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A B S T R A C T   

Additively-manufactured (AM) 17-4 precipitation-hardening (PH) martensitic stainless steel (SS) built from 
nitrogen-atomized powder often retains a large volume fraction of austenite. The retained austenite lowers the 
yield strength compared to both wrought and AM 17-4 SS built from argon-atomized powder, hindering its use in 
many applications. However, retained austenite allows for high work hardening and high ductility through 
deformation-induced martensitic transformation (DIMT). This work systematically investigates the influence of 
various heat treatments on the volume fraction and stability of the retained austenite from tensile loading in AM 
17-4 SS containing a mass fraction of 0.13% nitrogen (AM 17-4N SS). Synchrotron-based high-energy x-ray 
diffraction (HEXRD) is used to quantify the austenite volume fraction resulting from the heat treatments and the 
extent of DIMT in tensile specimens loaded to various plastic strains and specimens loaded to fracture. We show 
that by altering the volume fraction and stability of the retained austenite in AM 17-4N SS using different heat 
treatments, the DIMT process can be utilized to vary the strength, work hardening, and ductility, thus enabling its 
use in a wide range of applications. The AM 17-4N SS is also shown to meet or exceed the peak aged requirements 
for wrought 17-4 SS with yield strength (YS) of >1200 MPa, an ultimate tensile strength (UTS) of >1500 MPa, 
and a uniform elongation of ≥13% while retaining ≈ 20% volume fraction of austenite.   

1. Introduction 

Additive manufacturing (AM) of metals has enabled the fabrication 
of complex parts with intricate features. Among the many materials used 
for AM, martensitic precipitation-hardenable (PH) 17-4 stainless steel 
(SS) (UNS S17400 or Type 630 SS) is of interest for its weldability, 
strength, wear resistance, and corrosion resistance properties [1]. 
Hardenability of 17-4 SS arises from the formation of nanometer-sized 
Cu-rich precipitates in the martensite during age-hardening [2–7]. 
While peak age-hardening of 17-4 SS results in high yield strength 
compared to many other stainless steels, it also exhibits a lower work 
hardening and a lower uniform elongation. In order to improve the work 
hardening and ductility, an over-aging treatment is necessary, but at the 
cost of strength [2–5,7–11], often referred to as the strength-ductility 
tradeoff. 

Additively manufactured 17-4 SS (AM 17-4 SS) is typically produced 
from feedstocks of either argon- or nitrogen-atomized powder. Nitrogen- 

atomized powder is preferable for AM builds due to the lower cost. 
Additionally, nitrogen is soluble in steel; therefore, nitrogen-atomized 
powder contains fewer hollow powder particles compared to argon- 
atomized powder [12–14]. This is favorable since the hollow particles 
can become porosity in the AM material, reducing its ductility [12]. An 
additional advantage is that nitrogen has been shown to improve the 
corrosion resistance of 17-4 SS [15,16]. However, like carbon, nitrogen 
is an effective austenite stabilizer in steel [17,18]. This is problematic 
because the martensite start and martensite finish temperatures for 
wrought 17-4 SS are approximately 132 ◦C and 32 ◦C, respectively [1]. 
As such, the presence of nitrogen reduces the martensite start temper-
ature resulting in a large volume fraction of retained austenite at room 
temperature. It has been shown that AM 17-4 SS material built using 
nitrogen-atomized powder containing a mass fraction of ≥ 0.1% nitro-
gen can contain up to 100% retained austenite in the as-built condition 
[19–24]. AM 17-4 SS containing a mass fraction of ≥ 0.1% nitrogen will 
be referred to as AM 17-4N SS, similar to the naming convention of 316 
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N SS [25], to distinguish it from conventional wrought and cast 17-4 SS 
that typically contain a mass fraction of ≤0.05% nitrogen [26]. 

The AM process also causes a complex solidification microstructure, 
elemental segregation, and the formation of Cu-rich precipitates in the 
as-built condition [27–29]. A post-build homogenization/solutioniza-
tion heat treatment is often necessary to homogenize the material and 
dissolve the Cu-rich precipitates to gain the maximum age-hardening 
potential during the subsequent age-hardening heat treatment. The 
solutionization treatment also decreases the carbon and nitrogen con-
tent in the matrix by forming Nb(C,N) precipitates, which increases the 
martensite start temperature [27,28]. Lass et al. [27] have taken 
advantage of this with the assistance of a sub-room temperature treat-
ment to decrease the volume fraction of austenite in AM 17-4N SS and 
they were successful at achieving 95% volume fraction of martensite. 
Others have attempted to enhance the mechanical properties of AM 
17-4N SS with large volume fraction of retained austenite by altering the 
austenitization heat treatment and age-hardening protocol compared to 
wrought [22,30]. However, the low yield stress and high work hard-
ening persist at low strains, but with high ultimate tensile strength (UTS) 
and uniform elongation. 

It is well known that retained austenite in steel can significantly 
improve work hardening and ductility through deformation-induced 
martensitic transformation (DIMT) [31,32], such as in 
transformation-induced plasticity (TRIP) steel [33,34], quenched and 
partitioned (Q&P) steel [35–37], medium-manganese steel [38], and 
austenitic stainless steels [39–42]. The DIMT behavior typically depends 
on the chemical composition, microstructure, and morphology of the 
austenite and martensite phases, and the loading conditions (i.e., tem-
perature, stress state, and strain rate) [31,32,34,36,37,40,43,44]. 
Although DIMT can improve the work hardening and ductility, a high 
austenite volume fraction and a low austenite stability can result in 
unfavorable properties. For example, Facchini et al. [21] reported a 
volume fraction of 72% retained austenite in AM 17-4N SS, which 
resulted in low yield stress, large discontinuous yielding (Lüders band-
ing), and high work hardening, leading to high ductility. Also, Phan et al. 
[45] reported that austenite is unstable in AM 17-4N SS such that ≈ 80% 
of the retained austenite transforms to martensite by 3% plastic strain. In 
conventional DIMT steels, the austenite fraction and stability are spe-
cifically tailored to achieve a high strength and to promote a gradual 
DIMT as the material is deformed, resulting in work hardening that is 
distributed over large strain and high uniform ductility. Furthermore, 
while retained austenite can enhance the ductility and work hardening 
behavior of 17-4 SS, it also limits the age-hardening potential if a large 
volume fraction of austenite is retained because of the solubility of Cu in 
austenite [46]. Therefore, while retained austenite in AM 17-4 SS can 
seem beneficial, high volume fractions of austenite and the lack of 
austenite stability are unfavorable if the stress and ductility are to be 
optimized in AM 17-4N SS. 

The majority of the literature on AM 17-4 SS have focused on elim-
inating the retained austenite and obtaining wrought properties by 
utilizing argon-atomized powder, and/or post build heat treatments [22, 
23,27,28,30,42,46–63]. To date, it is not well understood the impact of 
retained austenite on the mechanical properties of AM 17-4N SS espe-
cially after age-hardening heat treatment. Therefore, in this work, we 
investigate the effect of retained austenite on the mechanical properties 
of AM 17-4N SS by utilizing different starting heat treatments to vary the 
austinite fraction. Additionally, a peak age-hardening (H900) heat 
treatment was performed to the above conditions specifically to increase 
the strength of the material without over-aging since the ductility 
improvement will arise from the DIMT process. 

2. Material and experimental procedures 

2.1. Material and AM process 

AM 17-4N SS was built at the National Institute of Standards and 

Technology (NIST) using virgin, nitrogen-atomized powder (EOS GP11 

Lot number F211601) on an EOS M290 commercial powder bed fusion 
machine. The relevant build parameters are shown in Table 1. The 
material was built as solid towers and numbered as shown in Fig. 1a. A 
comparative study was also performed on commercially available 1.5 
mm thick wrought sheet of 17-4 SS in the as-received solutionized 
condition (Wr-CondA). The chemical composition of the AM and 
wrought materials are reported in Table 2 and both materials conform to 
ASTM A564 and ASTM A693 standards [6,64], although the nitrogen 
limits were never stated within both standards. 

2.2. Heat treatments and computational thermodynamics 

The AM build was stress-relieved at 650 ◦C for 1 h (at temperature) 
followed by a furnace cool prior to being machined off the build plate 
using wire electrical discharge machining (EDM). The stress-relieved 
(SR) material will be referred to as AM-SR. However, a solidification 
microstructure and elemental segregation are developed during the AM 
process and during the stress-relief heat treatment. As such, a post-build 
homogenization heat treatment was performed prior to the precipitation 
hardening (aging) treatment. 

Cheruvathur et al. [28] recommended a homogenization at 1150 ◦C 
to alleviate micro segregation and recrystallize the microstructure on a 
similar nitrogen-atomized AM 17-4N SS, which was based on AMS-5355 
[26]. To insure a 1150 ◦C homogenization heat treatment was sufficient 
to homogenize the AM material used in this study, phase fractions of the 
equilibrium phases as a function of temperature were computed using 
Thermo-Calc version 2022a with the TCFe10 database for the compo-
sition listed in Table 2 and results are shown in Fig. 2. The elements O, S, 
P and Si were not included in the simulation for simplicity. A homoge-
nization at 1150 ◦C was sufficient since the only 2 stable phases pre-
dicted are face-centered cubic (FCC) austenite and Nb(C,N). Therefore, 
Tower #3, Tower #4, and Tower #5 (shown in Fig. 1a) were encapsu-
lated in quartz ampules under vacuum and then first homogenized at 
1150 ◦C for 1 h (at temperature) and air cooled, and then second aus-
tenitized at 1050 ◦C for 1 h (at temperature) and air cooled without 
removing the material from the quartz ampules. The cooling rate of the 
material within the quartz ampules were not recorded, but it was slower 
than air cooling without encapsulation and has likly influenced the 
microstructure [65]. The additional austenization was performed at 
1050 ◦C to further reduce the nitrogen content in the matrix by forming 
and growing additional Nb(C,N), and to potentially refine the prior 
austenite grain size [1,62]. The homogenized and austenitized AM 
material will be referred to as AM-HA. After the HA heat treatments, 

Table 1 
AM build parameters. The standard EOS gas flow nozzle was used.  

Parameter Value 

Laser Power 220 W 
Beam Diameter 80 μm 
Scan Speed 755.5 mm/s 
Hatch Spacing 100 μm 
Stripe Width 12 mm 
Layer Thickness 40 μm 
Scan direction +67◦/layer 
Atmosphere N2 

Build Platform Temperature 80 ◦C  

1 Certain commercial equipment, instruments, or materials are identified in 
this paper to elucidate the experimental procedure. Such identifications are not 
intended to imply recommendation or endorsement by the National Institute of 
Standards and Technology, nor are they intended to imply that the materials or 
equipment identified are necessarily the best available for the purpose. 
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Tower #5 was removed from encapsulation and then placed in liquid 
nitrogen for 30 min. This condition will be referred to as AM-HAQ. The 
liquid nitrogen treatment was used to reduce the austenite fraction in 
the AM-HA condition since the martensite end temperature is below 
room temperature. This provides two different conditions with different 
austenite volume fractions, in addition to the AM-SR condition. 

Aging treatment at 482 ◦C ± 8 ◦C for 1 h (referred to as H900, the 
same as the wrought naming convention [1,6,66]) were also performed 
to the AM-SR, AM-HA and AM-HAQ starting conditions. These condi-
tions will be referred to as AM-SR+H900, AM-HA+H900 and 
AM-HAQ+H900. An H900 heat treatment was also performed for the 
wrought 17-4 SS (Wr-H900) as a comparison to the AM material. A 
summary of the heat treatments for the AM and wrought materials 
investigated are shown in Table 3. 

2.3. Microscopy measurements 

Samples were cut from the tab sections of undeformed tensile bars 
for microscopic analysis. The specimens were mounted in a conductive 
phenolic resin and polished according to standard metallographic 
practice. A final polishing step using a vibratory polishing system with 
non-agglomerating 0.2 μm colloidal silica for scanning electron micro-
scopy (SEM), electron backscatter diffraction (EBSD) and energy 
dispersive x-ray spectroscopy (EDS) measurements. EDS maps of the 
composition were acquired using a 15 KeV accelerating voltage, a 500 
pA probe current, and a 10 mm working distance. Similarly, EBSD phase 
and grain orientation maps were acquired using a 20 KeV voltage, a 4 nA 
probe current, a nominal working distance of 20 mm, and a 0.5 μm step 

Fig. 1. (a) As-built towers on the build plate, (b) a 
single tower once removed off the build plate, (c) 
final specimen dimensions (in mm) for the AM-SR 
and AM-SR+H900 conditions, and (d) final spec-
imen dimensions (in mm) for the AM-HA, AM- 
HA+H900, AM-HAQ, AM-HAQ+H900, Wr-CondA, 
and Wr-H900 conditions. The red dotted line in (c) 
and (d) are location of the HEXRD line scan (see 
Section 2.6 for experimental procedures). A virtual 
DIC extensometer with an 8 mm gauge length and a 
10 mm gauge length were used for the engineering 
strain calculation for specimen (c) and (d), respec-
tively. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web 
version of this article.)   

Table 2 
The chemical composition of the AM 17-4N SS (powder and solid built material) 
and wrought 17-4 SS sheet. The powder composition was provided from 
manufacturer (EOS GP1, Lot number F211601).  

Element AM – Powder AM – Solid Wrought 

Mass fraction [%] Mass fraction [%] Mass fraction [%] 

Cr 15.8 16.9 15.4 
Ni 4.4 4.77 4.73 
Cu 3.9 4.67 3.32 
Nb 0.23 0.22 0.26 
Mn 0.4 0.40 0.51 
Mo 0.1 0.078 0.23 
C 0.05 0.04 0.04 
N N/A 0.13 0.029 
O N/A 0.033 0.01 
P 0.03 0.007 0.001 
Si 0.6 0.59 0.21 
S <0.01 0.004 0.001 
Fe Bal. Bal. Bal.  

Fig. 2. Phase fractions of the equilibrium phases as a function of temperature 
for the AM 17-4N SS. 
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size. The EBSD data were post processed using MTEX [67]. 

2.4. Hardness measurements 

Samples from undeformed material were mounted in glass-filled 
phenolic, ground, and polished to a 1 μm finish, and lightly etched 
with Marble’s reagent prior to hardness measurements. The micro-
hardness of each sample was measured using an instrumented hardness 
machine equipped with a Vickers indenter. For each indentation, the 
indenter tip approached the sample at 50 μm/min until a contact force of 
25 mN was reached. A load was then applied at 98 N/min until the target 
load of 4.9 N was obtained. The indenter maintained the maximum load 
of 4.9 N for 5 s, at which point the sample was unloaded at 40 N/min. A 
total of 9 indents were made in each sample, arranged in a 3 indent by 3 
indent square grid with a 250 μm spacing about the sample center. The 
Vickers hardness was calculated according to ASTM E92 [68], and each 
reported value represents the average and standard deviation of 9 in-
dividual indents. 

2.5. Quasi-static tension experiments 

Quasi-static tension experiments were performed on all the condi-
tions described in Table 3. Tower #1 and Tower #2 with the AM-SR heat 
treatment were initially wire EDM machined to the outside profile 
shown in Fig. 1c, and then machined into 1.5 mm thick tensile speci-
mens using wire EDM. Similarly, once the HA and HAQ heat treatments 
were performed on the Tower #3, Tower #4, and Tower #5, the outside 
profile dimensions for the tensile specimens were machined using 
computer-numerical-control (CNC) milling to the dimensions shown in 
Fig. 1d, after which 1.5 mm thick specimens were machined using wire 
EDM. Tension experiments were also performed on identically shaped 
wrought 17-4 SS sheet samples (1.5 mm thick) in the rolling direction in 
the as-received austenitized condition (Wr-CondA) and H900 condition 
(Wr-H900) to compare with the various AM material conditions. These 
specimens were initially waterjet machined oversized and then CNC 
milled to the dimensions shown in Fig. 1d. The length/width ratio was 
increased for the AM-HA and AM-HAQ conditions (from Fig. 1c to d) for 
a better representation of engineering strain due to the heterogenous 
deformation shown later in Fig. 10. 

The quasi-static tension experiments were performed using a servo- 
hydraulic load frame with a 50 kN load cell at a constant velocity of 
0.00375 mm/s for the specimen shape as in Figs. 1c and 0.00438 mm/s 
for the specimen shape as in Fig. 1d to achieve a common nominal strain 
rate of 3 × 10− 4 s− 1. Stereo digital image correlation (DIC) was used to 
calculate the surface strains of the samples. Two Point Gray 12 MP 
cameras (GS3-U3-123S6M) with Tokina AT-X Pro Macro 100 F2.8 lenses 
were used for the DIC measurements with a stereo-angle of ≈ 22.5◦, 
resulting in an average magnification of 5.2 μm/pixel. The images and 
data were acquired at 0.5 Hz with a 6 ms exposure. Correlated Solutions 
Vic3D was used for the DIC calculations. The subset size, step size, and 
filter size of 25 pixels, 8 pixels, and 5 pixels were used for the DIC 
analysis, respectively, which corresponded to a 0.3 mm virtual strain 

gauge (VSG) size following the procedures by Ref. [69]. Average strain 
noise floor, represented by the spatial standard deviation, were 266 
μm/m and 247 μm/m for εxx and εyy, respectively. An 8 mm and 10 mm 
gauge length virtual extensometer was used to calculate the engineering 
strain for the stress-strain curves for specimen geometries in Fig. 1c and 
Fig. 1d, respectively, due to the slight difference in specimen geometry 
between AM-SR(+H900) conditions and all other conditions. Note, this 
makes comparing the results beyond UTS between the two geometries 
not straightforward. The fracture strain for each experiment was re-
ported based on the engineering gauge length strain on the last DIC 
frame before fracture. In addition to the gauge length strain, the local 
von-Mises effective strain within the neck was reported as 

ε= 2̅
̅̅
3

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2
1 + ε1ε2 + ε2

2

√

, (1)  

where ε1 and ε2 are the true local DIC principal surface strains from the 
Hencky strain tensor and assuming incompressibility using an average of 
a 0.5 mm diameter area within the neck up to the last DIC frame before 
fracture. The 0.2% offset yield stress (YS), engineering ultimate tensile 
strength (UTS), and engineering strain at UTS (uniform elongation) were 
calculated following the procedures in ASTM E8 [70]. 

2.6. HEXRD measurements 

High-energy X-ray diffraction (HEXRD) measurements were per-
formed at 11-ID-B of the Advanced Photon Source, Argonne National 
Laboratory, to determine the present phases and their fractions. The X- 
ray energy was 86.7 keV, corresponding to an X-ray wavelength of 
0.143 Å. The X-ray flux density was ≈ 1013 photon ⋅ mm− 2 ⋅ s− 1. A 
Perkin-Elmer 1621 a-Si 2D area detector was used with a sample to 
detector distance of 1000 mm to acquire the XRD data in transmission 
mode. This setup covered a diffraction q range between ≈ 1.5 Å− 1 and ≈
8.5 Å− 1. Here, q = 2π/λ ⋅ sin(θ), where θ is one-half of the diffraction 
angle 2θ and λ is the X-ray wavelength. A beam of 200 μm × 200 μm was 
used to perform spatially resolved measurements along the gauge length 
of the specimens with a step size of 200 μm, as illustrated in Fig. 1c and 
d. The measurements were performed on the undeformed tensile spec-
imens, and on specimens loaded to various strains and then unloaded 
(interrupted experiments) for ex-situ HEXRD measurements. The mea-
surements were calibrated using NIST-traceable CeO2 SRM 674b and the 
data were reduced within GSAS-II program. These types of spatially 
resolved HEXRD measurements are sensitive to the phase-fraction het-
erogeneity in the material containing multiple phases [71]. The analysis 
was performed following the procedures described in Ref. [24]. Note, 
martensite is a body centered tetragonal (BCT) crystal structure, but the 
c/a lattice parameter ratio is close to 1 such that it is undistinguishable 
from a body-centered cubic (BCC) crystal structure in 17-4 SS. As such, 
BCC crystal structure is used to refer to the martensite when discussing 
the HEXRD results. 

Table 3 
Heat treatments for AM 17-4N SS and wrought 17-4 SS. The heat treatments were performed in order from left to right. The stress-relieved heat treatment was furnace 
cooled, and the homogenized and austenitized heat treatments were air-cooled within encapsulation/vacuum. The tower and specimen geometry for each condition is 
also show for each condition.  

Material- Condition AM Tower/Specimen Geometry Stress-Relieved Homogenized Austenitized Cryogenic Aged 

AM-SR #1 & #2/Fig. 1c 650 ◦C 1 h     
AM-SR+H900 #1 & #2/Fig. 1c 650 ◦C 1 h    482 ◦C 1 h 
AM-HA #3 & #4/Fig. 1d 650 ◦C 1 h 1150 ◦C 1 h 1050 ◦C 1 h   
AM-HA+H900 #3 & #4/Fig. 1d 650 ◦C 1 h 1150 ◦C 1 h 1050 ◦C 1 h  482 ◦C 1 h 
AM-HAQ #5/Fig. 1d 650 ◦C 1 h 1150 ◦C 1 h 1050 ◦C 1 h − 196 ◦C 30 min  
AM-HAQ+H900 #5/Fig. 1d 650 ◦C 1 h 1150 ◦C 1 h 1050 ◦C 1 h − 196 ◦C 30 min 482 ◦C 1 h 
Wr-CondA NA/Fig. 1d   As-Received   
Wr-H900 NA/Fig. 1d   As-Received  482 ◦C 1 h  
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3. Results 

3.1. Initial microstructure 

EBSD maps of the Wr-H900 and AM-HA+H900 material are shown 
in Fig. 3. Qualitatively, the average prior austenite grain size of the 
wrought material is smaller than the AM-HA condition. This is a result of 
the wrought material being thermo-mechanically processed, producing 
a fine grain structure. The EDS maps for the Nb, N, Si, O, and Cu for the 
Wr-H900, AM-SR, and AM-HA conditions are shown in Fig. 4. The AM- 
SR condition does not exhibit any evidence of elemental segregation at 
the measured length scale. For the AM-HA condition, Nb-rich pre-
cipitates are present, likely Nb(C,N) and possibly Z-Phase, which are rich 
in Nb, Cr, N, and C. The Wr-H900 sample also show Nb-rich precipitates, 
but they are finer than the AM-HA material. The Nb content in both AM 
and wrought materials are similar, therefore the retained nitrogen 
content in solid solution in the AM material is limited by the Nb content, 
which is typically 5 times that of carbon in wrought material [72]. EDS 
maps of Cr and Ni are not shown because they do not show any segre-
gation, but they are depleted at some of the larger Nb-rich precipitates. 
Additionally, there are no noteworthy segregation or depletion in the 
EDS maps of Mn. Regardless, the EDS results showed precipitates rich in 
Si and O in the AM-HA material, which are not present in the wrought 
material. The AM 17-4N composition contained approximately 3 times 
the Si content of wrought 17-4 SS. Si is typically added for its high ox-
ygen affinity [73], which is important in AM material due to the higher 
oxygen content from the atomization of the powder and AM process. 
Some Nb-rich precipitates are adjacent to the precipitates rich in Si and 
O. While the nanometer-scale Cu-rich precipitates responsible for 
age-hardening to the H900 condition cannot be resolved by EDS at this 
resolution, large Cu-rich precipitates are present in all samples tested 
except the AM-SR sample. Finally, many of the Nb-rich, Si + O rich, and 
Cu-rich precipitates in the AM-HA condition seem to be located along 
the prior austenite grain boundaries. 

Box plots of FCC volume fraction for the undeformed tensile spec-
imen for the AM-SR, AM-HA, AM-HA+H900, AM-HAQ and AM- 
HAQ+H900 conditions are shown in Fig. 5a. The measurements are 
obtained from 100 individual HEXRD measurement points (200 μm ×
200 μm beam area through the 1.5 mm thick specimen) measured 200 
μm apart along the gauge length of the specimens as shown in Fig. 1c and 
d. Average FCC volume fraction values for each material condition are 
listed in Table 4. There is large variation in the FCC volume fraction 
along the length of the undeformed sample for all heat treatments, 
indicating microstructural heterogeneity, or the lack of illuminated 
grains within the HEXRD measurement volume and potentially crys-
tallographic texture effects [74,75]. The variation does not seem to be 
influenced by the difference in cross sectional area of the as-built towers 
between the tab ends and gauge section based on the HEXRD data along 
the length of the sample. The AM-SR condition has an average FCC 

volume fraction of 0.390 ± 0.029 (± 1σ for all reported uncertainties), 
which is significantly lower than the expected as-built FCC volume 
fraction of 1.0. The AM-HA and AM-HA+H900 conditions have similar 
FCC volume fractions of 0.266 ± 0.062 and 0.264 ± 0.059, respectively. 
The average FCC volume fraction is 0.198 ± 0.044 for the AM-HAQ 
condition, which is 0.069 less than the AM-HA condition. The average 
FCC volume fraction slightly increases to 0.224 ± 0.054 for the 
AM-HAQ+H900 condition although it is within 1σ of the measurements. 
If true, this could indicate the possibility of reverted austenite, which is 
often associated with elemental diffusion of austenite stabilizers from 
the martensite to the austenite [9–11]. 

Box plots of FCC lattice parameters and BCC lattice parameters for 
the undeformed tensile specimen for the AM-SR, AM-HA, AM- 
HA+H900, AM-HAQ and AM-HAQ+H900 conditions are shown in 
Fig. 5b and c. The average BCC and FCC lattice parameter of the un-
deformed tensile specimen for the different material conditions are 
summarized in Table 4. The average FCC lattice parameters are higher in 
the aged conditions for both AM-HA and AM-HAQ conditions. The FCC 
lattice parameter for the AM-SR is the highest at 3.5982 Å ± 0.0006 Å. 
Conversely, the average BCC lattice parameters are lower in the aged 
conditions for both AM-HA and AM-HAQ conditions. The BCC lattice 
parameter for the AM-SR is similar to the unaged AM-HA and AM-HAQ 
conditions. This indicates tempering potential for the AM-SR condition, 
although the HEXRD measurements on the AM-SR+H900 condition 
were not performed. 

3.2. Mechanical behavior 

3.2.1. Hardness 
The AM-SR condition has a hardness of 438 HV ± 12 HV and the 

hardness decreases to 383 HV ± 6 HV after the HA heat treatment. The 
liquid nitrogen treatment (AM-HAQ condition) increased the hardness 
to 404 HV ± 7 HV as expected since it decreased the austenite fraction. 
After aging to H900, the hardness increases for both the AM-HA+H900 
and AM-HAQ+H900 conditions to 482 HV ± 12 HV and 467 HV ± 8 
HV, respectively. The average hardness for the AM-HA+H900 condition 
is higher, although statistically insignificant. Note, the mechanical pol-
ishing used to prepare the samples has been shown to promote 
martensite transformation at the surface [24], which may increase the 
measurable hardness. 

3.2.2. Tensile behavior 
Tensile stress-strain curves for the different wrought 17-4 SS and AM 

17-4N SS conditions are shown in Fig. 6. The figure also shows the 
interrupted experiments for the ex-situ HEXRD measurements used to 
determine the extent of DIMT that occurs with different amounts of 
plastic strain. The corresponding average elastic modulus, YS, UTS, 
uniform elongation, local principal strain ε1 and ε2, and ε prior to frac-
ture are summarized in Table 5. A summary of the experiments is 

Fig. 3. EBSD distribution maps of the (a) Wr-H900 and (b) AM-HA+H900 conditions. The z-axis (out of plane) represents the normal direction to the sheet and the 
build direction for the wrought and AM conditions, respectively. The inverse pole figure orientation map for ferrite is oriented in the z-axis. 
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reported in Fig. 7. The true stress-strain curves up to the UTS and the 
corresponding true strain hardening versus true strain for all the 
wrought 17-4 and AM 17-4N conditions are shown in Fig. 8. Wr-CondA 
exhibits a low YS of 1074 MPa, consistent with literature results [1,76], 
and a low uniform strain (0.020 m/m). Aging the Wr-CondA material to 
H900 (Wr-H900) increases the YS approximately 300 MPa as shown in 
Fig. 6a. The gauge length strain at fracture is between 15% and 19% 
engineering strain, but locally reaches up to 100% true effective strain 
prior to final fracture. This indicates the wrought material cannot 
accommodate sufficient work hardening to achieve high uniform 

elongation, but it is ductile within the neck. 
The YS of AM-SR is low compared to wrought, at 484 MPa ± 42 MPa, 

but significant hardening is present up to the UTS of 1543 MPa ± 7 MPa 
as shown in Fig. 6b and Table 5. There is large scatter in the mechanical 
response between the AM-SR samples, indicative of the material vari-
ability. The AM-SR condition exhibits good ductility, with uniform 
elongation of >0.09 m/m. The YS of the AM-HA condition did not in-
crease significantly compared to the AM-SR condition, but the UTS 
reduced (see Fig. 6c). However, liquid nitrogen treatment in the AM- 
HAQ condition increased the YS to 694 MPa ± 4 MPa (Fig. 6d), 

Fig. 4. EDS maps for Nb, N, Si, O, and Cu for Wr-H900, AM-SR, and AM-HA conditions.  
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approximately 91% of the typical yield stress of wrought condition-A 
from Ref. [76]. This is the consequence of further austenite to 
martensite phase transformation during the liquid nitrogen treatment. 

The H900 aging treatment (AM-HA+H900 and AM-HAQ+H900) 
altered the mechanical behavior as shown in Fig. 6c and d. The YS 
increased by more than 500 MPa and the UTS by 150 MPa compared to 
the unaged conditions, and the uniform elongation and fracture strain 
also increased. The AM-HAQ+H900 had a higher yield stress than AM- 
HA+H900 (1216 MPa versus 1075 MPa, respectively). Also, AM- 
HAQ+H900 meets the ASTM A693 [6] minimum requirement for 
wrought 17-4 SS with the H900 aging heat treatment (1170 MPa and 
1310 MPa for the YS and UTS, respectively). The true stress at UTS for 
the AM-HA+H900 and AM-HAQ+H900 conditions are similar at ≈
1690 MPa, as shown in Fig. 8b. The aging treatment on AM-SR 
(AM-SR+H900 condition) increased the YS, UTS and uniform 
elongation. 

The local strain at fracture, as measured by DIC, is approximately the 
same for the AM-HA and AM-HA+H900 at ≈ 50% true effective strain, 
whereas the AM-HAQ and AM-HAQ+H900 conditions show ≈ 55% true 
effective strain at fracture (see Table 5). Note that the measured effec-
tive strains at fracture represent a lower limit on the true values due to 
the averaging that occurs in the DIC measurements. This is related to the 
resolution of the cameras, and that the exact fracture point can occur in- 
between frames. The challenges of measuring fracture initiation with 
DIC are reported in detail elsewhere [77]. The principal strain paths up 
to fracture for the different wrought and AM conditions are shown in 
Fig. 9. Local strains within the neck were not reported for AM-SR and 
AM-SR+H900 conditions due to atypical necking strain and cracks 
developing at or shortly after necking began, as shown in the DIC maps 
for AM-SR in Fig. 10a and b. Non-uniform deformation was expected for 
the AM-SR and AM-SR+H900 due to the heterogeneous AM micro-
structure. However, the other AM conditions also exhibited heteroge-
neous deformation along the gauge length, the degree of which varies 
with condition and specimen. For example, prior to uniform elongation, 
AM-HA+H900 specimen exhibits heterogeneous deformation as shown 

Fig. 10c at 0.10 m/m engineering strain. Furthermore, the localization 
behavior and neck strain distributions were not as uniform and sym-
metric as the wrought material (Fig. 10e). 

Similar to many sheet materials, the wrought material localizes to a 
plane strain path (i.e., ∂ε2

∂t →0) due to the neck constraint as shown in 
Fig. 9a. Additionally, the Wr-H900 condition is more resistant to thin-
ning, and it accommodates less through thickness ductility than the Wr- 
CondA (see Section 3.4 for further analysis). However, the principal 
strain paths for the AM conditions indicate that the AM material does not 
accommodate localization in the thickness direction like the Wr-CondA 
and Wr-H900 conditions, and fracture occurs prior to any significant 
plane strain deformation on the surface, resulting in lower local ductility 
than the wrought conditions. 

3.3. Phase transformation behavior as a function of plastic strain 

The DIMT behaviors are shown as a function of von-Mises (VM) 
effective plastic strain for the different AM conditions in Fig. 11. The 
square and diamond symbols are the same interrupted experiments from 
Fig. 6, and circle data points are the failed specimens. The solid data 
points are the average and standard deviation of the data points 
measured within the gauge length of the sample for the undeformed and 
interrupted experiments. An average was not reported for the failed 
specimens because accumulated strains within the neck vary. In addi-
tion, the data reported for the failed specimens are affected by the 
triaxial stress state in the necked region, which will tend to accelerate 
the rate of DIMT [78,79]. Therefore, the FCC volume fraction data 
corresponding to the fractured specimens are an underestimation for 
strains after uniform elongation from Table 5 for uniaxial stress state. 
The austenite fraction as a function VM effective plastic strain was 
modeled using an exponential decay as: 

fγ = f
◦

γ e− kεp (2) 

following [31,80,81], where f ◦

γ is the initial FCC volume fraction, εp 

is the VM effective plastic strain, and k is a constant associated with 

Fig. 5. Box plot of (a) FCC volume fraction, (b) FCC lattice parameter, and (c) BCC lattice parameter along the undeformed AM-SR, AM-HA, AM-HA+H900, AM- 
HAQ, and AM-HAQ+H900 tensile specimens. Each condition represents 100 data points measured 200 μm apart along the gauge of the undeformed specimens as 
shown in Fig. 1c and d. 

Table 4 
Average and standard deviation of FCC lattice parameter, BCC lattice parameter, and FCC volume fraction along undeformed tensile specimens for each material 
condition examined.  

Heat Treatment FCC Lattice Parameter BCC Lattice Parameter FCC Volume Fraction 

Å Å 

AM-SR 3.5982 ± 0.0006 2.8806 ± 0.0005 0.390 ± 0.029 
AM-HA 3.5968 ± 0.0016 2.8802 ± 0.0012 0.266 ± 0.062 
AM-HA+H900 3.5977 ± 0.0009 2.8755 ± 0.0007 0.264 ± 0.059 
AM-HAQ 3.5957 ± 0.0010 2.8802 ± 0.0012 0.198 ± 0.044 
AM-HAQ+H900 3.5972 ± 0.0008 2.8756 ± 0.0007 0.224 ± 0.054  
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mechanical stability of austenite, where k decreases as stability of 
austenite increases. The same k is used for AM-HA and AM-HAQ con-
ditions, and for AM-HA+H900 and AM-HAQ+H900 conditions. The 
constants k for the different AM 17-4N conditions are presented in 
Table 6 and the results of the model are shown in Fig. 11. 

For the AM-SR samples, the majority of the DIMT occurs within the 
first 5% εp. The high transformation rate within the first few percent 
strain caused the high work hardening rate at low strains (see Fig. 8c). 
The rapid drop in the FCC phase fraction within the first 4% εp is 
consistent with the measurements reported by Phan et al. [45] on a 
similar AM 17-4N SS. For the AM-HA and AM-HAQ conditions (Fig. 11b 
and c), the austenite is less stable than the AM-SR condition, as the 
majority of the DIMT occurs within the first 3% εp. However, for the 
aged material (AM-HA+H900 and AM-HAQ+H900), the mechanical 
stability of austenite increases, as the DIMT occurs more gradually over 
a larger range of plastic strain. For the AM-HAQ+H900, there is 
approximately no change in the FCC volume fraction within the first 
2.2% εp, but DIMT occurs rapidly thereafter. 

3.4. Fracture surfaces 

SEM images of the fracture surfaces from the different wrought and 

AM conditions are shown in Fig. 12. The wrought conditions neck more 
than the AM conditions, as shown in the first column in Fig. 12, and as 
reported for the local neck strain in Section 3.2.2. The average true 
local effective strain computed from the last DIC image prior to fracture 
for the wrought was ≈ 92% whereas the AM conditions was ≈ 52% (see 
Table 5). These results are consistent with Guennouni et al. [54], which 
showed a lower reduction in area at fracture for the AM 17-4 SS+H900 
compared to wrought 17-4 SS + H900 condition. All samples examined 
exhibit ductile fracture, where micro-voids are present in the center of 
all the fracture surfaces examined. Many of the micro voids in the 
AM-HA and AM-HA+H900 conditions were likely formed at Nb-rich or 
Si + O rich precipitates as described in Section 3.1. The micro voids in 
the AM-SR are finer than the other AM and wrought conditions and are 
also located along dendritic-cellular features. The AM-SR condition ex-
hibits local cleavage-like facets mainly about prior melt pool bound-
aries. Local cleavage-like facets are also present in the AM-HA and 
qualitatively more in the AM-HA+H900 condition, even though the 
local ductility is similar according to the DIC. The Wr-H900 sample 
exhibited large secondary cracks along the width of the fracture surface. 
This is likely a consequence of Wr-H900 resistance to thinning (as re-
ported in Section 3.2.2), causing large stresses in the through-thickness 
direction at large strains [82]. 

Fig. 6. Engineering (Eng) stress-strain curves for (a) Wr-CondA and Wr-H900, (b) AM-SR and AM-SR+H900, (c) AM-HA and AM-HA+H900, and (d) AM-HAQ and 
AM-HAQ+H900. The indicated unloaded curves are the interrupted experiments for the ex-situ HEXRD measurements in Fig. 11. All other experiments were loaded 
to failure, and they were repeated twice except for AM-SR condition which was repeated 3 times. The diamonds and circles represent the YS and UTS, respectively. 
The black dashed lines represent a 195 GPa elastic modulus. Note, one of the stress-strain curves in (d) for AM-HAQ condition failed prematurely due to a large 
internal flaw. Also, a different colors scheme in (b) for AM-SR+H900 was used due to the overlapping curves with AM-SR experiments. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.5. Comparison with literature data 

A comparison between the uniaxial tension data from this work with 
literature studies on wrought and AM 17-4 SS and 15-5 SS [22,46,47,52, 
54–61] is shown in Fig. 13. The figure compares uniform elongation 
versus YS in Fig. 13a and uniform elongation versus UTS in Fig. 13b. The 
same experiments are plotted for both subfigures, but with a different 
abscissa. Uniform elongation was chosen to represent the data because 
comparing the gauge length fracture strain can be misleading between 
samples having different gauge lengths. The uniform elongation is a 
better comparison between experiments as it should not vary signifi-
cantly with different initial gauge lengths, and large uniform elongation 
is desirable for many structural applications. The vertical line in 
Figs. 13a and b represent the minimum YS and UTS requirements ac-
cording to ASTM A693 and ASTM A564 for 17-4 SS in the H900 
condition. 

The dotted circled data groupings represent the present AM-SR 
condition and data from Shaffer et al. [22] on a similar AM material 
built from nitrogen-atomized 17-4 SS powder. That data group shows a 
low YS but high work hardening, leading to a high UTS, which is atypical 
for precipitation-hardenable martensitic stainless steels. The dashed 
circled data groupings represent typical behavior of wrought and AM 
17-4 SS with H900 aging heat treatment. Within this grouping, which 

mimics most metals, as the YS increases, the hardening and the uniform 
strain typically decrease. However, the solid line circled grouping show 
a high combination of YS, UTS, and uniform elongation. The stars 
represent the AM-SR+H900, AM-HA + H900 and AM-HAQ + H900 
conditions. The elongated diamond corresponds to the experimental 
data from Oh et al. [47], also on an AM 17-4 SS material built from 
nitrogen-atomized powder containing a mass fraction of 0.1% nitrogen 
in the powder composition. As such, retained stable austenite in the aged 
AM 17-4N SS can produce a material with strength and uniform ductility 
properties that are superior to the conventional 17-4 SS. 

4. Discussion 

4.1. Austenite stability 

Martensitic steels are typically used for their high YS, but they 
exhibit poor hardening and low uniform elongation [83–85]. We have 
shown that retained austenite in AM 17-4N SS containing a mass fraction 
of 0.13% nitrogen can provide improved mechanical properties 
compared to wrought 17-4 SS and to AM 17-4 SS produced using 
argon-atomized and water-atomized feedstock powder (as shown in 
Section 3.5). In the AM-SR, AM-HA, and AM-HAQ conditions examined, 
the austenite was unstable and the majority of DIMT occurred within 5% 

Table 5 
Average and standard deviation (± 1σ) of the elastic modulus (E), engineering 0.2% yield stress (YS), engineering ultimate tensile strength (UTS), engineering strain at 
UTS (uniform elongation), gauge length strain at fracture (fracture strain), local principal strains (ε1 and ε2) prior to fracture, and local effective strain (ε) prior to 
fracture. The local DIC strains represent an average over a 0.5 mm diameter area in the center of the neck. See Section 2.5 for more information regarding ε1, ε2, and ε. 
The average and standard deviation for E and YS contain the interrupted experiments while the other values are from the experiments loaded to failure. See Fig. 6 for 
exact number of experiments.  

Material-Condition E YS UTS Uniform Elongation Fracture Strain ε1 ε2 ε 

GPa MPa MPa m/m m/m m/m m/m m/m 

Wr-CondA 199 ± 1 1074 ± 3 1126 ± 2 0.020 ± 0.003 0.154 ± 0.001 0.959 ± 0.004 − 0.323 ± 0.002 0.976 ± 0.005 
Wr-H900 200 ± 2 1383 ± 5 1388 ± 6 0.017 ± 0.001 0.188 ± 0.003 0.864 ± 0.001 − 0.342 ± 0.003 0.870 ± 0.001  

AM-HA 153 ± 3 533 ± 32 1329 ± 16 0.071 ± 0.002 0.153 ± 0.006 0.471 ± 0.017 − 0.220 ± 0.005 0.497 ± 0.021 
AM-HAQ 167 ± 2 694 ± 4 1338 ± 13 0.069 ± 0.004 0.152 (1) 0.557 (1) − 0.272 (1) 0.557 (1)  

AM-HA+H900 180 ± 1 1075 ± 13 1462 ± 5 0.148 ± 0.004 0.226 ± 0.002 0.490 ± 0.002 − 0.232 ± 0.011 0.491 ± 0.002 
AM-HAQ+H900 180 ± 1 1216 ± 12 1509 ± 2 0.128 ± 0.004 0.220 ± 0.001 0.545 ± 0.012 − 0.270 ± 0.018 0.545 ± 0.011  

AM-SR 175 ± 10 484 ± 42 1543 ± 7 0.097 ± 0.011 0.170 ± 0.021 n/a(2) n/a(2) n/a(2) 

AM-SR+H900 185 ± 3 861 ± 1 1613 ± 12 0.129 ± 0.008 0.195 ± 0.045 n/a(2) n/a(2) n/a(2)  

(1) One of the two experiments performed for this condition failed prematurely due to an internal flaw and therefore an average was not included for the fracture 
strain and the local strains. 

(2) Local strains at fracture were not reported due to atypical neck strain as discussed in Section 3.2.2 and shown in Fig. 10a and Fig. 10b. 

Fig. 7. A summary of engineering (Eng) stress-strain curves for (a) Wr-CondA, AM-SR, AM-HA, and AM-HAQ, and (b) Wr-H900, AM-SR+H900, AM-HA+H900, and 
AM-HAQ+H900. A representative stress-strain curve for each condition from Fig. 6 was used. The diamonds and circles represent the YS and UTS, respectively. The 
black dashed lines represent a 195 GPa elastic modulus. 
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strain, resulting in steep work hardening at low plastic strains. However, 
after aging, the AM-HA+H900 and AM-HAQ+H900 conditions showed 
increased austenite stability, with the DIMT and strain hardening 
occurring over an extended range of plastic strain, resulting in an 
improved strength-hardening-ductility combination. 

Elemental segregation or partitioning is an effective method that 
influences the austenite stability [43], which serves as the basis for 
Quenching and Partitioning (Q&P) processing of steel [35,86–88]. 
Partitioning occurs when austenite stabilizing elements diffuse from 
martensite towards retained austenite as each phase trends towards 

Fig. 8. True stress-strain curves up to UTS for (a) Wr-CondA, AM-SR, AM-HA, and AM-HAQ, and (b) for Wr-H900, AM-SR+H900, AM-HA+H900, and AM- 
HAQ+H900. The diamonds and circles in both (a) and (b) represent the true YS and UTS, respectively. The black dashed lines represent a 195 GPa elastic modulus. 
True strain hardening versus true strain up to UTS for (c) Wr-CondA, AM-SR, AM-HA, and AM-HAQ, and (d) for Wr-H900, AM-SR+H900, AM-HA+H900, and 
AM-HAQ+H900. 

Fig. 9. Principal strain paths up to fracture for (a) Wr-CondA and Wr-H900, and (b) for AM-HA, AM-HA+H900, AM-HAQ, and AM-HAQ+H900 conditions. The DIC 
strains represent an average over a 0.5 mm diameter area in the center of the neck. (1)Experiment failed prematurely due to an internal flaw. 
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thermodynamic equilibrium. The heat treatment temperature de-
termines the diffusivity of alloying elements, with interstitial elements 
segregating more quickly than substitutional elements at lower tem-
peratures. For example, some steels utilize carbon diffusion to stabilize 
the austenite with short time at relatively low temperatures (e.g., 3 min 
at 450 ◦C [86]) to reduce the carbide formation. Similarly, the nitrogen 
in AM 17-4N SS can partition during aging at 482 ◦C, but it is difficult to 
quantify using the EDS maps at the measured length scale. However, 
elemental segregation into austenite typically leads to an increase in the 
FCC lattice parameter, which was reported earlier from the HEXRD 
measurements. The FCC lattice parameter (Å) can be calculated using 
the empirical relationship by Dyson-Homes [89]. 

αγ = 3.578 + 0.033C + 0.022N + 0.00095Mn − 0.0002Ni + 0.0006Cr

+ 0.0015Cu + 0.0031Mo + 0.0051Nb, (3)  

where the compositions are in mass fraction. As reported in Section 3.1, 
the FCC lattice parameter increased 0.0009 Å and 0.0015 Å once the 
AM-HA and AM-HAQ conditions were aged, respectively. This would 
require the diffusion of a mass fraction of 0.041% nitrogen and a mass 
fraction of 0.068% nitrogen into the FCC phase during aging for AM-HA 
and AM-HAQ conditions, respectively. The higher concentration of 
diffused nitrogen in the AM-HAQ+H900 condition would be expected 
since the martensite volume fraction was higher and therefore, higher 
mass fraction of nitrogen in solid solution within the martensite can 
diffuse into the austenite phase. The higher concentration of diffused 
elements for AM-HAQ+H900 compared to the AM-HA+H900 condition 
is consistent with our austenite stability results, where the austenite was 
more stable at low strains for the AM-HAQ+H900 condition. However, 
it is currently unknown why the FCC volume fraction in AM-HAQ+H900 
decreases rapidly after 3% strain. This behavior could be a consequence 
of strain partitioning effects between the different phases and the 
strength properties of each phase of the AM-HAQ+H900 condition. 
Regardless, other austenite stabilizing elements, such as Ni and Mn can 
also have segregated during the aging process [10,90]. 

Residual stresses from the martensitic transformation can also alter 
the FCC lattice parameter. Hydrostatic stresses on the austenite phase 
induced from the shear and dilation of the martensitic transformation 
can decrease the FCC lattice parameter due to the elastic strains on the 
lattice [91–94]. These large stresses on the austenite phase can also 
stabilize the austenite at high volume fraction of martensite [91–95]. 

Fig. 10. High resolution DIC strain maps of Hencky εyy (true Hencky strain in the vertical direction) for (a) AM SR specimen a few DIC frames before fracture, (b) 
AM-SR specimen after fracture, (c) AM-HA+H900 specimen at 0.10 m/m engineering (Eng) strain, (d) AM-HA+H900 specimen the DIC frame before fracture, and (e) 
Wr-H900 specimen the DIC frame before fracture. Note, the DIC subset and step size was reduced to accentuate the crack and the heterogeneous deformation, but it 
also accentuates the noise and error. 

Table 6 
Model constant k (from Eq. (2)) for the different 
AM 17-4N conditions.  

Condition k 

AM-SR 47.5 
AM-HA 95.0 
AM-HA+H900 11.8 
AM-HAQ 95.0 
AM-HAQ+H900 11.8  

Fig. 11. FCC volume fraction as a function of von-Mises (VM) effective plastic strain determined by DIC measurements along the gauge length for (a) AM-SR, (b) AM- 
HA and AM-HA+H900, and (c) AM-HAQ and AM-HAQ+H900. The solid data points correspond to the average and one standard deviation of the set of data points for 
the undeformed (triangle symbols) and the interrupted experiments (square symbols and diamond symbols, see Fig. 6 for the interrupted stress-strain curves). The 
aged conditions were used to represent the undeformed data in (b) and (c). The circle data points in (b) and (c) are the failed specimens for the unaged and aged 
condition, respectively. Solid lines represent the model fits for Eq. (2). 
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However, the age-hardening process decreases the martensite lattice 
parameter due to Cu precipitation and elemental segregation. This 
process also relieves some hydrostatic stresses on the austenite which 
tends to increase the FCC lattice parameter. Therefore, both elemental 
segregation and stress relaxation can influence the FCC lattice param-
eter, making it difficult to conclude the exact mechanism(s) for the 
change in lattice parameters and improved austenite stability in aged 
AM 17-4N. Further examination with transmission electron microscopy 
(TEM), atomic probe tomography (APT), and/or modeling elemental 
segregation are needed to determine the reasons for the improved 
austenite stability. 

4.2. Strengthening mechanisms 

Various mechanisms influence the work hardening behavior of 
steels, DIMT being one of the most effective methods. Detailed expla-
nations of the hardening mechanisms associated with DIMT are 

described elsewhere [31,32,91–97]. However, hardening associated 
with DIMT alone does not explain the high UTS of the AM material. A 
potential cause is the higher Cu content of the AM 17-4N SS which 
provides more precipitate strengthening potential [98], although both 
wrought and the AM compositions fall within the ASTM standard for 
17-4 SS. It is important to note that the aging kinetics of Cu-rich pre-
cipitates in austenite is different than in martensite due to the solubility 
of Cu in austenite. Once the material is aged and deformed up to the 
UTS, the microstructure will consist of high strength tempered/aged 
martensite and likely lower strength fresh martensite transformed from 
DIMT that has yet to be tempered/aged. Therefore, the UTS of the aged 
AM 17-4N SS containing austenite should be less than that of aged 17-4N 
SS with no retained austenite if segregation within the austenite has not 
occurred. However, if nitrogen and/or other elements have segregated 
within the austenite during aging, the strength of the fresh martensite 
will be higher than without the addition of those elements. Nonetheless, 
other strengthening mechanisms will also influence the strength of the 

Fig. 12. SEM images of the fracture surfaces at different magnifications for the different conditions (a) AM-SR, (b) AM-HA, (c) AM-HA+H900 (d) Wr-CondA, and (e) 
Wr-H900. 
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material at UTS, such as dislocation density variations with varying 
uniform elongation and solid solution strengthening, in addition to 
strengthening effects from Nb-rich and Si + O rich precipitates. 

4.3. Uniform elongation versus local fracture ductility 

The uniform elongations of the AM-HA+H900 and AM-HAQ+H900 
conditions were higher than the Wr-H900 condition, as discussed in 
Section 3.2. The more stable austenite reduces the DIMT rate which 
assists in the hardening rate of the AM material and results in high 
uniform elongation. However, the local ductility in the neck region for 
the AM 17-4N SS conditions were lower than in the wrought 17-4 SS 
conditions. The lower local ductility of the AM material is due to mul-
tiple factors. One of the reasons is the volume fraction and size/distri-
bution of the Nb-rich and Si + O rich precipitates formed during the HA 
heat treatment, which are crack nucleation sites. Furthermore, as 
mentioned in Section 3.4, many Nb-rich precipitates were adjacent to 
the Si + O rich precipitates, where the boundaries between the two are 
additional void nucleation sites for the AM material. Li et al. [62] also 
noticed similar NbC and oxide interfaces. They reported the shear 
modulus mismatch between the two precipitates can cause crack for-
mation. The precipitates located along prior austenite grain boundaries 
(as shown in Section 3.1) are also detrimental to the local ductility of 
the material [99]. Finally, pores from the AM process are an additional 
source of reduced local ductility. Guo et al. [29] showed that an average 
of ≈ 50 nm diameter pores are present in their as-built AM 17-4. In 
summary, the reduced local ductility of the AM conditions, despite the 
improved work hardening behavior and uniform elongation from the 
retained austenite, is likely a combination of aforementioned 
mechanisms. 

4.4. Processing of 17-4N SS 

The post processing technique used for AM 17-4N SS is advantageous 

for AM parts, since it only requires a heat treatment to achieve the 
improvement in the work hardening behavior and ductility while 
maintaining high strength. While these improvements in the mechanical 
properties were reported in the AM 17-4N SS compared to wrought, it is 
expected that AM is not a necessary process to achieve such properties. 
The homogenization heat treatment eliminates the prior AM micro-
structure, leaving the properties dependent on the composition and 
microstructure after heat treatment. Similar to 316LN SS [25], nitrogen 
can be introduced into wrought 17-4 SS to achieve a large volume 
fraction of retained austenite at room temperature. An improvement in 
the mechanical properties compared to the AM 17-4N SS would be ex-
pected if Si–O rich precipitates are reduced, the grain structure is refined 
through thermo-mechanical processing, and if the composition is opti-
mized. Furthermore, a sub-room temperature heat treatment would be 
unnecessary if the wrought material is cold worked, resulting in DIMT, 
to achieve the desired volume fraction of retained austenite prior to 
aging and stabilizing the austenite. However, many questions remain 
regarding the effect of DIMT in aged 17-4N SS on the corrosion prop-
erties, high temperature properties, strain rate properties, and fracture 
toughness. 

5. Summary and conclusions 

The influence of various heat treatments to alter the volume fraction 
and stability of the retained austenite, and on the resulting tensile 
behavior of AM 17-4 SS containing a mass fraction of 0.13% nitrogen 
(AM 17-4N SS) was investigated. This work led to the following 
conclusions:  

1) Homogenization and austenization heat treatments resulted in an 
average austenite volume fraction of 0.27 at room temperature. The 
decrease in austenite fraction was attributed to the recrystallized 
microstructure and from the formation of nitrogen rich precipitates. 

Fig. 13. Comparison between (a) uniform elongation versus YS and (b) uniform elongation versus UTS for different Wr 17-4 SS and AM 17-4 SS from the literature 
[22,46,47,52,54–63]. The star symbols are from this work and have the same color code as Fig. 7, and the other symbols are data from the literature. The vertical 
lines represent the minimum YS and UTS requirements for H900 according to ASTM A693 and ASTM A564. Data presented are for aged (H900 and H925) wrought 
and AM 17-4 SS and 15-5 SS only. If UE was not explicitly reported within the literature, the UE was estimated based on the stress-strain curve. Other conditions are 
not shown for simplicity. No comparison was made regarding loading orientation effects. Strain rates for the experiments reported within this figure are between ≈
10− 4 s− 1 to 10− 3 s− 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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The subsequent liquid nitrogen treatment further decreased the 
average austenite volume fraction to 0.20.  

2) In the unaged AM conditions, the austenite was unstable and the 
majority of the DIMT occurred in the first 5% plastic strain, which 
resulted in a low YS but high work hardening and high UTS. As such, 
the YS was approximately independent of the strength of the 
martensite when austenite was unstable and DIMT was the dominant 
deformation mechanism.  

3) The H900 aging heat treatment maintained a relatively constant 
austenite fraction for both AM-HA and AM-HAQ conditions but 
increased the mechanical stability of austenite. The increase in 
austenite stability along with the precipitation hardening effect 
combined to increase the YS, UTS, and uniform elongation. The 
decrease in the DIMT rate caused a reduction in the hardening rate 
but distributed the hardening over a larger range of plastic strains, 
thereby increasing the uniform elongation. The increase in austenite 
stability was likely due to elemental segregation/partitioning from 
the martensite to the austenite phase during aging from nitrogen or 
from other stabilizing elements.  

4) The local strains within the neck were lower for the AM conditions 
than the wrought conditions (≈ 51% versus ≈ 92%, respectively) 
despite the AM conditions having higher uniform elongation. The 
lower neck ductility in the AM conditions was attributed to the size/ 
distribution of the Nb-rich and Si + O rich precipitates, and poten-
tially from pores from the AM process. 
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