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Abstract. Additive manufacturing (AM) is a modern, innovative manufacturing method that enables the production of fully dense products
with high mechanical properties and complex shapes that are often impossible to obtain by traditional methods. The 17-4PH grade steel is often
applied where high mechanical performance is required. 17-4PH, or AISI 630, is intended for precipitation hardening, an operation that combines
solution and ageing treatments and is used to significantly change the microstructure of the steel and enhance its mechanical properties. This study
investigates the effect of precipitation hardening on the properties of 17-4PH steel. To examine microstructure and morphology, metallographic
tests were performed together with phase composition and chemical composition analyses. Mechanical parameters were determined via Vickers
hardness testing and the Oliver-Pharr method. Samples were fabricated using direct metal laser sintering (DMLS), which is one of the powder
bed fusion methods. The use of a constant solution treatment temperature of 1040°C and different ageing temperatures made it possible to
evaluate the effects of ageing temperature on the mechanical properties and microstructure of 17-4PH. The presence of face-centered cubic FCC
v-austenite and body-centerd cubic BCC o-martensite structures were detected. The tests revealed that — similarly to the wrought material — the
highest hardness of 382+ 10.3 HV(, was obtained after ageing at 450°C. The nanoindentation test showed the same H/E ratio for the sample
after fabrication and after solution treatment at 0.016769, but this value increased after ageing to 127-157.5%. The sample aged at 450°C
was characterized by the highest H/E ratio of 0.026367, which indicates the highest wear resistance of this material under employed treatment
conditions. In general, the sample treated at 450°C showed the best performance out of all tested samples, proving to have the smallest grain size
as well as high Vickers and nanoindentation hardness. On the other hand, the use of solution treatment led to reduced hardness and improved
workability of the AM material.
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1. INTRODUCTION
The 17-4PH grade of steel has highly desirable properties due to

orthopaedics [5], dental applications, and surgical forceps [6].
Given that medical applications often require complex shapes,

its high mechanical strength and hardness at an elevated temper-
ature (300°C) combined with high corrosion resistance, good
weldability [1], and reasonable workability. Nevertheless, its
mechanical properties can be further improved by the use of
proper heat treatment, primarily precipitation hardening. This
study investigates the effect of manufacturing conditions on
the microstructure and properties of DMLS-produced 17-4PH
specimens for variable temperature and heat treatment time.
Owing to its properties, the 17-4PH steel grade is widely
used in the aerospace industry [2]. Another use for this steel
grade is in nuclear power plants [3]. Bolts and exhaust fasten-
ers are examples of applications for 17-4PH steel in the au-
tomotive industry [4]. In medicine, 17-4PH steel is used for
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especially for implants and surgical instruments, a modern ap-
proach to this problem is the use of materials produced by ad-
ditive technologies [7].

Recently, there has been progress in the development of addi-
tive manufacturing (AM) technologies. AM is the transforma-
tion of a digital CAD model into a real part through layer-by-
layer creation [8]. AM is used to manufacture objects from met-
als, ceramics, composites, polymers, and organic structures [9].
17-4PH is one of the most widely used steels for precipitation
hardening (PH), especially in ingot metallurgy, and one of the
most widely used powders in the metal injection moulding in-
dustry [10]. The application of the AM technology combined
with 17-4PH steel properties makes it possible to achieve a
high quality of manufactured parts and meet the requirements
of complex shapes for the automotive [3], aerospace [4], and in-
jection moulding industries. The main advantages of AM over
conventional manufacturing methods include: high automation
of the manufacturing process even when compared to CNC ma-
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chining, the lower single unit cost in small batches, and low
material loss due to machining [11].

On the other hand, components produced by additive tech-
nologies are not free from defects such as unmelted particles,
anisotropic properties, and porosities due to pool weld col-
lapse [12]. Residual stresses and delamination during manufac-
turing lead to reduced repeatability and reliability [13]. AM-
fabricated components often require additional processes to in-
crease their mechanical properties and some of these disadvan-
tages can be eliminated. Therefore, processes such as heat treat-
ment and shot peening may be utilized for direct metal laser
sintering (DMLS) components [14].

AM can be divided into three groups depending on the pow-
der bed, powder feed, and wire feed methods [11]. DMLS tech-
nology is a powder bed fusion (PBF) method that is often used
for additive manufacturing. As the PBF technology, DMLS al-
lows a wide range of materials to be manufactured at relatively
low cost in low series production [11]. The application of the
DMLS technique makes it possible to obtain high repeatability
of strength properties of produced elements, and the density of
the elements produced thereby is about 95% [15]. It is also im-
portant that the DMLS method does not require the use of a flux
or polymer binder, thus the firing and infiltration steps can be
avoided. Nonetheless, it may be problematic to support some
structures during printing [16].

If produced by traditional methods, 17-4PH is usually mar-
tensitic steel with a small amount of residual austenite and/or
ferrite [10, 17, 18]. As a result of transformations associated
with the employed AM method and the composition of the 3
phases after AM, there may occur changes in the proportions
of individual components. This is due to, among other things,
the thermal history of a component after additive manufactur-
ing, i.e. repeated heating and cooling of a single piece of ma-
terial that used to be powder grain. Nevertheless, the state of
the material after heat treatment also depends on the composi-
tion of the powder and the gases used for manufacturing. The
final proportion of individual phases and obtained properties
also depend on the employed heat treatment and, thus, the time
and temperature of solutionizing and ageing treatments.

Considering the properties of 17-4PH as well as the advan-
tages of the direct metal laser sintering (DMLS) technique and
the opportunities offered by precipitation hardening, it is rea-
sonable that these methods be merged to produce a part that
combines high mechanical strength, good ductility, and high
corrosion resistance with complex shape.

17-4PH is martensitic steel, and precipitation hardening oc-
curs by precipitation of highly dispersed copper particles in the
martensite matrix [19]. Precipitation hardening has a beneficial
effect on the properties of 17-4PH steel by removing anisotropy
and making the structure homogenised. For 17-4PH steel af-
ter 3D printing, there is an increase in the amount of residual
austenite in the structure, in contrast to the same alloy pro-
duced by casting where the structure is almost entirely marten-
sitic. When ageing 17-4PH steel after additive manufacturing,
M33Cg, and M;C3 type carbides are released. A uniform distri-
bution of austenite stabilizing elements can also lead to a lower
MS temperature during ageing conducted above 480°C. At the

same time, the structure in the range 480-620°C changes from
copper-rich coherent BCC to non-coherent FCC, which leads
to reduced hardness and increased ductility [13]. On the other
hand, the segregation of austenite stabilizing elements may lead
to crack formation [20]. S. Cheruvathur et al. [21] found a den-
dritic cellular structure and almost equal proportions of marten-
site and austenite in the as-built structure, while the structure
of the wrought material was almost entirely martensitic. Al-
though the annealing of as-built parts at 650°C for 1h was not
sufficient to improve their properties, particularly good results
were obtained after homogenisation annealing at 1150°. The
application of this treatment allowed the dendritic solidification
microstructure to be broken down, micro-segregation to be al-
leviated, as well as 90% martensite and 10% austenite to be
obtained.

Studies have shown that 17-4PH steel does not exhibit cy-
totoxicity, metal release, or weight loss [22]. It is resistant to
stress corrosion cracking. The properties of this steel grade
have been widely described. Singh et al. [23] investigated
the possibility of using DMLS-produced 17-4PH steel for in-
tramedullary (IM) pins. Many properties depend on fabrica-
tion parameters such as scanning strategy, layer thickness, or
building direction [24]. Guennouni et al. [25] compared the
properties of 17-4PH steel produced by casting with that pro-
duced by laser beam melting. The samples were subjected to the
same heat treatment. No major differences were observed in the
chemical composition and during a microscopic examination;
however, more porosity and carbides were visible in the sam-
ples after additive manufacturing. There was also a significant
increase in the amount of both secondary and residual austen-
ite for the additive manufactured samples at 12.6% and 0.8%
respectively for the conventional samples. Despite this signifi-
cant increase in the amount of austenite, the tensile properties
remained at a similar level. That being said, some reduction in
ductility was noted.

Siddiqui et al. [26] presented the mechanical material char-
acteristics of 17-4PH steel produced by the DMLS technique.
GP1 powder and an EOSINT M280 printer were used. Tests
were carried out on samples produced in the x- and y-axes.
It was noted that the tensile tests showed slightly anisotropic
properties for the x-axis and y-axis fabrications. Low-cycle fa-
tigue tests showed isotropic behaviour for the x- and y-axis fab-
rications. The anisotropic properties may be due to defects in
microstructure occurring during fabrication. It was also sug-
gested that the cyclic hardening could be attributed to the
strain-induced metastable phase transformation of austenite to
martensite. Gorunov et al. [27] found that the cyclic resistance
of 17-4PH steel produced by DMLS increased for the 0.5, 1.0,
and 2.5 mm notched specimens compared to the unnotched
specimen. It was also found that the creep strength could be
reduced due to internal discontinuities, geometric notching, or
roughness. The unpredictability of complex-shape structures
fabricated via DMLS was suggested, as heat concentration can
affect heterogeneity and stress concentration during sintering.

The use of heat treatment yields good results for metallic ma-
terials produced by additive manufacturing. S. Razavi et al. [28]
conducted a study using artificial neural networks and a genetic
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algorithm to predict the effect of precipitation hardening on
17-4PH steel. A good model was able to predict the hardness
as a function of temperature and time of precipitation harden-
ing. It was also emphasized that the solutionizing temperature
should be in a range of about 1050°C, as indicated by the Fe-
C-Cu diagram. An insufficient temperature can lead to a de-
crease in austenite stability and the separation of copper and
alpha phases. If it is too high, this can lead to grain growth
and, consequently, to a decline in mechanical properties. By in-
creasing compressive residual stresses, the fatigue and tensile
properties can also be improved.

Wear is an important aspect of all engineering material appli-
cations. Wear and tear lead to shorter product life and is undesir-
able for implants that are problematic or completely impossible
to replace [29].

Researchers have attempted to describe the behaviour of 17-
4PH, yet the characteristics of AM-fabricated structures differ
significantly. There are very few studies on this steel grade after
DMLS printing and, especially, after heat treatment. Most stud-
ies focus on global material properties such as tensile strength
or hardness tested by Vickers and Rockwell methods, but at
the nanoscale, there are no studies providing hardness or elas-
tic modulus results. In particular, one can see a gap in studies
devoted to describing the anti-wear properties of 17-4PH steel
after AM. A review of the literature shows that the problems
that are worth considering include phase composition, temper-
atures, and processing time. Most of the current research on
AM 17-4PH steel is conducted in the H900 to H1150M treat-
ment range, which means ageing at temperatures from 482°C
to 760°C for 1 h, 4 h, or 244 h. The objective of this study is
to determine the most promising parameters of the precipitation
hardening process by applying variable ageing temperature, as
well as to investigate their influence on the final microstruc-
ture and mechanical properties of this steel grade. A novelty of
this study is that it employs the Oliver—Pharr method after heat
treatment to provide results of the H/E ratio and, at the same
time, to estimate the resistance of the material to erosive wear.
This study aimed to determine optimum conditions for obtain-
ing the most promising operational parameters, such as wear re-
sistance, hardness, and elasticity modulus for AM 17-4PH steel.

2. EXPERIMENTAL PROCEDURE

The test material was 17-4PH grade stainless steel (also des-
ignated as AISI 630, X5CrNiCuNb16-4, or 1.4542) that was
produced by DMLS powder sintering. The sintered material
was stainless steel GP1 powder, which, according to the man-
ufacturer, is characterised as a 17-4PH, separable-reinforced,
general-purpose stainless steel. The GP1 powder is nitrogen at-
omized. Feedstock powder grains are shown in Fig. 1.

10 x 10 x 6 mm cubic specimens were produced. The spec-
imens were subjected to air as well as ultrasound cleaning and
subsequent grinding prior to hardness measurement immedi-
ately after manufacture. Seven specimens were made, includ-
ing a reference specimen. Six of them were heat treated (ST-
PH600), either solution treated or solutionized, and aged (age or
precipitation hardening). Powder particles were characterised
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by mostly spherical shapes with some satellites; however, some
irregular shape particles were also present. The average size of
particles ranged from 40 to 55 wm. Figure 1 shows the fabri-
cated part with its dimensions and with a visible surface texture.

surface

Lateral surface ™100 ym

Fig. 1. a) Feedstock powder morphology-SEM; b) Printed part;
c¢) Lateral surface-SEM; d) Top surface-SEM

The applied sintering parameters are given in Table 1.
The sintering process was carried out on an EOS printer,
EOSINT M280.

Table 1
Sintering parameters
Laser Lase?r Layer Laser Shielding
scanning . .
power thickness spot size | atmosphere
speed
200 W 1000 mm/s 0.02 mm 0.01 mm Nitrogen

The chemical composition, according to the manufacturer,
corresponds to the US standards for 17-4PH and 1.4542, AISI
630, and X5CrNiCuNb16-4 steels. The treatment was carried
out in an electric chamber furnace, type LAC-LH15. The heat
treatment was selected for the steel based on the guidelines
found in the EN 10088-3 material standard and in preliminary
studies. The solutionizing took place at 1040°C for 40 min. Pre-
cipitation hardening was carried out at the temperatures given
in Table 2, with the ageing time maintained constant at 240 min
and cooling performed in the open air. In Table 2, AP stands for
as-printed, ST-solution treatment, PH- precipitation hardening
process.

Table 2 shows the load-displacement curves obtained for the
nano-test range according to the Oliver-Pharr method. The ma-
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terial exhibits an elastic-plastic behaviour. The left-hand side
of the curve corresponds to loading, while the right-hand side
to unloading. The area under the curve is a plastic work Wpiast,
while that under the curve plot (the area between the extreme
point of the plot on the right and the straight line running par-
allel to the Y axis from that point to the X axis) is an elastic
work Wojast.

Table 2
Sample designation and processing
Heat treatment
Sample
designation Solution Time Age Time
treatment [min] hardening [min]
AP (as-printed) - - - -
ST1040 1040°C 40 - -
PH400 1040°C 40 400°C 240
PHA450 1040°C 40 450°C 240
PH500 1040°C 40 500°C 240
PHS550 1040°C 40 550°C 240
PH600 1040°C 40 600°C 240

The DMLS samples were examined for chemical compo-
sition using a Q8 Magellan spark excitation optical emission
spectrometer. Three burn-throughs (sparks) were performed for
each sample.

Vickers hardness was measured using a Future Tech FM-800
hardness tester with a load of 1.96 N. The samples were ground
and well-polished, and the dwell time was set to 15 s. Hardness
was measured in the materials raw state, after solution treat-
ment, and after ageing. Nine measurements were taken on each
sample at a room temperature of approximately 20°C.

The metallographic samples were ground with 400- and 600-
grit papers to remove imprints from the hardness tests. The sam-
ples were then flooded with epoxy resin and ground with #600,
800, 1200, 1500, 1800, 2000, and 2200 grit papers. After grind-
ing, they were polished with a 3 um diamond powder suspen-
sion using lubricant. The ground samples were examined under
a microscope (Nikon MA200 optical microscope at x200 mag-
nification) and then etched with a Mil8Fe reagent.

The nanoindentation test was conducted with the Oliver-
Pharr method. A Micro Combi Tester (Anton Paar GmbH, Ger-
many) was used to that end. Sixty indentations were made
with a V-J 12 Vickers diamond indenter. The test load was in-
creased from the moment the indenter contacted the test sur-
face until the test force Fy,x Was reached at a uniform rate of
800 mN/min. Once Fp.x Was reached, it was held for 10 sec-
onds and then the indenter was unloaded at a uniform rate of
800 mN/min. The force (F) and the indenter penetration (k)
were measured during the test. The test was performed under
an Fp.x load of 300 mN. Hardness and elastic modulus values
were calculated from force-displacement data by the Oliver-
Pharr method [30]. Parameters such as E,, E*, HV;r, Hyy were
calculated in compliance with ISO 14577-1:2015-09. The fol-

lowing equations (1)—(4) were used for conversion:

E, = L , (1)
2. ﬁ Ap(hc)
B 1
E = 1 1— vl-2 ’ @
E, E
Hir = FX;X ; 3
E, — reduced modulus [Pa],
E* — plane strain modulus [Pa],
H;r - indentation hardness [Pa],
HVir — Vickers hardness calculated from Hr [Vickers],
S — contact stiffness N/m,
B — geometric factor,
A, - projected contact area [m?],
he — contact depth of the indenter with the sample at Fy,x,
E, — reduced modulus,
E; — elastic modulus of the indenter,
Vi — Poisson’s ratio.
To compare the obtained results with the previous pa-

per XRD methodology complies with the methodology given
in [31]. The phase composition studies were carried out using
a Panalytical Empyrean X-ray diffractometer. The filtered X-
ray radiation of the CuKo1 lamp A = 0.154051 nm was used
by applying the Bragg-Brentano diffraction geometry. The fol-
lowing parameters were chosen to procure the diffractogram:
angle range of diffraction pattern 260 = 30-100°, angular step
20 = 0.01°, counting time for one angular step t = 6 s and
X-ray tube power of 1200 W (40 kV and 30 mA). The phase
composition was determined using HighScore Plus v. 3.0e us-
ing Crystallography Open Database.

3. RESULTS AND DISCUSSION

3.1. Chemical composition

The chemical composition analysis showed that the composi-
tion complied with the requirements of EN10088-1 and ASTM
A564 as well as the manufacturer’s specifications. It is worth
noting that the chemical composition analysis showed a low
sulphur content of 0.005%. Chemical composition results are
given in Table 3.

The study demonstrates that the low sulphur content in the
17-4PH steel samples has a positive effect on reducing their
corrosion potential. Potentially formed MnS sulphides may be-
come nucleation sites for corrosion pits [32].

The addition of molybdenum increases the passive current
density and the critical current density for the passivation of
the 17-4PH steel samples. As the amount of molybdenum is
increased, the amount of delta ferrite increases, which reduces
the hardness of this steel grade [33]. This means that chemical
composition is of vital importance for the microstructure and
properties of additive-manufactured steel.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 4, p. 146237, 2023
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Table 3
Chemical composition of tested samples

Element C Cr Ni Cu Mn Si Mo Nb P S
Wt. Powder 0.01 15.8 4.02 39 0.7 0.7 0.4 0.29 - -
Wt. Content as-fabricated % | 0.043 15.85 4.92 4.79 0.67 0.71 0.12 0.27 0.02 0.005
As-fabricated SD 0.001 0.029 0.025 | 0.042 | 0.002 | 0.007 | 0.007 0.001 0.001 0.000
EOS powder declaration <0.07 | 15-175 | 3-5 3-5 <1 <1 <05 | 0.15-0.45 Bal. < 0.07
EN10088-1 <0.07 | 15-17 3-5 3-5 | <15 | <07 | <06 | 5xC—-045 | <0.04 0.03
ASTM A564 <0.07 | 15-17.5 | 3-5 3-5 <1 <1 <05 | 0.15-045 - -

3.2. Microstructure

Figure 2 shows the morphology of test specimens. The un-
treated 17-4PH steel sample is characterised by an austenitic
and martensitic structure. The presence of thick needle-like
tempered martensite is a result of solution treatment and ageing
processes. The largest grain size was observed for the sample
aged at 400°C. Moreover, an analysis of the micrographs re-
veals the presence of an austenitic phase, as visible in the bright
areas. Studies by Ziewiec et al. [34] have shown that austenite
could also occur at higher ageing temperatures. As the ageing
temperature increases, the grain size decreases, and the amount
of martensite increases.

ST1040

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 4, p. 146237, 2023
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Fig. 2. Microstructure of 17-4PH specimens

H. Eskandari et al. [35] found that wrought alloy samples
had a smaller grain size than as-printed samples. They also
observed the presence of a smaller grain size of martensite in
the lower part of a sample, which might be related to a lower
cooling rate and heat accumulation. Previous studies on the be-
haviour of 17-4PH steel reported the presence of a martensitic
microstructure in this metallic material subjected to solutioniz-
ing and cooling down to room temperature [21,36]. However,
due to low hardness, ageing is used, and at temperatures of 480—
620°C. A copper-rich phase is formed within the martensitic
matrix, which increases hardness and strength [37]. The best
results of precipitation hardening may be obtained with age-
ing in the temperature range of 450-510°C. In this tempera-
ture range: coherent copper-rich clusters precipitate, incoherent
copper-rich clusters precipitate at temperatures above 540°C,
and reversed austenite formation occurs at temperatures around
570°C and above [38]. The formation of reversed austenite may
be related to pre-existing copper particles, but there is no clear
agreement between these [19,39]. It has been observed that ni-
trogen can improve corrosion resistance under neutral pH con-
ditions, among others. The laser powder bed fusion (LPBF) pro-
cess can produce 17-4PH steel with improved or similar corro-
sion performance compared to the conventional wrought 17-
4PH grade [40].

3.3. X-ray diffraction

In order to check the effect of heat treatment on the microstruc-
ture and phase composition of AM steel, X-ray diffraction
(XRD) measurements were carried out. The measurement re-
sults for the untreated and thermally treated samples are shown
in Fig. 3. All XRD profiles show the same set of diffrac-
tion peaks that differ in relative intensities. Phase analysis was
performed with HighScore Plus v. 3.0e using Crystallography
Open Database. It was found that the peak positions corre-
spond to both BCC o-martensite and FCC 7y-austenite. The
phase analysis performed indicates that the diffraction posi-
tions of peaks around 20 = 44.6, 64.9, and 82.1 in XRD pat-
terns are in good agreement with the diffraction of peak posi-
tions of a-martensite (Card No.: COD 96-901-3474). However,
the positions of the diffraction peaks at 20 = 43.5, 50.7, and
74.6 in XRD patterns correspond to the peak positions of -
austenite (Card No.: COD 96-901-4477). Based on the phase
analysis, it can be concluded that all tested samples consist
of two phases. Our results are in contrast to the study of Es-
kandari et al. [35] that concluded the austenite in the structure
may be retained austenite. Moreover, there was a change in the
a and 7 phase intensity and FWHM (Full Width Half Maxi-
mum), which indicated phase transition. The differences in the
relative peak heights indicate different proportions of the in-
dividual phases. The « phase increased when the y-austenite
phase decreased in specimens from AP up to PH400 then de-
creased in the PH450 sample. Then from PH500 up to PH600
amount of martensite increased with the ageing temperature.
The applied Rietveld analysis allowed us to determine the pro-
portion of the performed number of individual phases. Percent-
ages of individual phases in individual samples are summarized
in Table 4.
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Fig. 3. XRD patterns of untreated (AP) and annealed (ST1040,
PH400, PH450, PH500, PH550, PH600) 17-4PH stainless steel sam-
ples. The annealing temperature is indicated in the sample names
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Table 4
Percentage of individual phases in samples
Sample AP (%) ST1040 (%) PH400 (%) PH450 (%) PH500 (%) PH550 (%) PH600 (%)
o-martensite 23 49 62 46 53 75 90
Y-austenite 77 51 38 54 47 25 10

Looking at the relative heights of the peaks, we can conclude
that the grains of the o-martensite structure do not show any
texture for lower heating temperature and a slight texture for
higher heating temperatures in the direction < 011 > perpen-
dicular to the surface of the sample. On the other hand, the
height of peak 7y (220) relative to the other peaks of this phase
suggests the arrangement of grains of this phase with planes
(220) perpendicular to the surface of the sample. This effect
decreases as the heating temperature increases.

A number of studies have found that differences in mi-
crostructure may also result from the gas used during fabri-
cation. With the use of nitrogen for fabrication, it is possi-
ble to obtain an austenitic-martensitic structure in the case of
precipitation-hardening steels with an austenite content of 50—
75% and a martensitic content of 25-50%. By using argon, it
is possible to obtain a predominantly martensitic structure up
to 92% [36,41,42]. The gas used for powder atomisation also
has a similar effect, i.e. by using nitrogen it is possible to ob-
tain a microstructure with a higher amount of austenite and by
using argon it is possible to increase the martensite content.
The gas used for atomization also has some effect on the be-
haviour of the steel in a corrosive environment. However, these
are changes that may not occur in a given case because, as pre-
viously stated, there are many factors that influence the com-
position and structure of an additively manufactured material.
An example of this can be found in the studies carried out
by Murr et al. [10] using SLS and argon-atomised powder in
a nitrogen environment to obtain a martensitic microstructure.
H. Eskandari et al. [35] on the other hand obtained austenitic-
martensitic structure by using DMLS and the same gases. It
was observed that nitrogen can improve corrosion resistance
under neutral pH conditions. The Laser Powder Bed Fusion
(LPBF) process can produce 17-4PH steel with better or sim-
ilar corrosion performance compared to conventional wrought
17-4PH [40]. In summary, gas used in the fabrication and atom-
ization of powder as well as the temperature of ageing process
strongly affects the final structure and properties.

After ageing, it is noticeable that martensitic crystallite size
increase with the rising ageing temperature from 450°C to
600°C, and that is a general trend for this phase. Figure 4 shows
the evolution of crystallite size determined from the peaks
diffraction positioned around the 20 = 44, 62, and 82 degrees.
Immediately after fabrication, the largest martensitic crystallite
size was obtained, then the size decreased in PH450 and PH500.
This phenomenon may be associated with Cu precipitation in
the martensitic matrix, which occurs under similar conditions
of temperature and heating time [43]. PH600 specimen had the
largest martensitic crystallite size after ageing and the lowest

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 4, p. 146237, 2023

hardness and PH450 specimen has the smallest crystallite size
and highest hardness. The difference in the evolution of crystal-
lite sizes obtained for different peaks may be due to the height
of individual peaks and the related precision of FWHM deter-
mination and separation of part of the peaks broadening caused
by the size of the crystallites.
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Fig. 4. Crystallite size in nm for o martensitic determined based on
FWHM of peaks at around 26 = 44° (110), 64° (200), 82° (211)

3.4. Hardness measurements

Vickers hardness results are given in Table 5. The highest in-
crease in hardness after precipitation hardening amounting to
77% was obtained for the PH450 specimen that was hardened at
450°C. The lowest hardness was obtained for the as-fabricated
sample (AP). The lowest increase in hardness of 15% was ob-
tained with precipitation hardening at 600°C. The hardness af-
ter manufacture was 216 = 11.9 HV(,, even though the man-

Table 5
Comparison of HV(, hardness parameter
Sample | AP | ST1040 | PH400 | PH450 | PH500 | PH550 | PH600
Mean |216| 309 344 382 334 360 248
SD 11.9] 10.1 164 | 103 17.7 17.7 14.8
7
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ufacturer of the powder gives 230 =20 HVj, as the nominal
value.

The hardness values after manufacture without heat treat-
ment are similar to those obtained by Etemadi et al. for alloy
17-4PH produced by casting after solution treatment, and they
are below 20 HRC, which corresponds to 227 HV. After cold
treatment the hardness was 30-40 HRC and after ageing 23—
47 HRC and 4045 HRC, which corresponded to 285-474 HV
and 388-448 HV [44]. After precipitation hardening Bressan
et al. [37] obtained the hardness of 33 HRC, 37 HRC, and
43 HRC, which corresponded to 311 HV, 351 HV, and 424 HV,
respectively. Gratton et al. [45] obtained 258 HV in a raw state,
221 HV;q after solution treatment, and 225 HV;( in the H900
condition. On the other hand, Guennouni et al. [25] obtained
330-349 HV | in the as-printed condition and 344-353 HV ;
in the H900 condition. The conventionally fabricated part in
H900 had a hardness of 371 HV(; and 387 HV(; in H1025.
Compared to other studies [36,46,47], the specimens had dif-
ferent hardness values after solution treatment and after ageing.
This may be due to differences in time and slight differences in
temperature; this may also result from the applied type of hard-
ening, as most studies use the conditions from H900 to H1150
that utilize water quenching rather than air quenching (which
was the case in this study). These differences may also be due
to differences in gas. 17-4PH materials fabricated in a nitrogen
atmosphere are usually harder than those made with argon due
to the greater martensite to austenite ratio.

3.5. Nanoindentation — mechanical properties
Nanoindentation results obtained for the test specimens are
given in Table 6.

An analysis of the nanoindentation results demonstrates that
PH450 has the highest hardness (5.89 GPa). The lowest hard-
ness of 3.33 GPa is obtained for ST1040. The highest modulus
of elasticity is obtained for PH500 (198.49 GPa) and the low-
est for ST1040 (198.49 GPa). PH450 also exhibits the highest
value of the H /E parameter, which implies the highest wear re-
sistance of this material [48]. The nanoindentation results were
then analysed for their correlation with the Vickers hardness

results obtained with the micro indenter, and the Shapiro-Wilk
test showed that the variables had a normal distribution. This
indicates that the global hardness agrees with the local hard-
ness (Fig. 5). For all examined cases, the percentage of plastic
and elastic work to the total work is the same. The elastic work
amounts to 14.53%, while the plastic work is 86.59%.
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Fig. 5. Load versus displacement nanoindentation curves

The H/E ratio is particularly important in terms of erosive
wear resistance, as it facilitates the estimation of a given ma-
terial resistance to this type of wear [49]. On the other hand,
H?/E? is a strong indicator of material resistance to plastic
deformation. Erosive wear causes many operational problems,
particularly cavitation erosion [50]. Although it is an extremely
intense and degrading phenomenon, cavitation may be utilized
for cavitation peening [51]. Due to the high intensity of a sin-
gle pulse, the layer can be strengthened relatively deep below
the surface. Another important advantage of additively manu-

Nanoindentation results, Hyr — hardness, E — elastic modljl-zgleW:ast — elastic work, W, — plastic work, Wiy, — total work
Parameter AP ST1040 PH400 PH450 PHS500 PHS550 PH600
Hir [GPa] 433 3.33 5.62 5.89 5.40 5.61 5.58
SDy 0.53 0.53 0.50 1.28 0.95 0.97 0.65

E [GPa] 207.42 198.49 221.25 223.41 252.77 223.31 242.62
SDg 14 26 17 19 20 28 24
H/E 0.016769 0.016769 0.025407 0.026367 0.021355 0.025144 0.023008
H?/E? 0.000936 0.000936 0.003629 0.004095 0.002462 0.00355 0.002955
Welast [1J] 0.027857 0.028788 0.02898 0.0285 0.028421 0.028413 0.02873
Wolast [1J] 0.166071 0.160758 0.165306 0.160667 0.165263 0.164444 0.164444
Wiotal [1J] 0.191786 0.187273 0.191633 0.190167 0.191579 0.191111 0.191111
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factured materials is the possibility of using peening in regions
inaccessible to other peening methods. Tribological parameters
can be tailored to a specified environment by appropriate heat
treatment, changing matrix morphology and size, as well as due
to the presence of hard phases [52].

Results of Vickers hardness and indentation hardness accord-
ing to the Oliver-Pharr method obtained for different tempera-
tures are given in Fig. 6.
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Fig. 6. Hardness versus precipitation hardening temperature

Figure 6 shows the relationship between ageing temperature
(the solution treatment temperature was maintained constant)
and hardness. It can be observed that the highest hardness is
obtained at temperatures ranging between 450 and 490°C [28].
Other studies [19,53] have also reported this temperature range
to be the most suitable for the 17-4PH grade of steel due to the
precipitation of Cu and Nb phases and the MS temperature of
approx. 480°C.

4. CONCLUSIONS

The work explores the effects of heat treatment conditions in
particular ageing temperatures on microstructure and mechani-
cal properties. Based on the research, the following conclusions
can be drawn:

e The microstructural examination results confirmed that the
obtained structure was typical of additive-manufactured 17-
4PH steel, as it contained a fine-grained needle-like struc-
ture. A two-phase structure with fine martensite needles,
consisting of austenite and martensite, was observed in the
as-built state. The top and inner surfaces showed overlap-
ping laser beam pass patterns.

e XRD measurements suggest that when 17-4PH steel is
heated, the transition of the austenite phase to martensite
takes place, accompanied by the disappearance of the tex-
ture of the austenite crystallites. It was observed that the size
of crystallites was refined from 12.5-22 nm to 7-14 nm in
the structure after solution treatment at temp 1040°C. The
martensite crystallite size generally increased with ageing
temperature, except for the PH450 specimen.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 4, p. 146237, 2023

e Heat treatment had positive effects on the properties of
17-4PH steel, Vickers hardness by 15-77%, elastic mod-
ulus by 7-22%, resistance to plastic deformation (H?/E?)
215-337%, and resistance to abrasive wear (H /E) 27-57%.
The highest hardness of 382 HV(, was obtained for the
PH450 sample that was precipitation hardened at 450°C.
The lowest hardness (216 HV(,) was observed for AP in
as-fabricated condition; a low hardness of 248 HV(, was
also obtained for the samples subjected to precipitation
hardening with ageing at 600°C. The lowest H/E ratio of
0.000936 was obtained for the samples subjected to printing
and solution treatment. The highest H/E ratio of 0.026367
was observed for the PH450 sample.

e The increase in the ageing temperature did not directly af-
fect the change in the analysed properties in a specific di-
rection except for the size of the crystallites and the content
of the different phases.

e Moreover, the results showed a general relationship be-
tween hardness and grain size. The PH450 sample had the
highest hardness but a small grain size. ST1040, on the
other hand, exhibited the lowest hardness after solution
treatment. The samples PH400, PH500, and PH600 had a
relatively coarse grain size and low hardness.

e PH400 and PH550 samples had similar properties and the
differences in hardness can be explained by the 13% higher
martensite content in the PH550 sample.

e The best conditions for the ageing process were at 450°C.
Sample PH450 had the best properties in practically all the
tests carried out, slightly better elastic properties were char-
acteristic of sample PH500.

e With constant solution treatment conditions, the selection
of an appropriate ageing temperature seems to be crucial
for obtaining the desired properties. Interestingly, after the
solution treatment process, an equal ratio of austenite to
martensite content was obtained, and temperature modifi-
cation resulted in a change in austenite content to the range
of 10% to 54%. Martensite as a hard phase, however, does
not seem to be responsible for the overall increase in hard-
ness after the ageing process, although the noted reduction
in crystallite size in the PH450 sample is a beneficial effect.
Thus, it is possible that this is due to the strengthening re-
sulting from the formation of carbides or the formation of
precipitates at grain boundaries.
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