











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, ¢) 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
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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 40° to 50°
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diffraction angle with increased step size (2s/step) were obtained to confirm that no low-intensity
austenite peak at 43.5° 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 N> gas from powder fabrication process could suppress the austenite
transformation from & 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

474



Table 3. Summary of mechanical properties showing an average of three measurements

Yield strength, 0.2%  Ultimate tensile =~ Total elongation Micro-Vickers
Sample

elastic offset (MPa) strength (MPa) (%) hardness (HV)
Powder A-AB 607 + 14 763 + 14 223+0.7 2773+ 10
Powder B-AB 699 + 17 871 +25 19.4+1.0 330.7+9
Powder C-AB 723 + 13 917 +27 10.9+0.9 333.0+5
Powder A-H900 873 +7 953 + 24 16.8 + 5.4 356.1 £10
Powder B-H900 1121 £ 15 1196 + 20 123+28 396.3+9
Powder C-H900 1308 + 30 1467 + 11 93+1.6 461.9 +5
Wrought-AR 841+ 13 1080 + 13 13.1+1.1 353.9+9
Wrought-H900 1371 + 52 1523 + 18 173+1.2 480.2 + 13
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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