-based) alloy containing large amounts of manganese
(Mn) and aluminum (Al), has been evaluated domestically as a cast and wrought
armor material with 10% to 15% lower density than traditional armor steels since
the mid-2000s." The current development and maturation efforts began in 2016 and
have grown to include many different organizations working on various aspects of
the material development and maturation process.>> Most of the current research
projects have been funded through Department of Defense programs with technical
coordination by the US Army Combat Capabilities Development Command
(DEVCOM) Ground Vehicle Systems Center (GVSC) and DEVCOM Army
Research Laboratory (ARL). The Steel Founder’s Society of America has also
coordinated projects under grants from the Defense Logistics Agency.

The virtual format for the meeting this year was required due to travel restrictions
that remained in place from the COVID-19 coronavirus pandemic. Although in-
person interactions were not possible, the discussions that took place in the meeting
chat throughout the meeting as well as in the open discussion periods provided
adequate interaction for attendees to remain engaged in and contribute throughout
the meeting. While the discussions, both large group and sidebar, were not able to
be as long or free-flowing as an in-person meeting allows, the meeting was still
successful in bringing the community together for development and maturation
updates.

This third FeMnAl technical review meeting virtually brought together 41
researchers, program directors, and end users representing 19 different government,
academic, and industrial organizations. The first day focused on additive
manufacturing of FeMnAl, welding, machining, and alternative processing
methods. The second day emphasized developments in composition control effects,
modeling and simulation, and performance evaluation. Each technical briefing was
20 min including questions, with a separate 20-min discussion block following each
topic area. The meeting agenda is shown in Table 1.



Table 1.

2021 FeMnAl review meeting agenda; times in Eastern Daylight Time

Day 1 Day 2
Time Title and Speaker Time Title and Speaker
0900 Introduction and housekeeping 0900 Introduction and housekeeping

0910

0940

1000

1020

1040
1100
1240

1300

1320

1340
1400

1420

1440

1500
1520

A review of the Army FeMnAl program
(K Sebeck)

Powder development of FeMnAl steel for
additive manufacturing
(S Zacher)

Additive manufacturing and
characterization of FeMnAIC Armor steel
(A Salem)

Additive manufacturing of AM-Grade
FeMnAl powder feedstock gas atomized
in a mobile foundry from recycled scrap
(A Kudzal)

Discussion
Lunch

Fusion welding of FeMnAl alloys
(J DuPont)

Varestraint and hot ductility
characterization of FeMnAl
(R Giorajo)

Welding FeMnAl with conventional
armor filler materials
(R Dull)

Discussion

Flattening and machining performance of
FeMnAl steel
(J Keogh)

Machining of FeMnAl steel
(D Handayani)

Enhancing the strength and toughness of
high strength steels via Equal Channel
Angular Pressing (ECAP)

(I Karaman)

Discussion

Day 1 closing remarks

0910

0930

1000

1020

1040
1100
1300

1320

1340

1400
1420

Composition dependent aging kinetics in
FeMnAl
(D Field)

Grain refinement and mechanical properties
of FeMnAl steels with Ni and Nb additions
(M Piston)

Thermophysical properties of
Fe30Mn4Al0.9C: a coupled computational-
experimental approach

(M Umanzor)

Phase-field modeling of k-carbide in
FeMnAl alloy
(Y Gu)

Discussion
Lunch

Influence of chemistry and cleanliness on
notch toughness of FeMnAl castings
(L Bartlett)

Ballistic performance of FeMnAl
(K Limmer)

FeMnAl composition evaluation for
corrosion protection
(L Blohm)

Discussion

Closing remarks and open discussion




2. Briefing Abstracts

An abstract for each of the 17 briefings presented at the meeting has been included
here in chronological order as outlined in Table 1. Each briefing slide deck has been
included as a separate appendix as denoted after each abstract.

2.1 Day 1: 11 August 2021

2.1.1 A Review of the Army FeMnAIl Program

Katherine Sebeck', Krista Limmer?, Daniel Field?, Katherine Vieau'!, Jennifer

Lask', Daniel Wagner!, and James Heading'

rgvsc
2ARL

The Army program for industrial-scale production and characterization of FeMnAl
steels for potential armor applications started in FY16. Since then, a substantial
amount of research has been conducted to better understand this class of lightweight
steels. In addition to maturation of industrial steel-making practices, the FeMnAl
project has covered characterization of survivability and integration requirements,
as well as other performance parameters. Major milestones are reviewed,
highlighting key results and lessons learned in these key areas. The limitations and
successes of FeMnAl steel for Army applications are addressed at a high level,
providing context for further talks over the course of this review meeting.

This briefing is included as Appendix A.

2.1.2 Powder Development of FeMnAlI Steel for Additive Manufacturing
Sonia Zacher!, Paul Meese', Christopher Eonta!, and Katherine Sebeck?

I MolyWorks Materials Corporation
2Grsc

In a joint effort with the US Army DEVCOM GVSC, MolyWorks Materials
Corporation developed a method to produce FeMnAl steel powder using a
Greyhound system. At present, no commercial source of additive manufacturing
(AM) powder exists for this alloy. The Greyhound is a horizontal free-fall gas
atomizer, designed to recycle scrap metals into on-chemistry, spherical AM
powder.

Powder was made using two feedstock sources: pre-alloyed wrought plate and
elemental constituents alloyed directly before atomization. The powder resulting
from these two production methods was evaluated on the basis of chemical



composition, particle size distribution, particle morphology, and technical and
economic feasibility to determine the optimal manufacturing process for directed
energy deposition (DED)—grade FeMnAl powder.

Technical feasibility was achieved with the production of 19.6 kg of 60- to 125-um
FeMnAl steel powder. Using pre-alloyed plate feedstock was found to be the more
economically viable option for large-scale production due to the reduced
production rate of powder from elemental feedstock.

This briefing is included as Appendix B.

2.1.3 Additive Manufacturing and Characterization of FeMnAIC Armor
Steel

Ayman Salem', Daniel Satko!, Austin Tiley', Pawan Vedanti!, Katherine Vieau?,
Thomas Wagner?, and Katherine Sebeck®

I MRL (Materials Resources LLC)
2GVsc

AM holds significant promise as a technique to repair armor systems. In particular,
DED techniques using powder or wire could facilitate in situ repair of armor
systems by building up damaged surfaces or repairing cracked plates to restore
structural integrity and protection ability. In recent years, there has been significant
interest in the application of lightweight high-strength alloys of the Fe-Mn-Al-C
system for armor systems due to a unique combination of reduced density, low
magnetism, and high-energy absorption capability leading to excellent ballistic
performance.

In this work, MRL demonstrated successful production of powder feedstock, AM
of test coupons, characterization of the microstructure and mechanical
performance, and the effect of heat treatment. Laser powder bed fusion (PBF) was
used in combination with MRL’s Integrated Computational Adaptive Additive
Manufacturing software for processing parameter optimization to minimize
porosities and lack of fusion defects, which was confirmed by density
measurement, metallographic inspection, and micro-computed tomography (CT)
inspection.

This briefing is included as Appendix C.



2.1.4 Additive Manufacturing of AM-Grade FeMnAIl Powder Feedstock
Gas Atomized in a Mobile Foundry from Recycled Scrap

Andelle Kudzal!, Marc Pepi!, Chris Eonta?, Andrew LaTour?, and Matthew
Charles?

T ARL
2 MolyWorks Materials Corporation

ARL is researching technologies that will make it possible for the warfighter to
manufacture and/or repair components at the point of need with scrap materials on-
hand, thus increasing operational readiness while reducing the military logistics
footprint. The objective of this project was to show proof-of-concept of AM of
powder that was gas atomized in a MolyWorks Corp Mobile Foundry housed
within a shipping container made from scrap FeMnAl steel. The powder feedstock
was subjected to the laser PBF process to determine manufacturability. Cursory
results show that while the FeMnAl powder processed through PBF was able to
result in bulk parts, laser limitations and longer laser dwell times increased defect
density, determined via micro-CT analysis, and made it impossible to manufacture
this material in an ideal processing window.

This briefing is included as Appendix D.

2.1.5 Fusion Welding of FeMnAI Alloys
John DuPont and Rishi Kant

Lehigh University

The thermal cycles associated with fusion welding have a significant influence on
the microstructure and properties of FeMnAl alloys. In addition, there is a need to
identify optimum commercial filler metals for the various requirements of different
applications. This presentation reviews recent work that demonstrates the influence
of weld thermal cycles and post-weld heat treatment on the mechanical
properties of FeMnAl alloys with the goal of optimizing welding procedures for
mechanical properties. Recent work on selecting suiting commercial filler metals is
also described.

This briefing is included as Appendix E.



2.1.6 Varestraint and Hot Ductility Characterization of FeMnAl
Rafael Giorjao!, Kaue Riffel', Katherine Sebeck?, and Antonio Ramirez!

I Welding Engineering Program — Dept of Material Science and Eng, The Ohio
State University

2Gvsc

The Welding Engineering Program at The Ohio State University worked with
GVSC on developing and optimizing the FeMnAl armor steel plates, focusing on
material weldability. As liquation cracking was reported on these alloys by several
research groups, in this new effort, a combination of well-established Spot
Varestraint and hot ductility tests, state-of-the-art modeling, and characterization
were used to evaluate and quantify the liquation cracking susceptibility of four
experimental hot-rolled FeMnAl alloys. The goal was to unveil the effects of small
chemical, and potentially microstructural, differences on material weldability. The
Spot Varestraint results revealed the weldability was directly related to the alloys’
composition: higher Mn and C increased the alloys’ liquation cracking
susceptibility, while high Al resulted in lower liquation cracking susceptibility.
Therefore, lower Mn and C and higher Al reduced segregation to the austenite grain
boundaries within the heat-affected zone (HAZ) during welding and stabilized the
second-phase ferrite, which seems to preclude high-temperature crack propagation.
Hot ductility results revealed that all alloys presented similar high-temperature
performance, with similar on-heating and on-cooling behavior. The combined
results suggest the composition and phases play an important role in grain boundary
liquation and crack propagation, which suggests better liquation cracking resistance
on FeMnAl alloys with a duplex (ferrite—austenite) microstructure on a broader
temperature range.

This briefing is included as Appendix F.

2.1.7 Welding FeMnAl with Conventional Armor Filler Materials
Randal Dull', Katherine Sebeck?, Daniel Wagner?, and Gary Thompson'

TEWI
2 GVSC

EWI further evaluated the welding of wrought FeMnAl plate. Gas metal arc welds
on FeMnAl were made in a previous project with good mechanical properties using
a variety of conventional electrode types including austenitic stainless steel, and
high chrome, high manganese. Base metal mechanical properties had a strong
influence on weld and HAZ mechanical properties, with low toughness in the base
metal an issue on a few welds. The weld HAZ was generally not the limiting factor
in performance. Additional welds were made in a follow-on project using an



ER100S-1 carbon steel electrode. EWI welded one H-plate using an ER316L
electrode. EWI also evaluated pressing plates to improve flatness.

This briefing is included as Appendix G.

2.1.8 Flattening and Machining Performance of FeMnAl Steel
John Keogh

American Lightweight Materials Manufacturing Innovation Institute (ALMII)

FeMnAl is a lightweight, wrought, high-manganese, high-aluminum steel under
investigation for ground vehicle structure and armor applications when both weight
and space are of significant concern. However, its successful application hinges on
several key characteristics including manufacturability, formability, weldability,
machinability, and performance. Rolled FeMnAl incurs significant distortion and
work hardens rapidly, presenting myriad fabrication challenges. In this work, LIFT
investigated plate flattening in relation to work hardening and the machinability of
bulk FeMnALl. Results show that 1) a successful flattening procedure was developed
for FeMnAl plate with a unidimensional bend, and work hardening (evaluated
statistically via surface hardness) did not present as an issue, and 2) given correct
tool selection, speeds, feeds, depth of cut, ramp rate, cooling, and other parameters,
FeMnAl can be machined and processed via milling, drilling, tapping, waterjet and
bandsaw cutting, and wire and sinker electrical discharge machining.

This briefing is included as Appendix H.

2.1.9 Machining of FeMnAl Steel
Dika Handayani', Victor Okhuysen', and Nicole Wagner?

I Cal Poly Pomona
2 Chapman University

A series of FeMnAl steel turning experiments were conducted to assess the
machinability of FeMnAl steel in the solution-annealed condition. Tool life, surface
finish, and load percentage/spindle load are used as the machinability
criteria. Results from the study point to the recommendations that negative rake
angle on a stainless-steel-designated tool should be used to turn FeMnAl with a
starting parameter of 0.008-inch/rev feed rate, 0.080-inch depth of cut, and
150-ft/min cutting speed. A modified Taylor Tool Life equation was also generated
and can be used to determine starting parameters based on desired tool life. Work-
hardening behavior of FeMnAl during machining was also examined. The initial
result shows an increased hardness closer to the machined edge. The availability of
this machining information is expected to reduce the machining cost and time, and



thus would encourage the application of this material in a more efficient and
productive manner.

This briefing is included as Appendix I.

2.1.10 Enhancing the Strength and Toughness of High Strength Steels via
Equal Channel Angular Pressing (ECAP)

Ibrahim Karaman, MW Vaughan, Sezar Picak, and C Acemi
Texas A&M University

This study is an ongoing work on strengthening and toughness enhancement for a
variety of different high-strength steel alloys, documenting the effects of equal
channel angular pressing on the mechanical properties of martensitic AF96,
austenitic FeMnAl, and martensitic HY 100 steels, in particular. Some of the
highlights of these studies show that, given the appropriate processing parameters,
remarkable strengthening above 2 GPa may be achieved for AF96 and HY'100. In
addition, toughness may be improved via ECAP for AF96, while it suffers for
HY100 after ECAP. Alternatively, ECAP of the age-hardenable FeMnAl steel
allows significant Hall-Petch strengthening, prior to any aging heat treatment,
thereby enabling significant strengthening and high toughness simultaneously.
Overall, these improvements are discussed in the context of microstructural
evolution resulting from the imposed thermomechanical processing schemes for
each unique alloy.

This briefing is included as Appendix J.

2.2 Day 2: 12 August 2021

2.2.1 Composition Dependent Aging Kinetics in FeMnAl

Krista Limmer, Daniel Buzminsky, and Daniel Field
ARL

A series of Fe-Mn-Al-C alloys were produced and evaluated to determine the effect
of composition variation on the kinetics of x-carbide formation. Whereas past
studies examined the sensitivity of mechanical properties to changing a single
element in the composition in these alloys, this study evaluated covariance of the
major elements: Mn, Al, and C. Wrought plates were produced by two vendors
according to a 23 factorial design of experiments that were all expected to be age
hardenable through precipitation of k-carbide. Johnson—-Mehl-Avrami kinetics
were determined for each alloy and the results are discussed in terms of composition
and microstructure. Additional insights into the composition-dependent aging



mechanisms from high-resolution characterization including synchrotron X-ray
diffraction and atom probe tomography are also discussed.

This briefing is included as Appendix K.

2.2.2 Grain Refinement and Mechanical Properties of FeMnAI Steels
with Ni and Nb Additions

Michael Piston!, Wint Watwood', Laura Bartlett!, Ron O’Malley', Krista Limmer?,
Dan Field?, and Katie Sebeck?

I Missouri University of Science and Technology
2 ARL
3 GrsSC

Micro-alloy additions of niobium (Nb) up to 0.04 wt% in an Fe-28Mn-8AI-1C steel
containing 0.5 wt% molybdenum (Mo) was shown to be effective at forming grain
pinning niobium carbonitride (Nb(C,N)) precipitates during hot rolling and
significantly reduce grain size and notch toughness. Additions of nickel (Ni) to
these steels has also been shown to greatly increase strength and hardness by
forming hard intermetallic B2 precipitates within the austenite matrix. Two hot
rolling temperatures of 1200 and 1050 °C and additions of up to 8 wt% Ni and
0.4 wt% Nb were investigated in an Fe-20Mn-8Al-1C steel for dual precipitation
of B2-NiAl and Nb(C,N) on grain refinement and mechanical properties.

This briefing is included as Appendix L.

2.2.3 Thermophysical Properties of Fe30Mn4Al0.9C: A Coupled
Computational-Experimental Approach

Manuel E Umanzor, Matthew E Drew, and Alan P Druschitz
Department of Materials Science and Engineering, Virginia Tech

Due to their low density and high toughness, compared to traditional steels, high-
manganese austenitic steels are outstanding candidates across several industries
like defense and automotive for lightweight structural applications. Over the past
few decades, modeling tools have found their way into foundries worldwide.
Nonetheless, for these tools to provide trustworthy predictions, accurate input
properties are required. For the composition studied (Fe30Mn4A10.9C1Si0.5Mo),
thermophysical properties are scarce in the literature. Hence, a coupled
computational-experimental approach was used to determine the needed property
data as a function of temperature. Key properties like phase transitions, enthalpy,
density, fraction solid, specific heat capacity (Cpr), latent heat, and viscosity were
determined using a commercially available thermodynamics calculation package.



These properties were first calculated for known systems (304SS and A356), and
the calculated results were compared to results from the literature. Thermophysical
properties for the system of interest were then calculated. Validation for Cp and
liquidus and solidus temperatures was performed via differential scanning
calorimetry (DSC). Detection of solidus temperature via DSC proved to be
challenging; hence, a discrete-derivative analysis was conducted to determine this
parameter. Mold filling and solidification simulations were performed and
compared with actual castings.

This briefing is included as Appendix M.

2.2.4 Phase-Field Modeling of k-carbide in FeMnAl Alloy
Yijia Gu, Julia Medvedeva, and Kyaw Hla Sain Chak

Missouri University of Science and Technology

To investigate the evolution of k-carbide in FeMnAl alloy, a phase-field model was
proposed. In this presentation, we focus on the thermodynamics aspect of the
model. In the model, the total free energy of the system (y and «) includes bulk
energy, interfacial energy, and elastic energy. The interfacial energy and the elastic
energy determine the morphology of k-carbide and its orientation relationship with
v. The bulk energy has been modeled by several groups using the calculation of
phase diagrams (CALPHAD) approach, which, however, are not able to predict the
correct C concentration in k-carbide phase due to the incomplete description of the
octahedral interstitial sites (for C and vacancy). A 4-sublattice CALPHAD model
is developed to describe the k-carbide in FeMnAl alloy. The transformation from vy
phase to k-carbide can thus be considered as two consecutive ordering processes.
The first one is the Li2 ordering and the second is the ordering of C and vacancy.

This briefing is included as Appendix N.

2.2.5 Influence of Chemistry and Cleanliness on Notch Toughness of
FeMnAlIl Castings

Laura Bartlett!, Wint Watwood!, Ron O’Malley!, Krista Limmer?, Dan Field?, and
Katie Sebeck®

I Missouri University of Science and Technology
2 ARL
3 GrsC

Lightweight FeMnAl castings have the potential to lower the density of critical
components in ground vehicles without a sacrifice in performance. However, the
chemistry and casting parameters must be strictly controlled to prevent a loss in

10



notch toughness. In the current study, the effects of Al, C, and Mn were studied to
determine the effects on the microstructure and mechanical properties of FeMnAl
castings. A novel mold design was developed to determine the effect of different
gating systems on steel casting cleanliness and notch toughness. Results showed
that increasing Al and decreasing C and Mn contributed to brittle ordered ferrite
phases that greatly lowered toughness in both the solution-treated and aged
conditions. Casting cleanliness also plays an important role on performance and
castings with a higher percentage of oxide bi-films exhibited low notch toughness
and premature fracture. Filters were shown to be more effective at removing solid
oxide bi-films from the melt than naturally pressurized bottom fill gating systems.

This briefing is included as Appendix O.

2.2.6 Ballistic Performance of FeMnAl

Krista Limmer!, Daniel Field', Katherine Sebeck?, Katherine Vieau?, and Alyssa
Gafner?

T ARL
2 GVscC

This briefing consists of three components. First, the ballistic performance of
industrially produced FeMnAl plates from 0.5 to 2 inches in thickness against a
range of armor-piercing (AP) and fragment-simulating projectiles (FSP) are
discussed in terms of space and mass efficiency compared to Class 1 rolled
homogeneous armor (RHA; MIL-DTL-12560K*). Second, AP and FSP
performance of industrially produced and solution-treated FeMnAl plates that were
aged in a laboratory setting to achieve a range of hardness—toughness combinations
are discussed. Statistical analysis was used to correlate the aging process with the
toughness, hardness, AP performance, and FSP performance. Third, the role of
composition on performance is evaluated for a series of 0.5-inch-thick plates
varying Mn, Al, and C targets.

This briefing is included as Appendix P.

2.2.7 FeMnAl Composition Evaluation for Corrosion Protection
Lindsey Blohm, Joseph Labukas, and Krista Limmer
ARL

FeMnAl, a ferrous alloy containing large amounts of Mn and Al, is under
consideration for use in Army systems and is subsequently being investigated for
corrosion performance. FeMnAl is being evaluated as an alternative for RHA.
Work has been done to evaluate FeMnAl as a substrate in addition to having

11



pretreatments evaluated for flash rust resistance. Coating stack-ups, including
pretreatments, were also evaluated and compared to RHA performance. There were
no significant failures in any pretreatments or stack-ups considered in any initial
testing.

An electrochemical investigation of 12 alternate FeMnAl compositions was
performed in 0.1M H2SOu4 electrolyte, showing only minor changes in the corrosion
potential. Molybdenum was found to be the only alloying element to affect the
corrosion potential. Mass loss testing in ASTM B117° was performed in addition
to the electrochemical investigation along with an analysis of variance (ANOVA).
In neutral sodium chloride solution, there was no major influence from individual
elements. Additional work is ongoing to include primed FeMnAl and RHA samples
with various pretreatments exposed to ASTM B117, exposed at Cape Canaveral
Space Force Station, and ASTM GMW 14872.°

This briefing is CUI, and thus not included as a part of this report. Approved
persons may review the detailed results in ARL-TR-9441."

12
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ASTM International; 2019 Nov 1.

ASTM GMW 14872. Cyclic corrosion laboratory test. General Motors
Worldwide (GMW); 2022 Nov.

Blohm L, Labukas J, Limmer K. Evaluation of FeMnAl compositions for
corrosion resistance. DEVCOM Army Research Laboratory (US); 2022 Apr 1.
Report No.: ARL-TR-9441.

13



Appendix A. A Review of the Army FeMnAI Program

This appendix appears as a PDF attached to the report.
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Appendix B. Powder Development of FeMnAl Steel for Additive
Manufacturing

This appendix appears as a PDF attached to the report.
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Appendix C. Additive Manufacturing and Characterization of
FeMnAIC Armor Steel

This appendix appears as a PDF attached to the report.
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Appendix D. Additive Manufacturing (AM) of AM-Grade FeMnAlI
Powder Feedstock Gas Atomized in a Mobile Foundry from
Recycled Scrap

This appendix appears as a PDF attached to the report.
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Appendix E. Fusion Welding of FeMnAl Alloys

This appendix appears as a PDF attached to the report.
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Appendix F. Varestraint and Hot Ductility Characterization of
FeMnAl

This appendix appears as a PDF attached to the report.
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Appendix G. Welding FeMnAl with Conventional Armor Filler
Materials

This appendix appears as a PDF attached to the report.
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Appendix H. Flattening and Machining Performance of FeMnAl
Steel

This appendix appears as a PDF attached to the report.
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Appendix I. Machining of FeMnAlI Steel

This appendix appears as a PDF attached to the report.
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Appendix J. Enhancing the Strength and Toughness of High-
Strength Steels via Equal Channel Angular Pressing (ECAP)

This appendix appears as a PDF attached to the report.
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Appendix K. Composition Dependent Aging Kinetics in FeMnAl

This appendix appears as a PDF attached to the report.
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Appendix L. Grain Refinement and Mechanical Properties of
FeMnAl Steels with Ni and Nb Additions

This appendix appears as a PDF attached to the report.
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Appendix M. Thermophysical Properties of Fe30Mn4AI0.9C: A
Coupled Computational-Experimental Approach

This appendix appears as a PDF attached to the report.

26



Appendix N. Phase-Field Modeling of k-carbide in FeMnAl Alloy

This appendix appears as a PDF attached to the report.
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Appendix O. Influence of Chemistry and Cleanliness on Notch
Toughness of FeMnAIl Castings

This appendix appears as a PDF attached to the report.
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Appendix P. Ballistic Performance of FeMnAl

This appendix appears as a PDF attached to the report.
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List of Symbols, Abbreviations, and Acronyms

Al aluminum

ALMII American Lightweight Materials Manufacturing Innovation
Institute

AM additive manufacturing

ANOVA analysis of variance

AP armor piercing

ARL Army Research Laboratory

AVPTA Advanced Vehicle Power Technology Alliance

C carbon

CALPHAD calculation of phase diagrams

CT computed tomography

DED directed energy deposition

DEVCOM US Army Combat Capabilities Development Command

DOD Department of Defense

DOE Department of Energy

DSC differential scanning calorimetry

ECAP equal channel angular processing

Fe iron

FSP fragment-simulating projectile

FeMnAl high-Mn, high-Al, ferrous alloy

FY fiscal year

GVSC Ground Vehicle Systems Center

HAZ heat-affected zone

LIFT Lightweight Innovations for Tomorrow

Mn manganese

Mo molybdenum
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MRL
Nb

PBF
RHA

Materials Resources LLC
niobium

nickel

powder bed fusion

rolled homogeneous armor
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* 4 industrial scale heats of material
— ~170T of material poured!

* Projects with:
— 6 universities
— 14 companies
— 3 other government agencies

* Ongoing dissemination of results:
— 1 patent application

— 23 conference presentations
* 10 proceedings papers

— 3 journal publications
* 3 submitted in 2021!

— 6 DOD technical reports
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Heat 1

Ingot
chemistry
not
achieved

Roll
Fracture Temp
during low, 2
cooling ingots
cracked

Identified
issues

with flux

chem

Roll temp
++,1.5”
plate
rolled

; Failed
Failed : . 2.6 (3),2
0% Yield ingot ingots for rolled to - .25” 58 37 - intended

h chem.
studied analysis plate for reroll

1 piece Testing
cracked, in

slabbed progress Studies

Active Path Plate

A A Testing
i n

Pour Sep 29 2016 (Heat Pour July 10 2017 (Heat 1) Pour Feb 06 2018 (Heat 2)
0) *Successful flux chemistry +Validating necessity of forging
*Flux interactions with metal *Successful ladle superheat *Validated flux chemistry

resulted in low Al «Found possible upper limit on mold sizes -Additional plate dimensions
*ldentified issues with ladle +Found possible lower limit on rolling

superheat temperature Each heat has resulted in significant
rLearmed forging gave best +Tasting necassity of forging for good e o o o oo
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Normalized FeMnAl Performance Summary
Target BThreshhold BCurrent Performance

Yield Strength (MPa)

1.2
Density (g/cc) Tensile Strength (MPa)

B

Blast (pass/fail) Young's Modulus (GPa)

Machinable (pass/fail) Hardness (HBW)

Weldable (pass/fail)

x FSP V50 (fps) 20mm
AP V50 (fps) .50 1" soft

FSP V50 (fps) .50 cal
“ AP V50 (fps) 20mm AP V50 (fps) .50 1" hard

Impact Toughness - LT (ft-lbs)

AP V50 (fps) .30, 0.522"
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@ A1133 MECHANICAL PROPERTIES

=m

« Hardness from 280-335 BHN

« Average CVN
— 26.4 ft-Ibs (forged), 22.7 ft-Ibs
— Core consistently lower impact toughness
than surfaces in thick plates
— Also did CUN - no significant differences

* Tensile
— Young’s Modulus — 152 GPa
— Yield Strength — 866 MPa
— UTS - 1055 MPa

D R





Low
High

29.0
29.0
25.0
25.0
29.0

k-carbide cubic perovskite crystal structure
(E21)

« Conducting design of experiments to evaluate sensitivity of
toughness and aging to composition
» 2 level full factorial for Mn, Al and C
» Main components of the carbide which controls
hardness, toughness
» 5 separate compositions to evaluate the role of grain
refiners, lower Al levels
» Two different producers, small plates
* Missouri S&T using traditional sand casting
* Arcelor Mittal using Vacuum Induction Melting (VIM)
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.30 Cal M2 AP V50 [ft/s]

50 CAL FSP V50 [ft/s]

0.48

0.48

0.49

0.5 0.51

COMPOSITION STUDY BALLISTICS

0.52

0.53 0.54

Thickness [in]

VC Plates

0

51

0.52

Thickness [in]

0.5

5

.30 cal AP

20mm FSP

ST Plates

CUV/CTI/IFEDCON

GROUND VEHICLE
SYSTEMS CENTER

Due to subsized test coupons,
cannot be compared to MIL-DTL-
12560

— Plates are instead compared to an
RHA plate of the same size

AP was very close in

performance to RHA

— Due to limited plates, mostly VC
plates tested in AP

FSP was consistently below RHA
Outliers in performance could be
traced to plate quality concerns
Ongoing efforts to evaluate
adiabatic shear banding and role
of ferrite in FSP and CVN
performance

Plate quality and heat treatment

are more critical than precise

composition
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INGOT PRACTICES

« Typical steel fluxes have high SiO,
content to ensure good flow, coverage
« SiO, reacts with Al to form Si and Al O,
« [Al] + SiO, -> [Si] + Al,O,
* Resulted in significant Al losses in
first heat attempt
* Next heat compared 4 different fluxes

347x47” :
Cracked During |
Cooling

Previous poor
surface quality,
low Al

Standard
SiO, Flux

A1131 #2 A1132 #4 #3
#2 and #3 rolled at 1950F, experienced extreme cracking: Surface Quality >
not rolled to target thickness

D%}/CMDM
1 Typical SiO,
2 High C
3 1:1 Lime alumina
4 Soda lime alumina +CaF A (higher
CaF)
5 Soda lime alumina +CaF B

Flux developed for
this effort

Soda lime

alumina A,
Argon backfill
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OTHER INGOT CHALLENGES [BEveom

« Ingot segregation Ingot 2 Ingot 3
* Residual stress — upper 31.37 32.35 31.58 30.51 31.24

limit on ingot size 30.65 32 31.44 31.4 31.55

— Post mortem analysis show Mn
no obvious inclusions or 32.65 32.06 31.27 31.72 31.21

other flaws that would have

created failure 894 8.88 38.71 8.46 8.64 8.19

Al .8.84 861 8.47 839 8.25

882 87 846 841 809
1 082 099 0.99 078 0.8

C 1 101 099 101 1 0.99
099 1 099 099 0.99 0.99

023 044 046 02

0.42 0.25
0.26 0.29 0.23 0.34 045 0.24

Si
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ROLLING PRACTICES /co

OAK
RIDGE

nal Labor:

« Alloy is sensitive to rolling temperature
» Conducting Gleeble with ORNL
studies to develop forming curves
« Significant tearing observed at lower

rolling temperature

10506 12mm S- -1

250

Flow stress drops

» Surface cracking perpendicular to AN off rapidly between
rolling direction 1175 to 1200C
. . . P - during tensile
» No intergranular liquefaction observed up . i SN deformation
to 1250° C S\ o
2128° F (1121° C) 2200° F (1202° C)

1950° F (1065° C
( ) 12 Oct 2017 12 April 2018

22 Aug 2017

ArcelorMittal
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@ HEAT TREATMENT DEVCOM
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- ® Initial Lab Scale 1 L
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330 _ ° Trials l;'cj30
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280 300 320 340 360 380 400 280 300 320 340 360 380 400
Hardness [BHN] Hardness [BHN]
Heat 1 & Small Scale Material Heat 2 Material

« ARL has conducted aging studies on all heats of material produced to date

« Optimal combination for hardness and toughness: lowest STQ to fully
austenitize, highest ageing temperature that reaches hardness without
significant overaging





« Solution Treated (STQ)
— CVN ~100 ft-lbs
— Hardness too low for armor
plate
 Two-stage aging
— Increased energy
adsorption
— Higher toughness at
reduced aging times without
sacrificing hardness
« HT A and HT E have
lower toughness for
equivalent hardness vs.

two-stage aging
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Hardness [BHN]

A.30 hours at 530.C

B.2 hours at 450,C + 2 hours at 600.C
C.4 hours at 450.C + 4 hours at 600.C
D.4 hours at 450,C + 1 hour at 650.,C
E.4 hours at 600.C

Limmer, K; Field, D; Cheeseman, B; Montgomery, J; Sebeck, K; Howell, RA. “Accelerated
Heat Treatment of High Mn TRIPLEX Steels for Armor Applications”. (May 2018)
AlISTech Conference Proceedings
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 Three “aging groups” based on Mn and Al:
1.Fast & Hard: Lowest Mn
2.High Mn + High Al

3.Slow and Soft: High Mn + Low Al

« Carbon effects:
— With low Mn content, lower C seems better

350

Hardness [BHN]
]
o
[am]

200 |

150_ 1 1 1 | 1 1 [ ]
AsRolled STQ 0.1 1 10 100

Aging Time [hours]






A
BLAST
« Tested two 1” cast FeMnAl plates. Compared
to 17 of RHA.
« While plates did crack, there was no
rupture — deemed to have passed
» Cast material was expected to
underperform, particularly given quality of
the castings
* Improved models of soil pot testing with high

speed developed as a result of this effort
= ) HMJDcfomauonReducﬂon @

HIIGeoretry Flat

Charge Location: Canter
Max. Deformation: 11.5cm

Time frem Trigger (ms}

Max Deflection vs Time (ms)

Table 1. Test Data.
All tests were with a 4-pound C-4 charge and 4-inch depth-of-burial.

i Jump Dynamic = Permaneni
;"'5' S_Tesrl SR S e e
b p an) (in) (in) (in)
1 1" RHA 10 6.0/6.2 3 1
2 I” RHA 6 §.4/8.3 36 2-1/16
FeMnAl
3 Plate #26 6 8.7/8.5 47 4178
11" thick
. . FeMnAl
Soil Pot for Buried Charge 4| RPawks |6 TITL| 4 3718

Test

DEVCOM
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SYSTEMS CENTER

6 plates from Industrial Heat 2 tested
at ATEC
Steel pot test, no soil
5 pass, 1 falil
» Failed plate crack initiated from
the as-rolled edge
» Other plate with as-rolled edge
passed at same standoff
Pass/fail performance on par with RHA
* Permanent deflection numbers
being processed, but appear
higher than RHA

22





e o b e b olf
g 0% ¢ ¥ § 8}

Lab simulated shock for
detailed accelerometer for
simulation validation

Plate struck at high velocity,
dissipation of shock waves
measured at multiple points
Shock response shows no
sensitivity to rolling direction
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@ BALLISTICS DEVCOM
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* Generally met Class 1 RHA threats on a space efficiency basis,
exceeded on a mass efficiency basis — influenced by hardness levels

* Underperformed against Class 2 RHA requirements on space
efficiency basis; in line with Class 1 for mass efficiency — no apparent

effect of hardness or impact toughness

— May be driven by adiabatic shear band formation
— The onset of shear banding occurs when thermal softening

overcomes strain and strain-hardening effects
+ Higher hardenability and lower thermal softening lead to improved
resistance to shear localization

(&) . _) U (AL
dy \ov/yr \oy, y_TdY T/ y ydy

— Neglecting strain-rate hardening, the critical shear strain for
shear localization can be expressed as:

| pCpn
Te="ar
aT

* Where p is density, C; is specific heat capacity, n is strain-hardening
index, and —01/8T is the thermal-softening parameter
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A FORGING SLvom

Pass // // I/ Fail
Plate ID Thiglz:iesd[in] Condition H?lgdHnﬁ]s ° VSO(EPS; " VS(z:;;;ing
1AA 0.5 Final 305* 30 CALAP M2 50 CAL FSP
% < 1AB 0.5 STQ 235* 30 CALAP M2 50 CAL FSP } CVN =137 ft-lbs
S 1BA 0.5 Final 347 30 CAL AP M2 50 CAL FSP
_ 1BB 0.5 Final 343 30 CALAP M2 50 CAL FSP
2 1.25 Final 348 20mm M602 API-T 20 mm FSP
3 1.5 Final 337 20mm M602 API-T (none)
4A 1.0 none received
4B 1.0 Final 341 20mm FSP
| sA 1.5 Final 328 20mm M602 API-T (none)
'g,) < 5B 2.0 Final 317 (none)
0 6B 1.0 STQ + Class 2 290" 20mm FSP
\ 6B 1.0 Final 341 50 CAL AP M2 20mm FSP

« Improved CVN may not be enough to fully meet FSP requirements
« Forging has no discernable effect on ballistics
* May still be worth maintaining for improved surface finish
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BLUF — We can machine and weld
FeMnAl

Waterjet cutting can be effectively used
on FeMnAl

Band saw, milling, cutting, and drilling are
all possible with reasonably available
tooling

FeMnAl could be tapped using cutting
taps, but not with forming taps.

Plasma cutting is very challenging and
limited in thickness

ER316L Macro Section

» Best welding results observed with 316L and
308 filler metals, moderately high heat inputs,
and limited CO2 gas blends

* No concerns with hydrogen cracking due to
austenitic microstructure

CUI//CTI/IFEDCON 26
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 FeMnAl is compatible with current commercial CARC options
Currently sitting on a beach for outdoor testing and performing well

ASTM ASTM ASTM Water Hydro- Coating ASTM
D&10 D3359 D4541 Fluid carbon EIS G50
(flash rust) (tape) (pull-off) Res. Res. (outdoaor)

AABOB1 Su;‘l& {E::::nf 5:;“ ) -------
N MIL;I?;—iZ{SZSn% ::;:m Uy ---
24 RHA {B;Lfﬂg gigg?‘:::aw g
s2 reww  TiSHoMess
34 FeMnAl Su,¢;_5;;:j?:;nv.) :
35 FeMnAl M"‘ﬁﬁf&ﬂizﬁ .
- m 36 FeMnAl TT'CS?;;D?;W |
T L e L TR T 7 FaMna JTCHS0 Tyl

15326 (Wash Primer)

TT-C-490, Type IV
981072 (immersicn) CR/AS

TT-C-490, Type IV 2 6

Mote: & = general; P = pitting; CF = cohesive faihure of primer; CPT = cohesive failure of pretreatment; EIS = electrochemical impedance spectroscopy.

3-8 FehMnAl 1

Fig. 18 Summarized test results to date of Phase 1

CUV/CTI/IFEDCON

CORROSION DEVCOM
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« Johnson Cook damage
parameters capturing AP
performance, but not
showing experimentally
observed failure mode
against FSP threats

 FeMnAl performs
asymmetrically in tension
and compression,

True Stress (MPa)

1500 -

1600 -

1400 -

1200 -

1000 -

MODELING & SIMULATION

DEVCOM

GROUND VEHICLE
SYSTEMS CENTER

—e—fyverage Values Fit

Compression
F -

A=1973.30, B=230195 n=1.05

000 005 010

015 020 025 030
Plastic Strain

0.35

0.40





GROUND VEHICLE
SYSTEMS CENTER

Per
Rolling Plate | Net Net
Yield Yield |Yield |Pounds Final $/Ib
0.5

PRELIMINARY COST MODELS DEVCOM

- 345 84000 72000 0.66667 0.91

0.85 0.258 21658 $ 15.93

- 349.2 84000 72000 1 0.9 0917 088 0726 60984 $ 573
3 (est.) [IEED) 90000 80000 0.85714 0.85 0.833 0.83 0504 45353 $  8.38

Heat 3 rolling yield issues not yet understood — current
hypothesis is related to slow fill rate, which also lead to
loss of 1 ingot in initial filling plan

29





@ ADDITIVE FEMNAL?? [oEvcom

=m

- Small Business Innovative Research (SBIR) funded development of a
process path to make FeMnAl powder for Directed Energy Deposition
— ARL leveraged this work to purchase powder for their own trials

« GVSC goal is to understand applicability for repair procedures on
FeMnAl base metal as well as part printing





SYSTEMS CENTER

A  WHAT'S NEXT? DEvCom

« Many of the topics in this brief will be covered in more detail over the

next two days
* Document, document, document
« Drafting MIL-DTL for Lightweight Armor Steels
— Chemistry complexity means it will not fit under MIL-DTL-12560
— Additional heats (currently unfunded) will be required to complete this task to
qualify ballistic tables
« Characterization of Heat A1134
— Additional material expected to be available for interested parties
« Adiabatic shear banding analysis
— Thermal conductivity





GROUND VEHICLE

‘ SYSTEMS CENTER

MIL-DTL DRAFT AND UFR DEVCOM

= 0.15

- Draft MIL-DTL heavily leveraging generic armor steel requirements is | = 0.2
~60% complete T

— Discussions with ARL needed to discuss composition and precision requirements, T %
test samples of the solution treated condition (esp. toughness), final toughness and
hardness requirements, and final density requirements i I

« Completion of the ballistic tables requires 2 more industrial heats to <+ os
repeat all key thicknesses 0.5

— Draft tables will be completed with Heat 3 data T °°

» Final declaration of weldable will require testing of H Plates

=t 0.35
-+ 04

== 0.65
== 0.75

Target Number of == 08
Thickness Range (in) Thickness Ingots -+~ 09
0.5

== 0.25

=+ 11
(.5 2 1.2

30 Cal at 30° 0.186 — 0.243 "

0.6 0.5 1y

50 Cal at 0° 0.55-1.20
20 mm at 0° 1.08 — 2.83
90 mm at 45° 2.09 - 3.57
90 mm at 30° 3.48 —4.07
90 mmatO0° 3.99 - 8.04

-+ 15
-+ 1.75
1.125 1 T 2

-t 225
2.0 0.5 i I

== 275

1.0 0.5

2.5 0.5

== 35
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Atomizer Technology

*  Plasma Gas Atomizer

* Specialized in recycling scrap
metals into Additive
Manufacturing (AM) Grade
powder for Binder Jetting, Direct
Metal Laser Sintering (DMLS),

v Mad PR e | Directed Energy Deposition (DED),

— = T [T and Electron Beam Melting (EBM),

g 20y = | and other applications

* Research and development of
FeMnAl powders as part of Small
Business Innovation Research

MolyWorks Greyhound System (SBIR) grant
* Builtinto a 20 ft shipping

container

MZJLY WORKS

MATERIALS CORPORATION

FeMnAI Technical Review Meeting 202 1

Distribution A. See first page





Feedstock Types and Target Composition

Iron Manganese | Aluminum Silicon Molybdenum Carbon
(Fe) (Mn) (A1) (Si) (Mo) (9]
Target Bal 26-30 % 8.5-10 % 0.8-1.2 % 0.4-0.6 % 0.8-1.0 %

*  Wrought plate

Scrap * Alloyed off-site

 Heat treated to
control hardness

* Virgin feedstock

* Alloyed and atomized in
one system

Untreated

Elemental

FeMnAI Technical Review Meeting 202 1 M @LY hﬂﬂsocoﬁo§1§
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Feedstock Type: Scrap

* Heat Affected Zone (HAZ)
around cut edges
required removal

* Rust on rolled surfaces
required sandblasting to
avoid powder
contamination

FeMnAI Technical Review Meeting 202 1 M @ LY WO R KS

. " " . MATERIALS CORPORATION
Distribution A. See first page





Feedstock Type: Scrap

* Scrap feedstock allowed for
significant increase in system
throughput over elemental

* Total of 63 Ibs of 60-125 um
powder produced for DED
printing applications

MATERIALS CORPORATION

FeMnAl Technical Review Meeting 2021 M @ LY WORKS

Distribution A. See first page





Feedstock Type: Elemental

FeMnAl Technical Review Meeting 2021

Elements added by source type

Distribution A. See first page

Source Material Form Per;(\e’:it;ﬁ: by
Iron Flakes 59.7%
Manganese Flakes 28.0%
Aluminum Pellets 6.3%
Aluminum Can 0.6%
Aluminum Foil 0.07%
AICuaTti)? duem Powder 3.4%
Molybdenum Powder 0.5%
Silicon Powder 1.0%
MZ)LY WORKS





Feedstock Type: Elemental

CHEMICAL ANALYSIS
(Reported as Wt. %)

Element 200520-M5
Aluminum (Al) 933
Carbon* (C) 0.76
Chromium (Cr) < 0.005
Cobalt (Co) < (1,005
Copper (Cu) =0.01
Iron (Fe) Bal.
Manganese (Mn) 26.0
Molybdenum (Mo) 0.50
Nickel (Ni) <0.01
Silicon (Si) 1.01
Sulfur* (S) 0.010

*Determined by LECO combustion.

* Alloy produced in discrete
batches

Processing time twice that of
scrap feedstock

MZ)LY WORKS

. " " . MATERIALS CORPORATION
Distribution A. See first page





Powder Post-Production: Sieving

Powder yields by particle size range

Heat # 0-63 63-125 | 125-350| >350
um um um um
1 16.81% | 25.73% | 44.27% | 13.19%
2 11.15% | 16.36% | 57.43% | 15.05%
3 12.66% | 20.37% | 56.46% | 10.52%
4 8.79% | 19.16% | 64.42% | 7.63%
5 10.36% | 21.10% | 61.11% | 7.42%
6 8.64% | 15.05% | 66.98% | 9.33%

9.09%

15.26%

66.38%

9.27%

FeMnAl Technical Review Meeting 2021

Distribution A. See first page
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Chemical Composition Analysis Via ICP

Scrap Feedstock

Elemental Feedstock

Composition: Weight Percent Composition: Weight Percent
Element 201027-R2 201029-R2 201103-R1 Element 201112-R1 201116-R1 201117-R1
Al 7.55 743 7.49 Al 8.76 8.43 8.54
C 0.86 0.86 0.86 C 0.82 0.76 0.76
Ca 0.32 0.31 0.33 Ca 0.27 0.35 0.24
Cr 0.07 0.07 0.07 Cr 0.01 <0.01 <0.01
Cu 0.13 0.12 0.13 Cu 0.03 0.03 0.04
Fe!! 56.52 57.28 56.80 Fe 59.45 60.04 60.22
H 0.0002 0.0006 0.0008 0.0031 0.0010 0.0012
K 0.03 0.03 0.03 K 0.02 0.02 0.02
Mn 31.99 31.46 31.81 Mn 28.12 27.87 28.02
Mo 0.46 0.46 0.46 Mo 0.47 0.45 0.45
N <0.005 <0.005 <0.005 N <0.005 <0.005 <0.005
Na 0.95 0.92 0.98 Na 0.79 1.03 0.70
Ni 0.06 0.06 0.06 Ni 0.01 < 0.01 <0.01
(0] 0.05 0.05 0.06 (0] 0.16 0.07 0.07
0.12 0.11 0.09 0.07 0.06 0.05
S <0.001 <0.001 <0.001 S 0.008 0.010 0.009
Si 0.87 0.83 0.82 Si 0.90 0.87 0.87
Ti 0.02 0.01 0.01 Ti 0.11 0.01 0.01
Zn <0.01 <0.01 <0.01 Zn <0.01 <0.01 <0.01

FeMnAl Technical Review Meeting 2021

Distribution A. See first page
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Particle Size Distribution (PSD) Analysis by Laser Diffraction

Particle Size Distribution

~ Percentiles 100 20

%Tile Size(um) 90 18

1000 | 633 | 80 16

~ 20.00 8.06 70 14
Scrap woo | s | oo
: 1 : - v 50 10 ¢
50.00 11.76 £ 0 g O
Feedstock 50.00 | 1369 . . ¥

70.00 19.28

80.00 35.08 20 4

90.00 50.35 10 |I 2

95.00 59.77 0 - 0

0.01 0.1 1 10 100 1,000 10,000
Size(microns)
Particle Size Distribution

Percentiles 100 y— 20

%Tile Size(um) 90 18

1000 | 2001 | 80 16

2000 | 2871 70 14
Elemental 000 | 621 | 2 g 12 3
~40.00 77.94 0 <
Feedstock 50.00 90.79 é:i ig ;D 5
60.00 | 1023 o) )

70.00 113.2 30 6

80.00 | 1252 20 4

90.00 141.0 10 2

95.00 154.5 0 0

0.01 0.1 1 10 100 1,000 10,000

Size(microns)
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Optical Microscopy and SEM Analysis

Scrap Feedstock Elemental Feedstock
S " ¢

ATSLAB 20.0kV 8.2mm x500 BSECOMP

FeMnAl Technical Review Meeting 2021 M @ LY WORKS

. . N . MATERIALS CORPORATION
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Energy Dispersive X-ray Spectroscopy (EDS) Analysis

Scrap Feedstock Elemental Feedstock

Sample |

g

Sar . -
i Si K series

Si K series

100

pm g 100um

Fe K series Mn K series Fe K series Mn K series

i
™00 ™ 100pm

pm 100

um 100 !

pum

Al K series O K series Al K series O K series
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Metallographic Etching Analysis

Scrap Feedstock Elemental Feedstock

MZJLY WORKS

MATERIALS CORPORATION

FeMnAI Technical Review Meeting 202 1
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Conclusions

* Even distribution of elements throughout powder indicates good mixing

» Satelliting on particles seen in SEM images may be responsible for
bimodal PSD results

* Microstructural differences between feedstock types not indicative of
atomization method differences

* Due to processing and labor time, scrap feedstock is more economically
viable than elemental as a path forward for large-scale production

MZ)LY WORKS

MATERIALS CORPORATION

FeMnAI Technical Review Meeting 202 1
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Future Work

* DED printing of 60-125 um FeMnAl powder

* Analysis and comparison of printed material properties to powder

* Repair simulated damage to plates using DED printing

* Perform ballistic testing to compare repaired plates to undamaged plates

FeMnAI Technical Review Meeting 202 1 M @LY hﬂﬂsocogo§1§

Distribution A. See first page





Questions?
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MRL
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ADDITIVE MANUFACTURING AND CHARACTERIZATION OF FeMnAIC
ARMOR STEEL
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Katherine Sebeck?, and Katherine Vieau?, Thomas Wagner?

IMRL Materials Resources LLC
2US ARMY CCDC GVSC (USA)
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MRL. Outline

'MATERIALS RESOURCES, LLC‘

» Objectives and Approach

« Powder production and characterization
« Additively manufactured samples

* Characterization of AM builds

« Characterization of wrought

» Characterization of repaired sample

¢ summary






MRL

e ]
MATERIALS RESOURCES, LLC

Objectives
« Demonstrate the feasibility of additively manufacturing coupons and parts of
from Fe-28Mn-9.5Al-Si-0.5M0-0.9C powder.
» Optimize process parameters and post processing for defect free parts

« Compare the performance of AM and wrought

Approach

» LPBF was selected as the AM demonstration method
» Demonstrating repair using deposited powder on wrought plates
» Microstructure characterization of AM and wrought

» Evaluating the mechanical behavior via tensile testing

SBIR Data Rights - Distribution A
OPSEC Pending





MRL

e ]
MATERIALS RESOURCES, LLC

Chemical Composition

*'VV VY

MRL's lab-scale atomized powder,

commercially atomized powder,

Coupons after LPBF
wrought material.

Phosphorous contamination was minimized during all processing techniques.

Manganese evaporation was successfully mitigated shown by maintaining
manganese weight percentage above a target value of 25%.

Sample Al% C% Fe% Mn% Mo% 0% P% Si%
Resonance 7.42 0.88 60.0 29.91 0.50 0.12 <0.005 0.86
EIGA
<150pm 8.04 0.87 59.5 30.02 0.49 0.0042 <0.005 0.85
EIGA
>150pum 6.76 0.87 60.3 30.46 0.5 <0.001 <0.005 0.87
Post LPBF 8.23 0.90 61.9 27.21 0.54 0.0063 <0.0063 0.94
Wrought 7.71 0.84 59.4 30.38 0.49 <0.001 <0.005 0.84
Using ICP-MS

SBIR Data Rights - Distribution A
OPSEC Pending





. MRL Computer vision for Powder characterization

- - .
MATERIALS RESOURCES, LLC

« Using MRL's iCAAM 2.0 software with an image recognition and
qguantification app, size distribution and morphology metrics were calculated

from SEM/BSE images.

63 um sieve was used to separate LPBF from DED powders
« 40 kg of powder was manufactured using EIGA method Electrode Induction
Melting Gas Atomization

LPBF Powder

D10: 7 um
D50: 15 pum
D90: 35um
DED Powder
D10: 75 um
D50: 93 um

D90: 147 um

SBIR Data Rights - Distribution A
OPSEC Pending





MRL_ Prediction of Phase evolution during AM and heat
*MATERIALS RESOURCES, LLC tre atm e nt

« To calibrate iCAAM models for optimizing processing parameters, phase evolution
during fast solidification was predicted using Scheil-Gulliver equation.

« To optimize post process heat treatment, CALPHAD was used to predict phase
evolution under equilibrium conditions.

Equilibrium Scheil
1y  Fe28Mn-9.5A1-1.08i-0.5Mo-0.9C (wt.%) 1350 4 Fe-28Mn-9.5A1-1.08i-0.5M0-0.9C (wt.%)
— 1300 -
= A""v OU 1
= 1250 -
€ 014 / ‘; \ / BOC_A2 g .
Pt ] } —BCC_B2
= I’\ | ———BCC_B2#2 g 1200 ~ o
= { ——CBCC_A12 i — Liquid
% ] CUB_A13 & 1150 —— Liquid + BCC A2
—FCC_Al o [ —— .
=001 e = Liquid + BCC_A2+ FCC_Al
= ] KAPPA_E21 5 —— Liquid + FCC A1l
——LIQUID f= 11004 —— Liquid + FCC_A1+ M6C E93
q 1 -
s 25 { —— Liquid + FCC_A1 + Fe8Si2C + M6C_E93
1050 -
0.001
250 500 750 1000 1250 1500 0.0 01 02 03 04 05 0.6 07 08 09 1.0
Temperature [-C] Fraction Solid

SBIR Data Rights - Distribution A
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MRL Additive Manufacturing

"MATERIALS RESOURCES, LLC

* MRLs iCAAM software was utilized to estimate process parameter to 3D print
coupon samples for mechanical and microstructure characterization

* MRLs iCAAM software was used to estimate post process heat treatment effect on
microstructure

» SBIR Data Rights - Distribution A
127 mm OPSEC Pending






MRL

“MATERIALS RESOURCES, LLC

iICAAM™ microstructure-informed hierarchical
simulation of AM

ST: Single Track simulation

Calibrating heat source

Thermal-Mechanical coupled
simulations to calibrate heat
source model parameters.

Crystal Tracking output fed
back into iCAAM™ for
microstructure prediction.

SC: Single Cube simulation

Accounting for scanning strategy

Tempersture [*C)
=

31

0 10 20_3» o 2
Time s}

Scanning vector-based
Thermal-Mechanical
simulations accounting for
scanning strategy to determine
homogenized thermal cycle for
groups of layers per ROH.

Crystal Tracking output fed
back into iCAAM for material
property prediction.

Heat
Flux

SP: Single Part simulation

Predicting thermal profile

Layer-wise or volume-based
Thermal-Mechanical simulations
with ROHs dependent scanning
strategy to determine thermal
cycles for predicting site-specific
mechanical properties.

Crystal Tracking output fed back
into iICAAM

SBIR Data Rights - Distribution A
OPSEC Pending





MRL

-~
MATERIALS RESOURCES, LLC

Characterization of AM builds: Density

* Prox200 processes parameter optimization for establishing process map:

determined:

— V: 900 -1650 mm/s
— P:160-230W

e Density measurements using Archimedes’ principle determined
Density = 6.74 g/cm/3.

Measured Density

Cube (g/cmn3)
1 6.783
7 6.803
9 6.783
10 6.823
11 6.82
12 6.827
13 6.83
14 6.844
15 6.83
AVG 6.816

SBIR Data Rights - Distribution A
OPSEC Pending





- MRL. Characterization of AM builds: cracks/defects

- — .
MATERIALS RESOURCES, LLC

Optimum process parameters : 161 watts, 947mm/s, 0.03
mm layer height, and 0.05 mm hatch spacing.

No cracking were observed.

OPSEC Pending





MRL  Characterization of AM builds: Tension

"MATERIALS RESOURCES, LLC

Flat tensile samples were wire EDMed
with 0.08” thickness

DIC was used to capture strain
distribution at a strain rate of 0.001s~ 1.

Testing conditions:

1.
2.

AM : As-Built.

AM: Heat treated to 950 °C for 30 min
and aged at 550 °C for 4 hrs.

Wrought: RD, ND, and TD. Same heat
treatment. ,

SBIR D:;\ta Rights - Distribution A
OPSEC Pending





MRL  Characterization of AM builds: Tension

e ]
MATERIALS RESOURCES, LLC

Engineering Stress-Strain

"

©
a.
=
n
wn
@
—
o
wn

Wrought ND
- AM Heat Treated
« AM As-Built

0.08
Strain

SBIR Data Rights - Distribution A
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MRL  Characterization of AM builds: Tension

e -
MATERIALS RESOURCES, LLC

AM as built showed almost isotropy in YS, compared to
wrought with clear anisotropy.

Yield Strength Engineering

Sample Name [MPal] UTS [MPa]| Fracture Strain
AM-1 667.22 820.58 0.12
AM-2 688.35 819.79 0.16
AM-3 689.63 823.67 0.13
AM-HT1-1 795.27 861.15 0.14
AM-HT1-2 781.62 884.54 0.09
AM-HT1-3 781.68 864.37 0.14
Wrought-ND 800.96 935.58 0.14
Wrought-RD 864.86 1042.81 0.15
Wrought-TD 817.54 912.26 0.07

SBIR Data Rights - Distribution A
OPSEC Pending





MRL  Characterization of wrought: EBSD/BSE

"MATERIALS RESOURCES, LLC

« A10mm x 10mm x 4mm sample was prepared from the wrought alloy using
MRL'’s proprietary electropolishing process.

« High resolution BSE imaging revealed various features in the microstructure
including annealing twins that were confirmed by EBSD.

VEGAIITESCAN

Materisls Resources LLC

SBIR Data Rights - Distribution A
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MRL  Characterization of wrought: EBSD/BSE

"MATERIALS RESOURCES, LLC

111

001 101

- RD
ND
111 211
e o, &2 : Scanned area 10mm x 10mm at 5 um
2 mm
RD IPF e SBIR Data Rights - Distribution A

OPSEC Pending





MRL  Characterization of wrought: EBSD/BSE

“MATERIALS RESOURCES, LLC

 EBSD revealed large uncrystallized regions affected by the solutionizing heat
treatment time.

* Inthis region there is a local misorientation is indicated by the color gradient within
the grain.

S o

“%W{W ‘g‘g

* A high quantity of annealing
twins was present throughout
the sample

SBIR Data Rights - Distribution A
2 mm OPSEC Pending





MRL  Characterization of wrought: EBSD/BSE

MATERIALS RESOURCES, LLC

SBIR Data Rights - Distribution A
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MRL

-~
MATERIALS RESOURCES, LLC

Characterization of wrought: EBSD/BSE

Micro bands

Det: BSE

VEGA3 TESCAN

Materials Resources, LLC

7 o)

Microbands and possible nano-sized
kappa carbides that could be remnants
from the deformation process (rolling)
even after the heat treatment which
was noticed to have heterogenous
recrystallization.

SBIR Data Rights - Distribution A
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MRL Characterization of AM: EBSD/BSE

MATERIALS RESOURCES, LLC

Tile 1

SBIR Data Rights - Distribution A
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MRL

“MATERIALS RESOURCES, LLC

Characterization of AM: EBSD/BSE

Build

Direction
Recoater
Direction

001

OPSEC Pending

200

L s

LT

111

101
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Characterization of AM: EBSD/BSE

.- — -
MATERIALS RESOURCES, LLC

Aef Ref o |V|aX 66
Max 8.6 Max 11.9 SBIR Data Rights - Distribution A
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MRL  Characterization of AM+HT: EBSD/BSE

“MATERIALS RESOURCES, LLC

* HT sample was EDM’d from the non-
tensile affected area (i.e. gripping area) of
HT Tensile sample #2 (middle of build).

Tile 1

Tile 2

SBIR Data Rights - Distribution A
OPSEC Pending
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MRL. Characterization of AM+HT. EBSD/BSE

"MATERIALS RESOURCES, LLC

Build
001 011 111 211 Direction

Transverse

Direction oo+ 101
SBIR Data Rights - Distribution A
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MRL  Characterization of AM+HT: EBSD/BSE

“MATERIALS RESOURCES, LLC

6.854

Max:

5.206

6.854

3.955

7 Max:
e 7.689

4.293

3.004 3.208

2.282 2.397

1733 1791

1.316 1338

1.000
1.000
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MRL EBSD Summary

“MATERIALS RESOURCES, LLC

Rolled+HT
.. (001)

1733

1316

1.000

Max 11.09 =& Max 6.85 Max 13.20 -

AM had strong texture with columnar grains before

recrystallization post HT. SBIR Data Rights - Distribution A
OPSEC Pending





MRL Evaluating AM Repair of wrought

"MATERIALS RESOURCES, LLC

* Hardness indentations
* To evaluate the effectiveness of the AM repair,
 the AMed were tested using Hardness Vickers test

e 10s dwell, 1kg load, 1Imm spacing throughout sample
Measured AM : 351.0968 + 8.65 HV.
Measured Wrought 285.69 + 8.65 HV.

L-125601

SBIR Data Rights - Distribution A
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ired Sample EBSD

AM Repa

MATERIALS RESOURCES, LLC

011

001

ND

10 mm

Directior

101

001

Recoater

Direction
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MRL AM Repaired Sample EBSD/ transition

"MATERIALS RESOURCES, LLC

* At AM-substrate interface, grains begin to change from equiaxed to columnar.

* Twins present in the wrought substrate are not present in the AM
microstructure.

SBIR Data Rights - Distribution A
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MRL Summary

e ]
MATERIALS RESOURCES, LLC

Powder feedstock for AM were successfully produced and
characterized

Process parameter optimization resulted in defect and crack
free test coupons

Microstructure characterization of AM samples revealed a more
homogenous microstructure than wrought.

AM with the same HT as wrought showed isotropic mechanical
properties and fine microstructure compared to wrought
Characterization of repaired sample confirmed the ability to
repair with min defects.

Post process optimization is needed to investigate the
possibility of exceeding wrought performance

These preliminary results indicate that AM of Fe-28Mn-9.5Al1-1Si-
0.5M0-0.9C can produce dense, ductile deposits that may be
suitable for armor repair and production of vehicle components.
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Additive Manufacturing of AM-Grade FeMnAl Powder Feedstock
Gas Atomized In a Mobile Foundry from Recycled Scrap
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1Combat Capabilities Development Command - Army Research Laboratory,
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METALS AM FOR ARMY READINESS AND

MODERNIZATION DEVCOM

Standard Specification for
Additive Manufacturing Titanj
yith Powder Bed Fusigg

1

Goalk Maintain
readiness of current
platforms

CRITICAL GAP

Qualification and
certification

Goak Insert new
technologies and
materials in future
systems
(modernization)

Army - Academia - Industry teaming

UNCLASSIFIED





Feedstock
development

+ Ultra high strength steels

* High strength lightweight
alloys: aluminum and
magnesium

* Refractory metals

* Low cost feedstocks

UNCLASSIFIED

a METALS AM RESEARCH THRUSTS

Modeling and
Simulation

* Multi-scale modeling
tools

* AM build model

* Microstructure
prediction

* Microstructure based
performance
prediction

* Constitutive models
for high strain rate
response of AM
metals

Digital tools for

enabling rapid qual.

Z DEVCOM

Expeditionary
Manufacturing

* Al/ML tools for alloy
design

* Al/ML tools for process
data analytics

* In-situ process monitoring
sensors and data analysis
* Optical
* Thermal
* Acoustic
* X-ray

* Generation and
management of material
data to support
development of specs and
standards

UNCLASSIFIED

* Recycled feedstocks
*RHA
 Stainless steel
* Aluminum

* AM for repairs
*DED
* E-beam PBF
» Additive friction
stir

e 3

Replcement parts to
support mission readiness

3





__ METAL ADDITIVE MANUFACTURING
EQUIPMENT-PBF FOR MATERIAL DEVCOM

[ntmar) DEVELOPMENT
=]

F\s®

EOS M100:
Renlshaw 400: « Powder Bed Fusion
Powder Bed Fusion Continuous Wave Laser EOS 290:

* Pulse laser based Research Level Machine +« Powder Bed Fusion
e 250 mm X 250 mm

_ 100 x100x 95 mm « Continuous Wave
X |300 mm build build volume Laser
volume : : _ « 250 mm X 250 mm X
Other machines include: 300 mm build volume
« EBEAM-ARCAM A2X » Equipped with insitu
« PBF- 3D Systems ProX320 monitoring package
« DED RPM 222

UNCLASSIFIED 4





ADDITIVELY MANUFACTURED METAL

. a POWDER GAS ATOMIZED IN A MOBILE DEvCOM
FOUNDRY FROM RECYCLED SCRAP

Goal:

To understand how
metallic battlefield
scrap can be recycled
and processed into
feedstock powder for
point-of-need additive
manufacturing

Graphic courtesy of WPI

UNCLASSIFIED





_ ADDITIVELY MANUFACTURED METAL
POWDER GAS ATOMIZED IN A MOBILE
FOUNDRY FROM RECYCLED SCRAP

y |
-m. A g

[ D;’? vcoMm

Challenges of using recycled metal for AM feedstock

— Potential contamination

— Process development for novel feedstock

— Material properties
— AM part qualification

FeMnAl Scrap Plates sent to MolyWorks

UNCLASSIFIED





__ ADDITIVELY MANUFACTURED METAL
. POWDER GAS ATOMIZED IN A MOBILE Eévcau
FOUNDRY FROM RECYCLED SCRAP

MZ)LY WORKS

MATERIALS CORPORATION

MolyWorks Corp. Mobile Foundry

Fits in a Conex Box

UNCLASSIFIED
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@ POWDER FEEDSTOCK CHARACTERIZATION DEvCOM
(U )|

cample Identification: FelMnAl Flow Function Graph Brookield Engineering Labs
Wt % ol UL Sl
Carbon ] 0% |
Sufur D01
Aluminum B.12
Manganese 32.4 o I/
Slicon 73 5 0]
Nickel 072 : 1l
C-hromium 070 &' //
Molybdemum 50 £ o)
Copper 13 il
Phosphomnus 018 £ ’ -
ron Balance o] / /

Chemical Analysis I P

-I T T T T T T T T T T T T T T T T T T T T T
i} 1 2 3 4 5 [ 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21
Major Principal Consolidating Stress (kPa)

Powder Flow Rheometry:
Free Flowing
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_ POWDER CHARACTERIZATION CONTINUED E'EVCDM

FeMnAl Powder Sphericity . FeMnAl Powder Size Distribution
120.00% -
9 4
;_:"“;" 100.00% - 8
L 71
o 80.00% - 2
o 60.00% - 5 5
= 8 4
S 40.00% - =
= .
O 20.00% A 2 1
1
O.OOOA) T T T T 1 0 e —
0 0.2 8-4 for s ﬁ-s_ ; 08 1 0 10 20 30 40 50 60 70
owder sphericity Particle Diameter (um)

FeMnAIl Powder
has spherical
morphology
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o ARL CT SYSTEMS [Eveom

=m)

Zeiss Xradia 520 Versa NorthStar X5000

| =
l

Power: 30-150 kV, up to 10W Power: 25-225 kV, up to 320 W
Sample size: < 300 mm 450'kV, 700 or 1500 W
Mini .. Sample size: 16”

mlmur_n voxel S|Z_e' 70 nm Minimum voxel size: ~20 um
Resolution: approximately 1
um Non-cabinet system

Enhanced speed detector

UNCLASSIFIED 10





MICRO-COMPUTED-TOPOGRAPHY OF EEVCDM
FEEDSTOCK POWDER

Low frequency of
internal defects in
powder feedstock

» 100 um <

UNCLASSIFIED 1
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CASE STUDY: EFFECT OF POWDER DEFECT ON {DE, VCOM

DED part

Micro CT of powder allows
us to visualize large
amounts of internal powder
defects non destructively

Microscopy of DED Powder

UNCLASSIFIED 12





iEs

| aser Scan Power

UNCLASSIFIED

Keyholing Balling

Operating
Window

Lack of
Fusion

Laser Scan Speed

Determining AM feasibility of
a material by finding its
operating window

UNCLASSIFIED

a ADDITIVE MANUFACTURING OF FEMNAL DEvCOM

EOS M100:

Powder Bed Fusion
Continuous Wave Laser
Research Level Machine
100 x 100 x 95 mm build
volume

13





Laser Scan Speed
(o))
(e
(e

UNCLASSIFIED

FeMnAIl Laser Power and

Speed

@ © ©o

@ o ® €
A_O® 0o ® @
A O ® O

FEMNAL ATTEMPTED LASER PROCESSING
PARAMETERS

> >

Z DEVCOM

Hatch Spacings Used

(um)
60

70
80
90
100
110
120
130

50 100 150
Laser Power (W)
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200

Layer thickness
was kept constant

14





ADDITIVE MANUFACTURING INITIAL RESULTS

\

N

\

N

|
L - '

- -

UNCLASSIFIED

[oEveom

Broad testing of
processing
parameters was
used to narrow
down a
processing
window

UNCLASSIFIED
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ADDITIVE MANUFACTURING IMPROVED

SURFACE FEATURES

UNCLASSIFIED

DEVCOM

ARMY RESEARCH
LABORATORY

Top surface of AM part
IS more even.

16





Lack of Fusion
Porosity

UNCLASSIFIED

'é‘ MICRO COMPUTED TOMOGRAPHY OF E"EVCGM
FEMNAL

High density but very small defects
throughout that we are still trying
to figure out the cause

UNCLASSIFIED
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« FEMNAL AM CT OF FINAL PART DEvCOM

CT results show that the
s_— — ' porosity is distributed fairly
homogeneously throughout
the part and does not appear
to be directly related to the
laser movement

UNCLASSIFIED
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« @ CONCLUSIONS AND FURTHER WORK E'EVEDM

« Porosity through out AM part likely not related to
processing or from internal defects within powder

» Likely recommend production on a different machine but
were limited due to the amount of powder feedstock we
had

« Material was sent to WPI for Cold Spray Feasibility
Testing

e Future Plans
 ONH analysis of feedstock and final part
« XRD analysis to find if Mn composition has changed
compared to powder feedstock and comparable
material

UNCLASSIFIED 19
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7AN  THANK YOU AND QUESTIONS?

Contact info:
Andelle Kudzal

Andelle.D.Kudzal.civ@mail.mil
410-306-4951

Convergent Manufacturing Team
Laser Additive Manufacturing Group :
Dr. Pauline Smith (Team Lead)
Dr. Andelle Kudzal
Dr. Clara Mock
Dr. Stephen Cluff
Mr. Frank Kellogg
Mr. Brett Diehl
Mr. Ryan Rogers
Mr. Josh Taggart-Scarff
Mr. Lester Hitch
Mr. Adam Hutchison
Dr. John LaScala (MSTB BC)
Dr. Brandon McWilliams (ERP)

UNCLASSIFIED

DEVCOM
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Background and Objectives

Fe-Mn-Al steels are potential substitute for low alloy steels
used in Rolled Homogenous Armor (RHA) applications

Many applications will require joining by fusion welding

Welding thermal cycles can significantly effect precipitate
size/shape/distribution and resultant mechanical
properties

Matching commercial filler metals not yet identified

Objectives:

Determine the influence of welding thermal cycles, heat
input, and PWHT on HAZ mechanical properties

Preliminary identification of matching commercial filler
metals






Simulating Heat Affected Zone Specimens

* Peak temperatures selected to study the effect of all possible transformations in HAZ
* The six peak temperatures selected were 1200°C, 1050°C, 880°C, 780°C, 600°C, and 400°C
* Smart Weld package developed by Sandia National Lab used to calculate HAZ thermal cycles

e Heat Inputs: 1000J/mm and 2250J/mm used on Gleeble® thermo-mechanical simulator

1000
Fe-30Mn-1C 1200 | pem-mmmmmmmmmmmmmm 1200°C ;5 4in coarsening; k dissolution
830°C ° . .
200 /3/./!/ é 1000 | /SN """ 130°C, issolution
G Y N Ittt ‘i - s |~ & 8_Q°_C Intergranular k dissolution
1 % ,_—§ ________ ‘.\ 720°C E 800 | [/ =S ---mmmmmmoo 180°C Intragranular k dissolution
= P
2 600 | o YiK* g 600°C '
g o . . . . g 600 | [If <N k ageing
£ * £
+K™+K 0 o e
= 4 "~ 400 ower critical temperature
400 "
200
kK*/k — Inter/intra-granular ;
200
5 6 7 8 9 10 11 0 10 20 30 40 50 60
Concentration of Al (wt%) Time (sec)

M. C. Li, H. Chang, P. W. Kao, and D. Gan, “Effect of Mn and Al contents on the solvus of k phase in austenitic Fe-Mn-Al-C alloys,” Mater. Chem. Phys., vol. 59, no. 1, pp. 96-99, 1999.






Effect of Weld Heat Input: Room Temperature Tensile Test

1300 75
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Effect of Weld Heat Input: Impact Energy @-40°F

250
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Impact Toughness (ft-lbs)
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Effect of Base Metal Heat Treatment
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Effect of Base Metal Heat Treatment
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Effect of Post Weld Ageing: HAZ Hardness

500

450

Hardness (HV0.1)
w N
Ul o
o o

w
o
o

2250J/mm-aged

W 2250J/mm

Precipitate dissolution/
coarsening

Kappa solvus

350HV

250
200
1200 1050 780 600 400 Base Metal
Peak Temperature (°C)
* Heat input has no affect on heat affected zone hardness
* Lower hardness for peak temperatures >600°C ----- kappa dissolution and/or coarsening

Ageing brings back hardness; suggests dissolution as the primary mechanism for reduction in hardness






Effect of Post Weld Ageing: HAZ Hardness

500

450

Hardness (HV0.1)
w o
Ul o
o o

w
o
o

M 2250J/mm-aged

W 2250J/mm

Kappa solvus

350HV

250
200
1200 1050 880 780 600 400 Base Metal
Peak Temperature (°C)
* Heat input has no affect on heat affected zone hardness
* Lower hardness for peak temperatures >600°C ----- kappa dissolution and/or coarsening

Ageing brings back hardness; suggests dissolution as the primary mechanism for reduction in hardness






No Precipitate Coarsening in GTA Weld HAZ

550 m As Welded - Aged Base Plate ® Aged- Aged Base Plate
500 No Coarslened Zone I Uniform BM Hardness
g g
1 ‘ 1 I /
— 450
—
S
I 400
§ 350
©
©
T

300

220 «-Unaffected BM -»

200 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1500 3000 4500 6000 7500

Distance from Fusion Line (um)

Weld HAZ hardness correlated well with Gleeble HAZ results
Uniform in weld HAZ from PWHT = no k-carbide coarsened zone in the HAZ
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Thermal Stability of kappa-carbides

30 hours at 540°C

k-carbides show resistance to coarsening: ~6.5nm particle size for both 30- and 60-hours specimens.






Effect of Post Weld Ageing on Impact Toughness
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Preliminary ldentification of
Matching Commercial Filler
Metals






Age Hardenability with Post Weld Heat Treatment

Hardness (HV0.1)

>00 « Maraging steels as matching filler due
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Age Hardenability with Post Weld Heat Treatment

Hardness (HV0.1)

500

450

400

w
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o
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Fusion Zone Heat Affected Zone @ As Welded ®PWHT'ed
< 1 >
|
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Weld Condition

* Maraging steels as matching filler due
to ageing temp = FeMnAl (500 —
600°C)

e PHWTed at 538°C for 30 hours + AC

* |n first phase, 17-4PH is selected as

candidate filler metal
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Equilibrium Phase Fraction Calculations

Elements C Cr Mn Mo Ni P S Si Cu Al
FeMnAIl Base Metal 1.0 0.0 29.3 0.5 0.1 0.010 0.001 0.8 0.1 8.4
17-4PH Filler 0.0 16.1 0.4 0.2 4.1 0.030 0.010 0.8 3.0 0.0
316L Filler 0.1 19.1 1.7 2.2 11.6 0.024 0.009 0.6 0.3 0.0
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Low Dilution Fusion Zone Hardness — Effect of PWHT

Hardness Trends

Distance (mm)

Distance (mm)

500 52% Dil 316 As-Welded 500 52% Dil 316 PWHT
400 400
1 1
= : I =
o X X o
> 300 | | > 300
~ 1 — {
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g , v g . :
5 200 i i S 200 ! !
o . Heat o | . |
T ! Fusion ! o i Fusion i
T ' I Affected T i i
| Zone | ! Zone .
100 i | Zone 100
1 1
0 1 1 1 1 1 O 1 1 1 1 1
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1
= : =]
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© | Fusion , nea © Fusion ,
1
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1 1
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* In as-welded condition:
FZ < HAZ < aged BM

* In PWHT condition:

FZ < HAZ = aged BM

* No age hardening for 52%
and 65% dilution welds;
correlates with

equilibrium calculation
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High Dilution Fusion Zone Hardness — Effect of PWHT
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* Age hardening is in accordance with equilibrium calculations (k-carbide is calculated to be stable)
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Digital Image Correlation- 52% Dilution 316L Weld

As- L., Post Weld 18
Welded | 1 Lol Lo | Heat Treated -
..... k g IF14 g
i & o
< 10 E
& 3
20 5
s 6
] : :5 o 4 2
Elongation: 28% _ Elongation: 3% '
Hardness Yield Strength Elongation Hardness Yield Strength Elongation
FZ 240 HV 486 MPa ~48% FZ 245 HV 518 MPa ~15%
HAZ 275 HV 576 MPa ~49% HAZ 410 HV No Yielding NA
BM 400 HV No yielding NA BM 410 HV No Yielding NA
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Major Conclusions

« HAZ will exhibit significant decrease in strength/increase in impact toughness at regions where
peak temperature is above kappa carbide solvus temperature

 HAZ mechanical properties are generally insensitive to heat input (within range considered here)
* Direct age PWHT can be used to restore uniform mechanical properties in HAZ

e Alloys 17-4 and 13-8 may provide suitable options for matching filler metals

Work in Progress

- Investigation of HAZ mechanical properties in new heat of FeMnAl

- Aging study on fusion welds made with 17-4 and 13-8 filler metal over entire dilution range
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The US ARMY CCDC GVSC - light-weight alternative to
RHA armor steels RHA (MIL DTL 12560)

» Steel based on the Fe-Mn-Al ternary

» Overall reduction in weight of armor materials

Extensive mechanical performance and heat treatment
exploration on this alloy class

« Studies on weldability on such alloys is extremely
relevant

« General Dynamics, Oak Ridge, NAVSEA, Lehigh,
among others

A critical issue related to welding is the hot cracking

L Low magnification view of the HAZ of a spot
SUSCGpthI'Ity weld made on cast FeMnAl. Notice the
e Solidification Cracking highlighted HAZ liquation cracks

* Liquation Cracking
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 Alack of weldability studies on such alloys is evident

« Weldability investigation of FeMnAl by OSU

« 2019 - Solidification cracking behavior evaluation
using Cast Pin Tear Test

« 2020-21 — Continue the weldability studies and
provide a well-documented liquation cracking

analysis
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Use a combination of well-established techniques:
» Spot-Varestraint

» Determine the size of the crack susceptibility region in
the HAZ as function of weld/strain conditions

* Hot Ductility Test

» Characterize the ductility (reduction in area) of the
material as function of temperature

* Relate ductility recovery to HAZ liquation cracking
susceptibility

» State of the art modeling and characterization

Goal

 Evaluate and quantify the HAZ liquation cracking
susceptibility of four (4) experimental FeMnAl alloys

* Unveiling the effects of small chemical and potentially
microstructural (solidification structure and segregation)
differences on this behavior






THE OHIO STATE
UNIVERSITY

Alloys composition

Material

« The compositions followed GVSC efforts on investigating FeMnAl mechanical performance

optimization !

» Produced by Sophisticated Alloys Inc

» Vacuum induction melt and cast ingot + hot top/ P, N, S: As low as possible. Aim < 0.005 Wt.% + Roll
* The equipment used — Optical Emission Spectroscopy - SPECTROMAXx Metal Analyzer
» Calibrated using a high Mn Steel spectrometric reference material — 14X MN2-MN4-MN5;

CRM C010-C013, IMZ 199
* [MZ-199 Standard - Verification

Alloy Fe C Mn Al Si Mo S P Heat Treatment

B | sa 09 | 288 | 81 |0.73|044|<00002 | <0.005 | 9°0C-30minutes " yeater quench; age 550C -
{ #2 Bal 0.8 289 | 82 |072|045]| <0.0002 | <0005 | 2°0C30minutes- ‘é"f\trir glLEmEl; B ST -

B | Bal | 09 | 245 | 106 |071|045 | <0.0002 | <0005 | °°0C730minutes-uaterquench;age 550 -
{ #4 | Bal 08 | 244 | 104 |072 045 <0.0002 | <0005 | °°0C730minutes-water quench; age 500C -

[1] K. Sebeck, I. Toppler, K. Limmer, D. Field, D. Wagner, and A. Gafner: Proc. Gr. Veh. Syst. Eng. Technol
Symp., 2019, pp. 13-5.






Base Metal Microstructure

THE OHIO STATE

UNIVERSITY and Phase Diag ram

 Liquation cracking is highly dependent on grain size ]
Optical Microstructure (TD Plane) Phase Diagram

29Mn-8Al 25Mn-10Al
2

L I

m- M
. - ——

Temperatura [*C)]
o
Temperatura [*C]

o+y

30 min- 950 °CHT

1000

30 min- 950 °C HT

K- carbide

oo
L} 02 [l 06 o8 1.0 12 14

12 16 o
Mass percent C 1 Mass percent C

Py

" Matrix Microstructure:
#1 and #2 = Austenitic
#3 and #4 = Duplex (Ferrite + Austenite) 6






Spot Varestraint

THE OHIO STATE

UNIVERSITY Process and Challenges
Challenge
GTAW Spot welds * Cracks were hard to measure on as-welded
« 20sarctime condition

* 10 mm spot size
* Argon protection
Minimum of 3 replicas for each condition
* Parameters measured
*  Maximum Crack Distance (MCD)
Maximum Crack Length (MCL)
* Total number of Cracks (TNC)

Max Strain

Crack
Location

2” x6” x0.275”/0.300” samples
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Spot Varestraint Results

 Maximum Crack distance
evaluated

* Perpendicular distance is
related to the temperature
gradient

Fusion Zone

Spot Varestraint Results

Maximum Crack

Distance (m

Maximum Crack

€

~

Distance (mm)

0.7.] . Strain Saturation . 07 #2
i T x =]
640.9C - - € 0.6- - - . :
gg . 0.9C - 29Mn — 8Al - 8 £ gg ] 0.8C - 29Mn — 8A| Strain Saturation
0.4 / S 2 044
0.3+ i % g 0.3 - \E
0.2 = O 0.2
0.1 0.1 /
0.0 ! T T T T T 0.0 T T T T T T
0 1 2 3 4 6 0 1 2 3 4 5 6
Augmented Strain (%) Augmented Strain (%)
0.8 0.8 .
0_7_- . « ,\0'7-#4
i o ]
064 0.9C - 24Mn — 10Al £ E 0640.8C - 24Mn — 10Al
0.5 Strain Saturation LE) < 957
0.4 D 2 cé 0.4 Strain Saturation
0.3.] I s |32 0.3+ -
0.2 I s O 02- X |
0.1 ] E/l/ 0.1 7] /I/
0.0 - T/, T T T 0.0 T T 1 T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Augmented Strain (%) Augmented Strain (%)
o Comparison
07 ] —u— #1
é g 0.6 4 —e—#2
£ 8 o, /* ;F #4
527 /*/ ﬂ x
=0 024 n 4
0.1 / /:; Py
J ) /I
0.0 aE T T T T T
0 1 3 5 6

2 4
Augmented Strain (%)






Crack Tip

THE OHIO STATE

UNIVERSITY Qualitative Characterization
. #4

0.9C - 29Mn — 8A| - 0.8C - 24Mn — 10Al

Mn, Si and Mo presence on crack
tip

Similar behavior on both alloys
Possible presence of second
phases
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Crack tip quantification analysis
* Alloy #1

» Other alloys shares similar behavior

40 -
04 -

Wt (%)

20 -
10 -

. G
Mo

0 10 20 30 40 50 60
Distance (um)

Temperature (°C)

Temperature (°C)

Temperature €C)

1400

Crack Tip Characterization .
. L iquidus & Solidus temp.
Element Quantification composition relationship

Fe-0.9C-28Mn-8Al

1360 -
1320
1280 -
1240 -

e |_jquidus Temp.
e SOlidus Temp.

20

25

30

35
Mn wt%

40

1350 -
1275 -
1200 -
1125 .
1050 -

0

1380
1360 -
1340
1320
1300
1280 3
1260 -

Mo wt%

W -
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Spot Varestraint Summary

Results comparison for 5% augmented strain

Composition Effect 700
Carbon 6004
« Strongly segregating at grain boundaries & ;E: 500
« Contribute to the formation of low 2 3 400+
melting point carbides 2 § 300-
Manganese % 2200-
« Strongly segregates to grain boundaries = 400-
(compared to Fe) 0- .
Aluminum* #1 # #3 #4 304ss 9 A2s6l
« Reduces diffusivity of C in austenitic high- I I I I *Carbon diffusion on FCC
Mn steel [1] *NJnitial condition  1000°C—5s
- Reduces C segregation to grain C 0.9 0.8 0.9 0.8 4
boundaries
* Reduces C-rich second phase Mn 28.8 | 28.8 | 245 | 245 ESWO%A. -
formation
Silicon and Moly A £d £ - \
 Considerable  segregation to grain 1
boundaries

[1] B.K. Zuidema, D.K. Subramanyam, and W.C. Leslie: Metall. Trans. A, 1987, vol. 18, pp. 1629-39.
[2] Lippold JC, Baeslack WA, Varol |. Heat-Affected Zone Liquation Cracking in Austenitic and Duplex
Stainless Steels. Weld Res 1992:1-14.

[3]Lippold JC. Welding Metallurgy ~ and
https://doi.org/10.1002/9781118960332.

0
0O 10 20 30 40 50 60 70 80 90 100
@D Distance [um]

Weldability. vol. 9781118230. 2014.
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e Characterize the ductility (reduction in area) of the material

Hot Ductility Test

as function of temperature
* Relate ductility recovery to HAZ liquation cracking

susceptibility

On-Heating
CSR = \ ="~ """~

- -
- - ——
o e e ww w

\ .f
\\&m\\\\\\ TN

On-Cooling
CSR

Reduction-in-Area

hot ductility curve

on-heating

on-cooling

Temperature

DRT NDTNSTT.

Liguation Cracking Susceptible alloy

Signature
IEA A-286
80 On-Heating
<) o
g 60
<
£
& 40 2
B
ﬁ On-Cooling p
o 20} from the NST On heating
Slow recovery | ductility gap nygT
. > ¥
N — i LY. =
900 1000 1100 1200 1300 1400

Temperature (C)

Liquation Cracking Resistant alloy

Signature
100
o Type 310
o On-Coaling .
8o | from the NST On-Heating
S
H
= 60 b
£
=
'Sg 40 + o
=
e
[
o
20}
0 . g
1200 1250 1300 1350 1400

Temperature (C)
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Hot Ductility Results

UNIVERSITY
e Alloys #1, #2 and #3
presented a resistant
behavior 9
* Alloy #4 did not present S
o] O
expected ductility 3
. o
* Technique was not v
sensitive to differentiate <
alloys
Hot Ductility Parameters
T NST NDT DRT NST -
Alloy “f;f;;"" Lo | co | o | g <
B | 1351 | 1295|1275 | 1260 | 35 5
B
#2 | 1358 | 1290 | 1275 | 1260 | 30 g
o
B | 1359|1301 | 1275 | 1275 | 25 3
<
#4 | 1366 | 1302 | -

100
—— On Heating
"|—®— On Cooling
80 - NST .l" g
_— i \
60 - A '
- g \ \
40 A o ||
20 ] . “ “\‘
».10.9C - 29Mn — 8AI 4
T | T | T | T | T | T | T
700 800 900 1000 1100 1200 1300 1400
100 Temperature (°C)
—— On Heating
7|—®— On Cooling
80 - NST
60
40 | 3
B
,.10.9C - 24Mn — 10Al |
T T T T T T T T T T T
700 800 900 1000 1100 1200 1300 1400

Temperature (°C)

Area Reduction (%)

Area Reduction (%)

100
—— On Heating
7@ On Cooling -
80 NST //- h-
60 - . / \|
= ||
o L
/
40 / ﬁ
// “ ‘
0/
20
_#2 ||
,10.8C - 29Mn — 8AI o
T | | T | T | T | T | T
700 800 900 1000 1100 1200 1300 1400
Temperature (°C
100 T T T T P T |( ) T T
—— On Heating
7|—® On Cooling
80 - NST i
60 4
B -/.WWWWW’- u //.\.\
- 4
20 H4 -
o 10.8C - 24Mn — 10Al
T T T T T T T T T T T
700 800 900 1000 1100 1200 13300 1400

Temperature (°C)





Hot Ductility Results

UNIVERSITY

* Different results from NAVSEA study

e Different grain sizes = different behavior #
0.9C - 29Mn — 8Al

—m— On Heating
—@— On Cooling
80 - NST

100

RT: {NDT

- D
! leomcmmDUCtility-Dip

IL\ @NST

w
Q

WARFARE CENTERS
Carderock

w
(=]

Reduction in Area, %
.
o

g
o

Area Reduction (%)

88

&0

T T T T — T e @0—

400 500 GO0 700 800 900 1000 1100 1200 1300
Temperature, °C

0

L |
1300 1400

I I
800 900 1000 1100 1200
Temperature (°C)

Hot ductility behavior of FeMnAl Individual data points associated
with one of two sides of an individual specimen

T ¢ ‘
det HV cur WD magE HFW  PW 100 pm' det HV cur WD magE HFW  PW
ETD 20.00 kV 1.6 nA 10.1 mm 650 x 319 ym 104 nm OSU - CEMAS ETD 20.00 kV 1.6 nA 10.1 mm 650 x 319 um 104 nm

Composite light optical micrographs of FeMnAl specimen NST-8 (fracture temperature = 1225 *C), showing evidence of liquation at the nil strength
temperature
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Spot Varestraint
* Most resistant: 0.8C-24Mn-10Al (#4)
« Alloys #2 and #3 presented close behavior
 Most susceptible: 0.9C-29Mn-8AI (i)

High Mn Low Mn

Mechanical Performance T .
Low Al Weldability High Al
High C — Low C

Austenitic Matrix Duplex Micr.
« Strong element segregation to grain boundaries

 Mn, Mo, Si
* Reduces liquidus and solidus temperature
* Promote second phase formation

» Al suppress C diffusion into grain boundaries

Hot Ductility
 All alloys showed a similar behavior on high temperatures (NST, NDT and DRT)

« Fast ductility recovery comparable to a very susceptible alloys (A-286)
« Technique was not sensitive to differentiate alloys behavior





THE OHIO STATE Recommendations

UNIVERSITY

* Investigate lower Si and Mo contents

* Investigate effect of HAZ second phases on welds mechanical

performance

* Correlates weld mechanical performance to composition
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Summary

- EWI evaluated the welding of FeMnAl plate in a previous project.

- Gas metal arc welds (GMAW) on FeMnAl were made with good mechanical properties using a
variety of electrode types, including austenitic stainless steel, and high chrome, high
manganese.

- Base metal mechanical properties had a strong influence on weld and heat affected zone
(HAZ) mechanical properties, with low toughness in the base metal an issue on a few welds.

- The weld HAZ was generally not the limiting factor in performance.

- EWI re-evaluated GMAW of FeMnAl plate using ER100S-1 electrode in the
current project.

- There was not a significant overall difference between the test weld made in this project and
the ER100S-1 test weld made in the previous project.

EWI :

Distribution A. See first slide

We Manufacture Innovation





Objectives

- Evaluate different types of welding electrodes and parameters for gas metal arc
welding wrought FeMnAl plate.

- Re-evaluate gas metal arc welding of FeMnAl plate using ER100S-1 electrode.

EWI 3

o Memacture irovation Distribution A. See first slide





Approach

- Bead-on-plate gas metal arc welds were made using on z-in. thick FeMnAl
plate.

- Eight electrodes were used with different heat inputs and preheat temperatures.

- Selected welds made with each electrode were sectioned, polished, etched, and
examined using an optical microscope for the presence of cracks.

- A parameter set for each electrode was selected based on the evaluation of the
macro sections.

- Double V-groove welds were made on 1-in. thick plate with each electrode using
the selected parameter sets as a baseline.

- Completed double V-groove weldments were evaluated with radiographic testing
(RT) and destructive testing, including tensile, Charpy V-notch (CVN) impact,
macro section, and microhardness.

Ew’® Distribution A. See first slide !
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Consumables

- Electrodes (0.045-in. Diameter) - Shielding Gas
- ER100S-1 - 100% Argon
- ER218 + 98% Ar/2%CO0O, with Metal Core Electrode
- ER307
- ER309
- ER312
- ER316L
- ERNICr-3
- High-Cr, High-Mn Metal Core

E W’ ER100S-1 Macro Section i

Distribution A. See first slide

We Manufacture Innovation





Welding Parameter Summary

Shield gas
Preheat (F)
Interpass (F)
Trav. Ang.
WES (ipm)
Current (A)
Voltage (V)
TS (ipm)

HI Avg (kJ/in)

EWI

We Manufacture Innovation

100% Ar
70
140-235
3° Drag
403-419
320-427

14-27
42.7

200
125-290
5° Push
240-280
245-268

10-14
32.6

98Ar/2C02 100% Ar

70
110-298
5° Push

380
331-401

13-18
37.9

100% Ar
200
170-230
5° Drag
370-510
358-403

27.6-30.9 23.3-26.2 27.6-29.7 28.3-28.9

17-27
29.2

Distribution A. See first slide

100% Ar
70
130-222
5° Push
489-494
365-512
31.0
17-27
32.7

100% Ar
375
150-375
5° Push
214-231
214-262
22.2-26
7-14
29.5

100% Ar
70
150-248
5° Push
219-220
262-297
23.0
10-14
32.1

100% Ar
70

5° Push
288-291
220-283

25.7-25.8

12-18
26.0





ensile Test Results

UTS 1 (ksi) 111.1 103.7 109.4 82.5 111.15 26.8 72.3 72.3

UTS 2 (ksi) 113.2 111.2 108.1 90.4 108.9 53.6 84.3 84.3

YS 1 (ksi) 88.2 92.2 85.6 79.7 97.5 26.3 67.8 67.8

YS 2 (ksi) 88.9 96.1 87.3 83.2 96.7 50.9 81.9 81.9
Elong. 1 (%) 8.9 3.9 7.4 1.9 2.8 0.9 2.2 2.2
Elong. 2 (%) 7.7 4.6 7.6 5 2.7 1.7 5 5

Failure Location = Weld Weld Weld HAZ Weld Weld Weld Weld

EWI

We Manufacture Innovation

Distribution A. See first slide





CVN Test Results — Absorbed Energy (J)

33 23 36 5 2 11 11

Weld 46

Weld 46 32 24 35 5 3 11 11

Weld 50 36 24 35 5 2 9 9

HAZ 190 55 146 15 50 37* 85 85

HAZ 163 64 128 16 46 3* 25 25

HAZ 180 46 140 24 46 3* 52 52
Base Metal 50 36 37 40 29 10* 44 44
Base Metal 49 49 32 36 26 8* 34 34
Base Metal 36 43 36 40 28 12* 28 28

*Samples 4 through 9 broke away from the notch

EW’® Distribution A. See first slide
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Hardness Summary (HV)
----------

1 Base Metal

2 Base Metal 384 384 410 398 393 384 410 361
3 Base Metal 373 405 441 396 377 356 417 363
4 HAZ 364 332 354 374 418 352 348 260
5 HAZ 376 322 360 366 318 344 338 266
6 HAZ 344 307 366 366 288 375 369 273
7 HAZ 331 315 368 352 326 360 361 290
8 Weld 295 324 254 295 318 325 323 432
9 Weld 301 339 295 299 281 306 378 422
10 Weld 281 333 277 293 295 301 394 417

Ew’® Distribution A. See first slide

We Manufacture Innovation





First Project Discussion

- Good welds were made using a range of heat input and using different preheat
temperatures.

- All but one of the welds failed in the weld metal during tensile testing.

- The one weld that failed in the HAZ was welded with the lowest average heat
input (8.1 kJ/in).

- Some of the welds made without preheat had significantly higher toughness in the
HAZ.

- The weld made using ER312 had significantly lower toughness in the base metal,
HAZ, and weld metal.

- Note that the CVN samples from HAZ and base metal for this weld broke at a location away
from the notch.

EWI

PR , : 10
o Memacture irovation Distribution A. See first slide





Second Project ER100S-1 Weld Discussion

- RT images of this plate show scattered porosity

- The yield strength of the most recent weld was significantly lower than that of the
weld made in the previous project.

- One of the ultimate tensile strength results for the most recent weld was higher
than both results from the previous weld, and one was lower than the results for
the previous weld.

- There was little difference between the CVN impact test results of the two welds.

- The base metal and heat affected zone hardness results were lower for the latest
weld, while the weld metal hardness results were higher.

EWI .

o Memacture irovation Distribution A. See first slide





Conclusions

- GMA welds on FeMnAIl can be made with good mechanical properties using a variety of
electrode types, including austenitic stainless steel, and high chrome, high manganese.

- Some welding parameter sets developed with bead-on-plate welds were too cold for
adequate fusion with groove welds.

- Base metal mechanical properties had a strong influence on weld and HAZ mechanical
properties, with low toughness in the base metal an issue especially with the ER312 weld.

- The weld HAZ was generally not the limiting factor in performance except for the ERNICr-
3 weld that had low toughness in the HAZ and failed in the HAZ during tensile testing.

- HAZ impact toughness was generally higher on the ER316L and ER307 welds that were
made without preheat.

- There was not a significant overall difference between the test weld made in this project
and the ER100S-1 test weld made in the previous project.

EWI .

Distribution A. See first slide

We Manufacture Innovation





Thank you for
your time.

RANDY DULL Principal Engineer

Arc Welding
614.688.5095, rdull@ewi.org
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Agenda

/N FeMnAl background.
/N Project introduction and summary.
/N Plate flattening study.
/N Machinability study.
/N Conclusions.

/N Recommendations.
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FeMnAIl Background DEVCOM

/N Under investigation for ground vehicle structure and armor
applications (weight and space considerations).

/N GVSC and LIFT began working together in 2016 to prove-out industrial
scale manufacturing of FeMnAl.

/N Successful application hinges on several key characteristics, including
manufacturability, formability, weldability, machinability, and
performance.

/N With several partners, completed 3 successful industrial production
runs, welding studies, forging studies, machining studies, blast,
ballistics, and a toughness optimization study.

[
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Project Introduction & Summary

/N Rolled FeMnAl incurs significant distortion and work hardens rapidly,
presenting numerous fabrication challenges.

/N To address these challenges, LIFT investigated plate flattening in
relation to work hardening, and the machinability of bulk FeMnAl.

7N Results show that:

/N FeMnAl can be successfully flattened without statistically-
significant work hardening.

/N With proper tool selection and parameters, FeMnAl can be

machined and processed via milling, drilling, tapping, waterjet and
bandsaw cutting, and wire and sinker EDM.

®
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Flattening: Experimental Procedure DEVCOM

SYSTEMS CENTER

/N EWI provided LIFT a %" x 33%"” x 49” plate (# 1BA-003 from heat two) with a ‘ - a—" >

0.44” unidimensional bend transverse to the rolling direction (RD).

/N Calculated expected forces and displacements needed to remove the
curvature in the plate in a three-point bend scenario.

/N Designed and built tooling.

/N Removed mill scale from two lines transverse to RD, at 16” and 32" along the
rolling direction and made hardness measurements at 2” intervals along each.

Rolling Direction

/N Laser-scanned the surface to map out topography.

/N Flattened the plate.

/N Made post-flattening hardness and topography measurements.

As received FeMnAl plate.

[
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Deflection Calculation: Eévcam

Uniaxial Solution with On-Center Crown

FeMnAl

The stress in a beam with single center load, supported at both ends:

L
o =F e
41
where:
0 = stress
y = distance from extreme point to neutral axis (0.25")
F = applied force
L = transverse width of the plate (between the two supports)(26.125")
I = moment of inertia = xz"3/12
x = plate thickness (0.50”)
z= axial plate length (49”)(not shown)
setting:
0 = Oyijeld

Diagram of tooling arrangement and parameters.

and solving for F gives force needed to reach plastic deformation, F,.This tells us what press capacity is needed. Taking that force, and using the
following relationship for deflection, gives the displacement at which plastic deformation begins:

3 . 2
L Zvield _ 81" (@ 13.7ton)

6, = F =
P P 48EI 12Ey

where:

E = elastic modulus = 2.147E7
Oyieta = yleld stress = 76.145 ksi
6p = plastic deformation limit

Thus, to flatten the plate, one should measure the curvature of the plate, then drive the plate center that distance beyond the yield point.

(\||ft® O = 0.81"+0.44" = 1257 D 6
A Where Manufacturing Technology and Talent Matter






Inspection Hardware DEVCOM

GROUND VEHICLE
SYSTEMS CENTER

;;;;

Suekil g, 1603-330

ll-um.-u b <~ _ 1 1IRY

hrisiced: August 10 201

SPI 15-140-7 Portable electronic hardness tester.

(&

n Absolute Arm used for pre- and post-
flattening  laser  topography  measurements.
Hardness measurements were taken on the polished

I fl o strips.
7
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Experimental Setup DEVCOM

— I ACh —_ o

Interlaken 300 T servo press with FeMnAl plate in place for flattening. Viewed here, the
plate curvature is clear to see. There is also a load spreading plate on top of the plate, which

was ultimately not used for the flattening operation.

[
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Results: As-Flattened State

DEVCOM

A straight edge placed on top of the plate to show flatness. As an initial validation of reaching the
target of < 1/8” a 1/8” gauge pin was used to inspect any gaps between the plate and straight
edge. There were no locations across the area of the plate in which the displacements were 1/8” or

ft® greater.
Al
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Results: Topographical Measurements

0.406
0.375
0.344 = 0.344
0.313 - 0313
0.281 - 0.281
0.250 == 0.250
|- 0.219 — 0.219
0.188 —— 0.188
0.156 —— 0.156
0.125 — 0.125
0.094 L 0.094
e B 0.063 — 0.063
3 0.031 1 L 0031
0.000 . 0.000
-0.021 = -0.031
-0.063 = -0.063
-0.094 = 0.004
-0.125 . -0.125
-0.156 = -0.156
-0.188 - -0.188
-0.219 — -0.219
-0.250 s -0.250
-0.281 -0.281
-0.313 -0.313
-0.344 -0.344
-0.375 -0.375
-0.406 -0.406
-0.438 -0.438
-0.469 -0.469
-0.500 -0.500

Pre-flattening (left) and post-flattening (right) topographical maps of the FeMnAl plate. Color scales are in inches. As seen, slices taken in the transverse

dimension of the finished plate do not show deviations in excess of 1/8”. Note that Hexagon did this scanning free of charge, hence the “Demo License”
watermark.

®
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DEVCOM

Results: Work Hardening

/N Removed mill scale from two lines transverse to RD,
at 16” and 32” along the rolling direction and made
hardness measurements at 2” intervals along each.

were made.

Pre- and Post-Flattening HRC Hardness Measurements on FeMnAIl Plate

Axial (RD) Transverse Position [in]

Position [in] 5 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
16 328 31.8 30 321 303 327 313 339 323 339 361 315 31.9 332 335 31
32 31.7 32.8 30.2 302 32.1 33.8 322 322 324 321 32 32 325 356 339 318
16 31.4 294 31.6 302 29.0 325 301 293 303 301 31.4 314 31.8 330 31.5 30.4

32 295 31.0 30.1 30.2 314 304 289 28.0 284 30.1 315 31.7 327 325 316 31.0

16 -42 -75 54 -60 -44 -05 -39 -136 -61 -11.2 -130 -04 -04 -06 -59 -20
32 -68 56 -03 01 -22 -100 -104 -129 -123 -62 -16 -09 05 -86 -69 -2.6

Pre-flattening

Post-flattening

Change

Average Change _; 5

- Measured change in hardness within experimental error.
Measurement StDev (+/-) 1.6

[
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Machining: Objectives DEVCOM

/N 1.5” thick material, produced by Arcelor Mittal, was provided
to LIFT by EWI and was used for all studies.

/N Replicate and validate the FeMnAIl machinability findings of
EWI on project # 57825GTH, involving waterjet and bandsaw
cutting, milling with shell mills, endmills, drilling, and tapping.

/N De novo evaluation of EDM machining and surface grinding of
FeMnAl.

1.5"x 6"x 40" FeMnAIl strips sent to LIFT.

[
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Experimental Setup

Lk & e w e e ie e e e R —

Representative Wardjet waterjet Knuth HB 2808 horizontal band saw

S _ -
Representative Seibu wire EDM Representative Ingersoll Eagle sinker EDM Knuth HFS 2550 VC surface grinder

[
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Experimental Procedure DEVCOM

GROUND VEHICLE
SYSTEMS CENTER

/N Waterjet strips into blanks for band saw and machining
trials and collected machine and performance data.

/N Evaluate and optimize:

/N Band sawing

/N Shell milling

/N End milling

/N Drilling

/N Tapping & A

Representative pocket milling program used to evaluate %”
/N Wire and sinker EDM and %” end mills.

/N Surface grinding

Surface ground FeMnAl blank with Ra = 16

14
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Conclusions: Flattening & Machining

/N A successful flattening procedure was developed
for FeMnAl plate with a unidimensional bend
without significant work hardening.

/N Given correct tool selection, speeds, feeds, depth
of cut, ramp rate, cooling, and other parameters,
FeMnAl can be machined and processed via
milling, drilling, tapping, waterjet and bandsaw
cutting, and wire and sinker EDM.

/N Although there were some differential
observations, LIFT’s findings were, in large part,
in agreement with those reported by EWI.

[
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Failed HSS endmill.
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Recommendations

/N Given the lack of work hardening, FeMnAl plates can be
flattened empirically and iteratively, easing the operation and
calculations for more complex curvatures such as cupping and
twisting.

/N Caution is emphasized in selecting speeds, feeds, engagement
profiles, depths of cuts (while balancing with work hardening),
and the use of air burst in place of coolant when milling FeMnAl.
All other machining processes perform as expected.

/N LIFT recommends follow-on work to optimize -cutting
parameters for the carbide tools, as bulk machining of FeMnAl
will currently incur significant expense in worn and broken tools.

[
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Failed cut using the EWI-recommended ramp angle
with a carbide endmill.

e

Successful cut using the corrected ramp angle with a
carbide endmill.
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Research Motivation & Goal

Machining Challenge: High work-hardening rate

Goal: Provide turning recommendations for FeMnAl steel using tool
wear and surface finish as criteria

Workpiece Machining Setup & Screening
Characterization Test Run Experiments

Microhardness/

_ ' Machining Data _
Main Experiments . Microstructure
IEWSE _
Analysis






Workpiece Characterization

FeMnAIl Steel Test Material
Spokane Industries: 30 Cylinders with 4” @ and 12” length

Standard heat treatment:
Solution treatment at 1050 C - hold for 4 hours
Water quench

Interior Surface
176 + 4 BHN 209 + 11 BHN






Important Factors to Investigate

|
VB, mm cutting speed increases g

Cutting Speed

T, T T, cutting time, min V, V, V, logV

Depth of Cut

V = cutting speed (fpm)

f Tool Material/ VB = the width of the flank wear (mm)

Geometry T =tool life (min)

n and C are constants, whose values depend on cutting conditions,
work and tool material properties, and tool geometry






I\/Iachinin Setup

Operation

Machine

Coolant

Workpiece

Outer Diameter

Length of Cut

Tool life criteria

Tool Holder

Insert

Type

Coating material






Screening Design

* Same schedule will be used for both sets of runs, however the runs
within each set will be randomized.

* Parameters selected are based on literature and initial test run.

. : Run #1
BN I N

Tool

D 0.008 0.015
Feed egm u Speed material/ Coolant e 0.06
geometry
80 160
MM 1115  PM 4315
n & -1 +1 +1 1 ory oo
BN - s " 1
N« 4 s 1 ”
Bl - 1 P ) " 0.008 0.015
0.03 0.06
i b = < - SGF1115  PM 4315






Screening Experiment - Analysis

Feed DoC Speed Tool Coolant
&
3
©
(o]
'—
"'0— ————— % —————————— % ———————————————————————
g Positive Rake
=
Angle Tool
1 1 1 1 A 0 1 1 1

Feed * DoC DoC
30 —e— -10
—m 10
0.008 0.015
15 - -~
TN DoC 0.03 0.06
%
| |
0 Feed* Speed DoC * Speed Speed 80 160 specd
30 e -0
Tool MM 1115 PM 4315 e 10
Q
s o5 Coolant Dry Flood
°
<)
~ 0 S
‘S Speed * Tool Tool
c 30 —a— -10
3 ~ —m 00
- :\\. MM Coolant -4- 10
T TTe-g PM No Coolant
- ‘T: ==
0 Feed * Coolant Speed * Coolant Tool * Coolant Coolant
30 e -0
it - 10
.
15 -+ [N . —® > @ N
- | S B ~
o — T~ — T o~ .
- h | - =
0 T \, T T T T T T u\-
1 1 1 1 1 1 \_-1 0 1)

Feed DoC Speed Tool






SS-Designated Tool with PVD TiAIN + AlCr,O,
Coatings Has Better Resistance to Crater Wear

Screening 5 Pass 1 (MM) Screening 6 Pass 4 (MM)
S80 F0.015 D0.06 NC $160 F0.008 D0.06 C

Stainless Steel (MM)
Designated Tool
PVD TiAIN + AICr,0,

Screening 14 Pass 1 (PM) Screening 15 Pass 5 (PM)
$160 F0.015 D0.06 C S80 F0.008 D0.06 NC

Hardened Steel (MM)
Designated Tool
CVD TiCN + AICr,0O; + TiN






500

450

400

Avg. Surface Roughness (uin.)
= N N w w
(O] o (O] o (O]
= o o o
#’
1
o
o
[
ul
©
7 -
b
I >
1
>

f=0.008 ipr

100

50

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
Cutting Time

—=O=S51 (F+ D- S+ T-C- 0.86) ={3=S2 (F-D+S- T+ C-0.46) =f=S3 (F-D-S-T-C+0.23) X S4 (F+ D+ S+ T+ C+1.72)

~H=S5 (F+ D+ S-T- C- 0.89) =O=S6 (F- D+ S+ T- C+ 0.92) ==p==S7 (F- D-S+ T+ C-0.46) = S8 (F+D-S- T+ C+0.43)
= S9 (F+D-S-T+C+0.43) =0==S10(F-D-S+T+C-0.47) O S11(F-D-S-T-C+0.23) A S12(F+D+S-T-C-0.86)

—3¢=513 (F- D+ S+ T- C+ 0.92) =H="514 (F+ D+ S+ T+ C+ 1.7) =O=515 (F- D+ S- T+ C- 0.46) —=+=S16 (F+ D- S+ T- C- 0.46)






Load %

Cutting Time vs. Load %

140
120
100

N a7

60

40

20

0.00 10.00 20.00 30.00 40.00 50.00 60.00
Cutting Time (min)

70.00 80.00

=O=51 (F+ D- S+ T- C- 0.86) ={1=S2 (F- D+S-T+C-0.46) ===S3(F-D-S-T-C+0.23) =¢=S4 (F+D+S+T+C+1.72)
X S5 (F+D+S-T-C-0.89) =O=S56 (F- D+ S+ T- C+ 0.92) ==p==S7 (F- D- S+ T+ C- 0.46)
= SO (F+D-S-T+C+0.43) =O=510 (F-D-S+T+C-0.47) O S11(F-D-S-T-C+0.23)

=3¢=513 (F- D+ S+ T- C+ 0.92) =¥=S14 (F+ D+ S+ T+ C+ 1.7)

= S8 (F+D-S-T+C+0.43)

A S12 (F+ D+S-T-C-0.86)
S15 (F- D+ S- T+ C- 0.46) ==+=S16 (F+ D- S+ T- C- 0.46)






Main Experiment (Initial Plan)

= f =0.008 ipr
= MM with coolant

SPEED (SFM):
= 150 SFM (-)
= 200 SFM (0)
= 250 SFM (+)

O 00 N o un Ao W N B
o O O
o

DoC (in.): '
= 0.010 in. () +
= 0.040 in. (0) + 0
=0.080 in. (+)






Pushing the Boundary

DoC
(in.)

0.12

0.08

0.04

0.01






Main Experiment

DoC
(in.)

0.12

0.08

0.04

S80 D0.03
0.23 in3/min
47 min/11 in3

MRR 2.3 in3/min

2 min/5 in3
2 min/5 in3

MRR 1.15 in3/min

5160 D0.06

0.94 in3/min

MRR 1.92 in3/min

4.5 min/9 in3
5.5 min/11 in3

9.5 min/9 in3

12 min/7 in3
14 min/8 in3

11 min/8 in3
16 min/12 in3

MRR 0.96 in3/min

1 min/1in3
6 min/6in3

MRR 1.15 in3/min

2.5 min/3 in3
2 min/2 in3

MRR 0.14 in3/min

38 min/5 in3
39 min/5 in3

150

200

MRR 0.24 in3/min

32 min/8 in3
26 min/6 in3

250

300

MRR 0.34 in3/min

18 min/6 in3
28 min/10 in3

350

Speed
(SFM)






Effective Starting Turning Parameters

35

N N w
o (S o

=
ul

[l

Total Material Removed (in3)

1S3 (S80 D0.03 MRRO.23)

O M4 (5200 D0.12 MRR2.30)*

OM9 (S150 DO.08 MRR1.15)*
M14 (5250 D0.04 MRRO.96)

AM19 (5150 D0.01 MRR0.14)

0.5

© 56 (5160 D0.06 MRR0.94)

+ M5 (S350 D0.01 MRRO.34)
AM?10 (S350 D0.01 MRRO.33)**
=M15 (5150 DO.04 MRRO.58)
% M20 (5250 D0.01 MRRO0.24)

L]
X
MRR (in~3/min)

A M1 (S250 D0.08 MRR1.92)*
= M6 (5200 D0.04 MRR0.77)*
X M11 (S300 D0.04 MRR1.15)
=M16 (5150 D0.01 MRRO.14)*
% M21 (S350 D0.01 MRRO.34)

S150 F0.008 D0.08

> %

1.5

> M2 (S300 D0.04 MRR1.15)*
= M7 (5150 D0.08 MRR1.15)

% M12 (5250 D0.08 MRR1.92)
< M17 (5150 D0.04 MRRO0.58)
O M22 (S150 D0.08 MRR1.15)

2.5

X M3 (S250 D0.01 MRRO.24)
<© M8 (5200 D0.04 MRR0.77)
O M13 (5200 D0.12 MRR2.30)
OM18 (S250 D0.04 MRR0.96)*
+ M23 (S150 D0.04 MRRO0.58)






Starting Turning Parameters for FeMnAl

Modified Taylor Tool Life Equation

VT 0.57 d 0.55 — 119

Variables Description Test Range
T Desired Tool Life (min)
\Y Cutting Speed (SFM) 80-350
d Depth of Cut (in.) 0.010-0.12
f Feed Rate (in./rev) 0.008

m

0.008 0.01 0.31
15 0.008 0.04 150 0.58
15 0.008 0.08 102 0.79
20 0.008 0.01 273 0.26
20 0.008 0.04 127 0.49
20 0.008 0.08 87 0.67
40 0.008 0.01 184 0.18
40 0.008 0.04 86 0.33






140

120

Ra (uin.)

X :
20 Theoretical Ra
0
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
Cutting Time (min)
===53 (580 D0.03 MRR0.23) ={}=56 (5160 D0.06 MRR0.94)  =/x=M1 (5250 D0.08 MRR1.92)*  =3¢=M2 (5300 D0.04 MRR1.15)*

—¥=M3 (5250 D0.01 MRR0.24)  =O=M4 (S200 D0.12 MRR2.30)*  ====M6 (5200 D0.04 MRR0.77)* ====M7 (5150 D0.08 MRR1.15)

—O=M8 (5200 D0.04 MRR0.77)  ={3=M9 (S150 D0.08 MRR1.15)* ==M10 (5350 D0.01 MRR0.33)** =¢=M11 (S300 D0.04 MRR1.15)

—3=M12 (5250 D0.08 MRR1.92) =O=M13 (5200 D0.12 MRR2.30) M14 (5250 D0.04 MRR0.96)  —=—M15 (5150 D0.04 MRRO.58)
= M16 (5150 D0.01 MRR0.14)* —&—M17 (5150 D0.04 MRR0.58) [ M18 (5250 D0.04 MRR0.96)* A M19 (5150 D0.01 MRR0.14)
% M20 (5250 D0.01 MRR0.24) —%— M21 (S350 D0.01 MRR0.34) —O—M22 (5150 D0.08 MRR1.15) -+ M23 (5150 D0.04 MRRO.58)






2.5

0.008 0.08
M2 0.008 0.04 300
M4 0.008 0.12 200
M11 0.008 0.04 300
M12 0.008 0.08 250
M13 0.008 0.12 200
;3: M14 0.008 0.04 250
= O (6]
©
@
o
-
2
©
= A XX <t
Q.
(7s]
A ........................... A.A
0.0
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
Cutting Time (min)
—=O=53 (580 D0.03 MRRO0.23) ={J=S56 (5160 D0.06 MRRO0.94) /=M1 (5250 D0.08 MRR1.92)* —3¢=M2 (5300 D0.04 MRR1.15)*
=%=—=M3 (5250 D0.01 MRRO0.24) =O=M4 (5200 D0.12 MRR2.30)* ~—=—M6 (5200 D0.04 MRR0.77)* e M7 (5150 D0.08 MRR1.15)
=O=M8 (5200 D0.04 MRR0.77) =/x=M10 (5350 D0.01 MRR0.33)**  ==3¢=M11 (5300 D0.04 MRR1.15) =3¥=M12 (5250 D0.08 MRR1.92)
=O=M13 (5200 D0.12 MRR2.30) M14 (5250 D0.04 MRR0.96) =—M15 (5150 D0.04 MRRO0.58) =-M16 (5150 D0.01 MRRO0.14)*
—©O—M17 (5150 D0.04 MRR0.58) ~[J M18 (5250 D0.04 MRR0.96)* A—M19 (5150 D0.01 MRRO.14) % M20 (5250 D0.01 MRRO.24)
—%—M21 (S350 D0.01 MRRO.34) ~O—M22 (5150 D0.08 MRR1.15) + M23 (5150 D0.04 MRRO0.58)






Low DoC Results in High Specific Energy

B

o

S
&

3.50
5
&

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Depth of Cut (in.)






Microhardness Analysis

400

300 .\H'V_“‘v—v

200

Hardness [HV]

100

0

0 50 100 150 200 250 300 350
Distance from Edge [um]

Observed an increased hardness closer to the machined edge

Next steps: correlated machining conditions to hardness values in the
work-hardened layer






Conclusions

= Starting recommendation to machine High Mn Steel:

= Negative rake angle tool

= Use of coolant is dependent on tool materials

= |SO-M (with PVD TiAIN + AlCr,0; coating) — better resistance to crater wear
= Starting parameters: f = 0.008 in/rev; d = 0.080 in; V = 150 ft/min

= Modified Taylor Tool Life can be used to determine starting
parameters based on desired tool life.

= “Load %” and “Spindle Load” equivalent readout on the
machine can be used to indicate a good starting parameters.
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MATERIALS SCIENCE
& ENGINEERING

, AT@M TES A&M UNIVERSITY Objectives

1. Characterize and compare the mechanical properties of few relatively new
AHSSs: austenitic FeMnAl, and martensitic AF9628 & HY 100 steels

2. Determine the effects of microstructural refinement through severe
plastic deformation using equal channel angular processing (ECAP) on

mechanical performance, while identifying the proper processability
region(s)

3. ldentify the upper mechanical property limits of these steels that can be
achieved via microstructural refinement in bulk.
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« Severe Plastic Deformation
(SPD) via Equal channel
angular pressing (ECAP)

» Key parameters of interest
— Steel type
— Temperature
— Route

— Number of passes

plunger

sample

Processing technique for
microstructural refinement

>100% €
pass!

-

pressed sample

R.Z. Valiev, T.G.J.P.i.m.s. Langdon, Principles of equal-channel angular pressing as a processing tool for grain refinement, 51(7) (2006) 881-981.

Gibson, D. Rosen, B. Stucker, M. Khorasani, Additive manufacturing technologies, Springer2014.






MATERIALS SCIENCE
& ENGINEERING

TEXAS A&M UNIVERSITY

Key Questions and Potential
Solutions

* Q1: How can we improve the strength and impact toughness of high strength
Fe-Mn-Al-C steels?

« PS1: Grain refinement + Removing Mn segregation + Enhanced Precipitation
Kinetics and Homogeneous Precipitation

* Q2: What technique could we achieve this with?

« PS2: Equal channel angular pressing (ECAP)
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* Alloy = Fe-30Mn-8.5Al-0.9Si-0.9C-0.5Mo

(Wt%) Force FeMnAl Pre-ECAP:
SHT (1050°C-2h-WQ) TP
Il /f"\_ ':x\:y - ,' \ ¥

Z *FU”y Y: Ptheoretical = 6.7 g/cm3
**No TWIP/TRIP effect FeMnALAsReoSHT

Directions & Planes _ ~
« Conditions

— AsRec = Hot rolled above 1100°C, solution treated:
900°C-1h, WQ, aged 36h@575°C

— SHT = 1050°C-2.5h-Wrapped in stainless steel,
wQ

* Pre- and post- ECAP Planes, orientations,

etc. shown to the right

it

FeMnAl Post-ECAP:
4C@1000°C-WQ LP

¢ Fevmal |
FP . Post-ECAP -~ EP
Directions & Planes

ND
FeMnAl AsRec

*8. Chen, R. Rana, A. Haldar, R.K.J.P.i.M.S. Ray, Current state of Fe-Mn-Al-C low density steels, 89 (2017) 345-391.

**W. Song, T. Ingendahl, W.J.A.M.S. Bleck, Control of strain hardening behavior in high-Mn austenitic steels, 27(3) (2014) 546-556.
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1600 —: FeMnAl Tension
1400 =
4 - N
1200 - PRk |
s m -
=1000 - | ;
n . '
S 800 —
- - g As Rec: Hot Rolled + Aged
? 600 5 & — RD
g 5 o/ — ND
= 400 — — 1D
. AsRec + SHT@1050°C-2h
E — RD
200 x — ND
- — TD
T — T T T T 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60

True Strain (mm/mm)

Tensile Anisotropy in AsRec and
SHT from Chemical Segregation
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& ENGINEERING Results — SEM- Fracture Surface Analysis

TEXAS A&M UNIVERSITY in As-Received and SHT FeMnAl
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Cleavage Regions
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Results — Nanoindentation on 3 different planes in As-
Received and SHT FeMnAl

AsReceived
6.5
34 RP 1 3 P N P
6 — [ 6.0
| a3 1 2 3
5.5 -
32 = = =
A 5 A 5 [
P 7 211 2 3
D D
- 30 % ;f .E 45
29 £ £ =
4.0
28
- . Avg  5.09GPa . U 25 Avg  5.50GPa
STD 0.30 GPa STD 0.48 GPa STD 0.30 GPa
26 1 3.0 - 1
5‘0 1(‘]0 1;0 2(‘)0 2;0 3(‘)0 5‘0 1(‘]0 1;0 2(‘)0 2;0 3(‘)0 5‘0 1(‘!0 1.")0 2‘00 2.")0 3;0
25 Points Points Points
Solution HeatThreated @ 1050 °C-2.5h
Mn — RP — NP
R o o — TP o
34 1 2 3
4 [ E 5 E 5 1 2 3 E 5 1 2 3
N o) & S
| > ‘;’ 0
| —31 g 8 8
4 30 -E 4 E 4 -E 4
1 5 S g
|
) ” A 4.58 GP Avg  4.48GPa Avg  4.41GPa
3 Vg o a 3 d 3|
STD  0.10GPa
27 STD  0.15GPa STD  0.11GPa
26 T T T T T T T T T T
50 100 150 200 250 50 1(‘)0 1;0 200 Z;U 50 100 150 2(‘!0 Zéﬂ
28 Points Points Points
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1600 — FeMnAl Tension
1400 -
a > - N\
81200 E _ L |
- ~
=1000 = ‘
(7)) . |
@ 800 —
s . AsRec + SHT@1050°C-2h|
n E — RD
@ 600 ] ~
= 400 — 1P
- SHT + Aged at 575°C-36h
200 — — RD
0 . — ND

I | I | I | I | I |
0.00 0.10 0.20 0.30 0.40
True Strain (mm/mm)

0.50

0.60

Aging of SHT samples brings out anisotropy
in ductility again

D
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« Chemical Segregation?
— It's a contributing factor

 Can we eliminate the
segregation via SHT?

— The segregation has not been
eliminated after SHT.

« Can we eliminate segregation
with ECAP?

AsRec

SHT

Why do we see ductility
anisotropy?

Mn wt.%
35

33
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Can ECAP remove Chemical
segregation?

Mn wt.%
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TEXAS A&M UNIVERSITY Results - Single pass ECAP

« SHT creates large grain size Nt Wl
R / \\\‘x <

« ECAP of SHT condition creates
refined grain size

— Low temperature (800°C, 900°C)
— twin formation, which explains
failure on second ECAP pass

— High temperature (1000°C,
1100°C) — dynamic
recrystallization of grains

D —
200 pm

LD
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. Optical Microscope (OM) MultiPass ECAP

1000°C 4C@1000°C 4BC@1000°C

2C@1050°C
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As Rec: Hot Rolled + Aged
- RD

— ND

—TD

AsRec + SHT@1050°C-2h
— RD

= ND

- 1D

0.00 0.10 0.20

True Strain (mm/mm)

I ! I ! I !
0.30 0.40 0.50 0.60

Mechanical response after ECAP
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1600 - FeMnAl Tension
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Mechanical response after ECAP
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Mechanical response after ECAP
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i 9
. € AsRec
@ SHT
700 1 ¢ 1A@900°C
2C@1000°C .
600 — 2C@1050°C
T & 4A@1000°C
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Results — Toughness and UTS
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Property Space

403 CVNvs. True uTs
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Results — Toughness and UTS
Property Space
AF9628
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70 — AF9628 Martensitic Steel }

o
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Results — Toughness and UTS

TEXAS A&M UNIVERSITY Property Space
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TEXAS A&M UNIVERSITY Property Space
_ 400 CVN vs. True UTS
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H & ENGINEERING Concluding Remarks —

Summary
« ECAP has been successfully applied to FeMnAl steels from 800°C-1100°C

» Single and multi-pass ECAP from 900°C-1050°C improves both strength and
toughness via grain refinement, without an aging treatment for k-carbide
strengthening.

« ECAP induces a reduction in detrimental chemical segregation

* Microstructural refinement during ECAP can increase both UTS and
impact toughness in FeMnAIl and AF9628, and significantly increase UTS
in HY100.
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o EFFECT OF COMPOSITION ON PRECIPITATION HARDENING DEVCOM
' Lagorarory

Al and C Mn, Al, and C

« Chemical modulation depends on C & Al » Peak in strength, toughness, and ductility
* Low C or low Al — no age hardening * Optimum balance based on performance
o requirements
' R S Q"';C') | Fe-xMn-9AI-0.9C Fe-30Mn-9Al-xC Fe-30Mn-xAl-0.95C
9 . g - - - - = = : SN LR LA LR LRI LR B S  RAEESEE SRR RS EE R REEEE R R
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' TTT DIAGRAM: Fe-28Mn-8.5AI1-1C-1.25Si
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chemical segregation and zone
formation

matrix k-carbide nucleation and
growth

heterogeneous matrix k-carbide
formation and grain boundary k-
carbide and DO, or B2 precipitation

continued growth and
decomposition forming
discontinuous segmented phases of
k-carbide, DO,, and B2

final equilibrium phases

B-manganese for non-silicon
containing alloys
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Can we quantify the composition variation effect on
precipitation kinetics and the resulting properties?
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' EXPERIMENTAL DESIGN

« Two level factorial design (23):
evaluate covariance of Mn, Al, and C

— Mn: 25, 29 wt%

— Al: 8, 9 wt%

— C:0.8, 0.9 wt%

— Additional alloying:
* 0.5wt% Mo
* 0.9 wt% Si

* balance Fe
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EXPERIMENTAL DESIGN

 Two vendors (different casting practices)
— Missouri S&T

— ArcelorMittal R&D
e 5x5x14”

* Processing
— Hot roll to 0.5” plate
— Solution treat at 950 °C for 30 minutes
— Aging at 500, 550, and 600 °C

« Characterization
— Hardness
— Microscopy and grain size analysis

— XRD: Phase fraction
» y-austenite and a/d-ferrite

— Charpy V-notch impact energy
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Mo (wit%:) Si (wt%) C (wt%%) Al (wt¥s) Mn (wt%:)

V (wti)
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PLATE COMPOSITIONS DEvVCOM

ARMY RESEARCH

o T I R, = TR
R 8800 PRy o *e_3 B | +Gusc oks - Composition measured using a suite of
so%gyit T w geese Tomcomen techni ltio|
ﬂ ba; £
- 4 GUSC OES (Surfac echniques across multiple
g ® Wi I S&T C/S 1
£ 39 09,0, $ig ) _ o Mssoun S8 laboratories |
TTE o TE g ¥ o T8 gTa"%a, B | = ElementICP + C — Quality of values is strongly dependent on
Tferen Ta < g precise instrument calibration for the
s . composition range of interest
Ppe o agone-—oc2¥lely s Vv, " Xz — Surface measurements show significant
aBao " 8 C 4 ? 85 N decarburization, in good agreement with
T v T microscopy results
g g E g o
2 g & ¥ o a 8 ° &8 o
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Plate ID
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. AVERAGE PLATE COMPOSITIONS DEVCOM
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31

ST plates (O) l 12
 distributed near 30 o . '
corners "
29 0g C
0s
AM plates (@) . ~ o 07
 compositions are | s
less accurate Mn 27 - ® AM base
ase
« Skewed towards 1Al o — AM Low Mo
26 ° ° + AM High Mo
] O ST AI/C ratio
ST and AM casting . . C ST Ce treat
. . O )
practices were different S 5 v STAddY
which lead to other
““ ” e 24
vendor” specific | .
features -
6.0 6.5 70 75 g0 85 0.0 0.5 10.0 10.5
Al
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GRAIN SIZE VARIATION

Grain size was noted to vary between vendors and
alloy compositions

Can we try and predict the incoming grain structure

based on composition | AM12
. . . . 450 —
The effect of grain size independent of composition | e-1173K
is a significant contributor to age hardening behavior 400 I o
— Using solution treatment temperature in previous industrial 150 %1323 K

heats showed strong shift in peak strength and time to peak

What can we predict:

Hardness (BHN)
Now
[4)] L]
o o

200 |

150 G
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1/sqrt{d) (intercept)

1/sgriid) (intercept) Actual

04
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a O
o= . .
.'—
W
o} o] O
]
o o
O o
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L ]
0.2 0.25 03 0.35 04

1/sqrt(d) (intercept) Predicted RMSE=0.0345
R5q=0.73 PValue<.0001
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Dark Green ST Plates
AM Plates

Grain size described as 1/+/d using the
mean lineal intercept that accounts for

twin and grain boundaries
— Better fit using intercept than grain size

Adj. R2=0.70

Two significant parameters
— vendor ID (casting practice)

— Mn/Al ratio

— One outlier: ST0S

Parameter Estimates

Term Estimate 5td Error tRatio Prob:>|t|
Intercept 0.53452098 0.085943 6.22 <0001
Vendor[1-0] -0.083453 0.018831 -4.95 000077
MnsAl -0.0671945 0028729  -Z2.16  0.0448°
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' @ FERRITE

* %a generally seems to be correlated to Al
content as expected (ferrite stabilizer)

 Why do we care? Presence of ferrite has been
shown to be correlated with poor Charpy V-

Notch toughness in earlier alloys
— Two “bad actors” ST08, and ST01Ce

* Quantify the correlation - is it strong enough to
be predictive?
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C o
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0.00
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AN FERRITE MODEL DEVCOM

Vendor ID and Composition

- Al

— the only significant parameter

« Adj R2=0.24

0.14
0.12
0.1
0.08
%o 0.06
0.04
0.02

-0.02

Parameter Estimates

Term Estimate S5td Error t Ratio Prob=|t|

Intercept -0.295632 0.107386  -2.75
Vender{1-0] 0.0384221 0.017007 2.26
Al 0.0353222 0.011801 2.09

ARMY RESEARCH
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Vendor ID and Composition, Microstructure

- Al
— the most significant parameter
* Grain Size
— Significant parameter, also strongly dependent on
composition
— Also significant interaction with “Vendor”
* Mn/Al Ratio

— Significant parameter

_[ineoffifor vendorld] — Also significant interaction with “Vendor
« Adj R?=0.82
0.14 0.14
0.12 012 .
0 0.1
E no8 = 0.08 * |
< 0.06 2
:9 0.04 &; 0.06
o0 20,04 o

0.01717
.03d1*

0.02 /
-0.02 a0 ? —
-0.05 ] 0.05 a1
-0.02

% o Predicted RMSE=0.035 RSq=0.30
DValue=0.0108 -002 0 002 004 006 008 01 012 0.4

% o Predicted RMSE=0.0174 R5q=0.88
Pyalue=.0001
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. FERRITE MODEL: SINGLE VENDOR DEVCOM

LABORATORY

0.14
0.12
* Model fit of %a for ST plates 0.1
- adj.R2= 0.78 = 0.08
— Based on Al, C, and Al-C interactions ﬁ 006
— Good model fit, based only on composition ; |
— V and Ce do not appear to have a significant influence 0.04
0.02
0-c ®Pmo ¢
Parameter Estimates -0.02
: . 002 0 002 0.04 006 0.08 01 012 0.14
ri"" : DB;T;:: EEJt?1E$; tR:t_:; Ff“_h_:’_lt_l ik % ot Predicted RMSE=0.0189 RSq=0.54
ntercep -U.3 70y . = IRAC : PValue=0.0007
Al 0.0734190 0012174 603 00007 2.6262262
C -0.240634 0071218 -3.38 0.0081* 2.8369581 014
(Al-8.26)%(C-0.91153) -0.474387 0.097358 -4.87 0.0000" 4,8281601 0.12 .
0.1
T 0.08
. . < 0,06
« Same relationship does not hold for AM plates E ° .
« In model fit for AM plates, only Al is significant 0.0
for an R2=0.08 0.02
0 * & —o
-0.02
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Can we quantify the composition variation effect on
precipitation kinetics and the resulting properties?
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7AN  JOHNSON-MEHL-AVRAMI AGING KINETICS
f(t) =1—exp(—kt")

STO1 15
200 r y=0.5184x +0.8773 = y=0.3875x - 0.1336
r i R?=0.9682 .-'® R*=0.9957 .-
10 £ .
r b | .
— I~ . J o3
s = o5 { "o
] > - i
T - . o =
3 & C P e 500
© -, 00 + i
2 — - - ® 550
- i :
= = B . i% ® 600
L = -05 | . _
S RTTrY Linear (500}
i 00 y=0.4476x - 0.9718 Li 550
1.0 + .-... R?-0.998 |ttt Inear { ]'
L .,.' ------- Linear (600)
1000 - [
_1.5 i i1 I 1 i 1 I 1 i1 1 I i i I 1 i 1 I i i1 I 1 i 1 I i i |
Time (hr) -3 2 ot 3 a 5

0 1 2
In (t, hours)

Hgrq

Hipax — Hsrg In{ In T-v.
VS

=nlIn(t) — nln(k)

Temperature in °C

Age Temp (°C) Peak time (hr) | n | In(k,) | Q (kJ/mol)
500 367 288

0.41
040 324
0.52
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O Actual

i
* UNDERSTANDING PARAMETERS: ACTIVATION ENERGY “Q” DEVCOM
' LABORATORY
300 o)
260 - Depending on where cutoff values -
240 are in the aging kinetics for |
- “peak” determination, the values g ¥
of Q (and kO, n, ...) can shift < 22 ©
200 « Calculation 1 (left) -
120 — Adj. R2=0.29
— Vendor, C, Al/C ratio, interaction 175
160 between vendor and Al/C ratio 150
e Calculation 2 (riaht 150 175 200 225 250 275 300
160 180 200 220 240 260 . oo ( g ) new Q Predicted RMSE=33.058 RSq=0.323
QPredicted RMSE=25.064 RSq=0.41 — Adj. R#=0.26 PValue=0.044
PValue=0,0222 — Vendor, Al’ Si
Term Estimate Std Error tRatio Prob>|t| VIF Term Estimate S5td Error tRatio Prob>|t| VIF
Intercept -555.1157 22018304 -2.42  0.025¢8° . Intercept -154.6267 1489205 1.4 037115 .
semar il 45.069292 15.14001 288 00077 21740674 Vendor[1-0] 56.092235 1835143  3.06 0.0062° 1.8361986
e ppoey e bl ssiots Al 146142 112185 130 02075 14812266
y ' i ' e A 5i 24112964 127.0068  1.90 0.0721 1.4784952

Vendor[1-0]"(Al/C-10.1765) -16.44825 5.621471 -1.91 0.07Me 4377402
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7; UNDERSTANDING PARAMETERS: RATE CONSTANT “k,” DEVCOM

ARMY RESEARCH

' LABORATORY
* Depending on where cutoff values 10
are in the aging kinetics for
~ “peak” determination, the values 335
] . <
g of k, can shift =
- ] E3
5 « Calculation 1 (left) £ 30
= — Adj. R2=0.40 c
— Vendor, Al, Al/C ratio, Mn/C ratio, =
interaction between Mn/C and Al/C
: 20
: X s x ratios 20 25 30 25 40
. i i In{k0) Predicted RMSE=4.6991 RSq=0.44
In(k0) Predicted RMSE=3.4698 RSq=0.53 Calc_"'latlon 2 (right) new (ko) Pre ;;;ueznluqﬁg A
PValue=0.0116 — Adj. R2=0.28
— Vendor, Si, Mn/Al, interaction between
Si and vendor, and Si and Mn/Al ratio
Parameter Estimates Parameter Estimates
Term Estimate S5td Error tRatio Prob>|t| VIF Term Estimate 5td Error t Ratic Prob=|t] VIF
Intercept -28,03911 1548235 -1.81  0.0869 . Intercept -5.086000 2037237 -017 0.8644 .
Vendor[1-0] T 1146872 2142857 3.32  0.003 2.2724922 Wendor[1-0] 90877733 2.616639 347 00027 1.8475127
Al 2.8514000 1.81575 322 0.0047 3.522087 Si 634640581 2544004 223 00286 2.0680804
AlSC 1.4323993 1.363457 103 0.3073 10361367 M Al -8.432102 4661242 -1.81  0.0872  2.0480136
Mn/C -0.388044  0.37461 -1.04 02740 5.8599550 Wendor[1-0]%(5i-0.90196) -67.22789 40,3087 -1.67 01127 24810093
(Al/C-101765)%(Mn/C-314488) 0.2975023  0.07837 380 0.0013% 1.90434p4 [Si-0.90196) (Mn/AI-211834) 74.6001%8 6079728 1.23  0.235%0 11887637

APPROVED FOR PUBLIC RELEASE 17
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UNDERSTANDING PARAMETERS: EXPONENT “n” DEVCOM
(U )|

LABORATORY

* “n” appears to be aging temperature
dependent in some alloys

— STO05 - “n” is constant for all temperatures
— ST09 — “n” is similar for 500/550 and then doubles for

600

« Expect this to be a nonlinear relationship with

composition I
— Position of the nose of the k-carbide isothermal TTT 0.2
precipitation curve should be a function of composition ‘
0.0 | ,

: oy 500 550 600
* Proposed Solution: use a composition Aging Temperature ()
dependent flag to define if “n” is a function of
temperature —e—ST01 STO1-Ce ST02 ST02-Ce —e—ST03
: : : : : : —+—-ST04 =@ ST0O5  —e—ST0O6  —e—STO7  —e—STO8
— n-flag is a function of Si, Al, and Si x Al interactions
(R2 ~ 0.35) =@®=ST09  —e—ST10 ST11 AMO1 AMO3
— For unflagged compositions, temperature independent AMO4 AMOS AMO6 AMO3 AM10
—e—AM11 AM12 —e—AM140 —e—AM60 AM61

“n” is a function of Mn/Al (R? ~ 0.40)
— For flagged compositions, linear fit between the Mn/Al
fit at 500 and an Al-based fit at 600

APPROVED FOR PUBLIC RELEASE 18





bl D

Solution Treated Hardness

* Al/C and Mn/Al ratios

ST Hardness Actual

Mn and V amounts

Mn x Al/C interaction
Grain size (1/7d)

— can also not include this and have a good model

HARDNESS

(R2 = 0.80)
350
300
[ ]
o)
_|_
250 o
. [ ]
O
200
200 250 300

350

STC Hardness Predicted RMSE=11.237 R5q=0.91

Pvalue<. 0001

APPROVED FOR PUBLIC RELEASE

Peak Aged Hardness

« 500 C
— Adj. R2=0.73
— Al, C, Mn, V, Mn/C

« 550 C
— Adj. R2=0.72
— Al, C, V, Mn/C, Al x C interaction

« 600 C
— Adj. R2=0.79
— Al V, Mn, Mn/C, Al x Mn/C &
Mn x Al interactions

« Can fit an okay model using

common terms

— Al, V, Mn/C, and add C

— R?2=0.41 (500), 0.48 (550), 0.64
(600)

— Then add T-dependence

APPROVED FOR PUBLIC RELEASE

500 C Peak Hardness Actual

550 C Peak Hardness Actual

600 C Peak Hardness Actual

440

O

500 °C D

420
_C]
400 4 .
350 4
e
360
340 =]
3120 340 360 280 400 420 440 460

500 C Peak Hardness Predicted RMSE=13.679

DC~_ M 70 DUl .o Ann

550 °C

440

420
400

380

360
340
320
300
300 320 340 360 380 400 420 440

550 C Peak Hardness Predicted RM5E=153.23
R5q=0.79 PValue<.0001

400 o
600 °C 07 »
350 ®
. O
300
250 o
250 300 350 400

600 C Peak Hardness Predicted RMSE=18.382
R5q=0.85 PValue<.0001

19
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@ CONCLUSION DEVCOM

LABORATORY

Vendor/Casting quality is a strong factor in prediction microstructure/kinetics

Lower Yield “ST” alloys were more consistent in kinetic behaviors

Solution treatment hardness can be predicted based on composition and grain size
Hardness can be consistently modeled using chemistry values and aging temperature

When a vendor is tasked with producing these alloys they will need to develop internal kinetic
values

APPROVED FOR PUBLIC RELEASE 20
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Objectives of Current Research

* Development of low
density, high strength, high
hardness hot rolled plate

« Strengthening by B2 + k-
carbide + Nb(C,N)

« Application: Light-
weighting of military and
civilian vehicles

Objectives of Current Study

Understand the effect of:
Ni & Nb additions
Thermomechanical processing
Heat treatment
Mechanical properties

w - Fe-28Mn-8AI-1C-0.5M0-0.04Nb
200 o .' s
g [ O o ‘ ’ @ re-16Mn-10A1-0.9C-5Ni
T 150F © A '®) Fe-15Mn-10A10.8C-5Ni
o0 A ® . 21"
S L
. 100 FFe-Mn-Alc 09 X
7] LA el 0
% (OB Om B VVDAA
0O FOw© A uo V% AA
71 Vi . O g ?

0 20 40 60 80 100
Uniform elongation , %

Adapted from: [3] Yang et al. Acta Materialia (2016)
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Fe-Mn-Al Steels

e Originally designed as
low cost corrosion :
resistant steels —1980’s

e High Mn (15 to 30%) - b B

S
Tre 240 ......
stabilizes vy B

e Adding 3-12% Al reduces 2
density up to 17%

. ! 0 — 3(;0 Il 660 ll 9;]0 — 12l00 — 1600
e Alloys with greater than Tensile Strength (MPa)
6% AI and 0-7% C dare age ® Bainticferrite + Austenitic @ Austenitic
hardenable B Martensitic+ Austenitic @ Austenitic Aged 530°C for 10 hours
. . Ferritic + Austentic * Current !:e-Mn-AI-C-X
e Excellent combinations of formulations

(Wrought-hot rolled only)
strength and toughness
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OES and ThermoCalc TCFE11 Equilibrium

W1t% Fe Mn Al C Mo Nb
Target Bal. 28 8 1 0.5 0.05
Measured Bal. 27.0 7.7 1.01 0.47 0.04
i LIQUID
Liquid+Ferrite
1300
Ferrite+Austenite Ferrite+Austenite+Nb(C N)
1200 f= == & o o o -
by Austenite I
O 1100 |
9 I
S |
© 1000 Austenite+Nb(C 1Y)
x |
o
g 900 |
- |
|
800 |
Austenite+Nb(C N)+K-carbidk
700 I
|
600 I
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
5 Mass percent Nb

20 ppm N
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Solution Treated Micrographs —1150C 2 hrs

Austenite with undissolved Nb(C,N)
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Hot Rolling Procedure

1200 °C for 2hr
Solution Treat * 0.05" reduction (4rev)

per cycle, 4 cycles
sl | \WAa per reheat.
< £ \o00 “CFRT « 5 min 1050C reheats.
= e« 2.5"100.5" for 5:1
5 reduction.
E Air Cool
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Austenitic microstructure
NbC present

Fully recrystallized
Transverse plane

Hilliard Single Circle Method
Mean Lineal Intercept =
24.6 = 4.6 um
Grain Diameter = 27.6 um
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Hardness (HRC)

430

410

390

370

350 [
330 |

310 F

290

270

250 [

Missourl UNIVERSITY OF SCIENCE AND TECHNOLOGY

Aging Study — 530C

Peak aged
}H ¢
As-rolled +

osesssecncs: 1 L

0.01 0.1 1 10 100 1000

Time (hrs)
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Mechanical Properties of Rolled and Aged

Hardness Sul?si:e Su.bsize o -40 °C L-T
(HRC) Tensile* YS Tensile* UTS % Elong. Charpy []
[MPa] [MPa]
0.05 Nb 29.1+£0.6 700 £ 4 950 £ 2 549 +0.6 123.7+£5.3
As-Rolled
0.05 Nb
8 hr 530C 36.0+£0.9 - - - 44.0+0.2
Age
0.05 Nb
28 hr 530C 38.0** - - - 31.3+£2.0
Age

11

*25mm gauge length
**Predicted value based on extrapolation of the aging curve.
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Mil-Spec 12560K for

} ----MIL-DTL-12560K
¢ 0.05Nb-40CL-T

RHA

Armor Hardness Hardness

Class
1
2

(BHN)
340-390
260-310

(HRC)
37-42
28-34

Notch Toughness (ft-lbs)
LN
=

|||||||||||||||||||||||||||r|-[|||||||||||||||||||
|
|

300 320

Brinell (BHN)
12
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Annealing Temp (°C Hardness (HRC

28.0+0.8
27.5+0.8

23.8+0.9
1050 21.3+0.3

Carbide formation on grain No grain boundary carbides
13 boundaries is visible. present above 850C
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30 min Anneal After Rolling

Annealing Temp (°C) Hardness (HRC)
28.0+0.8
27.5+0.8

23.8+0.9
1050 21.3+0.3

1=

Grain coarsening and carbide dissolution reduces hardness.
« EBSD or Klemm’s needed for grain size analysis
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FeMnAIC sheet steels with Ni additions

Fe-16Mn-9.6A1-0.86C-4.9Ni Steel [1]

Recrystallization

Deformed _< ) _<"\ B2 precipitation
at grain boundaries

y grain a /< —
|<—1o_20 um —>| “ng — =4 D and edges
-
" =
. 1-2 um B2 size: 200-1000 nm

No recrystallization N
T B2 precipitation

Shear band
— at shear bands:

Shear band B2 size; 50-300 nm 1) B2 stringers — &-ferrite precipitation

and ordering - 800 to 900 °C
2 o .

Austenite + B2 band | Austenite + B2 band + B2 precipitates Grain boundary B2 - du"ng

Homogenized 1150C 2hr - Hot rolled @ 1050C 96% reduction - recr){st_alll_zatlon .
cold rolled @ 3:1 reduction - annealed from 800 - 800C 3) PreC|p|tat|on of B2 on shear bands in

non-recrystallized austenite

11 Kim, et al. Nature, vol. 518, no. 7537, 2015, pp. 77-79

15
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OES Composition & Hot Rolling Procedure

W1t% Fe Mn Al C Ni Mo Nb
Target Bal. 21 8 1.0 7 1.0 0.05
Measured | Bal. 21.1 8.1 0.98 7.3 0.95 0.07

1150-1000 1000 Water 23.5 + 0.66
Quench
1100-950 940 Water 28.9 + 0.50

Quench

16






1150-1000C - As-Rolled Optical Micrographs

ND

e

* Austenitic microstructure
« Minimal NiAl formation during rolling
 NbC present

17
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100 pm

Mean Intercept Length =
33.3 3.2 um
Grain Diameter =
37.5 um






MISSCURI

Austenitic microstructure

NiAl formation and coarsening during rolling
NbC present

Grain pinning from both NiAl and NbC
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Sl ' ‘ —
1100-950C - As-rolled EBSD — IPF map

-

» Partially recrystallized

« Bimodal grain size
distribution

« Step size too large resulted
In high zero solutions

Lo srae © NIAl acts as a strong grain

e Ly pinning agent but
Melia. o ¢ segregation of Ni and Al

forms in interdendritic area.

a0 11

CHNOLOGY

Grain Size TBD

20
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LAGB'’s growing to new
| grains.
LAGB 2-15° HAGB >15° , } « NiAl promote LAGB’s. 20
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0 pm; HAGE +IPF; Step=6.673 pm; Grid124x 108
21 1150-1000C

= 200 pm; HAGB+PF; Step=6.673 pm; Grid122x107
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Conclusions

 FeMnAl with micro-alloy additions of 0.05 Nb produces
fine <200nm NbC spherical precipitates that strengthen
and grain refine.

« T-L orientation toughness data is still in progress.
However, the processing route of one composition can
produce hot rolled plate that satisfy toughness
requirements of MIL-DTL-12560K between a wide range
of hardness values.

« Grain size in steels with Ni and Nb additions are highly
dependent on the precipitation conditions of NiAl.

« Lack of literature in hot rolled FeMnAlI steels without
29 cold rolling for grain refinement.
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Graphical Abstract

Property calculation and validation Mold filling and solidification model Model validation
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Objective

 This work is part of a larger research
effort to assess the performance of
cast lattice structures.

* The specific objective is to calculate
the thermophysical properties
needed to model the mold filling
and solidification processes.

01 / Objective DISTRIBUTION A. Approved for public release.





( )

Thermodynamics | The CALPHAD Method

data base

* The higher the quality of the
database, the better the predictions.

e Collects and assesses available
computational and experimental
\ J information.

Gibbs energy

* Properties are described via Gibbs
freeenergy: G =H—-TS

* This method produces a consistent
description of the phase diagram and
p . p . thermodynamic properties.
0%G
Local equilibria X2

. J . J

02 / Back groun d DISTRIBUTION A. Approved for public release.





Fe-Mn-Al-C System

* k-carbide, (Fe,Mn),;AIC, is the
primary age-hardening phase
[Prodhan and Chakrabati, 1990].

o
=]
o

vFe, YMn PMn

Temperature [°C]
w

oMn

P 0 10 20 30 40 50 60 70 80 90 100
/A Mass percent Mn

02 / Back groun d DISTRIBUTION A. Approved for public release.

* Five equilibrium phases [Ishida
et al, 1990]

austenite
ferrite
K-carbide
M,C
B-Mn

* Ferrite increases with increasing
Al content.





Required Information for Casting Simulation

General
parameters

e Solidus and liquidus temperatures

* Fraction solid

Kinematic Thermal
Viscosity Conductivity

* Latent heat
* Heat capacity
 Thermal conductivity

* Kinematic viscosity
Heat

Capacity .
* Density

Fraction

Solid

02 / Back groun d DISTRIBUTION A. Approved for public release.





Required Information for Casting Simulation

Property Designation Calculation Remarks
Solidus temperature Tso; Direct Single-point value
Liquidus temperature TLig Direct Single-point value

Latent heat L Derived  Single-point value
Surface tension
coefficient 14 Direct Single-point value
Temperature
Thermal conductivity A Direct dependent
Temperature
Mass density p Direct dependent
Temperature
Specific heat capacity Cp Derived dependent
Temperature
Fraction solid fs Derived dependent
Temperature
Kinematic viscosity v Direct dependent

02 / Back groun d DISTRIBUTION A. Approved for public release.





Fe-Mn-Al-C System

Composition (mass %)

Mn Al C Si Mo Fe

Target 30 4 0.9 1 0.5 Bal.
Measured 31.5 4.73 1.13 1.09 0.52 Bal.

03 / Fe-Mn-Al-C

1600

1500 1

1300 1

1200 1

1100 1

900 1

700+

Temperature [°C]

600 1

1000 1

800\

1400 \

20

30

40

DISTRIBUTION A. Approved for public release.
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Mass percent Mn

70

90





Relative Intensity (A.U.)

0.8 1

0.6 1

0.4 1

0.2 1

Phase Equilibria

Austenite

o 7000 -
J, L—J A N 6800 -

7400 4
7200 -

30

T T T T T

=
40 50 60 70 80
28 Position (*)

Fe-Mn-Al-C

6600 -~
6400 -
6200 -

Density (kg m™)

6000 4
5800 4
5600
5400 4

RNy

Initial
Correction

T
0 500

Temperature (°C)

T
1000

T
1500

T
2000

DISTRIBUTION A. Approved for public release.

XRD analysis showed this
composition to be single-
phase in its as-cast
condition

Pattern corresponded an
austenitic (FCC) crystal
structure.

Density calculation was
“corrected” to show no
solid-state phase
transformations below
600°C





Phase Equilibria

2000

1800

LIQUD+BCC
4’__'--.—__.-.-.-.-_—‘
1600
\LIQUID+FCC

1400

Temperature [K]

1200

1000

g

FCC+KAPPA

0.0 0.1 02 03 04 05 06 07 08 09
A Mass fraction MN

03 / Fe-Mn-AI-C
DISTRIBUTION A. Approved for public release.

XRD results used to re-
calculate the phase diagram.

Using the “console mode” in
Thermo-Calc, users can
“reject” phases, hence, the
phase diagram was
recreated using only the
known phases

10





Kinematic Viscosity

10(3‘001E
1000 4 _ . -
100 ] * This property is needed to model fluid
10 flow
A 1 e Solids have no viscosity, however, to
e 0 ensure continuity in the Navier-
> 00 Stokes equation, a high value must be
00 used in the model
1E-4 +
5. ou V
= —+(u-\7)u—v\72u=——p+g
1E-6 4 dt P
1E-7 1 : . . . - . - .
0 500 1000 1500 2000
Temperature (°C)
Fe-Mn-Al-C

DISTRIBUTION A. Approved for public release.
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Validation of some Single-Point Values

Parameter Experimental Computational .
T1iq(°C) 1336 1330
Tso; (°C) 1266 1267 *
L (k) kg?) - 332
p (kg m3) 7060 7165 .
Cp (JgtoC?) 0.878 0.808
0357 Cool down TL'q
.7 | \
0-30 | Featup 0.00010 -
. ] 0.00005 -
Tc) 0.20
é 0.15 0.00000
E
Q 010 % -0.00005
a 1 &)
0-05_' B °© -0.00010
-o.os- TLiq -0.00015

Temperature (°C)

03 / Fe-Mn-Al-C

DISTRIBUTION A.

-0.00020

12

Standard DSC test used to determine T;;, and Tg,,

Modulated DSC test used to determine
“apparent” heat capacity

Room temperature density determined using the
buoyancy method

—— Cool-down T
Sol

1 —— Heat-up

f TSoI/V

0

T T T T T T T T T T T T T 1
200 400 600 800 1000 1200 1400
Temperature (°C)

Approved for public release.





Model Validation

04 / Model Validation _
DISTRIBUTION A. Approved for public release.

Octet truss lattice structure
(225 mm x 225 mm x 50 mm)

Only one quarter of the casting
modeled due to symmetry

“Omitted” sections replaced by
adiabatic boundary conditions

13





Mold Filling Temperature Distribution

Temperature
°C

Empty
1600
1576
1552

1529 [ ]

1505

1481

1434
1410
1386
1362
1338
1315
1291

1267
z
L X
vo1l

Temperature
0.0ms, 0.00 % G

04 / Model Validation _
DISTRIBUTION A. Approved for public release.
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Model indicated that with
sufficient superheat, the mold will
fill completely

Modeling helps identify potential
issues before making a casting





Fraction Solid

-_ - e W - - — ~ ~ 857

9.000660
© 0 © 90 9 90 90 ¢ ¢
QO 9O VOV O ¢

SHEAM AR CAadICRABIOODIEMBIOON O

Vo1
Fraction Liquid
14.200s 79.60 %

04 / Model Validation _
DISTRIBUTION A. Approved for public release.

Modeling identifies isolated
volumes of liquid metal, which
may lead to porosity defects.

15





Porosity
Y o

16

Porosity
Comparison

* Prediction for location and severity
of porosity was in good agreement

* SEM examination clearly showed
the presence of dendrites caused
by the lack of feed metal

—— 500 um “

04 / Model Validation _
DISTRIBUTION A. Approved for public release.





Conclusions

Calculated thermophysical property data were compared with experimental
measurements from the literature and good correlation was found

Thermophysical properties of our Fe-Mn-Al-C target composition were imported into a
casting simulation and optimization package to predict mold filling and solidification of a
complex geometry. The modeling predictions provided information regarding location
and severity of potentially problematic areas with a good degree of accuracy.

Conclusions _
DISTRIBUTION A. Approved for public release.
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Case Study

Use available experimental and computational
information to calculate the thermal properties of
aluminum alloy A356.

Compare these properties to the existing literature.

Evaluate mold filling and solidification simulation results.

DISTRIBUTION A. Approved for public release.
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Case Study: A356 Alloy

Composition (mass %)
Element ::::f?::s This work
Cu 0.03 0.05
Fe 0.5 0.13
Mg 0.4 0.34
Mn 0.3 <0.01
Ni 0.1 <0.01
Si 7 6.77
Ti 0.15 0.13
Zn 0.1 <0.01
Al Balance Balance

03 / Aluminum A356

e Similar chemistries

DISTRIBUTION A. Approved for public release.
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Case Study: A356 Alloy

Backerud et al (in MAGMA Database)

Solidus 542°C
Liquidus 613°C
Criterion 1 549.1°C
Criterion 2 615°C
Initial temperature 700°C
Latent heat 430.518kJ/kg
Feeding effectivity 30%
Surface tension

coefficient 0.8N/m

03 / Aluminum A356

Thermo-Calc

Solidus 566°C

Liquidus 616°C

Criterion 1 573.41°C

Criterion 2 618.01°C

Initial temperature 700°C

Latent heat 491.31kl/kg

Feeding effectivity 30%

Surface tension \
coefficient 0.86N/m

Cup/Thermocouple

DISTRIBUTION A. Approved for public release.

U—

General Parameters

*  From thermal analysis:

Tpiq = 614 °C
Teo, = 568 °C
-‘:\/Ladle

—

DAQ

PC

A3






A4

Case Study: A356 Alloy

Model Comparison

Data from Thermo-Calc .
s  Temperature during
filling

« Models show subtle
L - differences, but overall
G e behavior is comparable

Data from MAGMA DB
G

02 / Aluminum A356
DISTRIBUTION A. Approved for public release.





Case Study: A356 Alloy

Q

240 ~
: - Computational

220 4

200

180

160

140

120

Thermal Conductivity (W m™ K™)

Bakhtiyarov et al, 2001

100 4 y
80 + 2100 4
60 1

2000

2700:
2600:
2500:
2400:

2300 A

Density (kg m™)

2200

Overfelt et al, 2000
Computational

I I I
0 500 1000 1500

Temperature (°C)

03 / Aluminum A356

1
2000 0

DISTRIBUTION A.

I I I 1
500 1000 1500 2000
Temperature (°C)

Approved for public release.

Thermal Properties

From thermal analysis:
Tpig = 614°C
Tso; = 568 °C

Most significant difference was
thermal conductivity, which
was overestimated below the
solidus temperature

1 potPe-p*tPm

Ke LOT

A5





Additional Conclusion

e Calculated thermophysical property data were compared with experimental
measurements from the literature and good correlation was found

06 / Conclusions
DISTRIBUTION A. Approved for public release.
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Overview of k-carbide in Fe-Mn-Al-C alloys

Nano-sized k-carbide precipitation is responsible for the high strength, hardness and good ductility of

austenitic steels.

1000
800 |
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& N NN NN 7772 Solid solution by Al
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A AN N
0 NN i i "
3Al BAIl 10Al 12Al

Al content

Diagram indicating the different mechanisms contributing to the
yield strength of Fe-26Mn-xAl-1C steels.
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1. D. Raabe, H. Springer, I. Gutierrez-Urrutia, F. Roters, M. Bausch, J. B. Seol, M. Koyama, P. P. Choi, and K. Tsuzaki, Alloy Design, Combinatorial Synthesis, and Microstructure—Property

Relations for Low-Density Fe-Mn-Al-C Austenitic Steels, JOM 66, 1845 (2014).

2. Ding, H.; Li, H.; Misra, R.D.K.; Wu, Z.; Cai, M. Strengthening Mechanisms in Low Density Fe—26Mn—xAI-1C Steels. Steel Res. Int. 2018, 89, 1700381





Microstructural evolution in austenitic Fe-Mn-
Al-C steels

1000 .
R Y _ Two types of k-carbide [(Fe,Mn);AIC]
o0 ¥V |:> * intragranular K’-carbide [(Fe,Mn),AIC, ]
: 4: v+ «'+x"+0(B2/DOs) o * intergranular k*-carbide
. 800 7 5: y+k+B2/DO,
o | N o}
© 700 T @
3 N
- | T N o -
‘é’ 600
2 - Tuning
=00 * Composition
g o] .
400 1 Q Heat treatment

300_ T |||||||= T |||||||]| T |||||||= T |||||||= T T T T 11171 @
0.01 0.1 1 10 100 1000

Time (h)
TTT diagram of decomposition of c-solid solution in a Fe-28Mn-
8.5Al-1C-1.25Si alloy during isothermal aging

Optimizing size and distribution of k’-carbide
Inhibiting the growth of Kk*-carbide

Acselrad O, Kalashnikov I, Silva E, Khadyev M, Simao R. Diagram of phase transformations in the austenite of hardened alloy Fe-28% Mn-8.5% Al-1% C-1.25% Si as a result of aging due
to isothermal heating. Met Sci Heat Treat 2006;48:543-53.





Objectives

Overarching Goal:

Modeling the evolution of kappa carbide, and guide the composition
design and processing optimization for FeMnAIC alloy

Objectives:

* Phase stabilities (thermodynamics) for a given temperature and composition
= Stable phases (fraction and composition)

* Evolution of morphology (kinetics) for a given thermal history and composition
= Size and distribution (nucleation and growth)
= Coherency loss (critical size)





Phase-Field Model: k' precipitate in ¥ matrix

Total free energy of the system
F= [ £ = | Uuae(eat 3 (1) T) + foraa (P (1p)) + etV
14 4

Phase-field equations

R i = AL C

ot Yox ) LT
a’?p 0 fouik 0fer
—=—-L|——-k,;;V;Vin, + —|, =1,2,3,4
at anp Kp,l] 13 ]np anp p

Example: Coarsening of ' in Ni Superalloy S
4; ; Simulations

[ " Experiments
[ ——- LSW theory

* Size and distribution
*  Morphology

Particle size distribution

J.Z. Zhu, T. Wang, A.J. Ardell, S.H. Zhou, Z.K. Liu, L.Q. Chen,
Three-dimensional phase-field simulations of coarsening
kinetics of y’ particles in binary Ni—Al alloys, Acta Mater. 52
(2004) 2837-2845.






Phase-Field Model: Total Free Energy

Total free energy of the system

F = [ oG e, 00} T+ fyraa (P 1) + fe) v

7

Bulk free energy: \ Gradient energy: Elastic energy:
sum of the Gibbs free energy of

4
1
different phases and the energy foraa(V{ny}) = Ez 0,11 (Vi) (Ving)
variation due to structural p=1

change \

@uilibrium phase fraction/ Thickness of the interface Orientation (habit plane)

_ el .el
fer = > Cijki€ij ki






3D Morphology of coherent k' in y

Simulation size: 32 X 32 X 32
Misfit strain: 1.4%

|< [010]
[001]

Initial: spherical Stable morphology: cuboidal






3D Morphology of semi-coherent k' in y

Simulation size: 32 X 32 X 32
Eigenstrain: £); = &3, = 0.08%,e3; = 1.4%
Gradient energy coefficient (¢): 0.025,0.2(J m™2)

k (0 = 0.025 Jm™?)

-

- j
Initial: spherical o = 0.025 (F)





Composition in Austenite and k-Carbide
Temperature: 803 K

( %atom) Exp TCFE- Pandat PrecHi FSStel TCFE-11 Pandat PrecHi FSStel
k-carbide Fe 46 }és 2645 1612 2723 423 1475 2495 1454  26.53
Mn 264 4372 3382 4389 3441 263 4525 3527 4546 3537
Al 211 2001 199 200 205 201 20 1998 200  20.61
C 532 20 198 200 1786 .55 20 1981 200 1749 —
Mo 430 0 NA  NA 96 0 0 NA  NA
Si 750 0 0 0 257 0 0 0 0
Austenite Fe 50 5931 5484  59.44  59.09  49.1 5835 5459 5859  57.59
%:::)Stab'e Mn 284 2405 2598 2332 2465 281  23.18 2522 2254 23.99
Al 17 1526 1596 1561 1472 162 1529 1565 1541  14.85
C 251 0455 179 040 281 23 0213 112 019 17 —
Mo 043 0003 0285 NA  NA 045 95E-4 029 NA  NA
Si 136 0924 115 124 125 3.85 296 312 327 339

Bartlett, L.N., Van Aken, D.C., Medvedeva, J., Isheim, D., Medvedeva, N.I., Song, K., 2014. An atom probe study of kappa carbide precipitation and the effect of silicon addition.
Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 45, 2421-2435. https://doi.org/10.1007/s11661-014-2187-3





Previous models for the ordering of k' in y

] o o) ) o)
° |, o ® [ ° o s ® | @° L@
(J// ® C)/) ./. ) ./. ./o/. R ° O ./o/.
@ Fe @ Al C, Va OFe Al oC, Va @®Fe, Al oC, Va
Ordered (k') Disordered (fcc) fcc

Problem:
The ordering of C atoms (and Va) is limited to ONE interstitial sublattice. Therefore, the disordered state can’t

match their model for fcc, such as missing configurational entropies, and unclear concentration of C.

1. D. Connetable, J. Lacaze, P. Maugis, and B. Sundman, A Calphad Assessment of Al-C—Fe System with the Carbide Modelled as an Ordered Form of the Fcc Phase, Calphad 32, 361 (2008).

2. W.Zheng, S. He, M. Selleby, Y. He, L. Li, X. G. Lu, and J. Agren, Thermodynamic Assessment of the Al-C-Fe System, Calphad Comput. Coupling Phase Diagrams Thermochem. 58, 34 (2017).

3. W.Zheng, X. G. Lu, H. Mao, Y. He, M. Selleby, L. Li, and J. Agren, Thermodynamic Modeling of the Al-C-Mn System Supported by Ab Initio Calculations, Calphad Comput. Coupling Phase
Diagrams Thermochem. 60, 222 (2018).

4. K.-G. Chin, H.-J. Lee, J.-H. Kwak, J.-Y. Kang, and B.-J. Lee, Thermodynamic Calculation on the Stability of (Fe,Mn)3AIC Carbide in High Aluminum Steels, J. Alloys Compd. 505, 217 (2010).

5. M.-S. Kim and Y.-B. Kang, Development of Thermodynamic Database for High Mn—High Al Steels: Phase Equilibria in the Fe—-Mn—AI-C System by Experiment and Thermodynamic
Modeling, Calphad 51, 89 (2015).

6. F.Tang, D. Bogdanovski, I. Bajenova, A. Khvan, R. Dronskowski, and B. Hallstedt, A CALPHAD Assessment of the AI-Mn—C System Supported by Ab Initio Calculations, Calphad Comput.
Coupling Phase Diagrams Thermochem. 60, 231 (2018).





FCC (y) phase with two sublattices

4 sublattice model of k'
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Thermodynamic modeling of ¥ and k'

The molar Gibbs energy for the y phase with an fcc structure (disordered) is written as

G ) = ZZ%%”chc ZZ% Iny; +777% yi Z "L f - )"

i j>i

OGnl Z?d6%1 AeXGnl

The molar Gibbs energy for the k' phase (ordered E2; structure)

G (VE,¥7) = GLEE(yE) + DG A(y) = G (yE) + GEP (vF) — GEP (vF = xy)

E2 E2 E2
G, " () = yyyy%’y} Vi Vi' Giji +— zyl Iny; +777% y; Z "Lyt (i -
i j k1

L j>i

)"





Summary

* The phase-field model framework was constructed

* The 3D morphology of k' carbide was studied. The effects of
coherency, lattice mismatch, and gradient energy coefficient were
explored.

* A four-sublattice CALPHAD model was proposed to address the
ordering of C atomes.

* The CALPHAD database for k' carbide will be built in the step.
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Coherent a
B

Semi-coherent % .
IO Dislocation

P 110>
2

A K. Singh, N. Louat, K. Sadananda, Dislocation network formation and coherency loss around gamma- prime precipitates in a nickel- base
superalloy, Metall. Trans. A. 19 (1988) 2965-2973. d0i:10.1007/BF02647723.





k' carbide morphology in y matrix

Fe-30Mn-9Al-0.59Si-0.9C-0.5Mo 60h @ 803K
Fe-30Mn-9Al-1.56Si-0.9C-0.5Mo 60h @ 803K
Fe-30Mn-9Al-0.59Si-0.9C-0.5Mo 48h @ 843K
Fe-30Mn-9Al-1.56Si-0.9C-0.5Mo 48h @ 843K
Fe-30Mn-8AI-1.3C 24h @ 873 K

C,1 = 230 (GPa) o = 0.025 ] /m?

ClZ =129 (GPa)
C4_4_ — 125 (GPa)

0.3681
0.3673
0.3666
0.3659
0.3679

0.3712

0.3718
0.3731
0.3722

0.84%

1.41%
1.97%
1.16%

[1] M. Yao, k -Carbide in a High-Mn Light-Weight Steel : Precipitation , off-Stoichiometry and Deformation, Disseldorf Rheinisch-Westfalische Technische Hochschule, Aachen, 2017.

[2] L. N. Bartlett, D. C. Van Aken, J. Medvedeva, D. Isheim, N. I. Medvedeva, and K. Song, An Atom Probe Study of Kappa Carbide Precipitation and the Effect of Silicon Addition,

Metall. Mater. Trans. A 45, 2421 (2014).
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» Resistance to fracture depends on:

Inherent matrix toughness (chemistry)
Composition, morphology, and
distribution of second phase

particles

Segregation of tramp elements — P, S
Loading rate

To improve matrix toughness:

Refine the grain size

- Alloy for toughness — optimal composition?

Reduce effect of second phase particles (inclusions)

- Increase casting cleanliness - Control casting
parameters

Large AIN inclusion clusters nucleating fracture
In @ Fe-30Mn-9AIl-1C-1Si-0.5Mo steel CVN bar





Outline

* Overview of the effect of chemistry on age hardening and notch

toughness - 13 chemistries with varying Al, C, & Mn

Effect of Ni and Mo

 Comparison of different gating systems on casting cleanliness and
toughness

e Conclusions and future work





Overview of Chemistries

Table: Composition of each chemistry tested taken from optical emission spectroscopy (OES) and LECO combustion analysis. An * indicates
the element was measured using LECO, and ( ) indicate measurements in ppm.

Alloy c* Al Mn Si P (0)* (N)* (S)* Mo Cr Ni \"
STO1 w/ Ce 1 9 30.1 0.86 0.012 7 16 36 0.44 - - -
STO1 0.88 8.9 30.1 0.82 0.012 4 17 21 0.46 - - -
STO2 w/ Ce 1.02 7.8 29.9 0.93 0.012 5 17 23 0.51 - - -
STO2 0.89 8.3 27.9 0.87 0.016 6 20 9 0.52 0.04 <0.0025 -
STO3 0.81 9.2 29 0.88 0.016 10 31 15 0.49 0.04 <0.0025 -
STO4 0.82 8 28.9 0.92 0.006 1 14 21 0.42 0.04 <0.0025 -
STO5 0.89 8.8 25.9 0.92 0.007 10 13 45 0.4 0.04 <0.0025 -
STO6 0.91 8.8 24.3 1.03 0.01 10 18 48 0.37 0.04 0.01 -
STO8 0.76 8.1 25.2 0.92 0.009 9 24 21 0.32 0.04 <0.0025 -
STO9 1.19 7.1 25.4 0.95 0.011 6 19 15 0.41 0.04 <0.0025 -
ST10 1.16 6.2 24.8 0.79 0.007 5 24 37 0.49 0.04 - -
ST11 0.76 8.6 28.2 0.90 0.013 3 20 37 0.54 0.05 - 0.65
STO7 0.84 8.3 25.7 1.00 0.009 1 12 7 0.40 0.04 <0.0025 -






Material from Castings

 Material from two
“wings” of casting
* One wing for Charpy
tests at -40°C

* Other wing for
determination of aging
kinetics

* At least 12 Charpy bars
for each chemistry

Niyama Criterion
1h 8min 48s






Age Hardening Curves at 530°C - Castings
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* Highest hardening for C > 1%, Al increases initial hardening rate





Age Hardening Curves at 530°C - Castings
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Fractography of Low Toughness Steels

brittle around...

e ]

ductile core

girt

-
=}

! 100pum : 2

* Brittle areas of fracture
surface had higher Al and Si
— consistent with ferrite

LA

ferrite IFe)

10
'

=]

element | Wt
Fe 61

Mn 23.0
Al 14.3
Si 1.4

Clement | Wi
Fe 60

30.5
8.8
0.73

Microhardness tests show that ferrite is much harder than the surrounding
austenite matrix — ordered B2 or DO3 intermetallic





Relationships between Composition and Toughness

Alloy Fe C Si Mn P Mo Al
S&T 1 Ce Bal. 1.00 0.86 30.1 0.012 0.44 9.0
S&T 2 Ce Bal. 1.02 0.93 29.9 0.012 0.51
S&T 1 Bal. 0.82 30.1 0.012 0.46 8.9
S&T 2 Bal. 0.87 27.9 0.016 0.52
S&T 3 Bal. 0.81 0.88 29.0 0.016 0.49 9.2
S&T 4 Bal. 0.82 0.92 28.9 0.006 0.42
S&T 5 Bal. 0.92 25.9 0.007 0.40 8.8
S&T 6 Bal. 1.03 24.3 0.010 0.37 8.8
S&T 7 Bal. 1.00 25.7 0.009 0.40
S&T 8 Bal. 0.76 0.92 25.3 0.008 0.39
S&T 10 Bal. 1.16 0.79 24.8 0.007 0.49 6.2
S&T 11 Bal. 0.76 0.90 28.2 0.013 0.54 8.6

e ST2,ST4, and ST10 had the highest toughness in the STQ and aged conditions
* High Al >8.5%, with low C < 0.8% and low Mn < 27% correlated to lower toughness





Relationships between Al, C, Mn, and Toughness
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Carbon/Aluminum Ratio Average Ferrite Area (%)

Increasing the C/Al ratio generally increases toughness
Effect of Al - stabilizes brittle D03 and B2, ordering of austenite, lowers toughness
Effect of C — increasing carbon in solid solution increases toughness (Mn-C interactions)

higher amounts of Al > 8.5% should be balanced by adding > 1% C and > 27% Mn to avoid
ferrite





Effect of NI and Mo on Mechanical Properties

Chemistry of Fe-Mn-Ni-Al steels cast at Missouri S&T

Steel C* Mn Al Ni Mo S* Fe
0.0 wt.% Mo 0.993 21.61 8.64 6.55 0.00 0.001 Bal.
0.29 wt. % Mo | 0.969 21.78 8.56 6.78 0.29 0.001 Bal.
0.67 wt. % Mo | 0.995 21.28 8.32 6.66 0.67 0.005 Bal.
1.4 wt. % Mo 0.972 20.79 8.18 6.56 1.40 0.005 Bal.

* Values were obtained through LECO combustion analysis, all other
chemistries were obtained through OES analysis.






As Cast Microstructures
 Adding Mo
decreased the SDAS
and precipitation of
interdendritic NiAl

Addition of > 0.7%
Mo stabilized

0:0Wt.% Mo interdendritic Mo-

* B oyl carbides
.. | e Solution treatment

at 1200°C for 2

hours dissolved

most carbide and

NIAl phases

0./Wt.% Mo






Notch Toughness

Charpy Impact Toughness (loules)
[ [
[=)) (= §}
Ln Lo
—a—

0 0.2 04 0.6 0.8 1 12 14
Molybdenum content [weight % inalloy)

- Solution treated condition — broken at -40°C
- Fractography shows ductile fracture
- Toughness increases with Mo up to 1.4%

B ) 3 by

TERLY
WD |mode | mag 0 s





Brinell Hardness

Effect of Molybdenum on Age Hardening

650
600
: A a © * Niadded steels have
550 | - . .
: [ ’ $ much higher hardening
500 T e response during aging
o | T A ® * Alloys without Ni generally
E O reach about 400 HB at
400 | ! ® ©0.0%Mo peak hardness
350 | ; 0.3%Mo * Mo slows down aging
: N kinetics and the
300 ®0.7%Mo .. ]
S T | precipitation of kappa
250, - ® 1.4%Mo carbide
200 _— .
1 10 100 1000

Time (Hr)





Solution Treated and Aged Notch Toughness - 0.7%Mo Steel

Sample Average CVN Hardness (HB)
Toughness at -40°C (J)
ST&Q 164 +4 193 + 10
Aged 8 Hr 44 + 4 304 +9
Aged 24hr 12+ 4 362+8

*Charpy properties in the aged condition are taken from a larger casting
with the same nominal chemistry as the 0.7wt%. Mo steel






Nonmetallic inclusions and filling related defects

83

m Casting Inclusions by Type, %

Filling related macro

reoxidation inclusions in a steel

Svoboda et al. 1987 SFSA sponsored research. From analysis of 500 casting inclusions from 14 independent .
foundries., casti ng

deoxidation  refractory

slag mold
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__ and Bi-films in FeMnAIC Steels

@ Heat 1: base
AHeat2: Ca

i=Y
L
T

5 o W Heat 3: Ca, Ce
! E #Heat d: Ca, Ce, Ar
@®Heat 5: Ca, Ce, Ar, teapot

 Primary inclusions: AlN,

=%
L]

+ + MnS, oxides and complex
S % ! inclusions
* Faceted AIN inclusions and
AN Densky, partics/m oxide bi-films are most

Reduction in CVN toughness with increasing AIN inclusion density
in a Fe-28Mn-AI-O.9—15i—O.5Mo steel

=3

detrimental to toughness —
difficult to control during
melting and casting

* Improved steel gating
practice is needed to
successfully produce these
steels

&0

Optical micrograph and SEM image of an oxide bi-film defect
in a high Mn and Al casting





Novel gating designs promise defect free metal

* New gating designs may
produce cleaner metal

e Reduction of fill surface
turbulence and velocity
using a vortex “surge”
cylinder

« Vortex spin trap Vortex gate Trident gate Vortex spin trap

* Simple implementation
* No filter
* First metal eliminated —
circulates in cylinder
A .

J. Jezierski, R. Dojka, and K. Janerka, Metals, 2018
8/1/2021 20






Missouri S&T Mold Design

Z [mm]

382

SIDE VIEW X ISOMETRIC VIEW i






Experimental procedure

TOP RISER
I

4

FRONT VIEW ISOMETRIC VIEW TOP RISER SYSTEM

* Five samples were obtained for inclusion analysis from just beneath the surface for inclusion

analysis in the SR, NP, P, and TR systems
« Castings solution treated at 1050°C for 2 hrs and water quenched in flowing water at room

temperature
« Charpy V notch impact toughness bars were sectioned in two layers just beneath the surface of the

top of the castings as per ASTM E23





Velocity of the complete system

Absolute Velocity
mis

Empty

1.500

1.393

1.286

1.179

1.071

0.964

0.857

0.750

0.643

0.536

0.429

0.321

0.214

0.107






Notch toughness of castings

200
»n 180
9
S
2 160
> 140 B layer 1
@Alayer 1 b>p /
o 120
S
0 100 @ Layer 2
Blayer2 ¢
'z 80
o
& 60 3 Total
B Total > 40 average
average > toughness
\ toughnessu 20 l \
0
CGTR CGSR NP P CGTR CGSR NP P
Mold One Mold Two

« Lower toughness in TR and SR systems mainly result of oxide bi-films

« Layer 2 generally had the highest toughness for both molds — maybe result of oxide floatation

* Runner extensions and wells appear to be more effective in trapping bi-films in NP and P
systems





Toughness (J)

180
160 |

140 |

=
N
o

=
[=}
o

o]
o

2]
o

Y
o

N
o

Effect of Bi-flms on

2.5
T "
//
7z 7/ ] 2
7/
Q . .,
\ /

- \\\ / — @ -Toughness Mold1(J) 5
>
_ (]
— & —Toughness Mold2(J) 153
] £
—i— Bifilm area % Mold1 ‘g
e i X
—&— Bifilm area % Mold2 | 1 p
Q
t
<

41 0.5

0

TR SR NP P

Notch Toughness

« Extensive layers of bifilm on fractured surface
- aluminum oxide

 Bi-films were major reason for lower fracture
energy of some specimens

« Conclusion: A traditional well designed non
pressurized side gating system Is just as
effective as naturally pressurized systems for
FeMnAl steels





Conclusions

 Air induction melting with Ar cover can produce good quality castings
with excellent toughness at -40°C: 290 J in solution treated condition
and greater than 50 J in 350 HB aged condition.

* Toughness depends on the composition and cleanliness
Best induction melting practice
* Use low P refractories and a used basic furnace lining

* Limit nitrogen pickup during melting and pouring (creation of AIN
inclusions)

* Non-pressurized gating systems with generous runner extensions and
wells help eliminate bi-film defects — filters also effective





Conclusions

Effect of alloy addition on mechanical properties

* Aluminum - lowers density, stabilizes ordered ferrite (brittle), increases
short range ordering in austenite, increases initial aging response and yield
strength, decreases toughness

e Carbon — lowers density, stabilizes austenite, increases strength and
toughness in solid solution (Mn-C interactions), increases the kinetics of
age hardening

* Manganese — stabilizes austenite, increases strength and toughness in solid
solution (Mn-C interactions), no effect on aging

* Nickel — stabilizes austenite, stabilizes NiAl and ordering of ferrite,
increases aging response, effect on toughness TBD

* Molybdenum — stabilizes ferrite and Mo-rich carbides in amounts greater
than 0.3%Mo, increases toughness in solution treated steels, decreases
aging response
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Plate Toughness dependent
Performance Performance

O 75F
® -40F
—MIL-DTL-12560K

-
fo)
o

FeMnAL 0.30 CAL AP M2
FeMnAl 0.50 CAL AP M2
FeMnAl 20 mm M602 API-T
FeMnAl 0.50 CAL FSP
FeMnAl 20 mm FSP

V50 [ft/s]

CVN Impact Energy (ft-Ibs)
@ )
o o

.30 Cal M2 AP V50 [ft/s]

\C plates

0.5 1.0 # 260 300 - 053 054
Hardness (HBW) Thickness [in]

ADA, oo/ My ore
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E &
E FeMnAL 0.30 CAL AP M2
FeMnAl 0.50 CAL AP M2
FeMnAl 20 mm M602 API-T
FeMnAl 0.50 CAL FSP
FeMnAl 20 mm FSP
AD Ay core! Mg o
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V50 [ft/s]
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RESULTS: 0.30 CAL M2 AP

A1132-5A 1@ [
% 8t

A1132-5A 2 .
A1132-5A_3
A1133-1AA

<~ A1133-1BB

A1133-1BA
A1132-5A_3* ¢
A1 132-5A_2*} °
A1133-1AB
—MIL-DTL-12560K hd
0.40 0.45 0.50 0.55 0.60
Thickness [in] ¢
Heat ID Plate ID Thickness [in] Hardness [HBW] V50
A1132 5A_1 0.508 321
Al1132 5A_2 0.512 340
A1132 5A_3 0.514 340
A1132 5A 2* 0.460 340
Al1132 5A_3* 0.459 351
A1133 1AA 0.529 305+10
A1133 1AB 0.525 235
A1133 1BA 0.522 3210
A1133 1BB 0.522 318+6
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Plate Characteristics for this Projectile:

Class 1 RHA
0.231-0.624"
340-390 HBW

Results Summary

Plates from 2 industrial heats

Surface milling

— Same offset from required V50, no change in
overall performance

HBW: 5 plates were too soft

— 4 of these passes anyway

V50:

— Only one plate failed, it was in the STQ
condition and was expected to do poorly
against AP

Additional details in ARL-TR-9107





bl D

V50 [ft/s]
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RESULTS: 0.50 CAL FSP DEVCOM
Plate Characteristics for this Projectile:
» Class 2 RHA
» 0.250-0.499”

« 260-310 HBW

Results Summary
A1133-1AB » Plates from 2 industrial heats
A1133-1AA » All plates failed
A11325A_1H &@ .
A1133-1BB * One plate was the appropriate hardness
A1133-1BA  The STQ plate did not perform
—— MIL-DTL-12560K significantly better than the aged plates
0.4 0.45 0.5 0.55 0.6
Thickness [in]
Heat ID Plate ID  Thickness [in] Hardness [HBW] V50
A1132 5A_1 0.509 321
A1133 1AA 0.529 30510
A1133 1AB 0.525 235
A1133 1BA 0.522 321+0
A1133 1BB 0.522 318+6

Additional details in ARL-TR-9107
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@ CONSIDERATION OF ALL THREATS: AREAL DENSITY RATIO DEvVCOM
(U )|
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V50 Ballistic limit of FeMnAI as a

function of non-dimensional
®. - areal density ratio (ADR)
i - ADR is calculated as:
X ?{j@' @ FeMnAL 0.30 CAL AP M2 — ADR =AD;* A, ;o / My core
Q '}@' @ FeMnAl0.50 CAL AP M2 * AD,-target areal density
% ? " o e * Apcore - Projectile cross-sectional area
o P My_core = Projectile core mass
= s © FeMnAl0.50 CAL FSP
@ FeMnAl20 FSP . .

_ e - Allows all projectiles to be
considered simultaneously
against a range of plate

0.0 0.5 1.0 1.5 thICkneSSES
ADtAp-cnrelmp-cure

* On an areal density basis,
FeMnAl performs comparable to
RHA

Additional details in ARL-TR-9107
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@ REGRESSION MODEL FIT — WHAT PROPERTIES ARE IMPORTANT? DEVCOM
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« Multiple linear regression model for the

FeMnAl ballistic performance
— V50 =c,+c, *ADR

« ADR to V50 fit is improved by including:
— Plate hardness (positive correlation)
— Ratio between plate thickness and projectile core
diameter (negative correlation)

V50 [ft/s] Actual

* Most of the V50 data was collected on plates
aged to a similar hardness, does toughness or
aging temperature matter for ballistic
performance?

V50 [ft/s] Predicted RM5E=115.68 R5g=0.95
PValue<.0001

Additional details in ARL-TR-9107
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Hardness &
Toughness

O 75F
® -40F
—MIL-DTL-12560K

-
fo)
o

CVN Impact Energy (ft-Ibs)
@ )
o o

260 300
Hardness (HBW)
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@ EXPERIMENTAL DESIGN DEvVCOM
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« A1133 plates 0.5”, industrially STQ

Temperature % of peak Hardness Aim
* 12”7 x 12” plates aged locally to a range of Plate ID (°C) Time (hours) age time [HBW]
target hardness/toughness combinations sTQ 230
- (0]
« Sister plates that were industrially aged ARL-1 >00 40 61% 300
. (0]
were also included ARL-2 500 66 100% 350
ARL-3 550 1 4% 260
* Mechanical Testing ARL-4 550 4 17% 290
— Hardness ARL-5 550 15 63% 310
— Charpy V-notch Impact energy (+75 °F and -40 °F)
ARL-6 550 24 101% 340
 Ballistic test"]g ARL-7 550 96 406% 360
— 0.30 Cal AP M2 (Class 1 RHA) ARL-8 600 8 53% 280
. CVN Fractography 01AA 568 36 186% 340
O1BA 568 36 186% 340

» Post-ballistic test microscopy 01BB 568 36 186% 340
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@ HARDNESS AND TOUGHNESS DEVCOM
(U )|

200 « Toughness is high for soft plates <
I O 75F ~260 HBW
® 40F
150 + + T — MIL-DTL-12560K « Armor strength plates >260 HBW have

| toughness near MIL-DTL-12560K
F acceptance requirement

CVN Impact Energy (ft-lbs)
o
o

50 + *O@'—OO
o D,
H@-
0 L
180 220 260 300 340 380

Hardness (HBW)
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HARDNESS AND TOUGHNESS: AGING TEMPERATURE SENSITIVITY? DEVCOM
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Energy [ft-lbs] vs. Hardness (Rockwell to HB)
Test Temp (°F) A00%

200 . e 325%

250%:
] 175%
100%:% of Peak Age Time
8 75%
150 L 5058
25%
< 0%
O 25
& + 500

o
& < 550

100 X 568
el A 600

Energy [ft-lbs]

For plates with the

OO L .
LB same nominal

50 N 78+ 4% % . hardness and aging

ta o, &, x é &2 temperature,

LM P overaged plates

performed worse in

0 75 °F testing

200 220 240 260 280 300 220 240 200 220 240 260 280 200 320 340

Hardness (Rockwell to HE)
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CHARPY FRACTOGRAPHY DEvVCOM
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< Toughness

Hardness 4

« Many elongated grains observed to have pulled out from near the plate centerline
— Unrecrystallized grains from rolling

* No other significant features observed beyond the expected ductile / brittle failure modes

APPROVED FOR PUBLIC RELEASE 12
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FSP MICROSCOPY (PLATES ARE ~0.5” THICK) DEvVCOM
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ARLS (88) ARLO (93)

ARLS (92) ARL9 (95)
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ARLS (88) DEVCL

(10x) Interface between plug/plate (20x) shear band curving in plug

Shear bands are etched lighter, similar to bands seen running through plate center
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ARLS (92) DEVCL

(50x) Interface between plug/plate (50x) shear band with small cracks in plug
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2600 . ol « AP V50 is correlated to the plate
3 ’ . «—— hardness
E 2% — AP_V50 = ¢, + ¢c,"HBW
> 2500 — R2=0.71
§ 2450
2400

2400 2450 25300 2550 2600
30 CALAP V30 Predicted RMSE=36.9 R5q=0.71
PValue=0.0003
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2600 . 4B « AP V50 is correlated to the plate .
3 ) . «—— hardness 2600 . )
g % — AP_V50 = ¢, + ¢,*HBW £ :
> 2500 - R2=10.71 - S .
= >
3 2450 _ a, 2500 .
2 * Model fit can be further enhanced by 3
2400 adding the Aging Temperature and @
2400 2450 2500 2550 2600 interaction between Hardness and 2400
0o o Aging Temperature 2400 2450 2500 2550 2600
— AP_V50 = ¢, + ¢,*"HBW + c,*AgeTemp + 30 CALAP V50 Prepd&;TEiEEJDSST‘ISJN RSq=0.96
c;*(HBW x AgeTemp)
- R2=0.95

— Probably is overinflating the importance of
aging temperature from sampling bias
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2600 . 4B « AP V50 is correlated to the plate .

y «—— hardness 2600 :
% — AP_V50 = ¢, + ¢,*HBW
- R2=0.71

2550

2500

/'

* Model fit can be further enhanced by
adding the Aging Temperature and
2400 2450 2500 2550 2600 interaction between Hardness and 2400

30 CALAP V30 Predicted RMS5E=36.9 R5g=0.71 H
Values0.0003 ; Aging Temperature 2400 2450 2500 2550 2600
— AP_V50 = ¢, + ¢,*HBW + c,*AgeTemp + 30 CAL AP V50 Predicted RMSE=15.131RSq=0.96
o 0 " 1 2 PValue<,0001
c;*(HBW x AgeTemp)
- R2=0.95
> — Probably is overinflating the importance of

o o aging temperature from sampling bias

2500
2450

30 CAL AP VS0 Actual

2450

30 CAL AP VS0 Actual
L

2400

2550

< Model could also be refined by using
the “Ferrite %” number in addition to
the hardness (Adj. R2 = 0.89)
— AP_V50 = ¢, + ¢,"HBW + c,*%Ferrite
- R2=0.89

2500

30 CAL AP VS0 Actual

2450

2400

2400 2450 2500 2550 2600 2650
30 CALAP V30 Predicted RMSE=22.371 R5g=0.90
Pvalue=.0001
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« K-carbide is ferromagnetic in addition to

Ferrite % vs. Hardness (Rockwell to HB) fe rritelmartens |te

Y [25) = -2491 = 0.01234%K
R (251098

¥ (500) = -6.34 + 0.02652*X

Age Temp (°C)
s 25
+ 500

* 550  In this case, we are assuming that there is no

s 568

o ferrite present in the samples (not near the
50 surface), and this measurement is only of k-

oo carbide
— Would need to do high resolution characterization to

accurately quantify the volume

(=]

* (600 0.55

Ferrite %
Je=

« Measurements were made on each broken
Charpy bar away from the impact area

* For plates of the same hardness, aging at

higher temperatures generally yielded a higher
- = I—ardness[Rcclc-.f-.-ellgflfl-ﬁ) = ferrite measurement
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FSP PERFORMANCE DEVCOM

. hardness and aging temperature when a flag for

under/peak/over aging is included (Adj. R? = 0.16)
— FSP_V&0 = ¢, + ¢,*HBW + c,*AgeTemp + c;*PeakFlag

2900

' Lisoratory <"
2000
roe . « FSP has no simple correlations to any one of the

E independent variables

< 2950 .

B

o 2925 . <— FSP V50 is weakly correlated to the plate

3

2

2875

2850
2850 2875 2900 2925 2950 2975 3000
50 CAL F5P W30 Predicted RMSE=32.386

R5q=0.37 PValue=0.2283 * Further improvements to the model come at the
cost of overfitting / variance inflation
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' @ FITTING USING ADR MODEL

Predicted V50 (ft/s)
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JEVCOM
3200 T p  Fit using the equation previously developed:
o@ e — ADR, Hardness, Core/Thickness ratio
[ ’ - R2=0.88
3000 + o ©Co7 ' :
- o — AP results are generally overestimated
,0
2800 + ,/ ° - Model is improved for these plates by
including the %Ferrite
2600 - L’ — Aligns the AP results better and tightens up the FSP
' /éﬁ) cluster marginally
[ ) ,6@ O 3000
2400 + y: e 2900
I , o
[ / o 2800
2200 + ’ o 2 2700
I ’ <
E 2600
7/
2000 #————— 2500
2000 2200 2400 2600 2800 3000 3200 100
=
Measured V50 (ft/s)
2300
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2300 2400 2500 2600 2700 2800 2900 3000
W50 Predicted RMSE=44.7709 R5q=0.95
PValue<.0007
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@ COMPOSITION-DEPENDENT BALLISTICS DATA DEVCOM
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« FSP performance decrease attributed largely to the very low thermal conductivity, how much does
thermal conductivity change with composition for FeMnAl?

« Measured conductivity values for composition study plates showed some composition
dependence, but the values didn’t change significantly in relation to RHA

« But were there composition dependent trends?
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COMPOSITION-DEPENDENT THERMAL CONDUCTIVITY
(U )|

i
=)
[
<
243
2 ] ™
=
=
g
o 4 .
.
35
35 4 4.5 5
Conductivity Predicted RM5E=0.3641 RSq=0.53
PValue=0.0164

Simple regression model fit only to Mn
— R2=0.53

Multiple linear regression models

— Adding C boosts R? but not much

— need to have the C-Si interaction to make a
better fitting model

Best fit model

— Mn

— Si, C, and Si-C interaction
— Al (least significant)

— Adj. R2=0.86

— need more data to validate (n=10)

v
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@
=
[
<
=45
£ .
3
=
g
o 4 .
35
35 4 45 5
Conductivity Predicted RM5E=0.1913 RSg=0.94
PValue=0.017
24





.30 Cal M2 AP V50 [ft/s]

50 CAL FSP V50 [ft/s]
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o COMPOSITION STUDY BALLISTICS BEvcom
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30 cal AP ° AP was very close in performance to RHA
— Due to limited plates, mostly VC plates tested in AP

RHA ﬂ « FSP was consistently below RHA

« Outliers in performance could be traced to
plate quality concerns

0.48 0.49 0.5 0.51 0.52 0.53 0.54 0.55 056 0.57 0.58 0.59

fhickness (in - Ongoing efforts to evaluate adiabatic shear
50 cal FSP banding and role of ferrite in FSP and CVN

performance

e - Plate quality and heat treatment are more
critical than precise composition

VC Plates

0.48 0.49 0.5 0.51 0.52 0.53 0.54 0.55 0.56

Thickness [in]
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« Students involved « Donnie Little

* Fred Fletcher in casting all of « John Hogan

- John Kross the heats . Range crews

 Venkata Challa
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