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Abstract 

     Post-build heat treatments such as solutionizing and precipitation hardening are recommended 
for selective laser melting (SLM) processed components to achieve a homogeneous 
microstructure. In this study, the effect of powder elemental composition on microstructures and 
mechanical properties of SLM processed 17-4 PH was studied in the as-built and precipitation 
hardened (H900) condition without prior solutionizing. Microstructural characterization 
demonstrated that H900 increased martensite phase composition for samples from powder with 
low chromium to nickel equivalent (Creq/Nieq) value, whereas no significant difference was 
observed for the samples from powders with high Creq/Nieq value. None of the specimens exhibited 
austenite reversion and strain hardening behavior in the as-built and H900 conditions. Low 
Creq/Nieq specimen exhibited higher yield and tensile strengths, and microhardness from H900, 
which are comparable to H900 wrought sample. However, no significant improvement in total 
elongation was observed other than uniform elongation for low Creq/Nieq specimen. 

Keywords: 17-4 PH stainless steel, Selective laser melting, Electron backscatter diffraction 
(EBSD), Phase composition, Mechanical Properties, H900 hardening 
 

Introduction 

     Laser powder bed fusion (L-PBF) processing of precipitation hardenable (PH) martensitic 
stainless steels, specifically 17-4 PH, are of great interest because of their unique combination of 
high strength and corrosion resistance. The microstructure and mechanical properties of L-PBF 
processed 17-4 PH stainless steel alloy parts are highly dependent on the powder chemical 
composition and the post-build heat treatments. Recent studies focused on improving yield 
strength, hardness and fatigue behavior by optimizing processing conditions and heat treatments 
[1-7]. State of the art literature on L-PBF processed 17-4 PH reveals a strong dependence of 
material microstructure and phase constitution on process parameters, particularly the presence of 
a significant fraction of retained austenite [1, 3, 4, 8] or retained δ ferrite [9] in the as-built 
condition. Extremely high temperature gradients induce nonhomogeneous grain size and residual 
stresses in L-PBF parts [10, 11]. Post-build heat treatments were recommended to relieve the stress 
and to obtain uniform grain size. Solutionizing is used for uniform distribution of the elements in 
the alloy, whereas precipitation hardening induces nanoscale Cu rich precipitates which play a key 
role in enhancing the mechanical strength and hardness. However, heat treatments are time 
consuming and expensive. Very limited research has been focused on microstructure and 
mechanical properties in the as-built condition as well as H900 condition without prior 
solutionizing. The effect of atomizing gas on microstructure and mechanical properties in the as-
built and hardened condition was studied [12]. Hardening using H900 alone without solutionizing 
inhibited strengthening due to the large volume of retained austenite [13]. However, the alloy 
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powder chemical composition effect on microstructure and tensile properties was not explored in 
detail. The objective of the current study is to determine the effect of powder chemical composition 
on the microstructure and mechanical properties of L-PBF processed 17-4 PH in the as-built and 
H900 conditions. Previous work by the authors of this paper outlined the L-PBF processed 17-4 
PH texture and phase composition sensitivity to powder chemical composition in the as-built 
condition [14]. Powder with lower Creq/Nieq value produced a component with largely martensitic 
phase with some residual δ ferrite and retained austenite. In this study, microstructure and 
mechanical properties of components from three different commercially available Ar-atomized 
17-4 PH powders that conforms to the UNS S17400 specification range were explored in the as-
built and H900 conditions and compared with wrought under identical conditions. In-depth 
microstructure characterization was carried out using optical microscopy (OM) and electron 
backscatter diffraction (EBSD) techniques. Microhardness and tensile properties were measured 
to validate the microstructural analysis.  

 
Experimental 

     In this study, 17-4 PH stainless steel test specimens were built using a commercial EOSINT 
M290 SLM machine. Three commercially available Ar-atomized powders (Powder A, Powder B 
and Powder C) with a different chemical composition that conforms to the UNS S17400 
specification range were used for this study. The chemical composition of wrought 17-4 PH and 
the three powders and Creq/Nieq values based on WRC-1992 equations were tabulated in Table 1 
[15]. All the test specimens were fabricated with the optimized SLM parameters using a standard 
build strategy, which involves bidirectional beam scanning with a scan rotation angle of 67o, and 
all the parts exhibited a full density. Detailed powder properties and part densities were discussed 
elsewhere [16]. Processing parameters deployed in this study included laser power of 190 W, 
scanning speed of 750 mm/s, hatch distance of 0.100 mm, layer thickness of 0.040 mm and build 
plate temperature of 40 °C. As-received wrought material and the as-built SLM test specimens 
were subjected to H900 heat treatment at 482 oC for 1 hour then air cooled. For shorthand notation, 
“AB” and “H900” suffixes attached to the name of the powder for the as-built and H900 
conditions, respectively. 
 
     As-received (annealed) wrought samples (Wrought-AR) and H900 wrought samples (Wrought-
H900) were cut such that the section surface is normal to the rolling direction. Metallographic 
sample preparation was done using a specific metallographic sample preparation method that can 
be found elsewhere [14]. The freshly polished sample’s surface was etched by a Kalling’s no. 2 
reagent for 1 to 2 minutes using an immersion method. The etched samples were rinsed in 
isopropyl alcohol immediately and air-dried. The etched samples were examined along the build 
direction using an Olympus BX53 optical microscope. Samples were further polished using GIGA 
0900 vibratory polisher using colloidal silica suspension for EBSD. EBSD was carried out at 20 
kV using an FEI Teneo field emission SEM equipped with an EDAX TEAM EBSD system. For 
EBSD analysis, the polished samples from sections parallel to build direction were tilted 70o to the 
electron beam and 12 mm working distance was maintained. The step size used for the EBSD 
analysis ranges from 0.3 to 1.5 μm. The EBSD data acquired were processed using TSL OIM 
analysis software.  
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     Tensile testing was performed in an Instron 50 kN test machine (Model: 5569A) using ASTM 
E8-16 standard tensile testing method. Tensile testing specimens were machined out using 
electrical discharge machining (EDM) from the bulk material primitives according to the 
dimensions specified by the ASTM E8 standard to mitigate the surface related artifacts of the SLM 
process. The hardness of the samples was evaluated by performing Vickers micro-hardness 
measurements on the polished sections using Shimadzu’s HMV-G21. At least 10 measurements 
were taken diagonally from each sample using a load of 980.67 mN (100 gf) with a 10 s holding 
time. 
 
Table 1. Chemical composition (wt.%) of the three Ar-atomized 17-4 PH stainless steel powders 
and as-received wrought 

 Cr Ni Mo Nb+Ta C N Cu Mn Si Fe Creq/Nieq 

Powder A 16.12 4.15 - 0.2 0.02 0.007 3.21 - 0.79 Bal. 2.81 

Powder B 16.7 4.29 0.05 0.27 0.01 0.031 4.49 0.2 0.36 Bal. 2.65 

Powder C 15.6 4.7 - 0.22 0.01 0.036 3.61 0.5 0.38 Bal. 2.36 

Wrought 15-17.5 3-5 0-0.5 0-0.45 0-0.07 - 0-5.0 0-1.0 0-1.0 Bal. - 

*Provider datasheet 
*Creq = Cr + Mo + (0.7 x Nb) 
*Nieq = Ni + (35 x C) + (20 x N) + (0.25 x Cu) 

 
Results and Discussion 

 
Microstructure and Phase Composition 
 
     Optical micrographs of etched samples in the as-built and H900 conditions along the build 
direction are shown in Fig. 1. Powder A and Powder B samples have columnar grains that are 
grown across several melt pool boundaries along the build direction. Small martensitic laths can 
be seen below the melt pool boundary for Powder A sample. There is no significant difference 
observed in the microstructures of Powder A, Powder B and Powder C samples after H900 heat 
treatment from optical micrographs. Powder A and Powder B samples exhibited a large δ-ferrite 
phase constituent after H900 heat treatment similar to the as-built samples. However, Powder C 
sample has a fine grain microstructure in the as-built as well as in heated conditions. In order to 
get a more detailed understanding of Powder C sample microstructure, further analysis was 
performed using EBSD and compared with the Wrought-H900 sample. In-depth microstructure 
and phase evolution analysis for all three SLM samples in the as-built condition can be found 
elsewhere [14]. EBSD orientation maps obtained from an area of 400 μm x 300 μm for Powder C-
H900 and Wrought-H900 are shown in Fig.2(a,b). FCC-austenite grains can be clearly seen in 
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higher magnification orientation maps obtained from an area of 99 μm x 72 μm as shown in Fig. 
2(c, d)  (separated by a black line). EBSD phase analysis indicates that austenite volume fraction 
in Powder C-H900 and Wrought-H900 samples are 2.3 and 1.2%, respectively. Powder C-H900 
sample exhibited inhomogeneous grain size distribution by having coarse columnar grains 
whereas, Wrought-H900 has more homogeneous grain size distribution. The average grain size for 
Powder C-H900 sample is 9.5 μm including FCC and BCC grains by excluding low angle grain 
boundaries (LAGBS) for martensitic laths. The average martensitic block size for Powder C-H900 
and Wrought-H900 samples are 12.6 and 4.3 μm, respectively. Powder C-H900 sample has fine 
grain regions from transformed martensite whereas coarse columnar grains are from retained δ 
ferrite [14].  Fig. 3 shows overlay of orientation and image quality (IQ) maps for same maps from 
Fig. 2(c, d). It can be seen the darker contrast within the grains in martensitic region due to the 
poor image quality from the distorted BCT crystal structure. EBSD grain boundary maps 
corresponding to orientation maps in Fig. 2(c, d) and 3 (a, b) are shown in Fig. 3(c, d). Grain 
boundaries are color-coded by green (2-17o), red (17-49o) and black (49-180o). LAGBs (2-17o) 
were observed in the fine grain region but not in the columnar grains for Powder C-H900 sample 
indicating that columnar grains are δ ferrite grains and were not transformed to martensite upon 
cooling. The linear fraction of LAGBs for Powder-C sample is 48.1% and increased from 35% in 
the as-built condition [14]. The linear fraction of Wrought-H900 sample is 59.6% and these are 
uniformly distributed throughout the specimen. As shown in Fig. 4, frequency of martensitic 
boundaries observed above 49o and below 17o. Parent austenite grain boundaries and lath 
boundaries (specifically wrought sample) can be seen in Fig. 3(a, b) which arise from the IQ 
contrast. As shown in Fig. 3(c,d), grain boundaries that are drawn using misorientation angle 17o-
49o (red) are in good agreement with parent austenite grain boundaries seen in Fig. 3(a, b). 
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Fig. 1. Optical micrographs of etched 17-4 PH metallographic sections: As-built (a) Powder A, 
(c) Powder B and (e) Powder C; H900 (b) Powder A, (d) and Powder B (f) Powder C 
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Fig. 2. EBSD orientation maps (a, c) Powder C H900, (b, d) Wrought H900 
 
     (100) pole figures corresponding to the EBSD orientation maps (Fig. 2(c, d)) are shown in Fig. 
5. Both Powder C-H900 and Wrought-H900 samples have higher {100} texture strength compared 
to {110} and {111}. Weaker {100} texture strength for Powder C-H900 sample compared to 
Wrought-H900 sample could be due to the large grain growth rate, which led to parent austenite 
grain refinement which can be seen in Fig. 3(c). Stronger texture for wrought sample can be due 
to large plastic deformation and subsequent recrystallization from hot rolling as the sample surface 
is normal to the rolling direction [17]. 
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Fig. 3. EBSD IPF and IQ overlay maps (a, b), grain boundary misorientation maps: 2°–
17°(green), 17°–49°(red), and 49°–180°(black) 
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Fig. 4. The frequency distribution of parent austenite grain boundaries vs. misorientation angle 
 
 

 
Fig. 5. (100) pole figures along build direction for Powder C-H900 and Wrought H900 samples 
 
     Fig. 6(a, b) shows the XRD spectra that were obtained from the specimen sections along the 
build direction for all three Ar atomized powder and wrought samples. XRD scans from 40o to 50o 
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diffraction angle with increased step size (2s/step) were obtained to confirm that no low-intensity 
austenite peak at 43.5o is present. From XRD data no detectible metastable austenite is present in 
any of these samples. Table 2 details the volume fraction of austenite observed for all the samples 
from XRD and EBSD analysis. EBSD phase analysis exhibited austenite volume fractions for 
Powder C-H900 and Wrought-H900 samples are approximately 2.3 and 1.2%, respectively. In 
general, the standard heat treatment process for 17-4 PH [13, 18, 19] causes austenite reversion 
from martensite due to the chemical stabilization by the diffusion of the alloying elements. 
However, XRD and EBSD results indicate that there is no significant austenite reversion occurred 
in Powder C and wrought samples from H900 heat treatment. All three SLM processed samples 
have no significant amount of austenite in the as-built condition as well [14]. Out of various 
possibilities, low concentration of austenite stabilizing elements specifically Ni and Mn in Powder 
A and Powder B, high cooling rate from SLM fabrication process accompanied by no additional 
austenite stabilizer such as N2 gas from powder fabrication process could suppress the austenite 
transformation from δ ferrite upon cooling. More interestingly, EBSD results exhibited lower 
austenite volume fraction in Powder C-H900 sample compared to the as-built sample indicating 
that there is no austenite reversion from hardening. XRD patterns also indicate that Powder C-
H900 has weaker global texture compared to Wrought-H900 sample by disappearing the BCC 
ferrite peaks at (200), (211) and (220) along with the reduced relative intensity of (110) peak (Fig. 
6(a, b)). 
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Fig. 6. XRD patterns of all three Ar atomized SLM processed and wrought samples in the as-
built/as-received and H900 conditions  
 
 

Table 2. Measured austenite volume fraction from XRD and EBSD 
 

 
XRD EBSD 

As-built H900 As-built H900 

Powder A ND ND <1 - 

Powder B ~2.6 ND <1 - 

Powder C ND ND ~3.7 ~2.3 

Wrought ND ND - ~1.2 
                             *- not measured, ND- not detected 
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Mechanical Properties 
 
     Typical engineering stress-strain curves for SLM and wrought samples in both the as-built and 
H900 conditions are represented in Fig. 7(a, b). Among the three SLM samples, Powder C-AB 
sample has higher yield strength with poor elongation and non-uniform plastic deformation in the 
as-built condition. Overall, the shape of the stress-strain curves for Powder C-AB and Wrought-
AR samples are similar that exhibiting a non-uniform plastic deformation from untempered 
martensitic phase constituent. All the measured mechanical properties are detailed in Table 3. 
H900 increased the yield strength for all the samples including wrought. Total elongation for all 
H900 SLM samples weakened after uniform plastic deformation. This observation is consistent 
with SLM processed 17-4 PH [4]. This could be due to the internal stresses and porosity from the 
layer-by-layer fabrication of the SLM process. No strain hardening behavior is observed in any of 
these samples. This can be attributed to the insignificant amount of retained or reverted austenite, 
which is not sufficient to induce any transformation-induced plasticity (TRIP). Wrought-H900 
sample exhibited higher elongation, approximately 17.3%, whereas SLM fabricated sample did 
not exhibit any improvement in the elongation from H900. The ultimate tensile strength of Powder 
C-H900 (~1467 MPa) is comparable to Wrought-H900 ((~1523 MPa) and is higher than the 
material standard minimum (~1310 MPa) for H900 followed by a solution heat treatment [20]. 
Tensile and yield strengths of Powder C-H900 are higher than many reported tensile and yield 
strengths of SLM processed solutionized and hardened 17-4 PH [4, 13, 21, 22]. Despite lower 
yield and tensile strengths for Powder A and Powder B samples, the total elongation was observed 
to be higher in the as-built and H900 conditions compared to Powder C samples. Unlike wrought 
samples, SLM samples total elongation to failure is not improved with H900 from the as-built 
condition. However, direct hardening using H900 condition enhanced the uniform elongation for 
Powder C sample. Vickers microhardness increased with H900 for all the samples (Table 3). 
Among all SLM processed samples, Powder C-H900 sample exhibited higher microhardness, 
comparable to Wrought-H900 sample. This result is consistent with the similarity observed in yield 
and tensile strengths for Powder C-H900 and Wrought-H900 samples. However, tensile results 
clearly showed the lower total and uniform elongation for Powder C-H900 compared to Wrought-
H900 sample.  
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Fig. 7. Representative tensile engineering stress-strain curves for Powder A, Powder B, Powder 
C and wrought samples (a) as-built, (b) H900 
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Table 3. Summary of mechanical properties showing an average of three measurements 

 

Conclusions 
 

     In this study, microstructures and mechanical properties of SLM processed 17-4 PH were 
evaluated with respect to initial powder chemical composition. Mechanical performance varied 
greatly as a result of the evolution of phases resulting from the disparity in the powder chemical 
composition and H900 heat treatment. H900 hardening - without prior solutionizing - of SLM 
sample with low Creq/Nieq powder resulted in yield and tensile strengths, and microhardness values 
that are comparable to wrought samples in H900 condition.  Wrought total elongation was greater 
than that for all SLM samples under all conditions. Regardless of the powder chemical 
composition, no austenite reversion was observed after H900 treatment. 
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