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Abstract

Dynamic large-strain plasticity problems in metals can produce temperatures high enough to alter the microstructure, but
the limited time-at-temperature prevents complete transformation, thereby making the material strength time-dependent.
Precipitation reactions (age-hardening) are an important class of transformations that can create time-dependent dynamic
plasticity under rapid heating and loading. This work explores the dynamic behavior of a precipitation-hardenable stainless
steel (17-4) produced by wrought and Additive Manufacturing (AM) methods with a rapidly-heated Kolsky bar technique.
Wrought 17-4, a martensitic stainless steel, is examined in three common heat treatments (solution-treated, peak-aged and
over-aged) at temperatures up to 1000 °C and heating times limited to about three seconds. Solution-treated wrought 17-4
is observed to thermally-harden at aging temperatures (> 400 °C) due to rapid precipitate growth. Peak-aged precipitation
strengthening becomes ineffective above 550 °C, as peak-aged material becomes indistinguishable from the solution treated-
condition. Over-aged wrought 17-4 does not behave like either of the other conditions, owing to the effect of the extended
heat treatment on the precipitates and on the martensite matrix. Stress-relieved AM 17-4 exhibits high dynamic strength and
strain hardening at room-temperature due to its meta-stable austenite content and partial age-hardening during the build or
stress-relief treatment. A plasticity model is developed for solution-treated wrought 17-4 that captures time-dependent aging
effects that are derived from separate aging kinetics experiments. A separate model is developed for over-aged wrought 17-4
that contains no time-dependence as the precipitate population in this material appears to be more stable under rapid heating.

Keywords Kolsky bar - Additive manufacturing - Hybrid manufacturing - High strain rate - High heating rate

Introduction some alloy systems can become unstable at lower 7, values.

Further, critical temperatures are reached and/or only persist

In dynamic plasticity problems, materials often undergo
very large strains in a very short time, leading to adiabatic
heating sufficient to induce a microstructural transformation
via processes such as grain growth, precipitation reactions
or phase transformation, given sufficient time. Friction can
be an important additional heat source in such problems.
The rule-of-thumb microstructural stability limit at elevated
temperatures is half the melting point, or a homologous tem-
perature, 7}, below 0.5 [1]. This limit is often exceeded in
problems such as machining or ballistic impact [2, 3], and
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for a short time relative to the transformation time, meaning
plasticity must proceed through a microstructure that differs
from its quasi-equilibrium state. Unfortunately, most of our
knowledge regarding the effect of temperature on plasticity
is obtained from laboratory test methods that measure the
quasi-equilibrium microstructural response, at least relative
to dynamic timescales, and thus may not be appropriate for
dynamic problems. The potential significance of this issue
depends on the times and temperatures of the problem of
interest and on the microstructural stability of the metal
involved.

This work focuses on 17-4 precipitation-hardenable stain-
less steel (referred to henceforth as 17-4), a martensitic stain-
less steel with high strength and good corrosion resistance at
elevated temperatures. Precipitation strengthening is impor-
tant in many alloys and this type of transformation can create
time-dependent mechanical behavior in dynamic problems,
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making this a particularly interesting alloy to examine under
rapid heating and loading conditions. In the solution-treated
condition (often called Condition A but henceforth called
ST), 17-4 consists of un-tempered, body-centered tetrago-
nal (BCT) martensite with a small amount of delta-ferrite
[4-8]. The matrix is supersaturated with copper and contains
a high density of dislocations and possibly microtwins [8].
Aging heat treatments in wrought ST temper the martensite
and grow copper-rich precipitates that can increase the yield
strength by hundreds of megapascals in the peak-aged condi-
tion. Precipitate growth begins near 400 °C (T}, = 0.28) [9].
Aging reactions in wrought 17-4 are well-studied, complex
and produce a wide range of mechanical behavior depending
on aging time and temperature [7]. At the peak aging tem-
perature (900 °F (482 °C)), measurable strengthening occurs
within seconds [10, 11] with maximum strength reached in
one hour (H900 condition). Peak-aged precipitates are small
(~5 nm) and coherent with the martensite matrix, making
them difficult to observe even in TEM. Over-aging occurs
above 482 °C (900 °F) and rapidly reduces the strength as
the precipitates coarsen, change shape and lose coherency
with the matrix [7, 12, 13]. Over-aging at 550 °C and above
for several hours heavily tempers the martensite and creates
a small amount of reverted austenite, which is stable at room
temperature [6] and reduces the yield strength but improves
ductility [8, 9, 13]. The relative importance of tempering
and austenite reversion on the mechanical behavior of over-
aged 17-4 remains unclear, however [12]. Finally, peak-aged
17-4 rapidly loses strength when aged further above 550 °C
[11], with prior age-hardening eliminated within seconds
at 900 °C.

In addition to the aging reactions described above, the
martensite-to-austenite transformation at high temperature
can also cause time-dependent plasticity during fast heat-
ing. Austenite start and finish temperatures (Acl and Ac3,
respectively) in this alloy are reported to increase with
heating rate, with Acl ranging from 700 to 790 °C and
Ac3 ranging from 880 to 930 °C [8, 11] as the heating rate
increases from 1 to 1000 °C/s. During this transition, exist-
ing precipitates may either dissolve, coarsen or lose coher-
ency with the matrix [14]. As already noted, the hardness
of peak-aged 17-4 drops rapidly near Acl [11]. While the
reported changes in mechanical behavior are ascribed mostly
to evolving precipitate characteristics, direct observations of
the effect of heating on precipitate populations and resulting
strength levels remain elusive. Regardless of the underlying
mechanisms, exploring the dynamic behavior of 17-4 under
rapid heating can reveal how time and temperature affects
the strength of this precipitation-hardenable stainless steel,
with application to dynamic plasticity problems.

The alloy has also drawn significant attention in additive
manufacturing (AM) [15-17], and the desire to improve AM
part performance via hybrid manufacturing (HM) methods,
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including post-build surface machining, makes machinabil-
ity of AM materials a growing concern. This is especially
important when AM microstructures differ from wrought
[18, 19]. AM 17-4 built with nitrogen-atomized feedstock
powder (referred to henceforth as AM 17-4 N) contains a
large amount of metastable austenite whereas wrought 17-4
is a martensitic alloy [20, 21]. Austenite in place of mar-
tensite will tend reduce the yield strength and increase the
strain hardening compared to wrought 17-4 [22, 23]. Strain
hardening in AM 17-4 N can also be enhanced by defor-
mation-induced martensitic transformation (DIMT) of the
austenite phase [24, 25]. Interstitial nitrogen is also known to
increase the strength of austenitic and martensitic stainless
steels [26-28]. High strain hardening, combined with high
residual stresses in AM materials [29], can negatively affect
machinability by increasing cutting forces and temperatures
[30]. For this reason, and for other dynamic loading applica-
tions, the dynamic behavior of AM 17-4 N is important to
explore.

While AM 17-4 N is expected to differ from wrought
primarily because of its high austenite content, the dynamic
behavior of wrought 17-4 is as yet not well established,
with a recent exception [31]. Martensitic stainless steels
generally show a positive strain rate sensitivity (increase in
yield strength and decrease in strain hardening) at low tem-
peratures [32-35]. They are also quite thermally sensitive,
although dynamic strain aging can complicate their strain
and strain-rate hardening and thermal softening behavior
[33].

In this paper, wrought 17-4 and AM 17-4 N are examined
using a rapidly-heated Kolsky bar technique with heating
times limited to a few seconds prior to impact [36]. Wrought
17-4 is explored in three starting conditions: ST, peak-aged
and over-aged, to examine the effects of the pre-existing pre-
cipitate population and the state of the martensite matrix on
the mechanical behavior at room temperature across a range
of strain rates, and in rapidly-heated dynamic tests up to
about 1000 °C. AM 17-4 N is examined in the stress-relieved
(SR) starting condition only. The kinetics of age-hardening
in wrought ST and AM 17-4 N are measured to capture the
evolution of the copper precipitate population in supersatu-
rated material after aging at various temperatures and times.
The precipitate evolution is assessed with room-temperature
dynamic compression testing on the variously-aged sam-
ples. The kinetics data are then used to develop an empiri-
cal dynamic plasticity model that captures time-dependent
age-hardening effects in wrought ST, including changes to
dynamic strength and strain hardening, for aging times up
to and including the peak-aged condition (H900). A sepa-
rate model is proposed for the over-aged starting condition
(H1150), which is found to behave differently than either
wrought ST or H900 at high temperatures and is expected
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to be more stable with respect to precipitate evolution under
rapid heating compared to wrought ST.

Experimental Methods
Material Preparation and Analysis

AM 17-4 N was produced with an EOS' M290 400 W laser
powder bed fusion machine using EOS Stainless Steel GP1
powder with a 20 pm powder layer thickness. While the
powder conformed to the ASTM standard composition for
17-4 (ASTM A693-16), the build contained higher nitro-
gen compared to wrought, as shown in Table 1. Nitrogen
content is not specified in the Standard. AM 17-4 N also
contains higher carbon, nickel, copper and oxygen compared
to wrought. These compositional differences may alter its
mechanical behavior relative to wrought. Prior to removing
the built material, the entire build plate was given a stress-
relief (SR) heat treatment at 650 °C for 1 h followed by a
furnace cool. Afterwards the built material was removed
from the plate by Electrical Discharge Machining (EDM).
Compression specimens measuring 4 mm in diameter by
2 mm thick were made from 4 mm diameter cores removed
from the built material by EDM. The cores were removed
parallel to, and within a few millimeters of, the build plate.
Individual samples were then sliced from the cores. With
reference to ISO/ASTM 52,909-2021(E), the compression
axis is along the x-direction (longest dimension) and all sam-
ples have the same z-coordinate but the y-coordinate varies
for different cores. All tests reported in this work involve
AM 17-4 N initially in the SR condition.

Wrought 17-4 compression samples were sliced from
rod stock by EDM and heat treated in vacuum at 1050 °C
for 1 h followed by air cooling to room temperature to
reach the solution-treated (ST) condition. Some specimens
were further heat treated to the peak-aged H900 condition
(480 °C (900 °F)) for 1 h followed by air cooling to room
temperature and others to the over-aged H1150 condition
(620 °C (1150 °F)) for 4 h followed by air cooling to room
temperature.

Microstructural analysis included electron backscatter
diffraction (EBSD) imaging along with energy dispersive
spectroscopy (EDS) mapping. Specimens were mounted in
conductive epoxy and surfaces were prepared by standard
metallographic grinding and polishing steps to a 1 pm finish.
Each sample was subjected to a final vibratory polishing step
with 0.05 pm colloidal silica for 18 h. The EBSD and EDS
data were acquired simultaneously with the sample surface
tilted approximately 70° with respect to the electron beam
axis using a 20 kV accelerating voltage, 4 nA beam current,
15 mm working distance, and a 0.25 pm step size. Solu-
tions for each Kikuchi pattern were confined to ferrite/mar-
tensite, austenite, or Nb(C, N), and no distinction was made
between ferrite and martensite due to the low tetragonality
of the martensite unit cell. Inverse pole figures (IPF) and
phase maps were constructed by removing zero solutions to
individual EBSD patterns for visual purposes. Boundaries
representing an arbitrary 10° misorientation angle in the data
were applied to each image for contrast. Complementary
phase fraction and lattice parameter measurements were per-
formed on all four materials using high-energy X-ray dif-
fraction (HEXRD) at beamline 1-ID of the Advanced Pho-
ton source. The X-ray energy was 61.33 keV (wavelength:
0.2022 10\). We collected the data in the transmission mode
with an approximate sample thickness of 1 mm. We used a
Varex 4343CT amorphous silicon area detector for data col-
lection. More details of this setup can be found elsewhere
[37].

Servohydraulic Mechanical Testing

Quasi-static compression experiments were conducted using
a servo-hydraulic testing machine at nominal strain rates of
0.0003 1/s and 0.03 1/s outfitted with a 50 kN load cell. A
custom compression fixture was developed to limit buckling
at larger strains that employed tungsten carbide platens and
high vacuum grease lubricant. Stereo digital image corre-
lation (DIC) was used to measure the surface strains and
monitor buckling and barreling during testing. DIC measure-
ments were performed using two 12 megapixel cameras and
macro lenses that yielded an imaging resolution of 6.1 pm/

Table 1 Chemical composition of wrought and AM samples in mass fraction (%), with the balance being Fe

Element Cr Ni Cu Nb Mn Mo C N (0] P Si S

Wrought? 15.1 4.07 3.66 0.26 0.93 021 0.03 0.044 0.004 0025 04 0.025

AM?* 15.3 4.4 4.41 0.28 0.72 0.11 0.05 0.12 0.031 0.004 0.58 0.004

Standard 150t017.5 3.0t0o50 3.0to50 0.15t00.45 1.00 n/a 0.07 n/a n/a 0.04 1.0 0.03
Specification®

*ASTM E1019/E415. The measurement uncertainty is +5% of the value for elements between 5% and 24.99%, + 10% of the value for elements
between 0.05% and 4.99% and + 25% of the value elements less than 0.05%

PASTM A693-16. Single values indicate the maximum amount permitted by the standard
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pixel. Correlated Solutions Vic3D'! was used for the DIC
calculations with a subset size, step size, and filter size of
29 pixels, 10 pixels, and 5 pixels, respectively, resulting in a
virtual strain gauge size of 0.42 mm and an average spatial
standard deviation of 257 pm/m [38]. The cylindrical quasi
static compression specimens were machined with a length
of 7.14 mm and a diameter of 4.76 mm for all wrought con-
ditions, and a length of 6 mm and a diameter of 4 mm for
AM 17-4 N to achieve a length to diameter ratio of 1.5.
A virtual DIC strain gauge of 6 mm and 4 mm was used
to represent the strains for the wrought conditions and AM
17-4 N, respectively.

Pulse-Heated Kolsky Bar Technique

The mechanical arrangement for the pulse-heated Kol-
sky bar [36] consists of twin (1.5 m by 15 mm diameter)
maraging steel bars in the un-hardened condition, with a
Young’s modulus and wave speed of 170 GPa+2 GPa and
4600 m/s +25 m/s, respectively. Short (3 cm) sections of
hardened maraging steel were threaded into the main bars
at the impact ends for added strength and to facilitate repairs
from heat or electrical arcing damage after many heated
tests. All tests employed a 375 mm long striker bar with
impact velocities ranging from 9.5 to 13.5 m/s+0.2 m/s.
Samples were electrically heated with direct electric cur-
rent flow through the bar tips and sample. Graphite foils
were placed between the sample and the bars to eliminate
electrical arcing that would otherwise spot-weld the sample
to the bars. The foils also provided some lubrication dur-
ing compression testing. Elastic bands were used to slightly
pre-compress the sample and foils to improve the electrical
and thermal contact with the bars. A vacuum chamber was
placed around the sample and bar ends to reduce sample
oxidation during heating. The vacuum also provided some
additional pre-compression on the sample and foils. The
overall pre-compression force was negligible compared to
the testing forces. Heating currents were generated by a low-
voltage battery bank (13.2 V) to achieve transient heating
rates up to 1000 °C/s and to maintain steady temperatures
for several seconds. Precise control of the shape and dura-
tion of the sample temperature history was achieved with
feedback control on either the heating current level or the
sample surface temperature. For controlled-temperature
experiments, the surface radiance temperature was meas-
ured with a high-speed (800 kHz bandwidth) wide-band

' Certain equipment, instruments, software, or materials are identi-
fied in this paper in order to specify the experimental procedure ade-
quately. Such identification is not intended to imply recommendation
or endorsement of any product or service by NIST, nor is it intended
to imply that the materials or equipment identified are necessarily the
best available for the purpose.
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near-infrared pyrometer with a 1.2 pm central wavelength
and a spot size of 1 mm?. Current-controlled experiments,
used for low temperature tests where the thermal radiance
signal is below the noise floor of the pyrometer, relied on
the voltage drop across a precision resistor. The heating cur-
rent was extinguished about 20 ms prior to the arrival of
the elastic loading wave to avoid arcing as the bars became
separated after impact.

For the stress-strain analysis, the incident and transmitted
strain wave pulses, measured at 2 MHz, were analyzed using
the basic methods described in a number of articles [39-41],
but with three noteworthy exceptions. First, analysis of the
heated experiments considered the deformation behavior of
the graphite foil separately from the sample [36]. The next
two exceptions applied to all tests. An elastic “punching”
correction [42] was applied to account for elastic indentation
of the bar contact faces, and a two-wave stress-strain analysis
technique was employed to avoid errors associated with the
delayed recovery of the gage strain from prior wave passages
which biased the reflected wave signal. In this technique, the
reflected pulse was computed from the difference between
the incident and transmitted pulses. All tests were pulse-
shaped with annealed copper disks (6.35 mm diameter and
0.254 mm thick) to smooth the stress-strain results. Uncer-
tainties in the stress-strain measurements were estimated
from random error propagation and considering uncer-
tainties in the gage strain, the bar material properties, the
specimen dimensions, and the foil deformation for heated
tests. The foil deformation uncertainty dominated the over-
all stress-strain uncertainty for heated tests. Two additional
room temperature Kolsky bar tests were performed at inter-
mediate strain rates (approximately 790 1/s to 1000 1/s) to
better establish the strain rate sensitivity of the ST condition.
These tests used thicker samples (length/diameter=1.0), and
while these experiments were used for model fitting, they
were not shown in every figure.

For the thermal analysis, true temperatures were meas-
ured with a Type K thermocouple (0.127 mm diameter wire)
spot-welded to the sample surface away from the pyrometer
spot, with a distributed junction and a physical ice point
reference. Locating the thermocouple away from the pyrom-
eter spot avoided blocking the radiance signal and aided the
detection of poor heating uniformity, as described below.
During heating, the thermocouple signal was heavily biased
by the electromagnetic field associated with the heating cur-
rent. The bias decayed within a few milliseconds after cur-
rent shut-off, allowing reliable temperature measurements
just before the sample was dynamically loaded. The thermal
history was then deduced from the pyrometer radiance tem-
perature and an effective surface emissivity determined from
the thermocouple reading prior to impact.

Thermal and mechanical data acquired during a typical
heated compression experiment are shown in Fig. 1. The



Journal of Dynamic Behavior of Materials

800 1200 800

] (a) Peak Temperature, (b)
Impact \'\ 1000
EM Field Bias

=
=3
3

o
S
S

600 >lmpact
2000 700

3500 1000 5000
3000 900 (C) 1 4500

r 4 4000
4 3500

Sy 2500 800

C
w
3
S

IS
S
S

600

Current [A

{ —Pyrometer Radiance Temperature
~~~~~~ Thermocouple Temperature

w
S
S
©
S
3

Temperature [°C]

s
k=3
S

B
£ 400

g

=3

5

e

600 4 3000 2

2
SN 2500 3

£
400 2000 £
7]

1500
1000 |
500

pstrain
True Stress [MPa]
n
2
g

------ Current

200
——Pyrometer

A . . 200 ---TC
A * - 100 H o

—SG2

0 300 1 1500
-500 200 4 1000

-1000 100 4 500

0 1 2 3 4 0 0.0005

Time [s] Time [s]

-1500 0 . - -
0.001 0.0015 0 0.1 0.2 03
True Strain

Fig. 1 Typical heating experiment showing thermal history (a), thermal and strain gage signals at impact (b) and true stress versus true strain
and true strain rate versus true strain data (c¢) for an experiment with an impact temperature of 626 °C +40 °C

total heating time was 3.5 s. The first 0.5 s consisted of a
75 A pre-heat cycle that established a steady current flow
path and eliminated arcing that would occur has the maxi-
mum test current been applied immediately. The sample
was then brought to a steady temperature within about the
next 0.9 s, with some underdamped oscillations noticeable
in the heating current. This was followed by a constant tem-
perature hold period until impact. The hold period promoted
good temperature uniformity and test repeatability over a
wide temperature range while maintaining a short overall
heating time. Faster heating rates (e.g. shorter hold times
or ramp tests) can also be achieved with this technique. The
thermal history plot (Fig. 1a) demonstrates the EM field
bias picked up by the thermocouple and how it disappears
quickly after the heating circuit is broken allowing an accu-
rate thermocouple reading at the moment of impact, shown
in Fig. 1b. Figure 1a also notes how the peak thermocouple
temperature is well above the impact temperature due to the
adiabatic temperature rise resulting from plastic deforma-
tion. The time period shown in Fig. 1b is too constrained to
show the peak temperature achieved by the thermocouple.
Also, although the pyrometer signal appears to recover after
impact, post-impact data is unreliable because the sample
moves out of the pyrometer’s field of view, making it unclear
what the pyrometer is viewing. The dynamic stress-strain
and strain-rate-strain results are shown in Fig. 1c, corrected
for graphite foil deformation and with uncertainty estimates
for several points along the stress-strain curve.

The temperature measurement uncertainty estimate
accounted for two primary sources, one being the uncertainty
of the surface temperature measurement, and the other being
the internal temperature gradient within the sample due to
heat conducted into the much cooler Kolsky bars. The ther-
mocouple signal has a low inherent uncertainty (the greater
of £2.2 °C or +0.75% [43]) provided the spot weld is good.
Poor welds were diagnosed by an unrealistically large differ-
ence between the thermocouple and pyrometer signals. The
surface temperature uniformity degrades due to poor thermal/
electrical contact between the sample and bars, although good

installation methods and precompression loading mitigate this
problem. Good surface temperature uniformity is indicated by
a close and predictable relationship between the thermocouple
and radiance temperature signals, which is quite linear. As
the thermocouple and pyrometer view different locations on
the sample, the uncertainty related to surface temperature uni-
formity can be estimated from the difference between a given
pyrometer temperature measurement and the value predicted
from the linear relationship established for the overall data-
set. Experiments having large deviations, or those where the
thermocouple reading was equal to or less than the pyrometer
radiance temperature, indicating poor thermocouple attach-
ment, were rejected. The effective sample temperature is then
computed by accounting for the internal temperature variation
in the sample, which is estimated using finite element analysis
[44]. The sample temperature peaks in the center and decreases
toward the bar interfaces as the sample cools sightly just prior
to impact. Hence, the effective sample temperature at impact,
Ts- €quals the thermocouple temperature, measured near the
middle of the sample, minus half the axial temperature gradi-
ent, shown in Eq. 1 below. The uncertainty is computed from
the thermocouple temperature, T, the measured pyrometer
radiance temperature, T\yr0,measureds the pyrometer temperature
predicted from Tre (Tpyeo predicted = 0-94 T — 37.4), and the
estimated temperature variation inside the sample, AT,
as follows:

ariation®

AT . . AT . .
T = <TTC - %anon> + <Aprro + v212rlatlon> o
AT, iiation = 0.0456 * T — 0.0367 2)
ATP}’I'O = Aig [abs (prro,measured - prro,predicted)] 3)

The adiabatic temperature rise resulting from dynamic
compression is calculated as a function of plastic strain using
Eq. 4 below, which employs a temperature-dependent heat
capacity given by ¢, = 247.03 4+ 0.9632T J/(kg K) [32]:
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Here p is the density (7 780 kg/m?) which is considered
constant, ¢ and & are true stress and true strain, and 7 is
the Taylor-Quinney coefficient, assumed to be 0.9. Equa-
tion 4 is solved iteratively at each strain value considering
the adiabatic temperature increase at each strain step using
the measured initial temperature, T}, Estimating adiabatic
temperatures for each strain value in dynamic test results is
necessary to develop appropriate fits to the kinetic and plas-
ticity models that are described later. The temperature rise
associated during the plastic deformation process cannot be
measured directly with the thermocouple due response time
limitations. Adiabatic temperatures are not estimated for the
quasi-static tests.

Aging Kinetics Experiments

Aging experiments on wrought ST and AM 17-4 N were per-
formed to establish time- and temperature-dependent aging
kinetics relevant to their possible time-dependent dynamic
mechanical behavior. As noted, partial aging of the AM
17-4 N probably occurred during the build or stress-relief
heat treatment (evidence is given later in the paper), but its
subsequent aging potential was also of interest to explore.
Wrought ST samples were aged near the peak aging tem-
perature (500 °C + 10 °C) between 0.2 and 3600 s, and two
over-aging temperatures (564 °C +10 and 663 °C+9 °C)
between 0.2 and 1000 s. Aging treatments were performed
using a combination of electrical heating, a salt bath and
a conventional furnace. Samples heated electrically were
then rapidly cooled from the aging temperature by heat
conduction into the Kolsky bars (peak cooling rate of about
500 °C/s) while those aged in the salt bath and the furnace
were air cooled (peak cooling rate of about 50 °C/s) to room
temperature. Aging tests on AM 17-4 N were performed at
500 °C+10 °C for various aging times up to 3600 s. Aged
specimens were tested at room-temperature Kolsky bar
experiments to determine the effect of aging on the dynamic
stress-strain behavior.

Results and Discussion

Microstructural Analysis

Figure 2 reveals the microstructures of the four materials
investigated via IPFs obtained for the normal direction of
the sample surface (IPF-Z) along with corresponding phase

and EDS maps which identify the crystallographic phases
present and niobium rich precipitates, respectively. The
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IPF-Z and phase maps are overlayed on band contrast maps
for improved visualization of the microstructural features.
All three wrought materials display an equiaxed martensi-
tic grain structure of similar scale, confirming that neither
the H900 nor H1150 heat treatments significantly change
the austenite grain size from the solution-treated condition.
The martensite packet sizes, revealed by misoriented bands
within prior austenite grains, are also qualitatively similar
among the three wrought materials. Many of the lath blocks
are separated by high angle grain boundaries. The phase
maps show a significant amount of reverted austenite in
H1150 with less observed in H900. Maps acquired at higher
magnifications indicate the austenite amounts to about 5%
by volume in the H1150 sample compared to approximately
1% in H900. Austenite in H1150 appears mostly along prior
austenite grain boundaries, in blocky form, and within mar-
tensite grains, typically as thin, inter-lath layers. Niobium-
rich precipitates are revealed by EDS measurements in all
wrought samples. They are assumed to be Nb(C,N), as Nb
is added to consume carbon and nitrogen, and in so doing to
prevent the growth of chromium carbides that can degrade
corrosion resistance by depleting Cr from the matrix [4].
Nb(C,N) precipitates do not affect strength or ductility but
their presence lowers the amount of interstitial carbon and
nitrogen in the matrix which can reduce its strength [45,
46]. Copper precipitates in H900 and H1150 are below the
resolution of both the EBSD and EDS measurements.

The AM 17-4 N microstructure displays features indica-
tive of the AM build process: grain boundaries are often
curved and grains are elongated rather than equiaxed. We
note that the surface revealed in EBSD image has likely
undergone transformation to martensite (DIMT) during the
metallographic preparation [47] which reduces the amount
of austenite indicated (~5 %) compared to expectations [16].
This also may affect the apparent grain size indicated by the
EBSD image, so no grain size analysis was attempted. AM
17-4 N has no Nb(C,N) precipitates unlike wrought 17-4.
Nb(C,N) precipitates form during solution heat treatment in
wrought processing (1 h at 1050 °C), conditions that do not
occur during the AM build process or the stress-relief heat
treatment. The absence of Nb(C,N) implies higher levels
of C and N may be present in solid solution in AM 17-4 N,
which may tend to increase the martensite strength [45] and
the stability of the retained austenite [4].

Austenite phase fraction and lattice parameter meas-
urements obtained by HEXRD are shown in Fig. 3, and
the phase fractions are compared with EBSD results in
Table 2. Based on repeated measurements with different
magnifications (pixel size vs. feature size), the estimated
bias in austenite fraction measurements from EBSD is
about 1%. However other sources of bias are possible.
Austenite phase fractions are systematically larger when
measured by HEXRD. Wrought ST and H900 have very
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AM-SR

Fig.2 Microstructural images of (a) IPF-Z, (b) phase maps, and
(¢) EDS maps of Nb for the wrought ST, wrought H900, wrought
H1150, and AM 17-4 N. The IPF-Z and phase maps are overlayed on

small austenite fractions, while H1150 has almost 10% by
volume according to HEXRD but only 5% according to
the EBSD measurements. AM 17-4 N shows the largest
discrepancy, with EBSD indicating about the same as that
found in wrought H1150 while HEXRD indicates almost
30% austenite by volume. Metastable austenite in AM
17-4 N has been shown to transform during mechanical

[ FCC (Austenite)

(b) (c)

band contrast images to highlight microstructural features. Arrows on
EDS maps indicate evidence of Nb(C,N).

polishing, causing EBSD methods to report artificially
low austenite volume fractions [47]. It is unclear if the
same issue explains the different austenite fraction meas-
urements for the wrought H1150. Another possible cause
for the discrepancy in the H1150 austenite fractions is
that some of the inter-lath austenite formed during over-
aging may be too small to be resolved in the EBSD maps.

SEM
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Fig.3 Volume fractions of BCC phase and BCC lattice parameter
measurements of wrought 17-4 in the solution treated (ST) condition
(Condition A) and the H900 and H1150 heat treatments along with
AM 17-4 N determined by HEXRD. The balance phase is FCC.

Room Temperature Mechanical Behavior
at Different Strain Rates

Figure 4 shows room temperature stress-strain curves of
wrought 17-4 in the ST, H900 and H1150 conditions along
with AM 17-4 N at different strain rates obtained from
servo-hydraulic and Kolsky bar tests. Because the Kolsky

bar data are uncertain near the yield point due to the rapidly
changing strain rate in this portion of the test, stress-strain
data were plotted only at strains where the strain rate has
stabilized. All three wrought alloys showed a similar, posi-
tive strain rate sensitivity. H900 was stronger and exhibited
higher strain hardening compared to solution-treated mate-
rial at all strain rates. Peak aging increased the dynamic flow
stress by about 400 MPa at 0.075 strain (comparing H900 to
ST), and similar strengthening was observed at quasi-static
strain rates. Strength comparisons were made at 0.075 plas-
tic strain out of convenience as this strain level is attained
in all experiments and the strain rate was always stable. The
strength of ST and H1150 increased by approximately 16%
between the lowest and highest strain rates examined, while
H900 increased by only 9%, when observed at 0.075 strain.
Reduced strain-rate hardening in H900 may be due to the
lower peak strain rate attained in the Kolsky bar tests. As
such, the peak-aging heat treatment appears to have only a
small effect on strain rate sensitivity, although further exper-
iments are needed to draw firmer conclusions.

The high strain hardening observed in H900 has also been
reported at quasi-static strain rates [5, 48]. One source could
be martensite tempering resulting from the H900 heat treat-
ment. Recovery of the martensite matrix has been observed
by TEM [6]. Austenite reversion may contribute, but both
HEXRD and EBSD results show H900 has very little aus-
tenite. In addition to the effects due to austenite, precipitates
can also increase strain hardening, but they are usually asso-
ciated with the Orowan looping rather than particle splitting
[49]. Splitting is more likely for the precipitates in H900,
which are nanometer-scale. Orowan looping is more likely to
occur with the over-aged precipitates in H1150, and indeed
the strain hardening is elevated compared to ST but still low
relative to H900.

AM 17-4 N showed higher strength compared to wrought
ST and, after possible extended yield point behavior [23], it
strain-hardens more than wrought ST at all strain rates. AM
17-4 N also shows more complex rate-sensitivity compared
to wrought due to its high metastable austenite content.
Austenitic stainless steels can exhibit high strain harden-
ing due to DIMT or twinning, depending on temperature
and strain rate [50]. Increasing strain rates lead to higher

Table2 Comparison of BCC

mparison of BC Material EBSD EBSD EBSD HEXRD HEXRD
and FCC volume fractions from BCC (Vol %)  FCC (Vol %)  Zero solutions BCC (Vol %)  ECC (Vol %)
EBSD and HEXRD.
(Vol %)

Condition A 98.6 0.1 122 98.8 12

H900 97.3 0.80 0.86 98.6 1.4

H1150 92.7 45 2.63 90.4 9.6

AM 17-4N 92.7 5.0 228 73.1 26.9

Remainder of EBSD phase volume fractions are Nb(C,N)
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Fig.4 Room temperature compressive stress-strain behavior of
wrought 17-4 ST, H900 and H1150 along with AM 17-4 N at three
strain rates. Error bars on the Kolsky bar data represent one standard

yield stresses and reduced strain hardening in fully austen-
itic stainless steels, and this has been attributed to adiabatic
heating reducing the driving force for DIMT [51]. The high
yield strength of AM 17-4 N relative to wrought is unex-
pected, given that austenite is usually weaker than martensite
given similar compositions. As noted earlier, age hardening
may occur in AM 17-4 N during either the build process or
the stress relief heat treatment. This is explored later in this
paper. Regardless of the causes, the relatively high strength
and high strain hardening will make AM 17-4 N significantly
more difficult to machine compared to wrought ST [3].

Dynamic Behavior at Elevated Temperatures

Figure 5 shows the effect of temperature on the dynamic
flow stress and strain hardening behavior of wrought 17-4 in
the solution-treated (ST), peak-aged (H900), and overaged
(H1150) conditions, along with AM 17-4 N in the stress-
relieved condition. Representative error bars on temperature
and flow stress are provided for a few data points with the
rest omitted for clarity. The average strain rate in the experi-
ments increased from about 1300 1/s at room temperature
to about 4500 1/s at the highest temperatures due to the
decreasing flow stress of the samples and the use similar
striker velocities for all tests. Increasing strain rates will have
a small influence on the apparent temperature sensitivity in
the raw data, but these effects are fully accounted for when
fitting the temperature sensitivity parameters, as will be

deviation of the mean of 5 replicates. Quasi-static data are the aver-
age of two replicates, with negligible deviation

discussed later. The flow stress data are plotted versus adi-
abatic temperature (Eq. 4) to facilitate comparisons with the
model fit results presented later. In discussing the elevated-
temperature results, it is convenient to define the different
temperature ranges corresponding to the different categories
of precipitation reactions or phase transformations expected,
as they each have distinct influences on mechanical behav-
ior. Low temperature (<450 °C) describes the range where
no precipitation reactions are expected, peak aging (450
to 550 °C) describes the range where peak age hardening
occurs after 1 h and where over-aging is limited, over-aging
(550 to 750 °C) describes where both age-hardening and
age-softening (over-aging) are possible depending on the
starting condition (aged or not) and heating times, and aus-
tenite range (> 750 °C, nominally the middle of the Acl
temperatures reported in the literature) describes where the
crystal structure is transitioning to, or has transitioned to,
austenite. These definitions are approximate only, based on
the dataset at hand along with our interpretation of the litera-
ture, and should therefore be regarded as qualitative. Further,
while these boundaries ignore kinetics, the described reac-
tions are likely to occur within the timescales of interest in
this work (seconds to hours). The temperature boundaries
are plotted as vertical lines in Fig. 5 as a visual aid.
Beginning with the low temperature region, all three
wrought materials showed significant thermal softening. Age
hardening effects, marked by the strength difference between
ST and H900, decreased steadily from room temperature,
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Fig.5 Elevated-temperature dynamic flow stress data at a plastic
strain of 0.075 (a) and strain hardening data between plastic strains
of 0.05 and 0.20 (b) for wrought ST, H900 and H1150 an AM 17-4 N
with uniform heating times of 3.5 s. Error bars (k=2) were computed

becoming essentially imperceptible in the over-aging tem-
perature range and beyond. ST strengthened with tempera-
ture near the peak aging range, while H900 continued to
soften through this range, bringing the two data sets into
accord with one another above about 600 °C. Near the begin-
ning of the austenite range, both ST and H900 experienced
accelerated thermal softening and upturns in strain harden-
ing, both effects in keeping with a martensite-to-austenite
transition. H900 showed the highest strain hardening among
the wrought materials from room temperature up to the over-
aging range. ST displayed virtually no strain hardening at
room temperature but its strain hardening increased rapidly
with temperature, eventually matching H900 in the over-
aging range and above. Wrought ST also showed slightly
higher strain hardening levels in the peak aging region. Both
ST and H900 showed identical increases in strain hardening
with temperature in the austenite region.

H1150, with a population of large, over-aged precipitates
that are relatively stable for short heating times, had a simi-
lar flow stress compared to ST at low temperatures and at
0.075 strain, but it showed different strain-hardening behav-
ior. At peak aging temperatures and above, however, H1150
deviated significantly from ST and H900. It thermally sof-
tened with a nearly constant slope over the entire tempera-
ture range, displaying neither the strengthening observed
in ST at aging temperatures nor the accelerated softening
near the austenite transition observed in both ST and H900.
In the austenite range, H1150 was mildly stronger than the
other two at 0.075 strain, and the upturn in strain hardening
that occurs near the beginning of the austenite range was
less pronounced.

As at room temperature, the mechanical behavior of
AM 17-4 N in elevated-temperature dynamic tests was dif-
ferent from the wrought materials. AM 17-4 N showed a
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as described in Experimental Methods and are similar for all data
points in both plots. The average strain rate in the experiments ranged
from 1300 to 4500 1/s

strength level in between wrought ST and H900 at low tem-
peratures, but higher strengths at aging temperatures and
higher, extending into the austenite range. Its flow stress
was nearly temperature-insensitive up to about 150 °C, after
which it dropped rapidly before resuming a steadier thermal
softening behavior with further temperature increases. AM
17-4 N displayed the highest strain hardening from room
temperature up to 150 °C, after which both its strength and
strain hardening fell to a lower trendline. That AM 17-4 N
showed a substantial decrease in both strength and strain
hardening at above 150 °C in dynamic tests may represent a
transition from DIMT or twinning-dominated deformation
at low temperatures to thermally-activated slip dominated
deformation at higher temperatures, where the DIMT driv-
ing force is reduced. The mild upturn in strain hardening
observed in AM 17-4 N at aging temperatures may be due
to rapid age hardening, as with wrought ST. Finally, in the
austenite region, the upturn in strain hardening associated
with the austenite-to-martensite transformation was delayed
to higher temperatures compared to wrought, although the
data are scarce and therefore not conclusive.

Discussion of Experimental Results

The strength plateau observed in wrought ST at aging tem-
peratures is assumed to be due to rapid age-hardening. A dif-
ferent aging effect, dynamic strain aging (DSA), can produce
similar strength plateaus and higher strain hardening values
in elevated-temperature dynamic tests like these, especially
in plain carbon steels [44]. However, H900 showed no
strength or strain hardening increase at aging temperatures
despite having a similar microstructure and solute content
(C, N are typically linked to DSA [52]) compared with ST.
H1150 showed no strength increase at aging temperatures
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either. The martensite in H1150 is more extensively tem-
pered compared to H900, which may reduce C and N solute
levels from the precipitation of carbides or nitrides. Lower
solute levels may reduce the likelihood of DSA in H1150
compared to H900. However, that H900 fails to exhibit DSA
effects under very similar test conditions suggests that the
strengthening observed in ST is due to rapid precipitate
growth. Precipitate growth kinetics measurements, presented
later, confirm the plausibility of this hypothesis.

While rapid aging in ST increases its strength and strain
hardening, H900 can also soften as precipitates coarsen in
the over-aging temperature range. Such effects can occur in
a matter of seconds [11]. The two effects combined in our
experiments to essentially eliminate any differences in the
mechanical behavior of wrought ST and H900 above about
600 °C, despite the very significant differences observed at
lower temperatures. By contrast, over-aged (H1150) material
was distinctly different than either ST or H900. It exhibited
very stable thermal softening and strain hardening through
the aging temperature range. Thermal softening remained
almost unchanged through the austenite transition tempera-
ture, while the strain hardening increased slightly. Precipitate
strengthening is often regarded in classical plasticity theory
as a strengthening component that augments the strength
of the matrix microstructure [1]. The present experimen-
tal results show that precipitate strengthening developed by
the H900 heat treatment becomes ineffectual above 600 °C.
At this point, when the precipitate strengthening compo-
nent is reduced to zero, the material strength is determined
solely by the matrix microstructure. This concept will be
used later to construct a time-dependent strength model for
17-4 that depends on precipitate growth kinetics and tem-
perature effects on precipitate strength. For now, it is useful
to propose the following conclusion from the experimental
data. The matrix strengths of ST and H900 are apparently
similar, with the large material strength difference seen at
low temperatures ascribable to strong precipitates and the
negligible material strength difference seen at high tempera-
tures ascribable to the gradual elimination of the precipitate
strengthening effect, via mechanism(s) that are not yet clear
but that depend on temperature. If this conclusion is cor-
rect, it implies that the peak-aging heat treatment does not
significantly alter the matrix microstructure (martensite), as
otherwise the strength of ST and H900 would continue to
differ once the precipitate strength is reduced to zero. Fur-
ther, the fact that H1150 differs from ST and H900 suggests
that, by contrast, the over-aging heat treatment alters the
martensite matrix in a significant way, causing it to behave
differently than ST and H900 even into the austenite region.
This conclusion aligns with the previous EBSD and HEXRD
results which showed strong similarities between ST and
H900 but showed higher austenite levels in H1150. Other
solid-state reactions (tempering, for example) reported for

over-aged 17-4, though not revealed by the microstructural
measurements on hand, likely contribute as well. The fore-
going results point to the importance of determining the
age-hardening kinetics in wrought ST and AM 17-4 N, par-
ticularly at short heating times, to compare with the amount
of age-hardening observed during the rapidly-heated Kolsky
experiments. Such data are also needed to construct a time-
dependent strength model for this alloy suitable for dynamic
plasticity problems. The kinetics of over-aging, where pre-
cipitates coarsen and lose coherency, are also of interest, and
will be explored later in the paper.

Aging Kinetics of Wrought ST and AM 17-4 N

Room-temperature Kolsky bar tests on wrought ST and AM
17-4 N specimens aged at different temperatures and times
are shown in Figs. 6 and 7. Figure 6a shows that age harden-
ing in wrought ST is rapid, with measurable strengthening
occurring at all three aging temperatures in less than one
second. Peak strength occurred after only 10 s of aging at
the intermediate aging temperature (564 °C + 10 °C) and
below 1 s at the highest aging temperature 663 °C+9 °C,
although the actual peak strength at this aging temperature
is highly uncertain given the extremely fast kinetics and the
limited data for heating times on the order of 1 s. In Fig. 6b,
the wrought ST aging data are normalized by the apparent
peak strengths at each aging temperature according to Eq. 5:
1 — O
X = - LT _ GST 5
peak ST

where o, is flow stress measured after aging for time ¢ and
temperature 7, ogy is the flow stress of unaged (solution-
treated, ST) material, o,,, is the peak flow stress for a given
temperature, and X is the fraction of peak flow stress for the
particular aging condition. The normalized aging data are
plotted in Fig. 6b. They compare very well with hardness-
based aging data on wrought 17-4 reported in the literature
[11].

The maximum age-hardenability of AM 17-4 N was
smaller compared to wrought ST in Kolsky bar tests
(176 MPa vs. 450 MPa at 0.075 plastic strain), but the
aging kinetics were similar, as shown in Fig. 7. The
reduced age-hardenability of AM 17-4 N relative to
wrought ST may have several causes. Aging reactions in
metastable austenite are unstudied, therefore the influence
of large amounts of austenite on the precipitation reaction
is a matter of speculation. First, precipitates formed in
austenite would likely be coherent with the FCC matrix,
thus their strengthening effect may be quite different than
the coherent precipitates grown in martensite. Second, the
driving force for precipitation in austenite is lower than in
martensite because due to differences in copper solubility,
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so a smaller precipitate volume fraction and lower harden-
ability might be expected in austenite [11]. Finally, any
precipitation that occurs during the build process [53]
or stress-relief aging treatment will reduce the amount
of available copper for forming additional precipitates,
thereby reducing the potential for further age-hardening.

Modeling the Time-dependent Dynamic Mechanical
Behavior of Wrought 17-4 in the Solution-treated
Condition

Plasticity Model for Wrought 17-4 ST

We now develop a plasticity model to capture the time-
dependent plastic behavior of wrought 17-4 in the

SEM

solution-treated condition due to copper precipitate for-
mation at aging temperatures. This model is also used
here to extract aging kinetics parameters from dynamic
stress-strain curves of aged samples. The plasticity model
considers the strength of 17-4 as the sum of the martensite
matrix strength, which is considered sensitive to both tem-
perature and strain-rate, and a precipitate strengthening
term, which depends on aging temperature and aging time.

Martensite strength (o;,) is modeled with a modified form
of the Johnson—Cook (JC) plasticity model [54] to which a
precipitate strengthening term (6,,,,¢ipirares) 1 added to deter-
mine the overall material strength, o:

0 = 0Oy + O-precipitates (6)
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The basic JC plasticity model combines individual func-
tions accounting for strain, strain rate and temperature
effects on flow stress, denoted in Eq. 7 as g, 4 and j, respec-
tively. This model is here modified to allow the strain rate to
influence the strain hardening behavior, which was observed
in the experiments:

om = g(&, HhE)(T) (7)

A two-parameter strain rate sensitivity function is imple-
mented to account for the increase in sensitivity observed at
high strain rates in BCC metals [55]:

o= (1-o(1-(£))

Strain hardening is made sensitive to strain rate using a
relationship similar to Eq. 9 but with slightly modified fit
coefficients:

g(f, 6) = (AM + (BM % hz(é))E”M*hz(é)) (9)

In Eq. 9, h, has the same form as # in Eq. 8 but with ¢,
replaced by F*c,. F modifies the first strain rate sensitivity
coefficient (c;) to better fit the strain hardening data. The
temperature sensitivity function is unchanged from the origi-
nal JC model:

JT) = (1— [i] ) (10)
Tmelt,M - Tref

In Egs. 9 and 10, the subscript M denotes martensite, to
distinguish from the similar coefficients associated with the
precipitate strength term, which is described next. In Eq. 10,
T\ 18 the martensite melting temperature and T is a
reference temperature, here 23 °C.

Two precipitate strengthening models are explored.
The first, simpler approach, considers precipitate
strengthening to be independent of temperature, e.g. pre-
cipitates represent an athermal barrier to plastic flow.
Strain and strain rate hardening effects due to precipi-
tates are similarly ignored, so that the strengthening effect
is reduced to a stress factor that depends only on prior
aging time and temperature. In the second model, the
precipitate strength is allowed to vary with temperature
and to influence the strain hardening but not the strain
rate hardening. The latter assumption follows from the
previous experimental results that show only a minor
influence of precipitate strength on the rate sensitivity
of wrought 17-4 (Fig. 4). The time-dependence of the
age-hardening effects is captured with an aging kinetics
model, described next.

Aging Kinetics Model for Wrought 17-4 ST

Aging kinetics in 17-4 are modeled using the global analy-
sis method developed in [11], referred to as the IMAK
(Johnson—Mehl-Avrami—Kolmogorov) - Arrhenius analy-
sis. We note that the applicability of this method has been
questioned in the literature because it does not account for
the effect of solute consumption on continuous precipitate
growth [56]. Further, because the extent of the precipitate
growth is determined indirectly via Kolsky bar testing rather
than directly by measuring precipitate population character-
istics (size and distribution), the model will possibly also
include other microstructural effects associated with aging,
such as martensite tempering and/or austenite reversion. We
further note that this model captures hardening on aging, but
not softening on over-aging (as shown previously in Fig. 6).
The aging kinetics model is given by:

X = I 1 1 —exp <<—k0 exp <— o ))(ﬁ))
Opeak — OST RTaging

1D
where X is defined as before, k; is the reaction rate pre-
exponential, Q is the apparent activation energy, R is the gas
constant (8.314 J/(mol K)) and z is the precipitate growth
exponent. As demonstrated by the aging experiments, 6,
is temperature-dependent (Fig. 6), and this is accounted for
by an empirical interpolation factor given by:

2
Opeak — OST = (O'peak, H900 — GST) * (yo *+ Y1 aging + szagmg>
(12)

Here 6,541 nooo is the peak strengthening for the H900 con-
dition as observed at room temperature (the maximum age-
hardening level in this alloy), and the term
(yO + Y1 Taging + y2T§ging>
that reduces the peak aging strength value when T,
exceeds 900 °F (482 °C), e.g. O peak, H(T>900) < Opeak, HO00-

For the simplified precipitate strength model, the precipi-
tate strength depends on 7,4, and T,;,, through the kinetic
function X and through the interpolation function f that

reduces peak-aged strength with increases in T,

is a unitless empirical function

ging

Oprecipitates — 0T — OST = (Upeak,moo - UST) S (Taging) X (taging7 Taging)
13)

In the above equation, 6,1 — o5 represents the net pre-
cipitate strengthening as determined by subtracting the flow
stress of material age-hardened at different temperatures
and times (o, 1) from un-aged material (ogy ) obtained from
room temperature Kolsky bar tests. We note that this model
ignores any loss in solid-solution strengthening that may
occur as copper is removed from solution to form the pre-
cipitates. The model also assumes that the martensite matrix
is otherwise unaffected by aging (tempering or austenite
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reversion, for example) such that o, can be fully specified
by fitting wrought ST data at low temperatures (<400 °C)
and extrapolating the result up through aging temperatures.

In the second, more complex precipitate strength model,
the precipitate strength term is allowed to vary with temper-
ature and strain by employing a separate JC equation for the
precipitate strength, replacing the previous, constant strength
factor that depended only on aging temperature and aging
time. This new precipitate model is combined with the previ-
ous kinetics model for precipitate growth as before (Eq. 13):

_ — n
Obprecipitates — O, T — OST = (Ap + Bpg p)
T —T.

lTlP
(1 - [m] >f(Taging)X(taging’ Taging)

In Eq. 14, the subscript p on each fit coefficient denotes
precipitates to distinguish them from the fit coefficients that
describe the martensite matrix. The precipitate model uses
the same strain hardening and thermal softening functions
employed in the original JC model, unlike the martensite
matrix strength model. T;, , is the effective “melting” tem-
perature of the precipitates, here taken as the solutionizing
temperature (1050 °C), where the precipitates are fully dis-
solved in the austenite matrix, given sufficient time.

All parameters were fit by minimizing relevant objec-
tive functions using the Nelder-Mead method [57] available
in the SciPy Python library [58]. Averaged stress-strain
curves were used for fitting room temperature experiments,
when available, while high temperature experiments were
fit as individual experiments. Averaged stress-strain curves
were weighted higher than individual experiments in pro-
portion to the number of replicates available for fitting.

(14)

Model fits used the average strain rates measured experi-
mentally for each individual stress-strain curve or averaged
stress-strain curve.

Fit coefficients for the equations that determine o, and
O precipitates A€ found as follows. First, the strength coefficients
for oy (Ayp By v My, €1 € and F) are determined from
wrought ST data at different strain rates and temperatures
up to 400 °C. Next, 6,k pooo 1s determined by fitting room-
temperature dynamic H900 data using Eq. 13 for the sim-
ple precipitate model. The complex precipitate model is
obtained by fitting A, B, n, and m, in Eq. 14 using H900
stress-strain data at temperatures up to 400 °C. Recall that
the H900 condition represents the strongest peak aged con-
dition, for which f{T)~ 1 and X=1. Next, coefficients for
f (Taging) are determined by fitting peak-aged data obtained
at different aging temperatures (Fig. 6a) in the same manner,
with T=T, X=1 and f{T) taking on values less than unity
for aging temperatures higher than 500 °C. We note here
that the f{T, ) fit relies on accurate peak strengths at high
aging temperatures, which are in practice difficult to deter-
mine due to their very fast kinetics, as previously mentioned.
This aspect of the strength model therefore has significant
uncertainty. Finally, the kinetics parameters &, Q and z are
fit using the room-temperature dynamic stress-strain data on
ST samples aged at different temperatures and times. The
more complex (strain-dependent) precipitate strength model
is used (Eq. 14) to extract these kinetics parameters from the
dynamic stress-strain data.

Separate fits to the data in the austenite region are made
using Eq. 8, assuming the same strain rate sensitivity param-
eters used for the martensite.
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Fig. 8 Model fit of wrought ST 17-4 at various strain rates and room temperature (a) and high strain rates for temperatures up to 400 °C (b)
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Plasticity Model for Wrought 17-4 in the H1150
Condition

To complete the analysis of wrought 17-4, a separate plastic-
ity model is determined for wrought H1150, which behaves
differently than wrought ST and H900, likely due to the mar-
tensite tempering and austenite reversion that occurs dur-
ing the extended high temperature heat treatment. Because
the precipitates can be expected to remain relatively stable
under rapid heating, no time-dependent kinetics terms are
thought necessary. Even if these precipitates were to evolve
on heating, their relatively low strengthening effect will tend
to make any such changes difficult to detect in Kolsky bar
tests. The H1150 strength model is based on the basic JC
model with the modified strain rate factor used previously

Table 3 Parameter values of the time-dependent plasticity model for
wrought 17-4 ST including simple and complex (temperature- and
strain-sensitive) precipitate strength models. Model coefficients for
the austenite temperature range (> 750 °C) are also included

om

Ay [MPa] By, [MPa] ny c Cy
987 302 0.151 0.00459 0.237
F £ orm [1/5] Toesm [°Cl Toenm [°C1 my
7.09 0.0003 23 1404 0.729
O precipitates (Simple Model)

O peak,Ho00 — Ost[MPa]

488

Yo Y1 Y2

-2.14 0.0126 —0.000013
ko 0 Z

502 142 0.322

O precipitates (1 €mperature- and Strain-Sensitive Model)

A, [MPa] B, [MPa] n, mi, Toeiep [°C]
0 822 0.232 1.01 1050

Yo Y1 Y2

-2.59 0.0144 —0.0000147

ko 0 [kJ/mol] z

507 148 0314

G Austenite

A, [MPa] B, [MPa] ny Cy c)
369 332 0.165 0.00459 0.237
F € repa [1/5] Tiera [°Cl T [°Cl my
7.09 0.0003 23 1404 1.03

Table 4 Model coefficients for the plastic behavior of wrought 17-4
in the H1150 condition

G Austenite

A, [MPa] B, [MPa] ny c Cy
369 332 0.165 0.00459 0.237
F € oA [1/5] T a [°C] Thena [°Cl my
7.09 0.0003 23 1404 1.03

for the ST strength model. However, the H1150 model dif-
fers in two ways from the ST model. First, because the strain
hardening in H1150 decreased with temperature (Fig. 5), a
temperature factor is added to the strain hardening parameter
to account for this behavior [59]. In addition, the strain rate
dependence of strain hardening used previously in the ST
strength model is not needed. The H1150 model is shown in
Eq. 15 below. The fit coefficients are listed in Table 4, and
the fit is plotted against the data in Fig. 15.

S S
(e[

In the above equation, a single value of m governs both
thermal softening and the temperature effect on strain
hardening. In the previous implementation of this model
approach, two different values are used for thermal soften-
ing and temperature-modified strain hardening [59].

Model Results and Discussion

Parameter values for the martensite matrix strength of wrought
ST material, o, and for the precipitate strength, 6,,,;iqes»
for both precipitate models, are listed in Table 3. Parameter
values for the H1150 strength model are listed in Table 4.
Recalling that the parameter values for o, are determined by
fitting low temperature ST data (prior to any age-hardening),
the resulting martensite strength model is compared to low
temperature experiments in Fig. 8. As previously discussed,
adiabatic heating is calculated with Eq. 4 and is assumed to
occur for strain rates higher than 1.0 1/s [1].

In Fig. 9, the global kinetics model fit is compared to
the aging data taken at a strain of 0.075 as before. The plot
variables are determined based on Eq. 16 below, which is a

re-arranged form of Eq. 6 for a given value of Q and T,

1n(k)+z1n(t)=ln<1n<l_1x>> (16)

(&4

aging

where k = koexp(— ) In this form, the re-arranged

aging fraction parameter, ln<ln<ﬁ)>, is linear in In(?),
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with slope z and intercept In(k). This plotting method con-
veniently demonstrates how the global kinetic fit approach
is able to capture the entire aging data set despite its previ-
ously noted limitations [11]. Figure 10 plots the kinetic fit
against several selected room temperature dynamic stress-
strain curves for wrought ST specimens aged at different
temperatures and times up to the peak aged condition.
Unlike Fig. 9, this plot reveals how the strain hardening
increases upon aging for each aging temperature
investigated.

Figure 11 compares the model predictions for both pre-
cipitate models into the aging temperature range against
elevated-temperature Kolsky bar data replotted from Fig. 5.
Both models are evaluated for heating times of 0 s (no aging),
3.5 s, and 60 s, with aging considered to occur entirely at the
initial test temperature of a given experiment. The models
are also evaluated for a heating time of 3600 s at 482 °C,
representing the H900 condition. Again, this model condition
does not account for precipitate coarsening that may occur
in H900 at high temperatures, which may tend to reduce the
material strength. This effect is analyzed later. The models
are also evaluated for no heating time (the O s case), which is
simply an extrapolation of the low temperature behavior of
the martensite matrix, 6, into the aging temperature range
with no precipitate growth. It is apparent that the athermal
precipitate strength model (Fig. 11a) significantly over-
estimates the amount age hardening expected for wrought
ST during the Kolsky bar tests compared to experiment.
Moreover, the athermal precipitate strength model begins to
over-predict the H900 flow stress starting near 300 °C and
becomes progressively worse thereafter. Thus, the strength of
HO900 is more sensitive to temperature compared to the sum
of the martensite matrix strength and the athermal precipitate
strengthening contribution determined at room temperature,
even at temperatures well below those where precipitate
coarsening would be expected (< 500 °C). Therefore, the pre-
cipitate strengthening mechanism in this alloy is apparently
temperature-sensitive at dynamic strain rates, e.g., the copper
precipitates in this alloy do not act as athermal barriers to
plastic flow. Quasi-static test data reported in the literature
also indicate that aged 17-4 softens more quickly with tem-
perature compared to solution-treated 17-4 below 500 °C [9].
The more complex precipitate model with strain- and temper-
ature-dependent precipitate strengthening provides much bet-
ter predictions of the data at aging temperatures (Fig. 11b).
An important consequence of the temperature sensitivity of
precipitate strengthening is that it greatly reduces the magni-
tude of the time-dependent strengthening in wrought ST that
might otherwise have been expected. Finally, because the ST
and H900 data are basically indistinguishable in the austenite
range, data for both materials are combined and used to deter-
mine the austenite strength fit considering matrix behavior
alone (Eq. 7). The fit is included in Fig. 11. We also note that

SEM
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Fig.9 Global aging kinetics fit for wrought ST up to peak aging.
For the aging experiments conducted at 663 °C, the peak strength
occurred at the shortest possible aging time (0.2 s). Symbols are
experimental data and dashed lines are the model fit results evaluated
at each average aging temperature

this fit ignores the possibility of precipitate growth in austen-
ite under rapid heating. Also, this austenite model fit retains
the strain rate sensitivity of martensite determined previously
at room temperature, which is unlikely to be the case.

Figure 12 compares the temperature and strain-dependent
precipitate strength model against the full dynamic stress-
strain curves for wrought ST and H900. These plots give a
more detailed picture of the agreement between the model
and the stress-strain data compared to what was shown pre-
viously in Fig. 11. The model predictions for wrought ST
above 400 °C are fairly good up to just below the austenite
transition, although the agreement is poor for the highest
experimental temperature (689 °C +41 °C), where the model
significantly over-predicts the strength. As previously noted,
the thermal softening of both ST and H900 seems to acceler-
ate below the nominal austenite transformation temperature
of 750 °C, which indicates the actual austenite transforma-
tion temperature may be lower despite the rapid heating used
in these experiments, which ought to increase Acl rather
than decrease it. This issue is left to future work. Turning to
the H900 predictions, as discussed already, the model sig-
nificantly over-predicts the strength in the over-aging range
(550 °C to Acl). Austenite transition is not expected at these
temperatures. Rather, particle coarsening effects, which are
not included in the model, may contribute to the poor pre-
dictions of H900 strength in the over-aging regime. Finally,
the martensite-to-austenite transition has a significant effect
on wrought ST and H900, which behave identically near the
austenite transition and above, and this transformation may
also be time-dependent, for short heating times. This is also
left to future study.
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Fig. 10 Selected room temperature dynamic stress-strain curves of wrought ST aged at different temperatures and times with model fits. The 0 s
heating data and fit represents the average dynamic stress-strain curve for wrought ST with no additional aging
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Fig. 11 Time-dependent plasticity models versus data for (a) precipi-
tate strengthening independent of temperature and strain (Eq. 13) and
(b) precipitate strengthening with temperature and strain dependence

As previously noted, coarsening of precipitates in H900
is known to reduce the material’s strength upon re-heating
to high temperatures (e.g. over-aging treatments) [9]. Coars-
ening effects were explored in wrought H900 by subjecting
samples to additional rapid (3.5 s, heating profile similar to
Fig. 1a) over-aging heat treatments at temperatures between
500 and 930 °C, followed by quenching and then room tem-
perature dynamic testing. This same procedure was used
previously for the aging experiments on wrought ST. Fig-
ure 13a shows the strength (in MPa) of H900 after rapid
over-aging treatments while Fig. 13b plots the relative

Adiabatic Temperature [°C]

(Eq. 14). Peak-aged (H900) data are included for comparison. Aus-
tenite region fits are also shown

strength loss compared to the peak-aged condition (X from
Eq. 6) versus aging temperature. The relative strength loss
data again compare well with literature data based on hard-
ness tests [11]. The present coarsening data are fit with a
linear model (shown in Fig. 13a) and this model is used to
calculate the strength loss due to coarsening that might be
expected in the elevated-temperature Kolsky bar tests on
H900. As the linear model estimates the strength loss at

room-temperature, it must be modified by the precipitate
T-T,

m,
temperature sensitivity factor, (1 - [#] p), from
mp L ref
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Fig. 12 Time-dependent plasticity model for wrought ST with precipitate strengthening sensitive to temperature and strain (Eq. 14) versus

(a) wrought ST experiments and (b) wrought H900 experiments
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Fig. 13 Rapid aging experiments on H900 (3.5 s aging time followed
by quench to room temperature) expressed in MPa at 0.075 strain
(a) and aging fraction X (b), the latter compared with hardness meas-
urements of rapidly-aged H900 reported in the literature [11]. The

Eq. 14, to estimate the magnitude of the strength loss expe-
rienced at elevated temperatures.

Figure 14 compares the estimated strength loss due to pre-
cipitate coarsening from the H900 aging experiments (Fig. 13)
against the magnitude of the model discrepancy with H900
data in the over-aging temperature range (Figs. 11 and 12).
Recall that the strength model is based on the low-temperature
(<400 °C) thermal softening behavior of H900 (matrix plus
precipitates), where the precipitate population is presumably
stable with respect to heating. The model prediction rapidly
worsens for temperatures above 550 °C, and as Fig. 14 shows,
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horizontal lines in (a) indicate the maximum (H900) and minimum
(ST) strength levels to contextualize the relative strength loss experi-
enced by H900 after aging

precipitate coarsening explains much of the additional thermal
softening observed in the experiments for temperatures below
about 600 °C. At higher temperatures, however, coarsening
does not fully explain the difference between the strength
model and the H900 data. One possibility is that the precipitate
strengthening mechanism is increasingly temperature-sensitive
in the over-aging range compared with lower temperatures,
independent of coarsening, such that a yet more complex ther-
mal softening model is needed for the precipitates in this alloy.
Another possibility is that that austenite transformation begins
at a lower-than-expected temperature, which would tend to
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Fig. 14 Difference between the predicted and measured flow stress
of H900 in elevated-temperature Kolsky bar tests (Figs. 11 and 12),
evaluated at 0.075 strain (Model-Data) and the expected strength loss
due to precipitate coarsening estimated from H900 aging tests (Pre-
cipitate Coarsening, Fig. 13)

increase the apparent thermal softening rate. However, the
austenite transition temperature should increase under rapid
heating compared to the equilibrium value of about 750 °C,
so this would be an unexpected result. Direct observations of
the evolving precipitate population with temperature and time
near Acl are needed to explore the issue further.

Figure 15 compares the strength model fit for wrought
H1150 (Eq. 15, Table 4) against the data up to almost
900 °C. The model adequately captures the data at all
strain rates and temperatures, and its precipitate population
is assumed to be stable under rapid heating and therefore
requires no account of either rapid growth or coarsening
on heating.

Evidence of Aginginam 17-4 N

Following previous discussions, the high strength of AM
17-4 N relative to wrought ST, combined with high strain
hardening at low temperatures, may in some ways exceed
wrought material in terms of toughness, for example.
However, as the underlying causes for its high strength
are unknown, weighing possible benefits should be done
with caution. As discussed, the large amount of austenite in
AM 17-4 N ought to reduce its strength compared to fully
martensitic wrought material. EDS measurements revealed
the absence of Nb(C,N) in AM 17-4 N, which is under-
standable given the thermal history during the AM pro-
cess is not conducive to their growth. Their absence may
enhance the solid solution strengthening effects of C and
N in martensite, with N concentrations exceeding wrought
levels based on chemical analysis. Additional strengthening
via copper precipitation during the stress relief heat treat-
ment process or the build process itself is also suspected.
To investigate this latter possibility, AM 17-4 N samples
were subjected to rapid austenitizing (RA) treatments
like those performed on H900 to eliminate pre-existing
age-hardening effects. RA treatments were performed at
approximately 900 °C with a 3.5 s heating time and a heat-
ing profile similar to Fig. 1a, followed by quenching in the
Kolsky bar. Figure 16 shows that the average strength of
AM 17-4 N decreased almost 300 MPa after the RA treat-
ment, confirming significant prior age-hardening existed
in this AM material. The strain hardening remained high
after the RA treatment, indicating that austenite is prob-
ably retained despite the austenitizing-then-quenching
treatment, although this was not independently confirmed
by HEXRD measurements. Slightly higher carbon, nickel,
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copper and oxygen levels in this material compared to
wrought may provide additional solid solution strengthen-
ing or oxide dispersion strengthening.

Conclusions

This work investigated both wrought and AM-produced
17-4 martensitic stainless steels, where substantial hard-
enability via copper precipitation makes this alloy sys-
tem a prime candidate to exhibit time-dependent plastic
behavior relevant to dynamic problems such as machin-
ing and impact response. Wrought 17-4 was examined
in the solution-treated (ST), peak-aged (H900) and over-
aged (H1150) conditions using a rapidly-heated Kolsky
bar technique at temperatures up to 1000 °C and heat-
ing times~ 3 s. AM 17-4 N was examined only in the
stress-relieved condition. Rapid aging in ST caused
thermal hardening at aging temperatures (> 400 °C),
but the magnitude of the hardening was significantly
reduced by the temperature-sensitivity of the precipitate
strengthening mechanism. At higher aging temperatures
(> 600 °C), rapid precipitate coarsening contributed to
the strength loss observed in age-hardened material. A
plasticity model was constructed for wrought ST that
includes time-, temperature-, and strain-dependent pre-
cipitation strengthening. A separate model was developed
for H1150, whose strength characteristics were quite dif-
ferent from the other two wrought materials likely due to
over-aging effects on the martensite matrix. Additional
conclusions are:

SEM

e AM 17-4 N exhibits high room-temperature strength
and high strain hardening due to a large meta-stable aus-
tenite content (27% volume fraction via HEXRD) and a
significant amount of age-hardening that occurs during
the build or stress-relief heat treatment process. These
characteristics will likely result in poorer machinability
relative to wrought 17-4 in the ST or H1150 conditions.

e Wrought 17-4 displays positive room temperature strain
rate sensitivity for all heat treatment conditions, in accord
with its martensitic structure. AM 17-4 N displays com-
plex strain rate sensitivity due to its large metastable aus-
tenite content.

e The precipitate strengthening kinetics of wrought ST and
AM 17-4 N are similar but AM 17-4 N is significantly
less hardenable due to prior aging during the build and/
or SR heat treatment.

e  Wrought ST and H900 behave identically in Kolsky bar
tests conducted at and above 600 °C, but distinctly from
over-aged (H1150) in this range, suggesting that the
peak-aging heat treatment has very little effect on the
martensite matrix while the over-aging heat treatment has
a significant effect on it. This observation correlates well
with microstructural analysis presented in this paper and
the more extensive microstructural analyses available in
the literature.
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