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Water-atomized and gas-atomized 17-4 PH stainless steel powder were used as feedstock in selective laser
melting process. Gas atomized powder revealed single martensitic phase after printing and heat treatment independent of energy density. As-printed water atomized powder contained dual martensitic and austenitic phase
regardless of energy density. The H900 heat treatment cycle was not eﬀective in enhancing mechanical properties of the water-atomized powder after laser melting. However, after solutionizing at 1315ºC and aging at
482 °C fully martensitic structure was observed with hardness (40.2 HRC), yield strength (1000 MPa) and ultimate tensile strength (1261 MPa) comparable to those of gas atomized (42.7 HRC, 1254 MPa and 1300 MPa)
and wrought alloy (39 HRC, 1170 MPa and 1310 MPa), respectively. Improved mechanical properties in wateratomized powder was found to be related to presence of ﬁner martensite and higher volume fraction of ﬁne Cuenriched precipitates. Our results imply that water-atomized powder is a promising cheaper feedstock alternative to gas-atomized powder.

1. Introduction
17-4 PH stainless steel is known as AISI 630 stainless steel and is a
lath martensitic stainless steel hardened by precipitation of Cu-rich
spherical particles in the martensitic matrix. 17-4 PH stainless steels
have good mechanical properties and corrosion resistance at typical
service temperatures below 300 °C [1,2] and are used in marine environments, power plants (light-water and pressurized water reactors)
and powder metal injection molding industries. With solution annealing
of 17-4 PH stainless steel at 1050 °C and aging at 482 °C, Cu-rich phase
precipitate as coherent spherical bcc structures that would result in
increased tensile strength and toughness [3]. Coherent (bcc) Cu-rich
precipitates usually transform to non-coherent fcc-Cu-rich particles
upon extended aging at 400 °C [4]. Reversion of martensite to the
austenite during aging is explained by the concentration of austenite
stabilizing elements led by diﬀusion and lower martensitic transformation start (Ms) temperature [5].
Selective laser melting (SLM) is an additive manufacturing (AM)
technology to produce complex three-dimensional parts through solidifying successive layers of powder materials on the basis of a 3D
computer aided design (CAD) model. SLM is associated with complete
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melting of the powder material [6,7]. Because the weldability of 17-4
PH martensitic stainless steel is good for the usual arc welding processes, this class of steels is a promising alloy for SLM method [8,9].
Researchers have manufactured 17-4 PH components via SLM technique and have reported formation of metastable austenite and martensite phase as a result [10,11]. Murr et al. [12] explored the role of
nitrogen and argon as the atmosphere of SLM chamber on formation of
austenitic structure and ferritic/martensitic, respectively. Co-existence
of both martensite and retained austenite in the SLM manufactured
parts produced in nitrogen atmosphere clearly indicates that the nitrogen atmosphere has inﬂuenced the stabilization of austenite [12].
Facchini et al. [11] analysis showed that the as-fabricated 17-4 PH
stainless steel has 70% mass fraction of metastable austenite, which
transformed to the martensite phase during tensile deformation
[13,14].
Farshidianfar et al. [15] has carried experiments to control the
microstructure of Laser Additive Manufacturing (LAM) parts by controlling the cooling rate. Yadollahi et al. and Luecke [8,16] investigated
the eﬀect of build rotation during SLM on tensile and fatigue properties
of 17-4 PH steel parts and found un-melted regions caused by lack of
fusion signiﬁcantly reduced their tensile and fatigue strength. Raﬁ et al.
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1h in H2 atmosphere and then aged at 482 °C in N2 atmosphere for 1h
(H900) and (2) specimens were solutionized at 1315 °C for 45 min in H2
atmosphere and then aged at 482 °C for 1 h in N2 atmosphere. The
specimens were then polished using a standard polishing procedure and
electro-etched in a solution of (NaOH 33% Electrolyte at 5 V for 2 min).
An Instron 5982 dual column testing system utilized with a 100 kN
force load cell and strain rate of 10−3 s-1 was used for tensile tests.
Hardness was measured using the Rockwell C hardness scale (150kg
load). Density of specimens were measured by Archimedes method
using a Metter Toledo XS104 weighing balance equipped with a density
measurement kit. Leica optical microscope was utilized to study the
microstructure of printed components. A Bruker D8 discover X-ray
diﬀraction instrument was used to analyze the phase structure. Scheil
model for non-equilibrium solidiﬁcation and prediction of phase fraction during SLM process were performed using Thermo-Calc software
integrated with TCFE8 database. The simulation were performed for a
step size of 1 °C from liquid phase up to remaining liquid fraction reach
the 0.1. Microstructure of heat treated samples were studied by transmission electron microscopy (TEM) using FEI Titan TEM/STEM with
ChemiSTEM capabilities. FEI Quanta 3D ﬁeld emission dual beam
scanning electron microscope (SEM/FIB) was used to prepare samples
for TEM.

[17] investigated the mechanical properties and microstructure of 17-4
PH manufactured by SLM and found that columnar grains with smaller
diameters (< 2 μm) which appear in the melt pool had a combination of
martensite and retained austenite phases. They found that the processing environment, grain size and chemistry of powder had a great inﬂuence on the phase content of sample.
Recently, powder characteristic such as size, distribution and morphology of particles got special concern in SLM process [18–20]. In all
of the SLM process of 17-4 PH SS, gas atomized 17-4 PH was used as
feedstock [8,12,17,21]. However, the production cost of per kilogram
of water atomized powder is relatively lower than that of gas atomized
powder [22]. Considering 17-4 PH water-atomized powder that has
much less nitrogen (0.02 wt.%) at a cheaper production rate is a novel
approach that will mitigate the aforementioned issues of cost and high
nitrogen content. Few studies have evaluated the ﬁnal properties of
water-atomized 316L stainless steel and H13 tool steel powder
equivalent to those produced with gas-atomized powder. Comparing
those made with gas-atomized and water-atomized powder, the water–atomized samples shows superior surface ﬁnish, uniformity in deposition and bonding between layers. [23–25]. In our former study
[18], gas-atomized 17-4 PH powders when processed at lower energy
densities (80–84 J/mm3) showed better densiﬁcation and mechanical
properties compare to high energy density (104 J/mm3). Using high
energy density of 104 J/mm3 for water-atomized powder, made the
relative density and mechanical properties, comparable to the gasatomized powder. Only as printed parts were characterized in our
former study [18], and no data were provided on the post-processing of
17-4 PH components manufactured by SLM process.
The objective of this study is to investigate the eﬀects of atomizing
media (water atomization versus gas atomization) as well as heat
treatment (solution annealing and aging) temperature on phase transformation and mechanical properties of laser melted 17-4 PH parts. Our
results (as shown later) will demonstrate the practicality of using relatively cheaper water-atomized 17-4 PH powders as feedstock strongly
depends on designing a non-standard and eﬀective thermal post processing.

3. Results and discussion
The powder feedstock characteristics such as particle size distribution (PSD), apparent density (AD), tap density (TD) and Hausner ratio
values were measured as shown in Table 2. The AD of powder is deﬁned
by mass per unit volume of loose powder which provides a measure of
the “ﬂuﬃness” of a powder [26]. The median particle size of gas atomized and water atomized powder were 13 and 43 μm, respectively.
PSD selected here was similar to PSD used by Raﬁ et al. [17] with the
mean particle size of 39 μm and PSD used by Murr et al. [27] with two
diﬀerent mean particles sizes of 19 μm and 25 μm. In our former study
[16], four diﬀerent PSD were used with mean particle size of 13, 17, 24
and 43 μm, however our primary focus of this study is on mean particle
size of 13 and 43 μm.
The density of manufactured part is related to the density of powder
bed. Many factors inﬂuence the density of powder bed such as particle
shape, particle size, powder surface morphology and ﬂowability of the
powder [28]. Therefore, powder ﬂowability is one of the topics of
concern when producing parts in SLM process. If the powder does not
spread in a consistent manner, the density of manufactured part varies
from region to other region and the porosity emerged in the manufactured parts and reduces the mechanical properties. The Hausner
ratio is a number which is correlated to the powder ﬂowability and is a
useful measure of cohesion [26]. It is calculated using the equation
shown below [11]:

2. Material and methods
Gas-atomized and water-atomized 17-4 PH SS powders procured
from Sandvik and North American Hoganas (NAH), respectively. The
chemical composition of gas-atomized and water-atomized powder,
which is provided by vendors, is given in Table 1. Water-atomized 17-4
PH powder had higher carbon content than gas-atomized powder because it was designed for conventional powder metallurgy (pressing
and sintering) and metal injection molding. It is because higher carbon
content of water-atomized 17-4 PH would result in higher green
strength required in conventional powder metallurgy [22]. Water-atomized 17-4 PH powder with chemical composition similar to that of
gas-atomized powder is not available.
A 3D Systems ProX 200 machine with an yttrium ﬁber laser system
with maximum power of 300 W was used to manufacture the tensile
specimens under argon atmosphere as per speciﬁcations of ASTM E8
standard. The specimens were printed using two diﬀerent laser energy
densities (64 and 104 J/mm3). Two diﬀerent post processing regimes
were used in this study; (1) specimens were solutionized at 1051 °C for

H=

C

Cr

Cu

Mn

Ni

P

S

Si

Nb

Gas-atomized
Wateratomized

0.03
0.208

15-17.5
17.74

3-5
3.94

1
0.13

3-5
3.54

0.04
0.013

0.03
0.008

1
0.3

0.25
0.35

(1)

Where ρT is tap density and ρA is apparent density. Hausner ratio of
water-atomized (1.301) was less than gas-atomized (1.324). Many
factors play rolls in ﬂowability of powders such as the shape and size of
particles. In general, gas atomized powders, because of having spherical
shape, show better ﬂowability rather than water-atomized powders
which have irregular shape [28]. However, in this study, because
water-atomized powders have bigger particle size, the interlocking
forces between the particles reduce and eliminate the roll of particle
shape, therefore, the ﬂowability of water-atomized powders is comparable to gas-atomized powder. Fig. 1 shows the SEM micrographs of
the two powders used in this study. Gas-atomized powders shown in
Fig. 1a are spherical particles with D50 = 13 μm. Water-atomized
powder shown in Fig. 1b had a mixture of semi-spherical and rounded
shapes with relatively clean particles without satellites and
D50 = 43 μm.

Table 1
Chemical composition of 17-4 PH stainless steel for gas-atomized and wateratomized powders (wt.%).
Powder

ρT
ρA
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Table 2
Particle size distribution of the17-4 PH stainless steel gas-atomized and water-atomized powders.
Powder

Gas-atomized (G)
Water-atomized (W)

Particle size distribution
D10 (μm)

D50 (μm)

D90 (μm)

5
26

13
43

27
67

Apparent Density(g/cm3)

Tap Density (g/cm3)

Hausner Ratio

3.040 ± 0.002
2.813 ± 0.002

4.027 ± 0.038
3.660 ± 0.062

1.324
1.301

rate). Both austenite and martensite phases were present in samples
manufactured from water-atomized powder, because of combined effect of dissolution of carbon that can stabilize formation of austenite
and rapid solidiﬁcation during SLM that can lead to formation of
martensite [17].
The XRD-patterns for both water and gas-atomized specimens at
both the laser energy densities (64 J/mm3 and 104 J/mm3) are shown
in Fig. 4a and b, respectively. Printed gas-atomized powder showed
only martensitic phase. The phases for gas-atomized remained unchanged after increasing energy density from 64 to 104 J/mm3
(Fig. 4a). The as printed water-atomized powder samples dual austenitic and martensitic structure at both energy density of 64 and 104 J/
mm3. At energy density of 64 J/mm3, the laser power and scan speed
was at 150 W and 1550 mm/s, respectively. At energy density of 104 J/
mm3, the laser power and scan speed was at 195 W and 1250 mm/s,
respectively. At higher energy density of 104 J/mm3, the fraction of
martensitic phase increased. The presence of retained austenite phase
after printing of water-atomized powder was found to be independent
of laser energy density (Fig. 4b). This could likely due to the higher
carbon content in water-atomized powder feedstock. This could imply
that the phase transformation during SLM is highly dependent to initial
feedstock chemistry. Therefore, feedstock chemistry and cooling rate
can have a signiﬁcant role on phase transformation upon rapid solidiﬁcation during SLM process [33]. Water-atomized powder used in this
study was not commercially manufactured and modiﬁed for SLM process. This study is only a preliminary evaluation of water-atomized
powder capability to be used as a cheaper alternative feedstock for SLM.
Fig. 5 shows cross section of gas-atomized and water-atomized
samples, parallel to the build direction. Gas-atomized powder printed at
low energy density (Fig. 5a) shows a pattern of repeated rectangular
with the mean height of about 50 μm, which is the same as the thickness
of each layer of powder bed. Saeidi et al. [2] reported similar pattern in
SLM of duplex stainless steel. On the other hand, water-atomized
sample printed at energy density of 64 J/mm3 (Fig. 5b) did not show
such pattern. This may be attributed to the lower apparent density of
water-atomized powder (2.813 g/cm3) compare to gas-atomized
powder (3.040 g/cm3). The particles in water-atomized powders after
melting may collapse into the empty spaces between the particles, so
the melting pool boundaries can change and became very hard to distinguish the melting pool boundaries. With increasing the energy

Fig. 2a and b shows the XRD-patterns of gas-atomized and wateratomized powders, respectively. While gas-atomized and water-atomized powders contain both austenite and martensite phases, austenitic
phase of water-atomized is more dominant in volume fraction. On the
other hand, gas-atomized powder has a higher volume fraction of
martensitic phase. The austenite phase in gas-atomized powder is because of using nitrogen as atomizing media for atomization of the melt
with relatively a slower cooling rate [12]. As Table 1 shows, the carbon
content of water-atomized powder (0.208 wt.%) is much higher than
gas-atomized carbon content (0.03 wt.%). Furthermore, the cooling rate
for water–atomized powder are 10–100 times larger than gas atomized
powders [30]. Therefore, combined eﬀect of higher carbon as an austenite stabilizer [11] and faster cooling rate in water atomization led to
the presence of higher amount of austenite phase in the powder feedstock. Furthermore, nitrogen can be picked up during gas atomization
process and along with martensitic crystal lattice expansion can lead to
deformation, smaller grains and broader peaks [31] as observed in
Fig. 2a. In case of water-atomized powder, grain size of austenite is
coarser than that of gas-atomized. The average crystallite size of gas
and water-atomized powder were calculated to be 235 nm and 552 nm,
respectively by using Williamson-Hall method [32].
The microstructure of as printed 17-4 PH gas-atomized powder
perpendicular to the build direction at energy density of 64 J/mm3 and
104 J/mm3 are shown in Fig. 3a and b, respectively. The microstructure
printed at 64 J/mm3 exhibited coarser lath martensitic structure as
shown in Fig. 3a, and ultraﬁne martensitic structure was observed in
Fig. 3b. Single martensitic phase was observed in samples manufactured from gas-atomized powder independent of energy density.
Microstructure of water-atomized powder printed at energy density
of 64 J/mm3 and 104 J/mm3 are shown in Fig. 3c and d, respectively.
Similar lath martensitic structure located in islands of retained austenite were observed in Fig. 3c and d. Water-atomized powder printed at
64 J/mm3, showed formation of a continuous network of precipitates
along the grain boundaries (as shown in Fig. 3c) that are likely enriched
in carbon. As shown in Fig. 3c, signiﬁcant amount of large porosity
(larger than 10 μm) can be due to lack of fusion at lower energy density
of 64 J/mm3.
In Fig. 3d, the precipitates formation was not observed along the
grain boundaries likely due to dissolution at higher laser power and
slower scan rate (larger melt pool region with slower solidiﬁcation

Fig. 1. Morphology of 17-4 PH SS powder: (a) gas atomized powder and (b) water atomized powder [29].
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Fig. 2. The XRD pattern of 17-4 PH powders (a) gas-atomized and (b) water-atomized.

density to 104 J/mm3 (Fig. 5c and d), the melt pool boundaries are no
longer distinct. Therefore, the temperature is high enough for melting
and mixing all the particles to make a fully austenite liquid that could
transform to martensite.
The optical micrographs, perpendicular to the build direction, obtained from gas atomized powder printed at 64 and 104 J/mm3 and
solutionized at 1051 °C and aged at 482 °C are shown in Fig. 6a and b,
respectively. Microstructure of gas atomized samples printed at 64 and
104 J/mm3, revealed martensitic structure. Furthermore, ﬁne martensitic structure transformed to coarser martensitic structure at energy
density of 104 J/mm3 after heat treatment. The microstructure of heat
treated water-atomized powder revealed single martensitic phase at
energy density of 64 J/mm3 and dual martensitic and austenitic structure at energy density of 104 J/mm3 as presented in Fig. 6c and d, respectively. After heat treatment, the microstructure became uniform
and predominately a martensitic structure with no trace of the melt
pools for 64 J/mm3 sample for both water-atomized and gas-atomized
powder. Presence of austenite in Fig. 6d could be due to reversion
austenite phenomena. Reversion austenite was also observed in selective laser melting of 17-4 PH [5]. Process of austenite reversion has
been generally attributed to the chemical stabilization by the diﬀusion
of alloying element constituents, commonly toward lath boundaries.
More speciﬁcally, as Cu diﬀuses to form precipitates, the local Mf
temperature is eﬀectively lowered at the sites of their formation and

thereby permits austenite chemical stabilization at room temperature
[5].
The XRD patterns for gas-atomized and water-atomized powder
after printing at energy density of 64 and 104 J/mm3 and solution
annealing at 1051 °C and aging at 482 °C are shown in Fig. 7a. and
Fig. 7b, respectively. In gas-atomized powder, single martensite phase
was observed. In water-atomized powder, after thermal aging, single
martensite phase was observed at energy density of 64 J/mm3. This is
likely because of the austenite formed during solutionizing transforms
to martensite while quenching through the Ms temperature. However,
at energy density of 104 J/mm3 dual martensite and reverse austenite
phases were observed as shown in Fig. 6d. Reversion or local stabilization of austenite by the diﬀusion of Cu and Ni in water-atomized
powder during aging could lead to austenite concentrations at energy
density of 104 J/mm3. The activation energy for forming of reverse
austenite is 240 kJ/mol which is very close to the activation energy
needed for diﬀusion of Ni in martensitic matrix (245 kJ/mol) [34].
Higher carbon content in water-atomized powder and dissolutions
of these carbon at higher energy density of 104 J/mm3 (higher laser
powder 195 W and slower scan rate 1250 mms) would lead in to local
enrichment of carbon, which is an austenite stabilizer elements, as
shown in Fig. 3d. Increasing localized concentration of austenite stabilizing elements would locally lower the martensitic transformation
start (Ms) temperature below room temperature and increase the

Fig. 3. Optical micrographs of as printed 17-4 PH SS powder perpendicular to the build direction: (a) gas-atomized at 64 J/mm3, (b) gas-atomized at 104 J/mm3, (c)
water-atomized at 64 J/mm3 and (d) water-atomized at 104 J/mm3.
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Fig. 4. The XRD patterns of gas-atomized and water-atomized powder printed at (a) 64 J/mm3 and (b) 104 J/mm3.

solutionizing, if the carbides are dissolved (at 104J/mm3), the combined eﬀect of carbon segregation and Cu enrichment would likely lead
to austenite stabilization, and this will facilitate formation of reverse
austenite. Such austenite is stable after cooling down to the ambient
temperature. But if carbides are not dissolved (at 64 J/mm3), then
carbon enrichment will not occur and reverse austenite does not form.
Therefore, in water-atomized powder, reverse austenite is more plausible at higher energy density and less likely at lower energy. Gasatomized powder did not exhibit any reverse austenite due to much
lower carbon content.
Yield stress (YS), ultimate tensile strength (UTS), hardness values,
elongation (%) and density after solution annealing at 1051 °C and
aging at 482 °C are shown in Table 3. For comparison, the properties of
wrought 17-4 PH alloy is also provided. The hardness values of gasatomized powder showed similar hardness values (42-45HRC) at energy density of 64 and 104 J/mm3, which was found to be higher than
hardness of wrought alloy (39 HRC). This is attributed to the rapid
melting and solidiﬁcation of laser additive manufacturing process
which resulted to ﬁner grain size and increase in hardness value and
potentially higher dislocation density. On the other hand, hardness
value of water-atomized powder was signiﬁcantly less than gas-atomized and wrought alloy, but increased from 18 to 24 HRC with increasing energy density from 64 to 104 J/mm3. This hardness increase

amount of austenite [5]. This phenomenon became signiﬁcant after
aging and as a result, led to signiﬁcant reverse austenite formation in
water-atomized powder printed at 104 J/mm3 as can be seen in Fig. 6d
and in XRD plot of Fig. 7b.
While 17-4 PH water-atomized powder has higher content of carbides (MX and M23C6), these carbides can potentially get dissolved at
higher energy density (104J/mm3) due to higher power and lower
scanning speed. However, at lower energy density (64J/mm3), lower
input energy and higher scanning speed does not lead to dissolution of
carbides. Relationship between energy density and dissolution of carbides can be explained due to more fusion and larger melt pool at
higher energy density and higher diﬀusion rate of Ni and Cu in the
matrix.
According to Ziewiec et al. [35] in non-equilibrium solidiﬁcation
conditions of the weld 17-4PH, segregation and the diﬀusion of copper
and the elements stabilizing the austenite (such as carbon and nitrogen)
cause the occurrence of the reverse transformation of the martensite
into austenite as fast as just 1 h at 620 °C. The increase of copper-carbides solubility in the austenite causes dissolution of the fcc-Cu precipitates and carbides would lead to segregation and local enrichment
of austenite stabilizer elements. In the regions where segregation of the
austenite stabilizer elements occurred, a stable austenite is formed as a
result of α → γ transformation. Similarly, after SLM and upon

Fig. 5. Optical micrographs, parallel to the build direction, of as printed 17-4 PH SS powder at 64 J/mm3 (a) gas-atomized, (b) water-atomized and at 104 J/mm3 (c)
gas-atomized, (d) water-atomized.
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Fig. 6. The optical micrographs of heat treated parts (solutionized at 1051 °C and aged at 482 °C) perpendicular to the build direction: (1) gas-atomized at 64 J/mm3,
(b) gas-atomized at 104 J/mm3, (c) water-atomized at 64 J/mm3 and (d) water-atomized at 104 J/mm3.

Fig. 7. The XRD pattern of (a) gas-atomized and (b) water-atomized printed at 64 and 104 J/mm3 and heat treated (solutionized at 1051 °C and aged at 482 °C).

porosities [22]. The relative density of water-atomized powder at energy density of 104 J/mm3 was approximately the same as 95%, before
and after the heat treatment. The YS and UTS were lower than expected
for water-atomized powder at energy density of 64 J/mm3, due to
porosities and unmelted particles, as shown in Fig. 5b. Elongation values of water-atomized powder were higher than gas-atomized powder
at energy density of 104 J/mm3, consistent with the presence of reversed austenite in parts printed at higher energy density.
To reduce the retained austenite in water-atomized powder, the
samples were solutionized at a higher temperature of 1315 °C in H2
atmosphere for 45 min followed by 1h of aging at 482 °C. The

could be attributed to the higher relative density of manufactured part
at higher energy density (Table 3). Similar results were observed for
yield strength (YS) and ultimate tensile strength (UTS) of gas-atomized
powder and water-atomized powder. While YS and UTS values of gasatomized powder were comparable with wrought values, these values
were much lower for water-atomized powder.
The relative density of manufactured part after heat treatment for
gas-atomized powder at both low and high energy densities were 97%.
Comparing these data with relative density of parts before heat treatment (94% for energy density of 64 J/mm3 and 95% for energy density
of 104 J/mm3) [18] showed slight increase in density by elimination of

Table 3
Mechanical properties at energy density of 64 and 104 J/mm3 - solutionized at 1051 °C and aged at 482 °C (wrought values are taken from literature [36]).
Powders

Energy Density (J/mm3)

Yield Stress (MPa)

UTS (MPa)

Hardness (HRC)

Elongation (%)

Density(g/cm3)

Gas-Atomized D50=13μm

64
104
64
104
N/A

1116
1200
365
500
1170

1358
1368
510
990
1310

45
42
18
24
39

5.1
2.6
1
3.3
5

7.7
7.7
7.2
7.5
7.9

Water-Atomized D50 = 43 μm
Wrought
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Fig. 8. The optical micrographs of heat treated parts (solutionized at 1315 °C and aged at 482 °C) perpendicular to the build direction: (1) gas-atomized at 64 J/mm3,
(b) G at 104 J/mm3, (c) W at 64 J/mm3 and (d) W at 104 J/mm3.

1315 °C comparing to solutionizing at lower temperature (1051 °C).
Furthermore, the water atomized powder at energy density of 64 J/
mm3 showed an increase of 285 MPa in YS and 270 MPa in UTS.
Therefore, this is likely due to ﬁner martensitic microstructure achieved
in water atomized samples after solutionizing at 1315 °C. Furthermore,
carbides and other second phase particles were dissolved and then reprecipitated homogenously during aging with furnace cooling. This
could also lead to higher elongation in water-atomized powder.
In order to understand phase transformation during solutionizing at
1315 °C followed by aging at 482 °C, Thermo-Calc simulation was used.
High cooling rate in SLM process may result in micro segregation features, therefore, it is reasonable to assume no diﬀusion occurs in solid
state. In this case, we can use Scheil model for solidiﬁcation [37]. Fig. 9
shows the mole fraction of solid for diﬀerent phase with temperature
through cooling from liquid phase to solid phase for water atomized
and gas atomized powders. The simulation for gas-atomized powder
(Fig. 9a) shows that the ﬁrst phase which forms from liquid is ferriteBBC and the second phase which forms during cooling is austenite-FCC.
The phases which form at the end of solidiﬁcation process are ferriteBCC+austenite-FCC (FCC#1)+ Cu-rich (FCC#2)+Laves Phase + MnS
phases. The simulation for water-atomized powder (Fig. 9b) shows the
ﬁrst phase is ferrite-BCC followed by ferrite-BCC+austenite-FCC.
At the last stage of solidiﬁcation process, the simulation shows
ferrite-BCC+austenite-FCC (FCC#1)+Cu-rich (FCC#2)+M23C6 (a Nbrich carbide) phases. The presence of M23C6 is attributed to the higher
carbon content of water-atomized powder (0.208 wt.%) compare to gasatomized (0.03 wt.%) which doesn’t show any carbide formation in
Thermo-Calc simulation (Fig. 9a). With increasing temperature above
1075 °C, the M23C6 phase gets dissolved in the austenitic matrix. During
aging, carbide phase in martensitic stainless steel can act as nuclei for

microstructure of heat treated gas-atomized powder are fully martensitic as shown in Fig. 8a and b. Martensite lath were found to be coarser
at energy density of 104 J/mm3 due to higher laser energy and slower
cooling rate. Similarly, microstructure of water-atomized powder after
heat treatment are shown in Fig. 8c and d for energy density of 64 and
104 J/mm3, respectively. Fully martensitic microstructure was observed at 64 and 104 J/mm3 energy densities with ﬁner lath martensite
at 104 J/mm3.
Table 4 shows the YS, UTS, hardness, elongation and density values
for two diﬀerent laser energy densities after being solutionized at
1315 °C and aged at 482 °C. Hardness for water-atomized powder at
energy density of 104 J/mm3 is 40 HRC, which is comparable to
hardness values for gas-atomized and wrought alloy, reported 43 and
39 HRC, respectively. The YS and UTS values for water-atomized
powder at low energy density are relatively lower, because of low relative density (92% due to presence of porosity and unmelted or partially melted particles) that would cause weak metallurgical bonds.
The elongation for water-atomized powder at 104 J/mm3 shows
considerably higher magnitude (5.5%) compare to gas-atomized (2%)
and slightly higher than wrought alloy (5%). The YS and UTS values for
gas atomized at both energy densities didn’t show a considerable
change with solutionizing at the temperature of 1315 °C and the density
values remained the same (7.7 g/cm3). The UTS values for water-atomized powder (1261 MPa) at 104 J/mm3 is nearly the same as gasatomized powder and wrought alloy, 1300 and 1310 MPa, respectively.
Comparing the relative densities of parts for water-atomized powder
at two diﬀerent heat treatments showed that there isn’t a considerable
change in the densities due to higher temperature heat treatment,
however, at high energy density (104 J/mm3), a considerable increase
(500 MPa in YS and 271 MPa in UTS) happened after solutionizing at

Table 4
Variation in mechanical properties at energy density of 64 and 104 J/mm3 - solutionized at 1315 °C and aged at 482 °C.
Powders

Energy Density (J/mm3)

Yield Stress (MPa)

UTS (MPa)

Hardness (HRC)

Elongation (%)

Density(g/cm3)

Gas-Atomized D50 = 13 μm

64
104
64
104
e

1186
1255
650
1000
1170

1308
1300
780
1261
1310

45
43
24
40
39

2.6
2
0.7
5.5
5

7.7
7.7
7.3
7.5
7.9

Water-Atomized D50 = 43 μm
Wrought
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Fig. 9. Scheil mnon-equilibrium solidiﬁcation of (a) gas-atomized and (b) water-atomized powder simulation show solid phase during solidiﬁcation.
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Fig. 10. TEM micrographs from gas-atomized 17-4 PH powder after SLM at energy density of 104 J/mm3 – followed by solutionizing at 1315 °C and aging at 482 °C:
(a) TEM BF micrograph, (b) HAADF STEM micrograph showing coarse and ﬁne precipitates, (c) EDS mapping of Cu-enriched precipitates.

water-atomized powder after heat treatment. Narrow distribution of
size and number density of second phase precipitates were present in
the microstructure as shown in Fig. 11a and b. These precipitates are in
the uniform size ranging from 20 to 35 nm. There are nano-porosity in
the microstructure and some of them could serve as nucleation sites for
formation of larger Cu-enriched precipitates (> 100 nm) as shown in
Fig. 11c. Absence of large precipitates could lead to higher ductility in
water-atomized powder compared to gas-atomized powder, but detailed investigation deems necessary.

precipitation of M23C6 and hence accelerate the coarsening and
spheroidization of M23C6 due to Ostwald ripening [38]. Agglomeration
of carbide would increase the mobility of boundaries, because the large
particles are no longer eﬀective like small particles to pin the boundaries [39]. Solutionizing of water-atomized powder at the temperature
of 1315 °C completely dissolve the M23C6 and lead to local enrichment
of the carbide-forming elements such as Cr and Nb in martensitic matrix. The Thermo-Calc analysis shows that after quenching and heat
treatment at 482 °C, the M23C6 precipitate in martensitic matrix and
cooperate with Cu-rich precipitation in pining the grain boundaries.
This cooperation could result to increase the strength of water-atomized
samples which was solutionized at the high temperature of 1315 °C
compare to low temperature solutionizing at 1051 °C.
Microstructure of gas-atomized and water-atomized powder printed
at energy density of 104 J/mm3, solutionized at 1315 °C and aged at
482 °C were studied using TEM. Fig. 10a and c shows bright ﬁeld (BF)
TEM micrograph, high angle annular dark ﬁeld (HAADF) scanning
transmission electron microscope (STEM) micrograph and energy dispersive spectroscopy (EDS) mapping corresponding to gas-atomized
powder. In Fig. 10a and b, second phase precipitates with diﬀerent size
varying from approximately 30 nm to 100 nm and larger were observed.
These ﬁne precipitates could form at the initial stage of aging with
coherent structure and no obvious strain contrast. These coherent bcc
clusters would then nucleate and grow in the supersaturated bcc matrix
and lose coherency after exceeding a certain critical size and become
incoherent precipitates with fcc structure [40]. The particle shown in
Fig. 10b are found to be Cu-enriched according to EDS map shown in
Fig. 10c. It is clear that they pose a rather small volume fraction in the
microstructure and are not uniformly distributed in the matrix. The
large precipitates would preferably form at the grain boundaries as
shown in Fig. 10a and b.
Fig. 11a and c shows microstructure and EDS map corresponding to

4. Conclusions
The eﬀect of two diﬀerent atomizing media (nitrogen atomized
versus water atomized) and two diﬀerent SLM post processing (solutionizing at 1050 °C and aging at 482 °C versus solutionizing at 1315 °C
followed by aging at 482 °C) on mechanical properties and microstructure of 17-4 PH SS, were investigated. Following results are concluded:
1) Both as-printed water-atomized and gas-atomized samples of additively manufactured 17-4 PH SS consisted of mixture of dual austenitic phase and lath martensitic phase.
2) Gas-atomized powder, after low temperature solutionizing (1051
ºC) and aging (482 °C), revealed single martensitic phase. However,
water-atomized powder, at energy density of 104 J/mm3, showed
dual martensite and reversed austenite phase due to local carbon
enrichment and higher diﬀusion rate and segregation of Cu and Ni
into the matrix.
3) After high temperature solutionizing (1315 °C) and aging (482 °C),
both gas-atomized and water-atomized components exhibited fully
martensitic structure (regardless of energy density values).
4) Mechanical properties of water-atomized powder printed at energy
density of 104 J/mm3 and post processed at 1315 °C and aged at
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Fig. 11. TEM micrographs from water-atomized 17-4 PH powder after SLM at energy density of 104 J/mm3 – followed by solutionizing at 1315 °C and aging at
482 °C: (a) bright ﬁeld micrograph, (b) HAADF STEM micrograph showing ﬁne precipitates, (c) EDS mapping of Cu-enriched precipitates.

482 °C was signiﬁcantly improved and found to be comparable to
UTS and YS values of gas-atomized and wrought alloy.
5) Thermo-Calc simulation showed the dissolution of M23C6 at 1315 °C
for water-atomized powder with higher carbon content. After aging,
M23C6 precipitate along with ﬁne Cu-enriched precipitate could
result in pining the grain boundaries and improving the mechanical
properties and ductility.
6) Microstructure of gas-atomized powder after heat treatment at
1315 °C and aged at 482 °C revealed small (∼30–40 nm) and large
(> 100 nm) Cu-enriched precipitates whereas water-atomized
powder revealed presence of ﬁne (∼30 nm) Cu-enriched precipitates uniformly distributed in BCC martensitic structure.
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