
����������
�������

Citation: Zhao, Z.; Wang, H.; Huo, P.;

Bai, P.; Du, W.; Li, X.; Li, J.; Zhang, W.

Effect of Solution Temperature on the

Microstructure and Properties of

17-4PH High-Strength Steel Samples

Formed by Selective Laser Melting.

Metals 2022, 12, 425. https://

doi.org/10.3390/met12030425

Academic Editor: Thomas Niendorf

Received: 21 January 2022

Accepted: 25 February 2022

Published: 28 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Effect of Solution Temperature on the Microstructure and
Properties of 17-4PH High-Strength Steel Samples Formed by
Selective Laser Melting
Zhanyong Zhao 1,*, Hailin Wang 1, Pengcheng Huo 1 , Peikang Bai 2,*, Wenbo Du 3, Xiaofeng Li 1, Jianmin Li 4

and Wei Zhang 4

1 School of Materials Science and Engineering, North University of China, Taiyuan 030051, China;
whj671424473@126.com (H.W.); nuchpc@126.com (P.H.); lxf@nuc.edu.cn (X.L.)

2 College of Materials Science and Engineering, Taiyuan University of Science and Technology,
Taiyuan 030024, China

3 National Key Laboratory for Remanufacturing, Academy of Army Armored Forces, Beijing 100072, China;
dwbneu@163.com

4 Technical Center, Taiyuan Iron and Steel (Group) Co., Ltd., Taiyuan 030003, China; lijm@tisco.com.cn (J.L.);
zhangwei@tisco.com.cn (W.Z.)

* Correspondence: zhaozy@nuc.edu.cn (Z.Z.); baipeikang@nuc.edu.cn (P.B.)

Abstract: Samples of 17-4PH high-strength steel were processed by selective laser melting (SLM) and
solution-processed. The effects of the solution temperature on the microstructure and mechanical
properties of the samples were studied. The 17-4PH high-strength steel is primarily composed of
martensite, with a small number of austenite phases, and contains many dislocations. After the
solution treatment, the grain size gradually increased, yielding typical martensite. The samples were
subjected to an aging treatment after the solution treatment. Precipitates formed in the samples,
conducive to improving their strength and hardness. The Vickers hardening and wear properties of
the 17-4PH high-strength steel samples first increased and then decreased with increasing solution
temperature. After the solution treatment at 1040 ◦C for 2 h and aging at 480 ◦C for 4 h, the Vickers
hardening of the 17-4PH high-strength steel increased to 392 HV0.5, and the friction coefficient
was approximately 0.6. These values were, respectively, 7% and 5% higher than those for the
untreated samples.

Keywords: 17-4PH; SLM; solution temperature; microstructure and properties

1. Introduction

The 17-4PH high-strength steel is a low-carbon martensitic stainless steel containing
nickel and copper that can be hardened by precipitation [1]. This stainless steel material
has high strength and strong corrosion resistance [2,3]. It is widely used in medical devices,
the chemical industry, automobile manufacturing, the military industry, the aerospace
industry, and the nuclear industry. Owing to the melting point of this material, it can
only be used for a long time at temperatures below 30 ◦C [4,5]. The intended application
conditions of this steel evolve and become more stringent; consequently, the performance
requirements become more demanding. The martensitic structure and the high hardness
caused by precipitation hardening increase the processing difficulty of this material [6,7].
The traditional high-temperature processing technology cannot meet the requirements of
the processing of parts, such as no casting process defects, and some complex parts [8].
This negatively affects subsequent deformation processing and heat treatment; as a result,
complex welded parts can easily accumulate stress. Therefore, selective laser melting (SLM)
forming technology was proposed in an attempt to address the forming problem [9]. SLM
uses a metal powder that melts and cools rapidly under the heat of a laser beam, which
overcomes the problems caused by traditional methods of manufacturing metal parts with
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complex shapes [10] The 17-4PH high-strength steel relies on the precipitation of the second
phase to strengthen the material [11,12]. Martensitic transformation and aging treatment in
order to form the precipitation hardening phase are the main strengthening methods [13]
Along with SLM, solution treatment and aging treatment of 17-4PH high-strength steels
also importantly affect SLM-based sample formation, with improved performance under
application and service conditions [14].

Yadollahi et al. [15] studied the effects of heat treatment and crack orientation on the
fatigue crack growth (FCG) behavior of 17-4PH stainless steel samples fabricated using a
laser powder bed fusion (LPBF) additive manufacturing (AM) system. Their experimental
results showed that following heat treatment, a large amount of delamination was observed
in the crack propagation region of the specimens with transverse cracks. When the crack
tip encountered a poorly bonded layer, a sudden deflection of the propagating crack also
occurred in the specimens with longitudinal cracks, which were formed due to insufficient
fusion or due to high residual stress. Qi et al. [14] studied the solution and aging treatments
of 17-4PH stainless steel samples in a vacuum and under hot isostatic pressing (HIPA,
HIPB, HIPC) conditions; the samples were prepared using SLM. The relative density, tensile
strength, and ductility improved following the solution and aging treatments performed
under the HIP conditions. Sun et al. [16] studied the effects of conventional solution
and precipitation hardening (H-900) heat treatments on the microstructure evolution of
17-4PH AM and wrought components. These microstructural studies demonstrated that
microstructures and hardnesses similar to those of wrought samples could be achieved in
17-4PH AM components by post-build heat treatments. Cheruvathur et al. [17] compared 17-
4PH AM with forging 17-4 PH in conventional production. The effects of post-build thermal
processing on the material microstructure were compared to those for conventionally
produced wrought 17-4 PH with the intention of creating a more uniform, fully martensitic
microstructure. Chung and Tzeng [18] studied the effect of aging treatment at 480 ◦C,
520 ◦C, and 620 ◦C on the microstructure and mechanical properties of metal injection
molding (MIM) 17-4PH. A large number of fine spherical ε-Cu precipitates on the lath
martensite matrix used to strengthen the MIM 17-4PH effectively prevented the movement
of dislocations and yielded the highest hardness after aging at 480 ◦C.

However, there are only a few systematic studies on the effect of solution temperature
on the microstructure and properties of 17-4PH. In this study, 17-4PH high-strength steel
samples were prepared by SLM and then heat-treated to improve their mechanical proper-
ties. The effects of the solution temperature on the microstructure, hardness, friction, and
wear and tensile properties of the SLM-formed 17-4PH samples were studied.

2. Experimental Procedures

The main chemical components (wt. %) of the 17-4PH high-strength steel powder
are listed in Table 1. During the experiment, 17-4PH high-strength steel powder was
screened, impurities in the powder were filtered out, and the filtered powder was put
into a drying box for drying treatment. After drying, there was no moisture in the metal
powder. In the experiment, EP-M150 selective laser melting forming equipment (Beijing
Eplus 3D Tech. Co., Ltd, Beijing, China) was used. The instrument was equipped with a
200 W/500 W water-cooled fiber laser with a laser wavelength of 1060–1090 nm, and the
protective atmosphere was argon. A chessboard-laser-scan strategy was adopted, and a
laser focus diameter at the powder bed of 70 µm was used. Moreover, the SLM process
parameters of the laser power (P), the scanning speed (v), the hatch spacing (h), and the
layer thickness (t) were used in the experiment, and their values are listed in Table 2.

Table 1. Chemical components (wt. %) of the 17-4PH high-strength steel powder.

Cr Ni Cu Si Mn Nb C Fe

14.10 3.94 5.64 0.47 0.37 0.21 0.07 balance
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Table 2. SLM processing parameters used to produce the specimens.

Laser Power
(W)

Scanning Speed
(mm·s−1)

Layer Thickness
(µm)

Hatch Spacing
(µm)

Energy Density
(J/mm3)

185 620 30 110 90.4

Moreover, the starting temperature Ms of the transformation from the austenite struc-
ture to the martensite structure is above room temperature. After heat treatment, all the
structures of the sample become martensite. However, when the solution temperature of
the heat treatment is too high, the martensite structure is uneven, the Ms point decreases,
the residual austenite increases, and the ferrite content also increases. All these make
the heat treatment effect worse. Therefore, the heat treatment system (solution-treated at
940 ◦C, 990 ◦C, 1040 ◦C, 1090 ◦C, and 1140 ◦C for 2 h) was selected based on comprehensive
consideration of these factors, and then the samples were quenched in water. After this
process, the samples were aged at 480 ◦C for 4 h. The heat treatment system is presented in
Table 3.

Table 3. The heat treatment system for the SLM-formed 17-4PH high-strength steel.

Number Heat Treatment System

#1 Solution 940 ◦C × 2 h (water cooling) + Aging 480 ◦C × 4 h (air cooling)
#2 Solution 990 ◦C × 2 h (water cooling) + Aging 480 ◦C × 4 h (air cooling)
#3 Solution 1040 ◦C × 2 h (water cooling) + Aging 480 ◦C × 4 h (air cooling)
#4 Solution 1090 ◦C × 2 h (water cooling) + Aging 480 ◦C × 4 h (air cooling)
#5 Solution 1140 ◦C × 2 h (water cooling) + Aging 480 ◦C × 4 h (air cooling)

The phase identification of the specimens’ surfaces (specimens’ dimensions: 10 mm
× 10 mm × 10 mm) was performed using X-ray diffractometry (XRD) (D/max-Rb; Kα1,
0.15408 nm; acceleration voltage, 40 kV; current, 100 mA; diffraction angle range, 20–110◦;
scanning speed, 3◦/min; Beijing Zhongke light analysis Chemical Technology Research
Institute, Beijing, China). The specimens were polished and etched with a solution of
4 g CuSO4 + 20 mL HCl + 20 mL H2O. The microstructure and distribution of elements
in the samples were examined through the use of a scanning electron microscope (SEM,
JSM-7900F, JEOL Co., Ltd., Tokyo, Japan) equipped with an energy-dispersive spectroscope
(EDS, JEOL Co., Ltd., Tokyo, Japan). The samples were processed to a thickness of 30 µm
and were further thinned using a precision ion-polishing system. Transmission electron
microscopy (TEM, JEM-2100F, JEOL Co., Ltd., Tokyo, Japan) observations were performed
using a field emission gun operating at an accelerating voltage of 200 kV. The hardening
behavior was measured using a Vickers hardness tester (HVS-1000, Shanghai Yanrun Light-
Machine Technology Co., Ltd., Shanghai, China) under a load of 0.5 N and a holding time of
15 s. The specimen surfaces were kept flat and smooth and were assessed at 10 equidistant
points. The mechanical properties of the samples were measured using an Instron 3382
mechanical properties testing system at room temperature (the strain rate was 1 mm/min,
and an overall outline of the dimensions of the tensile specimen is shown in Figure 1).
An HRS-2M high-speed reciprocating friction and wear tester (Lanzhou Zhongke Kaihua
Technology Development Co., Ltd., Lanzhou, China) was used for non-lubricated friction
and wear tests at room temperature. The load was 30 N, the friction speed was 300 t/s, the
friction length was 5 mm, and the friction pair was a Si3N4 ceramic ball with a diameter of
0.4 mm.
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Figure 1. An overall outline of the dimensions of the tensile specimen. 
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Figure 1. An overall outline of the dimensions of the tensile specimen.

3. Results and Discussion
3.1. Effect of the Solution Temperature on the Microstructure

The TEM morphological images of the 17-4PH high-strength steel samples formed
by SLM are shown in Figure 2. As the TEM sample becomes thinner, perforations tend to
form in the fine grain at the boundary of the molten pool. Examining the TEM images, the
samples’ structure mainly included lath martensite with the body-centered cubic (BCC)
crystal structure and austenite grain with the face-centered cubic (FCC) crystal structure.
As shown in Figure 2a, the width of the lath martensite was 200–300 nm. As shown in
Figure 2b, the trace width of residual austenite along the boundary of the martensite lath
was 200–300 nm. The crystal structure of the martensite was BCC, and a high density of
dislocations was observed as shown in Figure 2c. Moreover, as shown in Figure 2d, many
spherical inclusions (with particle sizes in the 50–170 nm range) were also present in the
TEM images. According to the EDS composition analysis of the precipitates, the contents
of the O and Si elements were high, and these spherical inclusions were determined to be
Si-rich oxides.
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Figure 2. TEM images of the morphology of the 17-4PH high-strength steel formed by SLM:
(a) martensite; (b) austenite; (c) dislocation; (d) precipitates.

Barroux et al. [19] mention that the formation of these inclusions in the forming process
is considered a manufacturing defect, despite the use of protective gas. Si-rich oxide



Metals 2022, 12, 425 5 of 13

inclusions were formed during the SLM-based production. Such inclusions, considered as
manufacturing defects, were reported by several authors for 316 L stainless steel [20,21].

Figures 3 and 4 show the SEM morphology and XRD patterns of the 17-4PH high-
strength steel samples formed by SLM-based processing and subsequent heat treatment.
Because the transformation point temperatures of 17-4PH high-strength steel are 670 ◦C for
Ac1, 740 ◦C for Ac3, 140 ◦C for Ms, and 32 ◦C for Mf, the best performance requirements can
be obtained by adjusting different heat treatment processes. Figure 3a shows a sample that
was formed using SLM, and the structure is composed of lath martensite. Corresponding
to the XRD pattern shown in Figure 3b, the structure also features the γ-austenite peak.
After the heat treatment, the samples gradually formed a typical martensite microstructure
as the temperature of the solution treatment increased. As shown in Figure 3c, the grain
size increased as the solution temperature increased up to 940 ◦C, and all of the structures
were transformed into α-martensite, as shown in Figure 3d.
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Figure 3. SEM images of the morphology of 17-4PH high-strength steel: (a) SLM-processed;
(c) heat-treated in solution at 940 ◦C; (e) heat-treated in solution at 990 ◦C. XRD patterns of 17-
4PH high-strength steel: (b) SLM-processed; (d) heat-treated in solution at 940 ◦C; (f) heat-treated in
solution at 990 ◦C.
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Figure 4. SEM images of the morphology of 17-4PH high-strength steel: (a) heat-treated in solution at
1040 ◦C; (c) heat-treated in solution at 1090 ◦C; (e) heat-treated in solution at 1140 ◦C. XRD patterns
of 17-4PH high-strength steel: (b) heat-treated in solution at 1040 ◦C; (d) heat-treated in solution at
1090 ◦C; (f) heat-treated in solution at 1140 ◦C.

The structures were completely austenitized during the heating of the solution and
were transformed into lath martensite during the rapid cooling of the solution. When the
solution temperature was 1040 ◦C, as shown in Figure 4a, the original austenite grains
were arranged into package shapes (as indicated by the dotted line). Fine equiaxial grains
were observed in the structure (the circle mark in the figure). A weak peak of γ-austenite
was observed in the spectra of the specimens that were solution-treated at 1140 ◦C and
the XRD patterns are shown in Figure 4f. The main peaks of α-martensite, as well as fine
equiaxial grains, were observed (the circle mark in the figure). The starting temperature Ms
of the austenite-to-martensite transformation was above room temperature. The solution
temperature was too high; thus, Ms decreased and the retained austenite δ-ferrite also
increased, but the hardness decreased. At this temperature, the heat treatment effect was
not good. The orange arrows in Figures 3 and 4 indicate the precipitated phase. During the
aging process, the precipitation of precipitates such as ε-Cu was observed. A high density
of dislocations was observed in the martensite, which is conducive to the diffusion of the
copper phase. This is likely to improve the strength and hardness of the samples [18].

As shown in Figures 3 and 4, in terms of the XRD patterns, the structure of the
17-4PH high-strength steel samples formed by SLM consisted of the intensive and main
peaks of α-martensite and a weak peak of γ-austenite. A complete martensite structure
was achieved after the heat treatment. When the solution temperature reached 1140 ◦C,
the characteristic peak of γ (220) appeared again. Owing to the high temperature, Ms
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decreased, the temperature decreased, some austenite did not transform into martensite,
and the amount of residual austenite increased.

3.2. Effect of the Solution Temperature on the Other Properties
3.2.1. Microhardness

Figure 5 shows the hardness values of the studied 17-4PH high-strength steel samples
that were obtained using the SLM-based method and different solution treatment methods.
The hardness improved owing to the heat treatment (the horizontal build direction was
the X-Y section, and the vertical build direction was the X-Z section). When the solution
temperature was increased to 1040 ◦C, the X-Y section hardness of the alloy samples peaked
at approximately 392 HV0.5, while the X-Z section hardness peaked at approximately
381 HV0.5. Following that, the hardness of the alloy samples decreased as the solution
temperature increased. The increase in the samples’ hardness was due to the strengthening
effect caused by the complete martensite structure and small precipitates in the samples.
The hardness values for the X-Y sections and the X-Z sections of the untreated samples
that were made using the SLM-based method were the same. After the heat treatment,
the hardness values of the X-Y and X-Z sections were different; the hardness of the X-Z
section was lower than that of the X-Y section. For the solution temperature of 940 ◦C,
the hardness was in the 360 HV0.5–365 HV0.5 range, similar to that of the non-heat-treated
samples that were made using the SLM-based method. For the solution temperature of
1140 ◦C, the hardness of the X-Y section samples decreased to 383 HV0.5 and that of the
X-Z section decreased to 375 HV0.5. This was because, at a solution temperature that was
too high, the stability of the austenite increased and the transformation temperature Ms of
the martensite decreased, resulting in an uneven martensite structure, a higher amount of
retained austenite, higher ferrite content, and lower hardness. After the solution treatment,
the microstructure became hard-phase martensite. The dispersed precipitation hardening
phase that precipitates on the martensite lath during aging was shown to improve the
matrix hardness [22]. Additionally, many dislocations were observed in the structure,
which also affected the samples’ hardness.
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3.2.2. Wear Performance

Figure 6 shows the friction coefficient curves of the 17-4PH high-strength steel samples
formed using the SLM-based method and heat-treated at solution temperatures in the
940–1140 ◦C range. Smooth friction coefficient curves were observed. According to the
friction coefficient curves, for all samples, the friction coefficient tended to stabilize after the
initial run-in period. The friction coefficient of the untreated samples was approximately
1, while the friction coefficients of the samples obtained for the solution temperatures of
940 ◦C, 990 ◦C, and 1140 ◦C fluctuated strongly around 0.8. The friction coefficient of
the sample obtained for the solution temperature of 1040 ◦C increased rapidly during the
first 6 min, and tended to stabilize after 6 min. The average friction coefficient decreased,
the friction coefficient was approximately 0.6, and the antifriction performance improved.
During friction, the microstructure of the sample’s surface was plastically deformed, which
increased the actual contact area, resulting in a rapid increase in the friction coefficient. The
solution temperature was 1140 ◦C. Owing to the high solution temperature, the Ms point
decreased and the retained austenite δ-ferrite also increased. Austenite is a soft phase; thus,
the hardness decreased and the friction coefficient increased.
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Figure 6. The friction coefficient of SLM-formed samples and samples heat-treated at different
solution temperatures.

Figure 7 shows the SEM morphologies of the wear surfaces of the 17-4PH high-strength
steel samples obtained using the SLM-based method and heat-treated at different solution
temperatures in the 940–1140 ◦C range. The types of wear that manifested were abrasive
wear, adhesive wear, and fatigue wear. During friction, compressive and shear stresses
were generated on the samples’ surfaces. As shown in Figure 7a, the samples’ surfaces
became exfoliated, deformed, and scratched during the experiment, which led to the
obvious roughening and tearing of the surfaces, as well as to the generation of plate-like
wear debris. The material that was peeled off from the specimens’ surfaces owing to
the propagation of microcracks was the main reason for the observed high wear rates.
Figure 7b shows that the adhesive wear for the sample treated at 940 ◦C was the most
obvious, resulting in a large amount of adhesive fine debris. Figure 7c shows that for
the solution temperature of 990 ◦C, the hardness of the corresponding sample increased,
and the adhesive wear and lamellar phenomena decreased. Figure 7d shows that for
the solution temperature of 1040 ◦C, the surface of the corresponding sample was the
smoothest. Owing to the high hardness and the low degree of wear, the main wear types
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were abrasive and slight adhesive wear. When the strength of the adhesive joint was lower
than that of the two materials engaged in friction, shear occurred at the interface between
the two materials. At this time, although the friction coefficient increased, the amount of
wear was very small and the material transfer was minimal. Figure 7e shows that, for the
solution temperature of 1090 ◦C, the fatigue wear was clear, and the surface of the sample
could be peeled off in flakes, suggesting a high degree of damage. Figure 7f shows that,
for the solution temperature of 1140 ◦C, delamination occurred, yielding a large number
of loose wear particles. Some hard particles fell off and wore the surface materials of the
contact surface owing to extrusions or relative motion. There were two specific mechanisms
of plastic deformation and fracture during the wear process of abrasive particles. When the
surface plasticity of the material was high, the abrasive particles scratched, with most of
them producing grooves, and accumulation occurred on both sides. Subsequent repeated
friction experiments will flatten the accumulated debris. In this way, an external force
would eventually cause the formation of cracks and spalling.
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3.2.3. Tensile Properties

Figure 8 shows the stress–strain curves of 17-4PH high-strength steel formed by SLM
and samples heat-treated at different solution temperatures in the 940–1140 ◦C range.
On the whole, the tensile strength of the specimens after heat treatment is improved
in different degrees compared with that before heat treatment. Particularly, when the
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solution temperature is 1040 ◦C, the trade-off between tensile strength and ductility is
better displayed (the tensile strength is 1180 MPa, the strain is 0.16). Compared with Li et al.
’s the tensile properties after the homogenizing heat treatment [23], the tensile properties at
the solution temperature of 1040 ◦C are mainly characterized by the fact that the tensile
strength is improved to a certain extent compared with that before the heat treatment
without sacrificing its toughness. Similarly, compared with Huber et al.’s modified heat
treatments (involving prolonged solution annealing and deep-cooling) [24], the trade-off
between tensile strength and ductility under the 1040 ◦C solution heat treatment in this
study was also improved.
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Figure 8. Stress–strain curves of SLM-formed specimens and heat-treated specimens.

Figure 9 shows the SEM morphology results for the tensile fracture of the 17-4PH
high-strength steel samples formed using the SLM-based method and processed at different
solution temperatures in the 940–1140 ◦C range. After heat treatment, the tensile strength
reached 1200 MPa. The elongation was in the range of 0.10 to 0.16. The tensile fracture
surface consists of three distinct regions: the fiber, radiation, and shear lip regions. Figure 9a
shows that many dimples and some micropores (orange arrows) formed on the surface of
the untreated SLM-formed sample, and the sample exhibited a ductile fracture. As shown
in Figure 9b, the sample that was treated at the solution temperature of 940 ◦C exhibited an
obvious cleavage surface (marked by the orange circle) and shallow holes. Dimples were
large and uneven, indicating a mixture of ductile and brittle fractures. With an increase in
the solution temperature (as shown in Figure 9c for the solution temperature of 990 ◦C), the
torn edge of the tensile part decreased and shortened, and the dimples became finer. As
shown in Figure 9d, when the solution temperature increased to 1040 ◦C, the dimples on the
fracture surface of the sample became similar in size and evenly distributed, which was also
the reason for the high degree of elongation. The fracture surface of the sample exhibited
an obvious necking phenomenon, which is a typical ductile fracture mechanism. As shown
in Figure 9e, for the solution temperature of 1090 ◦C, the tensile strength of the sample
increased, but the elongation decreased, resulting in a large number of cleavage surfaces
and holes in the sample. As shown in Figure 9f, for the solution temperature of 1140 ◦C,
the austenite in the sample structure reduced the strength of the material but improved the
plasticity, tensile rate, cleavage surface, and micropore content of the material. After the
heat treatment, the precipitated phase caused the formation of micropores during tension.
The speed of the microporous polymerization process affects the toughness of the sample.
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The samples’ good strength and toughness are related to their structural uniformity and
the presence of fine grains.
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Figure 9. SEM images of the morphology of the tensile fracture of 17-4PH high-strength steel formed
by SLM. (a) SLM-formed sample; (b) sample heat-treated in solution at 940 ◦C; (c) sample heat-treated
in solution at 990 ◦C; (d) sample heat-treated in solution at 1040 ◦C; (e) sample heat-treated in solution
at 1090 ◦C; (f) sample heat-treated in solution at 1140 ◦C.

4. Conclusions

In this work, the effects of solution temperature (solution treatment at 940 ◦C, 990 ◦C,
1040 ◦C, 1090 ◦C, and 1140 ◦C for 2 h and aging at 480 ◦C for 4 h) on the microstructure
and mechanical properties of 17-4PH high-strength steel samples that were obtained using
the SLM-based process. Based on the experimental results, the following conclusions
were reached.

First, the 17-4PH high-strength steel is primarily composed of martensite with a small
amount of austenite phase and many structural dislocations. After the heat treatment, the
martensite grain size increased gradually, and typical martensite microstructures emerged,
eventually yielding a single-phase martensite structure. When the solution temperature
was increased to 1140 ◦C, the Ms point decreased and the amount of retained γ-austenite
and δ-ferrite also increased, but the hardness decreased. White precipitates were observed
in the samples.

Second, the heat treatment improved the hardness, wear properties, tensile strength,
and ductility of the 17-4PH high-strength steel samples formed using the SLM-based
process. After the solution treatment at 1040 ◦C for 2 h and aging at 480 ◦C for 4 h, the
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Vickers hardness of the 17-4PH high-strength steel samples increased to 392 HV0.5, with a
7% improvement, and the friction coefficient was approximately 0.6, which was 5% higher
than that of the untreated samples.
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