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1. Introduction

Laser powder bed fusion (LPBF) additive manufacturing (AM) is the process of
building parts through the rapid melting and solidification of thin layers of metallic
powders.! The repetition of the rapid melting and solidification process can lead to
the buildup of residual stresses, which can then lead to part failure during the build
process or part removal from the build plate, creating the need for postbuild stress-
relieving heat treatments. Stress-relief heat treatments designed for AM parts can
be difficult to develop, especially in cases where a designed microstructure needs
to be maintained. They can be determined by applying a matrix of temperature—
time combinations to subsequent build plates and measuring some property
(deflection, tensile ductility, Charpy v-notch [CVN] impact energy, etc.) to
determine the optimal heat treatment as a balance between part survivability and
property retention.>* This approach requires a large number of samples and long
build times. An in situ approach that could show clear signals during heating may
allow for rapid optimization of stress-relief treatments and increased understanding
of mechanistic changes with heat treatment.

In addition to significant residual stress, AM martensitic steels often have large
fractions of retained austenite present relative to what would be expected in the
conventionally fabricated condition of the steel.>* This retained austenite may
significantly affect the properties of the steel, particularly CVN toughness. Thermal
treatments such as stress-relief treatments may lead to decomposition of some of
the retained austenite; therefore, an understanding of austenite decomposition with
stress-relief treatments is also of significant interest and value to the process
designer.

In situ investigations into microstructure evolution with heating may be performed
using several techniques® including dilatometry, neutron, high-energy X-ray
diffraction (XRD), and laser ultrasound. For this work, laser ultrasound in
conjunction with dilatometry was chosen because of its ability to heat and measure
samples in situ in a Gleeble3800 using the Laser Ultrasound Measurement (LUMet)
add-on” for use with Gleeble systems.

The basis behind ultrasound techniques is that, for a given material at a given
temperature, the speed of sound (SS) through the material is a constant; any changes
to the microstructure changes the SS through the material. The basis for laser
ultrasound generation dictates that when a laser strikes a sample, surface heat is
generated that leads to volume expansion. This constrained volume change creates
ultrasonic pressure waves that travel through the material, the echoes of which can

* Developed by Tecnar and licensed to Dynamic Systems Inc.



be measured to calculate the SS through the sample. This theory is the basis for
using ultrasound measurements to monitor changes within a material—whether
cracks from in-service usage or microstructural changes such as grain growth,
precipitate formation, phase change, etc.®"!> While using ultrasound to evaluate part
integrity and calculate elastic properties at room temperature (RT) is well
established?; using ultrasound to investigate microstructural features, especially at
non-ambient temperature, is not nearly as common.® !> The LUMet add-on for use
with Gleeble systems is one of the only commercial items available that can
reportedly use ultrasound measurements in situ to determine microstructural
behavior at temperature.!>~1° In this study, the LUMet was used to track changes in
the SS during heat treatments to stress-relieve high-strength, low-alloy AM built
steel samples. The LUMet measurements were complemented with dilatometry,
XRD, and mechanical testing to correlate changes in the LUMet signal to changes
in microstructure and properties. The experiments were designed to determine if
the LUMet system could detect differences among applied stress-relief treatments
and to determine which microstructural changes the system was tracking.

2. Methods

2.1 Stress-Relief Heat Treatment Study

Prior to initial LUMet testing, a detailed experiment on the effect of stress-relief
temperature on mechanical properties was conducted. A total of 30 CVN samples
(notched during postprocessing) and 30 subscale tensile bars'® were made from a
low-alloy, high-strength steel via LPBF AM using a Renishaw 400 system with in-
house optimized build parameters.!” Sets of five samples were then subjected to
one of six possible stress-relief heat treatments (Table 1). These experiments were
used to determine if shorter heat treatment times/temperatures could replace the
higher-temperature, more-complicated schedules previously published.® Tensile
samples were pulled along the build direction (at a strain rate of 1 mm/min), while
the CVN samples were notched perpendicular to the build direction and tested
according to the ASTM E23 standard'® for impact testing at RT. The study’s
findings were then used to determine in situ test ranges for the LUMet testing.



Table 1.  Stress-relief heat treatment cycles.

Temperature Hold time Cooling

°O) (h) method

200 2 Furnace cool
300 2 Furnace cool
400 2 Furnace cool
500 2 Furnace cool
600 2 Furnace cool

No stress relief

2.2 LUMet Trials

Based on the results from the initial stress-relief study, the temperature range from
200 to 300 °C was identified as the primary range of interest for stress relief due to
the mechanical properties obtained. Using the established build parameters'* parts
were printed in the specified LUMet test geometry (Figure 1A). Samples were made
during two different runs: samples from one run were stress-relieved (SR) at 200 °C
for 2 h, and samples from the other run were not stress-relieved (NSR) to determine
if the in situ monitoring could differentiate between the two sample conditions. Dog
bone samples (Figure 1B) were also made to investigate whether in situ monitoring
could differentiate between strained samples (i.e., samples that were loaded in
tension to predetermined strains and then had LUMet samples machined out of their
gauge sections). Samples were removed from the build plate via electrical discharge
machining and were then subjected to low force grinding to remove the overly
rough surfaces characteristic of AM processing and ensure parallelism of the
surfaces.

A

3mm

10 mm

Figure 1.  A) Schematic showing LUMet sample and B) samples after printing.



Samples for LUMet testing had k-type thermocouple leads welded at the center of
the sample and were then loaded into the Gleeble3800 system (running the pocket
jaw mobile conversion unit). The LUMet add-on was installed and set up in the
back of the Gleeble tank (Figure 2). The Gleeble testing chamber/tank was
evacuated to a pressure/vacuum level in the range of 107> to 107° torr.

Figure 2. A) LUMet sample loaded into the Gleeble and B) laser mounted to the back of
the Gleeble.

Tested thermal cycles for simulating stress relief are presented in Table 2. During
heating, the measured RT was between 17 °C (at the start of experiments) and 30 °C
(at the end of experiments). Samples were heated at 10 °C/s and cooled by turning
off the resistive heating; samples were allowed to cool in the chamber under
vacuum. During heating, the Gleeble was programmed to maintain a load of 0 kgf
to allow for thermal expansion. For the LUMet study, peak temperatures of either
200 or 300 °C were chosen to simulate the original stress relief for the NSR samples
and to determine the effect of a higher stress relief temperature on the SR and NSR
samples.

Table 2.  Stress-relief simulation thermal cycles.

Time at each T?tal Prestrained
Tempoerature temperature exper.lmental SR NSR (0.02, 0.(!5,
°0) (min) time 0.08 strain)
(min) (SR)
RT-200-RT 20 60 x X
200-300-200 20 60 XL ..
RT-200-300-200-RT 15 75 X X x
RT-300-RT: one heating cycle 20 20 X
RT-300-RT: four heating cycles 2 (at 300) 49.76 x
RT-300-RT: five heating cycles 2 (at 300) 64.76 X

The LUMet is a two-laser unit where one laser is used to generate shock waves
within the sample (the generation laser) while the detection laser (second laser) is



used to measure the shock waves as they echo back and forth within the sample

(Figure 3).
Nermocouples

Pulses/Ultrasonic waves
"A . Ablation

Green=Generation
Orange=Detection

Figure 3.  Diagram of laser sound generation in a Gleeble sample.

As the generation laser on the LUMet is a class 4 laser, it can, and does, ablate the
sample during testing. Experiment times were chosen to try and balance overall
exposure time to the sample, laser sampling rate, and time needed to obtain enough
waveforms for proper analysis addressing the ablation effect (data quality decreases
rapidly as sample ablation increases).

2.3 Characterization Methods

After heat-treatment simulation, the samples were cut and prepared for XRD and
hardness testing. Samples were ground to 1200 grit and analyzed using a Bruker
D2 Phaser XRD unit with a cobalt source. Phase fractions were determined using
Rietveld refinement. Following XRD analysis, hardness was measured using
Rockwell C indents. In both cases, measurements were made in the lateral position
as the LUMet measurements but on the opposite side of the sample. In addition to
the sample conditions in Table 1, additional samples were examined via XRD and
subjected to hardness testing, including samples in the as-printed, as-SR, heated to
and held at 200 °C for 60 min (SR-condition only), and heated to and held at 300 °C
for 60 min (SR-condition only) conditions.

Select samples were prepared for electron microscopy and polished to 0.25-um
diamond finish followed by a 4-h vibratory polish in 0.02-um colloidal silica.
Electron backscatter diffraction (EBSD) was performed using a 20 kV accelerating
voltage and 6.4-uA beam current on a Tescan scanning electron microscope.
Samples were then etched using a 4% nital solution and imaged using secondary
electrons to examine the bulk microstructure.

As another way to verify what changes in the LUMet signal might indicate, several
of the thermal runs (i.e., the RT-200 °C loop, the RT-200-300 °C loop, and the RT-
300 °C loop for one, four, and five cycles) using both SR and NSR samples were



replicated in a Linseis DIL L78 QDT/RITA dilatometer. Dilatometry specimens
were machined to 4.0 x 1.5 x 10.0 mm. The same thermal profile used in the
Gleeble experiments was programmed into the dilatometer.

3. Results and Discussion

3.1 Mechanical Testing of Stress-Relief Heat Treatments

Mechanical testing of SR samples at various temperatures was used to determine
the optimum stress-relief temperature for eliminating cracking and generating the
best combination of toughness and strength. Figure 4 shows the respective
properties versus stress-relief temperature (samples tested at 25 °C were not SR).
The hardness data (Rockwell C, measured from the base of the CVN samples after
testing; Figure 4A) shows a general increase in hardness up to a stress-relief
temperature of 500 °C with a significant drop in hardness following a 600 °C stress
relief. When comparing the hardness data with the tensile data, there appears to be
little correlation between yield strength or ultimate tensile strength (UTS) and
hardness, which is somewhat surprising. Austenite and its stability can significantly
influence the mechanical response of steel and could be one explanation for this
observation. The strain to failure tensile data (Figure 4B) shows that the SR sample
at 200 °C failed at a higher strain than any of the other samples while also having
the second-highest yield and ultimate strengths (Figures 4C and 4D). The Charpy
impact data (Figure 4E) also showed that the 200 °C stress relief led to the highest
impact toughness but was close to the values measured for the SR samples at 300
and 400 °C (with a large drop in toughness at higher stress-relief temperatures). As
the 200 °C condition displayed the best combination of strength and
toughness/ductility, 200 °C was thought to be the optimal stress-relief temperature.
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Figure 4. Mechanical test data from SR samples.

3.2 LUMet Results: SR Samples (200 °C, 2 h)

In general, the LUMet calculates the SS through a sample by measuring how long
it takes for preselected echoes to be detected between consecutive waveforms. As
arule, and for these results, the second echo was chosen (i.e., the time between the
second echo for waveform X and waveform X + 1). For this study, measurements
of the SS were made at RT, 200/300 °C, and then again at RT for samples that were
already SR at 200 °C for 2 h prior to LUMet testing (Figure 5). The 300 °C upper
limit was chosen as it showed lower properties than the 200 °C conditions—
particularly for the strain to failure and UTS—and it is traditionally associated with
the tempered martensite embrittlement region in quenched and tempered steels.
Figure 5 shows the change in the measured sound velocity over time for SR samples
subjected to four different thermal cycles as a function of temperature and time.
The differences in the starting velocity for each run are understood to be due to
variation in sample thickness from different amounts of grinding needed to remove
the surface roughness from the printing process as well as microstructural



differences due to texturing, the presence of multiple phases, and porosity. Despite
these variations in thickness among samples, inferences may still be made from
changes in the velocity within a single sample. Any changes in SS at RT at the end
of the experiment relative to the start of the experiment were taken to mean that
there were microstructural changes during the experiment. Figure 5A includes data
from a sample held at RT with SS collected for 1 h to show that the laser by itself
is not inducing any microstructural changes (despite ablating the test surface) as
well as to show that, at least at RT, the damage from the laser is not enough to
disrupt data collection. For each of the datasets in the graph (the various thermal
loops) straight lines have been added to more easily demonstrate that there were
changes with the RT SS values measured after heating the samples.

After the initial stress-relief run, heating to 200 °C for an additional 20 min is
enough to generate changes in the RT LUMet measurements (Figure 5C), while
heating to 300 °C leads to larger changes in measured SS not just at RT (Figure 5C)
but also at 200 °C (Figure 5B). It is notable that the SS is higher for the second
200 °C hold for both loops reaching a max of 300 °C. The RT differences may be
partially obscured by differences in the starting and ending chamber temperature.
Another challenge when using an AM part is that the sampling location may move
during the test. In a relatively homogeneous part, the exact placement of the laser
may not be hugely significant; however, in a part with significant differences in
porosity, texture, or thermal history (as seen in AM) these small moves may
significantly affect the readings.
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3.3 LUMet Results: NSR Samples

The LUMet results for the NSR samples (Figure 6) had some significant differences
from the SR samples.
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Figure 6. LUMet data for the NSR samples cycled between RT, 200, and 300 °C.

The most significant difference is that the RT- 200 °C loop sample did not have any
changes in SS from beginning to end (Figure 6B). While the signal had a steady
change during the 20-min hold at 200 °C the measured SS at RT after heating was
the same as before heating. It is unclear if offsetting changes in microstructure
occurred. However, both samples that were heated to 300 °C had SS changes at RT
after heating (Figures 6A, 6C, and 6D). This provides some insight into the kinetics
of the microstructural change seen in the SR sample. It is speculated that time is a
critical component for the signal at 200 °C where the 2-h stress relief may lead to
more marked microstructural changes compared with the shorter 20-min hold
during the in situ experiment.

At 300 °C, changes in the SS are observed in both the SR and NSR states (Figures 5
and 6), indicating that at this temperature the microstructural change is more severe
and produces a larger signal. This qualitatively correlates with the significant
changes in mechanical properties shown in Figure 4. The possible microstructural
features to consider are ferrite/martensite, carbides, and austenite, which affect the
measured SS. Austenite should have the lowest SS with an increase in SS for
martensite/ferrite and then tempered martensite.!” Decomposition of austenite into
martensite would tend to increase the SS in the sample while tempering of
martensite/carbide formation would tend to decrease the SS in the sample relative
to just a martensitic structure.
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In Figures 7 and 8, samples without stress relief were thermally cycled between RT
and 300 °C (10 °C/s heating, 2-min hold at 300 °C, and 10 min of cooling with a
cooling rate of —0.25 °C/s to reach RT) to see how many cycles it would take before
there were no longer any observed changes in the RT SS measurements (i.e.,
forcing the microstructural change to completion). One sample was subjected to
four cycles (Figure 7) over a total experimental time of roughly 50 min and another
to five cycles (Figure 8) over 63 min.

Speed of Sound during Thermal Cycling (4X)

5.90
+ 1st cycle
5.85 Al He 2nd cycle
B £V ;
0 “N__“;Ni 3rd cycle
€ 2is ""“\"".‘:,‘,_;‘.“ 4th cycle
E ‘“:iA‘A
—5.75 A s il
= F e,
3 \
E) 5.70 A . — .,
OOO//'/,] A a A A As
5.65 \
5.60
0 50 100 150 200 250 300

Temperature (°C)

Figure 7.  LUMet measurements during four heating cycles from RT to 300 °C on NSR
sample.
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Speed of Sound during Thermal Cycling (5X)
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Figure 8. LUMet measurements during five heating cycles between RT and 300 °C on NSR
sample.

The measured SS during the initial heating cycle changes as a function of increasing
temperature differently than during any of the other cycles; there is a sharp decrease
in the SS between 150 and 200 °C (Figures 7A and 8A) that is not replicated on
subsequent cycles. It seems likely that this change in path is linked to changes to
the sample surface due to ablation (as previously noted) rather than microstructural
in nature. In the previous measurements (Figures 5 and 6) there is a long hold at RT
to begin each measurement where the data is fairly noisy that might mask this
effect; indication of this being an artifact is that it occurs at a temperature too low

for microstructural changes in steel and after a very short period of time of
approximately 17 s.

During the four cycles, the second and third cycles have essentially the same SS
measurements while the fourth cycle is slightly different. When a sample was
subjected to five cycles (Figure 8), the difference between the fifth cycle and the
rest of the cycles was the largest difference observed, suggesting that it takes two
to four cycles of heating to 300 °C before a significant volume of the microstructure
changes. Previously, in a sample heated to 300 °C (NSR, Figure 6A), a small
change in SS measurements at RT was observed, akin to the differences among

cycle four and the first three in Figure 7 and the differences among cycles one and
two through four in Figure 8.
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3.4 LUMet Results: Prestrained Samples

One of the issues that quickly became apparent during these experiments is that
laser ultrasound is not a good technique for making one-to-one sample
comparisons. As seen in Figures SE and 6D, when stacked together, the RT
measurements of samples from the same material and build are noticeably different
(this can be attributed to sample-to-sample variations due to texturing, phase
volume differences, surface treatment differences, etc.). This meant that it was not
possible to relate differences in the RT signal to different strain levels within the
prestrained dog bone samples as there are no ways to differentiate signal differences
due to thickness/surface condition from differences due to strain levels. It is still
interesting to compare SS in the prestrained samples as it was anticipated that the
strain could transform any retained austenite present in the steel,* which should also
affect the SS. Dog bones were loaded in tension and pulled to strains of 0.02, 0.05,
and 0.08 (samples pulled to failure failed at ~0.12 and ~0.15 strains, Figure 9).

Pre-Strained Sample Tensile Results
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0.02 strain #2
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Figure 9.  Prestrained sample tensile testing results.

The LUMet results for SR samples (Figure 10) that were prestrained to different
amounts prior to LUMet testing are shown in Figure 10. In general, it would be
expected that increased strain would lead to lower longitudinal SS; however, due
to the starting material condition, comparing different samples is not necessarily
meaningful. In general, it appears that all three samples end at a higher velocity
than where they started. The greater starting velocity with greater initial strain is
also noted but no explanation is clear at this time.
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Figure 10. LUMet data for prestrained SR samples.

While some changes in signal were observed during the LUMet testing, it is
necessary to determine the cause of the changes. A two-pronged approach using
dilatometry and XRD was used to help determine which microstructural changes
could be leading to changes in the SS.

3.5 Dilatometry

The simulated heat treatments performed in the Gleeble during LUMet testing were
replicated within a Linseis quenching dilatometer. In general, the dilatometry and
LUMet data showed the same trends in signal with temperature; however, the
dilation and SS changed in opposite directions. Figure 11 shows a representative
comparison of the two signals for the 200-300-200 loop. The dilatometry results
show a change in dilation at 200 °C after heating to 300 °C and a change in dilation
while being held at 300 °C, replicating the LUMet signal and providing reassurance
that the LUMet is detecting legitimate microstructural changes. Notably, the
dilatometer shows an increase in length (dilation) during the 300 °C hold and ends
at a greater length than it started. One possible cause for an increase in length would
be decomposition of austenite as the austenite phase is more closely packed than
martensite/ferrite.

14
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Figure 11. Dilatometry measurements overlayed with LUMet signal.

3.6 XRD Verification

Since it was thought that retained austenite in the sample was influencing some of
the changes in the SS, XRD was performed on each condition to look for
differences in austenite fraction. Figure 12 shows spectra for the starting powder
and the SR sample (prior to heat treatment) with both ferrite/martensite and
austenite peaks.

Baseline XRD Results
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Figure 12. Baseline XRD results showing both ferritic () and austenitic (y) iron are present.
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By performing a Rietveld analysis of the XRD data the percentage of retained
austenite in each sample was calculated (Table 3). These calculations clearly show
that the amount of retained austenite is much lower after the stress relief (19% as-
printed vs. 13% in the SR condition).

Table 3.  Calculated percentages of retained austenite.

SR prior

Sample description to heat treatment NSR
As-printed (NSR baseline) o 19.1
SR (SR baseline) 13.3 ..
0.02 Strain/RT-200-300 loop 13.3/12.3
0.05 Strain/RT-200-300 loop 9.6/8.6
0.08 Strain/RT-200-300 loop 7.5/7.6
200°C1h 10.6
200-300 °C loop 10.2
300°C1h 11.5
RT-200 °C loop 13.8 19.1
RT-200-300 loop 10.6 14.6
RT-300 o 14.1
RT-300 four cycles o 15.5
RT-300 five cycles ... 15.8

Further consideration of the SR samples shows that continued austenite
decomposition occurs with thermal treatments in the 200-300 °C range. While the
RT-200 loop shows a similar fraction to the as-SR condition, the 200 °C 1-h
condition shows appreciable austenite decomposition. All the 300 °C peak loops
show appreciable austenite decomposition. The strained samples both before and
after LUMet heat treatments are also interesting to consider. The 0.02 strained
sample shows limited decomposition of austenite while nearly half of the austenite
has transformed following the application of 0.08 strain. The strain samples also
show limited response to subsequent thermal treatment. The RT-200-300 loop did
not lead to a significant change in austenite fraction for any of the strained samples.
The lack of austenite transformation in the 0.02 strain sample likely indicates that
the austenite primarily contributes to the tensile properties via TRansformation
Induced Plasticity (TRIP).

The NSR samples have higher fractions of austenite for all LUMet trials as
expected. The most interesting point is that the short RT-200 loop again has no
effect on austenite fraction and that even the RT-300 loop leaves a higher fraction
of austenite than the as-SR condition.

The samples that were heated to 300 °C multiple times show significant changes in
retained austenite relative to baseline but not to each other or other samples heated
to 300 °C.
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A plot of both hardness and the measured retained austenite fraction is shown in
Figure 13. There is some correlation that large fractions of retained austenite led to
lower hardness in the NSR conditions, though the trend is not clear for the SR
samples. The strained SR samples show concurrent increases in hardness with
decreased retained austenite as expected.

Figure 13 further demonstrates that hardness is not an ideal criterion for
differentiating among conditions for screening purposes. Many of the conditions
have hardness within the standard deviation despite significant differences in
austenite fraction (recall the significant differences among the tensile properties and
hardness discussed earlier).
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Figure 13. Hardness and retained austenite fraction vs. heat treatment for SR (left) and NSR
(right) samples.

3.7 EBSD Results

EBSD was performed to show a semiquantitative visualization of the change in
austenite with different strains and thermal treatments (Figure 14). In general, the
EBSD results show the same trends in austenite fraction as the XRD results. EBSD
does not have the resolution to pick up fine film-like austenite and is sampling a
much smaller volume compared with XRD, making the results more qualitative.
EBSD results do show a large proportion of blocky austenite, which is thought to
be less mechanically stable and less ideal for mechanical properties and toughness.
Further study on the austenite fraction/morphology would be of interest but is
outside the scope of this work. Overall, while the measured volume percentages
between XRD and EBSD do not perfectly match up (due to variabilities in methods
and volume sizes used for each technique) they do show the same trends both with
regard to heat treatment temperatures and prestrain effects.
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Figure 14. Representative EBSD phase maps of selected LUMet samples.

4. Conclusions

This study began as a series of experiments to determine if the LUMet would prove
a reliable method to assess stress relief in AM builds. The efficacy of the LUMet
for stress-relief tracking was shown to be limited by the complex microstructures
of steel, porosity, and heterogeneity of the AM material. It was demonstrated using
XRD and dilatometry that the LUMet could track changes in austenite fraction in
the steel. However, the utility of the LUMet for austenite decomposition remains
somewhat limited at this state. While with the current setup that was not feasible (a
second detection method to pick up transverse waves traveling through the sample
may be needed to make these, and other physical property measurements), a method
to track the decomposition of austenite during heat treatments and verify that the
LUMet could track phase changes in situ was explored. If the starting samples had
contained known initial volume percentages of retained austenite, it might have
been possible to correlate the magnitude of the signal change after heating to a
direct measurement of how much retained austenite transformed to ferrite.
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List of Symbols, Abbreviations, and Acronyms

AM
CVN
EBSD
LPBF
LUMet
NSR
RT
SR

SS
TRIP
UTS
XRD

Additive Manufacturing

Charpy V-Notch

Electron Backscatter Diffraction
Laser Powder Bed Fusion

Laser Ultrasound Measurement
Not Stress-Relieved

Room Temperature
Stress-Relieved

Speed of Sound
TRansformation Induced Plasticity
Ultimate Tensile Strength

X-ray Diffraction
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