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The mechanical behavior and the microstructural evolution of 17-4 precipitation hardenable (PH) stainless
steel processed using selective laser melting have been studied. Test coupons were produced from 17-4 PH
stainless steel powder in argon and nitrogen atmospheres. Characterization studies were carried out using
mechanical testing, optical microscopy, scanning electron microscopy, and x-ray diffraction. The results
show that post-process heat treatment is required to obtain typically desired tensile properties. Columnar
grains of smaller diameters (<2 pm) emerged within the melt pool with a mixture of martensite and
retained austenite phases. It was found that the phase content of the samples is greatly influenced by the
powder chemistry, processing environment, and grain diameter.
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1. Introduction

Selective laser melting (SLM) has been developed as an
additive manufacturing technique for building three-dimensional
metallic parts from metal powders, based on the principle of
selective laser sintering (SLS) (Ref 1, 2). As compared to SLS,
SLM uses a higher power laser source with a wavelength suitable
for melting metallic powders (Ref 3). SLM is gaining consid-
erable interest as an advanced manufacturing technique to
produce versatile components ranging from biomedical to
aerospace applications. In SLM, a planar layer of powdered
metallic material is applied onto a base plate above the build
platform and a laser scans, the regions in the powder layer
according to the profile defined by the computer aided design
(CAD) model. The scanning results in localized melting and
solidification of the powder to form a layer of the part.
Subsequent layers are built one over the other by lowering the
build platform equivalent to the layer thickness, spreading a new
layer of powder, and scanning the subsequent cross-section,
repeating this process until the part is completed. This enables
building of complex internal structures which would not be
possible with conventional manufacturing processes.
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The materials that are commercially available for SLM are
limited due to the fact that extensive investigations into
appropriate process parameter combinations for each different
material are required (Ref 4). Common materials which are
currently available for SLM include alloys such as Ti-6Al-4V
(Ref 5), AISI 316L (Ref 6), 17-4 PH steel (Ref 7), Inconel 625
(Ref 8), M2 high speed steel (Ref 9), and CoCr alloys (Ref 10).
Investigations are underway for the development of new
process methodologies to extent the application of SLM to
other materials. The rapid heating and cooling of small volume
of materials each time in SLM provides the potential to
fabricate complex parts from metallic glass (MG) powders,
which is otherwise rather complicated with other processing
routes such as casting and melt spinning. Fabrication of
Fe-based MG scaffolds using SLM was shown by Pauly et al.
(Ref 11). Li et al. demonstrated the feasibility of fabrication of
marginal Al-based MG using SLM (Ref 12). High melting
point materials such as tungsten carbide (Ref 13) and tantalum
(Ref 14) were also now processed in SLM using high laser
powers and slower scan speeds.

Fabrication of metallic composites from pre-mixed powders
using SLM is another area of interest. Fe/SiC nanocomposites
were fabricated from mixed powders of microsized SiC and Fe
particles using SLM. The fabricated nanocomposite exhibited
strengths much higher than pure iron sample due to modifica-
tion in the matrix microstructure, grain refinement and the
dislocation pinning by nanoscaled SiC particles (Ref 15). Metal
composite of B titanium with randomly dispersed Mo particles
were fabricated from pre-alloyed Ti6Al4V-ELI with 10 wt.%
Mo powder. The addition of Mo suppressed the transformation
of B phase to o martensite during fast cooling and completely
retained the B phase (Ref 16).

This study focuses on the evolution of microstructure and
properties of 17-4 precipitation hardenable (PH) stainless steel
when processed by SLM. PH stainless steels are used in
applications where both high strength and resistance to
corrosion or oxidation are desired. Chromium imparts corrosion
resistance, and strength comes from precipitation of submicron
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copper precipitates upon aging at elevated temperatures. They
have been used extensively in the aircraft, naval, nuclear, and
chemical industries due to their excellent mechanical proper-
ties, machinability and formability. Among the PH steels, 17-4
PH steel is the most commonly used (Ref 17). 17-4 PH steel is
a martensitic PH steel containing 3 wt.% Cu and is strength-
ened by precipitation of copper in the martensitic matrix
(Ref 18). A wide range of mechanical properties can be
achieved by heat treating this alloy between 482 and 621 °C
(Ref 19). Details on SLM of 17-4 PH steel are limited in open
literature (Ref 7, 20).

Very high cooling rates typical for the SLM process can
result in non-equilibrium microstructures for PH steels. The
microstructure of SLM processed samples can be significantly
affected by factors such as high localized heat inputs, very short
interaction times, local heat transfer conditions, and processing
conditions like scanning velocity, hatch spacing (the distance
between two adjacent scan vectors), and scanning strategy.
Therefore, it is necessary to have an understanding of the
microstructural development and the corresponding mechanical
behavior of SLM PH steel parts. The purpose of this work is to
investigate the mechanical performance and the microstructural
evolution of 17-4 PH steel processed using SLM.

2. Experimental Procedure

SLM was performed in a commercial EOSINT M270 direct
metal laser sintering machine using EOS-provided AISI 17-4
composition stainless steel powder. The average particle size
was measured using a Microtrac S3000 particle size analyzer
and was found to be 39 um. The particle size distribution is
shown in Fig. 1. Process parameters used for building the parts
are given in Table 1.

The build chamber was maintained at a pressure of 35 millibars
above atmospheric pressure with a constant supply of inert gas.
Cylindrical dog-bone shaped tensile samples with dimensions
corresponding to ASTM E8 standard were fabricated.
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Fig. 1 Powder size distribution for EOS 17-4 PH stainless steel
powder

Table 1 Process parameters used to build the samples

Scan Hatch Layer
speed, Power, spacing, thickness,
Material mm/s W mm pm
PH steel 800 195 0.10 40
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An allowance of 3 mm was given in the diameter for final
machining. Samples were built in both nitrogen and argon
atmosphere to understand the influence of build environment. A
parallel scan strategy with alternating scan direction was adopted
and for the successive layers the scanning direction was rotated to
90°. The as-built parts were subjected to different heat treatment
steps at 650 °C (for 2 h), 788 °C (for 2 h), and 788 °C (for
2 h) + 482 °C (for 1 h) prior to tensile testing. Tensile specimens
were machined from as-built and heat treated specimens according
to the dimensions specified by ASTM ES standard. Tensile testing
was performed in an Instron 50 kN test machine (Model: 5569A).
A strain rate of 2.5 mm/min was used for the tests.

Microstructural characterization was carried out using optical
microscopy (OM), scanning electron microscopy (SEM) and
x-ray diffraction (XRD). An Olympus BX53 microscope was
used for OM, a high resolution FEG-SEM (FEI NanoSEM) was
used to perform electron microscopy and Bruker DS DISCOVER
machine was used for carrying out XRD. Metallographic
specimen preparation was carried out following standard proce-
dures. Two different etchants were used to characterize the
microstructure. Electrolytic etching with 10% oxalic acid as the
electrolyte was used to reveal the austenitic grain boundaries. The
electrolytic etching was carried out at 6 V dc for 15 s. Modified
Fry’s reagent (1 g CuCl,, 25 mL HCI, 25 mL HNOj;, and
150 mL H,0) was used to reveal the martensitic phase. The
microstructural characterization of the samples was carried at the
horizontal plane perpendicular to the build direction, herein after
referred as plane A, and at the vertical plane parallel to the build
direction, herein after referred as plane B. A schematic of the
build orientation is shown in Fig. 2.

3. Results

3.1 Tensile Properties

Table 2 shows the tensile results of as-built SLM samples and
SLM samples subjected to heat treatment, where the parts were
fabricated in a nitrogen environment. Corresponding stress-strain
plot is shown in Fig. 3. Among the as-built and the three heat
treatment conditions, the as-built sample showed the lowest yield
strength. The condition of as-built SLM PH steel samples is
similar to that of solution treated PH steel, which was expected to
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Fig. 2 Schematic representation of the build orientation and the
planes at which the microstructural characterization was carried out
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result in a higher strength due to the presence of the hard
martensitic phase (Ref 21). The lower strength suggests that the
as-built SLM PH steel samples are not completely martensitic. A
stress relieving heat treatment at 650 °C for 2 h also did not
cause much change in the yield strength. However, the heat
treatments carried out at 788 °C for 2 h, and 788 °C for
2 h + 482 °C for 1 h resulted in significant change in the tensile
strength. The hardening mechanism in PH stainless steel is due
to the solid state transformation occurring while heat treating at
788 °C and the precipitation-hardening occurring while aging at
482 °C (Ref 22). However, the tensile strengths obtained for
specimens heat treated at 788 °C (solutionised) and
788 + 482 °C (solutionised and aged) are almost similar which
means no hardening has occurred during aging. It was also
reported by EOS (the SLM machine manufacturer from their in-
house experiments) that when the as-built EOS 17-4 PH steel
parts were subjected to direct aging at 482 °C the parts did not
age harden. They attributed this to the dual phase microstructure
observed in the as-built part (both martensitic and austenitic
phases) (Ref 23). It is known that the tensile strength of heat
treated 17-4 PH steel is a function of the submicron coherent
copper precipitates precipitated out from the supersaturated
martensitic matrix along the lath boundaries. But the precipita-
tion kinetics becomes sluggish when the austenitic phase
co-exists with the martensitic phase. This is because of the
higher solubility of copper in the austenitic phase.

It is to be noted that the elongation at break for as-built
tested samples is remarkably high when compared to other

conditions. Facchini et al. (Ref 7) and Starr et al. (Ref 24) also
observed similar behavior. This is because of strain hardening
due to the strain induced transformation of retained austenite to
martensite. These results suggest the presence of significant
amounts of retained austenite along with the martensitic phase.
The phases present were thus analyzed by microstructure and
XRD, as described below.

3.2 Microstructure

Figure 4 is an optical micrograph from the plane B (parallel to
the build direction) of an SLM as-built 17-4 PH stainless steel
sample. Melt pool boundaries are distinctly visible, which is in
contrast with the microstructure of SLM processed Ti-6Al-4V
where the melt pool boundaries are not visible (Ref 25). The
average depth of a melt pool is about 60 um, even though the
average powder layer thickness is 40 pm. This is attributed to the
higher energy density of the laser beam and the low powder-bed
density which is typically about 58%, as observed from in-house
experiments. Due to the higher energy input, the top surface of the
previously solidified layer is re-melted and forms part of the new
melt pool. The vertical separation of two overlapping melt pools
can be estimated as the layer thickness. The separation between
the melt pool boundaries may vary at different locations due to
localized inhomogeneity within the melt pool.

A better understanding of the grain morphology within a
solidified melt pool track can be obtained from high magni-
fication SEM-secondary electron (SE) images. Figure 5 shows

Table 2 PH stainless steel tensile properties processed by SLM

Material Condition Yield stress, MPa Ultimate tensile stress, MPa Elongation at break, %
PH steel As-built 570 (13) 944 (35) 50 (1)

650 °C (2 h) 619 (1) 915 (38) 12 (1)

788 °C (2 h) 857 (14) 1487 (10) 7 (1)

788 +482 °C (2 +1h) 1126 (14) 1457 (3) 12 (3)
ASM handbook 17-4 PH 482 °C 1170 1310 10

Values in brackets represent standard deviation for three replicates

788 °C

788 + 482 °C

650 °C

No HT

Tensile stress (MPa)

. —_—
0.0 0.1 0.2 0.3 0.4 0.5
Tensile strain Fig. 4 Optical image of longitudinal cross-section (plane B) of

SLM PH steel sample processed in N, atmosphere showing distinct

Fig. 3 Stress-strain curves of 17-4 PH stainless steel processed in
SLM under N, atmosphere for different heat treatment conditions
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melt pools. Short arrow indicates the melt pool boundaries and the
line with double arrow head shows the depth of the melt pool
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Fig. 5 SEM-SE images of a longitudinal cross-section of a SLM processed 17-4 PH stainless steel part in N, atmosphere. (a) Overall view of
the melt pool (arrows indicate melt pool boundaries). (b) Magnified image of the left side of a. (c) Magnified image of the right side of a. (d)
Columnar grains parallel to the build direction. (¢) Columnar grains inclined along the build direction. (f) Columnar grains perpendicular to the

build direction. (g) Melt pool boundary
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Fig. 6 SEM-SE image of a transverse cross section. (a) Columnar grains with very fine grain diameter. (b) Microstructural difference in adja-

cent tracks (arrow indicates beam scan direction)
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Fig. 7 High magnification SEM-SE images in the transverse cross-section (plane A) of SLM processed 17-4 PH steel sample etched with mod-
ified Fry’s reagent. (a) Processed in Ar atmosphere, (b) processed in N, atmosphere

the SEM-SE image of a region from plane B. An overall view
of two overlapping melt pools can be seen in Fig. 5(a).
Figure 5(b) and (c) shows magnified image of the left and right
side of Fig. 5(a), respectively. The melt pool is characterized by
columnar grains oriented in different directions and a few
bundles of columnar grains cutting across the melt pool
boundaries in the build direction. The microstructural result
implies that the direction of dendritic growth is parallel to the
heat flow and has a high orientation tendency in the melt pool.
Figure 5(d)-(f) shows high magnification images of columnar
grains which fall in the longitudinal cutting plane. The
columnar grains are parallel (Fig. 5d), inclined (Fig. Se), or
perpendicular (Fig. 5f) to the longitudinal cutting plane. This
indicates that the columnar grains grow from multiple locations
in the melt pool boundary and grow toward the center of the
melt pool. Columnar grains have fine-scale grain diameters,
although the length of these grains runs through several layers.
It is known that metal parts produced by laser-based methods
have finer grain sizes than cast or wrought produced parts. This
is due to rapid solidification of the melt pool with cooling rate
close to 10° K/s (Ref 26). The refinement in grain diameter can
be clearly seen in a plane perpendicular to the build direction
(plane A in schematic Fig. 2). Figure 6(a) shows the SEM-SE
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image from the plane A. The grain diameter is found to be less
than 1 pm. When the laser beam scans multiple tracks to fill
regions within a contour, the previously built track which is
adjacent to the melt pool is affected by the thermal excursion.
This results in grain coarsening in the adjacent track (Fig. 6b).
Even coarsened grains, though, have diameters less than 2 pm.

The microstructural characteristics also showed that the
atmosphere used during SLM influences the final microstruc-
ture. Figure 7(a) and (b) shows the transverse cross-section
(plane A) microstructure of 17-4 PH steels processed under
argon atmosphere and nitrogen atmosphere, respectively. The
17-4 PH steel processed under argon atmosphere was com-
prised of predominantly a martensitic microstructure with some
retained austenite whereas the 17-4 PH steel processed under
nitrogen atmosphere resulted in a mixture of martensite and
retained austenite. The primary reason for retained austenite
could be due to the austenite stabilizing effect of nitrogen
(Ref 27). In addition to nitrogen purging during the SLM
process, another source of nitrogen could be from the powder
manufacturing process. The powder supplied by EOS is
nitrogen gas atomized. Hence entrapment of nitrogen can be
expected in these powders. Chemical analysis of the EOS
powder showed the nitrogen content as 0.15%, which is
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Fig. 8 XRD patterns from 17-4 PH samples: (a) processed in argon atmosphere-longitudinal cross section (plane B), (b) processed in Ar atmo-
sphere-transverse cross section (plane A), (c) processed in nitrogen atmosphere-longitudinal cross section (plane B), (d) processed in nitrogen

atmosphere-transverse cross section (plane A)

significant enough to alter the phase composition. Further
investigation on the phase compositions were carried out by
XRD.

3.3 Phase Analysis

The phase analysis carried out by XRD confirmed the
presence of both martensitic and austenitic phases in SLM
processed 17-4 PH steels (Fig. 8). The XRD patterns for PH
steel processed under argon atmosphere (Fig. 8a and b) shows
peaks corresponding to the martensitic phase and very low
intensity y peaks indicating retained austenite. The retained
austenitic content was estimated to be about 8%. For PH steel
processed under a nitrogen atmosphere (Fig. 8¢ and d), the vy
peak intensities are closer to the peak intensities of the
martensitic phase. The percentage of austenitic phase was
estimated to about 75% in the vertical plane (plane B) and 50%
in the horizontal plane (plane A). Co-existence of both
martensitic and austenitic phases in the parts produced in
nitrogen atmosphere clearly indicates that the nitrogen atmo-
sphere has influenced the stabilization of austenite. The
difference in austenitic and martensitic peak intensities between
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the horizontal and vertical planes shows the existence of strong
texture due to columnar grain formation. The influence of grain
alignment with respect to the vertical and horizontal directions
is clearly visible for the parts fabricated under N, atmosphere
(Fig. 8c and d). In the plane parallel (plane B) to the build
direction, austenitic peaks showed higher intensity, whereas in
the plane perpendicular (plane A) to the build direction
martensitic peaks are dominant. This illustrates directionality
in crystallographic orientation (texture) associated with the heat
transfer conditions in the melt pool, which is also evident from
the melt pool microstructure.

4. Discussion

The condition at which the powder is prepared, nitrogen gas
atomized or argon gas atomized, and the environment within
the build chamber, nitrogen purged or argon purged, influence
the final properties of the PH stainless steel parts produced in
SLM. In this study, the influence of build environment is
mainly addressed. The PH stainless steel powder used was

Journal of Materials Engineering and Performance



produced by nitrogen gas atomization by the powder manu-
facturer. The volume fraction of martensitic phase and austen-
itic phase in the PH stainless steel parts varied significantly
when processed under argon and nitrogen atmospheres. A fully
martensitic structure is generally expected when PH stainless
steel undergoes rapid cooling after melting. Almost complete
martensitic structure with small amount of retained austenite is
obtained for SLM PH stainless steel parts when argon is used as
the covering gas. However, when the same PH stainless steel
powder is processed with nitrogen as the covering gas the
microstructure obtained is a mixture of martensitic and retained
austenitic phases. This clearly shows the influence of nitrogen
on the observed microstructure and the importance of build
environment in getting desired microstructure.

The presence of retained austenite and its amount has
significant influence on the mechanical properties and perfor-
mance characteristics of martensitic type stainless steels. The
presence of retained austenite can either be detrimental or
beneficial depending on the intended application. When a part
is put into service, the temperature variations or the loading
conditions may cause phase changes in retained austenite,
resulting in significant volume changes that lead to cracking
(Ref 28). Retained austenite can cause premature wear on
sliding and rolling components because it is a softer constitu-
tion of the matrix. However, earlier studies have demonstrated
the beneficial effects of retained austenite. The studies indicate
that the transformation of retained austenite during work
hardening allows more plastic strain to be accommodated prior
to crack initiation and prevent the propagation of fatigue cracks
(Ref29). Though the presence of retained austenite can provide
good toughness, it will severely affect the tensile properties.
The retained austenite is a metastable phase which is very
sensitive to tensile stresses and hence it could easily transform
to fresh and brittle martensite (Ref 30).

Conventionally, cast or wrought 17-4 PH steels are hardened
by solutionizing followed by quenching and precipitation
hardening. The austenite formed during solutionizing trans-
forms to martensite while quenching through the M, temper-
ature. The M, temperature for 17-4 PH steel is typically 132 °C,
and the M; temperature for 17-4 PH steel is typically 32 °C
(Ref 31). In a solution annealed condition, very small amount
of austenite is retained along the prior austenitic grain
boundaries. The strain developed at the high angle boundaries
during quenching of the material suppresses the transformation
of austenite into martensite in localized regions leading to small
amount of austenite being retained in the material (Ref 32).
However, a significant amount of austenite will be retained
when the M, and M; temperature is lowered. The M, and M;
temperature is influenced by various factors such as the
composition of alloying elements, supersaturation of the
austenitic phase, residual stress, dislocation density, inter-
dendritic spacing, and grain diameter. Any of these factors can
bring down the M, temperature to room temperature or below.
This results in the incomplete transformation of martensite,
leading to the retention of significant amount of austenite in the
final microstructure. The retained austenite levels increase
linearly with decreasing M temperature (Ref 28). Also, the
stability of retained austenite, which is crucial to the mechan-
ical properties of the steel, is affected by the chemical
composition of retained austenite, the size/morphology of
retained austenite and the neighboring microconstituents
(Ref 33). In SLM, the cooling rates are high enough to form
a complete martensitic structure. But the aforementioned
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factors could influence the volume fraction of retained austen-
ite. As observed from the results, influence of nitrogen is the
primary cause for retention of austenite in this case. Along with
nitrogen, another factor which might influence the stabilization
of austenite could be the grain diameter. The grain diameter of
the parent phase has a great effect on the M temperature.
Takaki et al. (Ref 34) reported that grain refinement of austenite
to 1 um or less is very effective for suppressing the martensitic
transformation. The mechanism of austenite stabilization by
grain refinement is due to the relationship between austenite
grain size and the elastic strain energy required for martensitic
transformation. For the martensitic transformation to occur,
plastic deformation must be initiated. The shear stress required
for the formation of martensite increases with decreasing grain
size via the Hall-Petch relationship. This brings down the M
temperature to room temperature or below. Jiang et al. (Ref 35)
proposed a semi-empirical relationship between grain diameter
and M; temperature. Colaco and Vilar (Ref 36) studied this
relationship when laser surface melting martensitic stainless
steel AISI 420. They found that the A decreases slowly from
115 to 100 °C as the grain size changes from 1000 to 50 pum.
For grain sizes smaller than 10 pm, the M falls sharply,
reaching 20 °C when the grain size is 2.7 um. Another study on
surface modification of AISI 420 martensitic type stainless steel
using laser engineered near net shaping (LENS) also showed
the refinement of austenitic dendrites as the reason for an
increase in the amount of retained austenite (Ref 37). In SLM
samples, the grain diameter is found to be less than 2 pm. This
implies that the finer grain size exhibited by the SLM PH steel
samples could also contribute to the degree of retained
austenite. Therefore, it can be concluded that the metastable
austenite observed in SLM 17-4 PH steel samples are due to the
combined effect of nitrogen and the grain refinement.

The amount of retained austenite in SLM 17-4 PH steel
samples can be controlled either in-process or by subjecting the
part for post-processing. In laser surface melting of tool steels,
it was shown that by modifying the laser processing parameters
the microstructure can change from almost completely austen-
itic to almost completely martensitic (Ref 38). Similar approach
can be employed in SLM to reduce the retained austenite
content by proper combination of laser parameters such as laser
power and laser scan speed. The post-processing methods to
transform retained austenite to martensite include sub-zero
treatment or cryogenic treatment and tempering. Das et al.
showed that retained austenite content in a finished tool steel
part can be almost completely eliminated by both shallow and
deep cryogenic treatments (Ref 39). Tempering is another
method to transform retained austenite. Multiple tempers are
often performed to ensure the maximum transformation of
retained austenite. PH steel processed in SLM can be subjected
to above-mentioned methods to transform the retained austenite
to ensure the desired microstructure and properties.

5. Conclusions

The mechanical and microstructural features of 17-4 PH
steel processed using SLM have been investigated and the
results are as follows:

1. The as-built parts have lower yield and ultimate tensile
strength as compared to solutionized and aged samples.
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Elongated columnar grains formed within the melt-pool
and few bundles of columnar grains cut across multiple
melt-pool boundaries. The orientation of the grains
depends on the local heat transfer conditions.

The microstructure is comprised of martensite and
retained austenite. Parts build under nitrogen atmosphere
contains a mixture of both retained austenite and martens-
ite, whereas parts build under argon atmosphere is mostly
martensitic with small amount of retained austenite.
Stabilization of austenite is enhanced by the presence of
nitrogen and the M; temperature is lowered due to the pre-
sence of fine grains that are the result of rapid cooling.
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