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Abstract: Ultrahigh strength steels were additively manufactured (AM) using different batches of
powders by means of the laser metal deposition (LMD) technique. After quenching and tempering
treatments, the microstructures, mechanical properties, and fracture modes of ultrahigh strength
steels were investigated by several testing methods. The results demonstrate that martensite and
Fe3C cementite were found in the three specimens after quenching and tempering treatments, and
the tempered martensite microstructure had a lamellar structure in all specimens. The widths of these
martensite lathes were observed to be different for the APHT-1, APHT-2, and APHT-3 samples, and
their sizes were 1.92 ± 0.90 µm, 1.87 ± 1.09 µm, and 1.82 ± 0.85 µm, respectively. The martensitic
steel exhibited excellent mechanical properties (tensile strength and impact toughness). The yield
strength and the ultimate tensile strength of the APHT-3 sample reached 1582 MPa and 1779 MPa,
respectively. Moreover, the value of the impact energy for the APHT-1 sample was 46.4 J. In addition,
with the changes in the batches of ultrahigh strength steel powders, the fracture mode changed from
ductile fracture to brittle fracture under tensile force and impact loads.

Keywords: additive manufacturing; ultrahigh strength steel; microstructure; mechanical properties;
heat treatment

1. Introduction

Additive manufacturing (AM) has attracted considerable attention in the field of
machinery manufacturing due to its ability to make components layer by layer on the
basis of a 3D-CAD volume model [1,2]. The advantages of this technology are that it is
efficient, it avoids material waste, it reduces costs, and it overcomes the problems caused
by traditional methods in manufacturing metal parts with complex shapes [3]. Therefore,
additive manufacturing has been used in various fields, such as the aerospace, automotive,
medical treatment, and energy industries [4,5]. Plenty of AM processes are widely used
in 3D-printed metal materials, such as selective laser melting (SLM) [6], laser powder bed
fusion (LPBF) [7], laser metal deposition (LMD) [8,9], wire and arc additive manufacturing
(WAAM) [10], electron beam melting (EBM) [11], binder jetting (BJ) [12], and so on. LMD
has attracted wide attention due to its high efficiency and dimensional accuracy. It utilizes
a laser as the energy source. The metal powders are simultaneously delivered by a nozzle
to the molten pool under computer-aided control [13], and the metal parts designed
by the CAD model are obtained. A large number of metal parts made out of different
metal alloys, including Ti-6Al-4V [14,15], Al-Si-Mg alloys [16], Cu alloys [17], nickel-based
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superalloys [18,19], steels [20,21], and numerous other advanced alloys [22–24], have been
successfully manufactured by laser metal deposition.

Ultrahigh strength steel is one kind of steel alloy used to manufacture structural parts
bearing high stress and is widely applied in the aviation, aerospace, and military fields [25–28].
At present, there is interest in studying the mechanical properties of ultrahigh strength
steels produced via selective laser melting. Raiyan [29] et al. utilized selective laser melting
to prepare an AF9628 ultrahigh strength steel via optimizing process parameters, which was
shown to exhibit strengths greater than 1.5 GPa with more than 10% tensile ductility due
to the formation of an ε-carbide phase. Rahman Rashid [30] et al. reported the influence
of a laser reheat post-treatment on the microstructural characteristics of laser-cladded
ultrahigh strength steel. The hardness profile across the cladded regions of the as-deposited
sample indicated the presence of hard (>650 HV) untempered martensite in both the clad
and the heat-affected zone, whereas the hardness in the heat-affected zone decreased to
about 500–590 HV after the laser post-heat treatment. Cameron et al. [31] studied the roles
of deposition strategy and fill depth in the tensile properties of 300 M repaired through
laser-directed energy deposition. The ultimate tensile strength was 1902 MPa for the
300M specimen repaired with the 10% effective repair depth via the track delay deposition
strategy, whereas the ultimate tensile strength was reduced to 1560 MPa by the layer delay
deposition strategy repaired with the 100% effective repair depth.

Impact toughness is the ability of a material to absorb plastic deformation work and
fracture work under impact loading, reflecting the impact resistance of the material. It is a
comprehensive performance test of material strength and plasticity, and it is an important
mechanical property. Dilip et al. [32] reported that the impact energy of martensitic HY100
steel fabricated by SLM was approximately 24 J. After solution treatment, the impact energy
increased a little, but it decreased sharply after solution treatment followed by ageing
treatment. Raiyan [33] et al. manufactured ultrahigh strength martensitic steel AF9628
using laser powder bed fusion (LPBF). The Charpy impact toughness of the as-printed
sample was approximately 28 J, but it was reduced to 24 J after quenching and tempering
heat treatments. However, these results demonstrate that the impact toughness values of
steels fabricated by the AM process are low, and further applications are limited. Hence,
the key issue is to achieve high strength, plasticity, and impact toughness for AM steels.

The chemical compositions of different batches of gas-atomized steel powders are
different in actual production, which may significantly affect the mechanical properties
of the AM steels. However, there are few reports on the influence of different batches of
steel powders on mechanical properties. In this work, our aim was to analyze the effects of
different batches of ultrahigh strength steel powders on the microstructure and mechanical
properties of the additively manufactured samples followed by heating treatment. A series
of ultrahigh strength steels were manufactured using different batches of powders by laser
metal deposition, and the microstructures and mechanical properties (tensile properties,
hardness, and impact toughness) were investigated in depth.

2. Experimental Section

The experiments were performed using an LMD-1200 laser metal deposition machine
(Automation Research Institute of China South Industries Group Corporation, Mianyang,
China). A schematic diagram of the LMD machine is shown in Figure 1a. The forming
quality of 3D-printed metal parts is influenced significantly by the process parameters [25].
The process parameters of LMD mainly include the laser powder, scanning speed, and
overlap ratio. These parameters mainly depend on the chemical composition of the material.
The laser power is too small to completely melt the powders. Conversely, if the power
is too high, the molten pool may overheat, and the energy penetration may be too deep.
The scanning speed is affected by the laser power and the size of the laser beam spot, and
it cannot be too fast or too slow. If the overlap rate is not appropriate, it may lead to an
insufficient curing area. In the previous study, orthogonal experiments were carried out,
and the results were verified by a regression analysis.
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Figure 1. (a) Schematic diagram of the LMD machine. (b) Illustration of the heat treatment process.

The optimal experimental parameter was selected. The experimental process parame-
ters were a laser power of 2000 W, a scanning speed of 10 mm/s, an overlap ratio of 50%,
and a laser scan strategy with layers alternating by 90◦ in the x–y plane. Three samples
with different batches of powders were printed using these parameters. The powder mor-
phology of ultrahigh strength martensitic steel is approximately spherical, and its size is
50–150 µm, as shown in Figure 2. Before printing, the powder was dried in a vacuum
oven (Shanghai Yiheng Technology Co., Ltd., Shanghai, China) for 2 h at 200 ◦C. The
chemical compositions with different batches of powders are presented in Table 1. It has
been clearly seen that the chemical compositions of powders change slightly in different
batches, which may influence the microstructures and mechanical properties of as-printed
samples. Low-carbon steel was selected as the base plate, which was annealed, polished,
and cleaned, and then all samples were printed on this substrate.
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Table 1. Chemical compositions of the ultrahigh strength steel in this study (wt. %).

Sample Cr Mn Mo Ni Si C N O

APHT-1 1.100 0.710 0.640 4.690 1.430 0.270 0.002 0.005

APHT-2 1.120 0.660 0.570 4.990 1.160 0.300 <0.003 0.009

APHT-3 1.140 0.650 0.580 5.240 1.890 0.320 0.003 0.002

To improve the ultrahigh strength martensitic steel, the as-printed specimens were
heat-treated in a muffle furnace. The quenching and tempering processes were selected
in our work according to the frequently used heat treatment process of the as-forged
martensitic steel. In addition, due to the different cooling rates of each layer for the
samples during printing, the variety of microstructures and mechanical properties were
inconsistent in the as-printed materials. Therefore, a normalization treatment was necessary
before quenching the as-printed specimens. All samples were treated according to the
same heat treatment schedule. The detailed heat treatment process is described below
and is illustrated in Figure 1b for visual clarity. The as-printed samples were treated by
normalization at 920 ◦C for 30 min, air-cooled, austenitized at 860 ◦C for 30 min, oil cooled,
tempered at 300 ◦C for 30 min, and then air-cooled to room temperature.

Some cubic specimens were cut from the three samples by wire electrical discharge
machining to perform microstructural studies. The samples were polished to mirror-like
surfaces with 400- to 1500-grade silicon carbide papers and then etched using a corrosion
agent (a 5% nitric acid alcohol solution). A scanning electron microscopy (SEM) analysis
was performed with a JSM-7610FPlus SEM equipped with EDS (JEOL Ltd., Tokyo, Japan).
The determination of the phase compositions was carried out using an X-ray diffraction
(XRD) instrument (Rigaku Corporation, Tokyo, Japan) with Cu-kα radiation in a 2θ range
of 20◦ to 100◦.

All samples for testing the mechanical properties were cut perpendicular to the build-
ing direction by wire electrical discharge machining or a lathe operator. Rockwell hard-
ness values were measured with an HRS-150 digital Rockwell hardness tester (Shanghai
Zhongyan Instrument Manufacturing Factory, Shanghai, China). To ensure repeatability,
each sample was analyzed five times, and the average values are reported. The room-
temperature tensile tests were performed using an electromechanical universal testing
machine (CMT5105, MTS Systems Co.,Ltd, Shenzheng, China) equipped with an exten-
someter to obtain the axial strain. The dimensions of the dog-bone tensile specimens
were 35 mm in length and 18 mm × 3 mm × 6 mm in the gage section. The strain rate
for the three samples in each condition was 6.7 × 10−4 s−1 during loading until fracture.
The Charpy impact measurements were carried out for three samples with a U-shaped
notch using a ZBC2302-2 automatic impact testing machine (Shenzhen New Sansi Material
Testing Co., Ltd., Shenzheng, China). The dimensions for the Charpy impact samples were
10 mm × 10 mm × 55 mm. To analyze the fracture mechanism, the micrographs of the
fracture surfaces of the tensile samples and impact samples were characterized by SEM.

3. Results and Discussion
3.1. Microstructural Analysis

Optical micrographs of the three samples are shown in Figure 3a–c. Melt pool struc-
tures and heat-affected zones often appear in as-printed samples [32–34]. These interesting
features have been reported in some studies [32,35] and may disappear after quenching and
tempering. Therefore, the melt pool structures or heat-affected zones cannot be observed
in Figure 3. In the three specimens, the microstructures were homogenous and were not
obviously different from the optical images. In addition, cracks were not seen in any
samples. This would suggest that the selected printing process and heat treatment schedule
may be reasonable.
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Figure 3. Optical micrographs and XRD patterns of three samples. (a) Optical micrograph of APHT-1.
(b) Optical micrograph of APHT-2. (c) Optical micrograph of APHT-3. (d) XRD patterns of three
samples.

Phase analyses of the three samples were carried out using X-ray diffraction. Figure 3d
shows the XRD patterns of the samples. The diffraction peak positions were found at 44.6◦,
64.6◦, 82.1◦, and 98.7◦ in each sample, and these peaks closely match the characteristic spec-
tra of martensite. Additionally, a comparatively small peak at 43.2◦ was observed in each
specimen, which closely matches the Fe3C phase. It was noted that the diffraction peaks
at 44.6◦, 64.6◦, 82.1◦, and 98.7◦ also overlap with those of the Fe3C phase. Similar results
have been observed in an ultrahigh strength martensitic steel fabricated using selective
laser melting [29]. In general, the formation of Fe3C cementite in steel is mainly based
on two aspects. On one hand, many ε-carbide particles precipitate from lath martensite
during tempering. As the tempering temperature increases, the ε-carbide particles grow
gradually and transform into Fe3C. On the other hand, the retained austenite that appears
after quenching could decompose into Fe3C during tempering. Hence, the Fe3C phase
was found in the three samples. However, Fe3C may provide favorable conditions for the
formation and propagation of cracks, resulting in a decrease in the ductility of materials.

To further investigate the microstructures, higher-resolution micrographs of the three
specimens were obtained using scanning electron microscopy (SEM), as shown in Figure 4a.
A large number of tempered martensite microstructures with lamellar structures were
observed in all specimens. A typical feature was martensite pockets with different sizes
and orientations embedded in pre-existing austenite grains, and these martensite lathes
were approximately parallel in arrangement. Although the diffraction peaks of the Fe3C
phase were found in the XRD patterns, it is difficult to see the Fe3C precipitates in Figure 4.
A possible reason is that the cementite precipitates formed during tempering were too
fine to find by scanning electron microscopy. It is noteworthy that the sizes of these
martensite lathes were observed to be different in the three samples. Comparing the
APHT-2 and APHT-3 samples, the martensite lathes of the APHT-3 sample were rather
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finer after heat treatment. This result reveals that the APHT-3 sample should possess
excellent mechanical properties. Energy-dispersive spectrometry (EDS) maps of the APHT-
1 sample are displayed in Figure 4b. Elemental segregation often occurs in many AM alloys
during solidification due to low growth rates. However, a segregation of elements was not
observed in the EDS maps for the APHT-1 sample. This indicates that the composition of
the specimen was relatively homogeneous.
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for EDS maps.

Electron backscattered diffraction (EBSD) images of the three samples are presented
in Figure 5. Inverse pole figure (IPF) maps were used to analyze the microstructure of
tempered martensite, as shown in Figure 5a. The martensite lath average equivalent
diameters of each sample are displayed in Figure 5b, which were obtained by ImageJ© soft-
ware [36]. The martensite lath sizes of APHT-1, APHT-2, and APHT-3 were 1.92 ± 0.90 µm,
1.87 ± 1.09 µm, and 1.82 ± 0.85 µm, respectively. There were slight changes in lath size, and
the martensite lath size of APHT-3 was the smallest. This is consistent with the SEM results.
The inverse pole figures shown in Figure 5c reveal the mesotexture of each specimen. The
microstructures of the weak APHT-1 and APHT-3 martensite textures found in the [001]
direction, aligned with the build direction, whereas APHT-2 had a weak bimodal texture
along the [001] and [111] directions. Seede et al. [29] showed a similar weak <100> texture
in their pole figures, aligned with the build direction, and this is consistent with our results.
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3.2. Mechanical Properties

Due to the effect of building direction on the mechanical properties [37], all samples for
testing the mechanical properties were cut perpendicular to the building direction. Figure 6
displays the mechanical properties of all specimens at room temperature. The mechanical
property values (the yield strength, ultimate tensile strength, hardness, elongation, strain
hardening exponent, and elastic energy) are presented in Table 2. The yield strength and
ultimate tensile strength increased significantly with changing chemical compositions, up
to 1582 MPa and 1779 MPa, respectively. This result exhibited a higher strength for the
samples. However, the strain to fracture was found to be markedly reduced. In all samples,
APHT-1 displayed excellent tensile mechanical properties due to its excellent strength and
slightly high strain at fracture. In addition, the hardness of the three specimens increased
slightly with the changing chemical compositions, which is consistent with the changed in
strength. The hardness of APHT-3 was the highest, approximately 51.1 HRC.
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Table 2. Mechanical property data of the ultrahigh strength steels.

Alloy σ0.2 (MPa) σb (MPa) Elongation
(%)

Hardness
(HRC) n We

(MJ/m3)

APHT-1 1413 1690 6.2 49.1 0.271 4.062
APHT-2 1568 1758 2.1 49.4 0.222 4.328
APHT-3 1582 1779 3.4 51.1 0.283 4.799

In the plastic deformation stage, shown in Figure 7a, the three specimens exhibited
evident strain hardening, which can be explained by the following Hollomon [35,38]
equation:

σ = Kεn (1)

where σ is the true stress of the material, ε is the true strain, K is the hardening coefficient,
and n is the strain hardening exponent. The strain hardening exponent (n) reflects the
ability of the material to resist uniform plastic deformation [35,38]. When n is 1, the material
is the ideal elastomer, and σ is directly proportional to ε; when n is 0, σ = K, which indicates
that the material is unable to undergo strain hardening [35,38].
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To calculate the value of n, take the logarithm of both sides of Equation (1), and then
the equation can be expressed as follows:

ln σ = ln K + n ln ε (2)

Figure 6b presents the variation curves in lnσ with lnε for the three samples. The
values of n are the slopes of the curves, which were calculated and are displayed in Table 2.
The n values of all specimens ranged from 0.222 to 0.283. Compared with the other samples,
APHT-3 had the highest value of n, which indicated a strong strain hardening ability.
Although the n values were lower than that of copper, they were close to or higher than
those of pure iron and common steels. Consequently, in the plastic deformation stage, the
ultrahigh strength martensitic steels exhibited a strong strain hardening ability.

Elastic energy reflects the ability of a metal material to absorb elastic deformation work.
It is an important index that is used to investigate the mechanical behavior of engineering
materials. The diagram of elastic energy is shown in Figure 6c, and the shaded areas
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represent the elastic energy. According to Equation (3), the elastic energy of a material can
be calculated as:

We =
1
2

σeεe (3)

where We is the elastic energy of the material, σe is the elastic limit, and εe is the elastic
strain [39]. The elastic energy values of the ultrahigh strength martensitic steels were
calculated using Equation (3), and they are displayed in Table 2. The elastic energy of the
ultrahigh strength martensitic steels increased from 4.062 MJ/m3 to 4.799 MJ/m3 with
the changing of the chemical compositions. The We value of APHT-1 was the highest
among the three samples, and this can be attributed to the high elastic limit and elastic
strain. Overall, the elastic energy values of the ultrahigh strength martensitic steels were
substantially higher than that of spring steel (2.194 MJ/m3). Therefore, ultrahigh strength
martensitic steels fabricated by LMD exhibited outstanding elastic deformation.

Figure 7 shows the micrographs of the fracture surfaces of the tensile-tested samples.
Cracks can clearly be observed in the low-magnification SEM micrographs (Figure 7a,c,e)
in all tensile-tested samples. Compared with the APHT-1 sample, the cracks of the APHT-2
and APHT-3 samples were wider and deeper, which indicates early failure and fracture
during stretching. It is noteworthy that a large number of dimples can be seen in Figure 7b,
which indicates that the APHT-1 sample mostly had ductile fractures. At the same time,
a large particle of approximately 100 µm can also be seen in Figure 7b. Under an external
force, dislocation pile-ups occur at the interface between particles and the matrix, and
this stimulates the nucleation of microcracks. Therefore, it is detrimental to the ductility
of materials. Therefore, although many dimples appeared in the fractured surface of the
APHT-1 sample, the strain to failure was only 6.2%. In Figure 7d,f, torn edges, cracks,
and a small number of dimples can be seen in the fracture surface. The results reveal that
the failure modes were composed of ductile fracture and brittle fracture in the APHT-2
and APHT-3 samples. However, brittle fractures were dominant during the tensile testing.
Hence, the strain to failure values of the APHT-2 and APHT-3 samples were lower than
that of the APHT-1 samples.

The toughness of a material is a measure of its ability to absorb energy during its
plastic deformation and sudden fracture and indicates the impact resistance of the material.
Impact toughness is the synthesis of the strength and ductility. The results of the Charpy
impact tests of the three samples are shown in Table 2. The impact energies of APHT-1,
APHT-2, and APHT-3 were 46.4 J, 30.3 J, and 23.9 J, respectively. APHT-1 displayed the
maximum impact energy when compared with APHT-2 and APHT-3, revealing great
impact toughness.

Figure 8 shows the micrographs of the fracture surfaces obtained from the Charpy
impact samples. Figure 8b,d,f are high-magnification images, which demonstrate the
fracture modes of the Charpy impact specimens. A large number of deformed dimples
of different sizes were observed in the fracture surface of the APHT-1 sample, revealing
that the sample possessed great toughness. However, only a small quantity of dimples,
lath packets, and some cracks are clearly seen in Figure 8d,f, showing that the APHT-2 and
APHT-3 samples were very brittle. In addition, low-magnification optical images of the
fracture surface are presented in Figure 8g. Shear lips were found on the fracture surfaces
of all impact specimens. The higher the ductility of the material and the lower the crack
growth rate, the higher the proportion of shear lip in the fracture width. The shear lip
width of the APHT-1 sample was wider than those of the APHT-2 and APHT-3 samples.
Hence, the toughness of the APHT-1 sample was the greatest.
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4. Discussion

According to the SEM and EBSD results, the microstructures of ultrahigh strength
steels slightly changed with the chemical composition. The martensite lath sizes of APHT-1,
APHT-2, and APHT-3 decreased gradually. It is widely known that the lath width of
martensite is related to the pre-existing austenite grain size due to structural inheritance.
The smaller the pre-existing austenite grain size during austenitization, the smaller the lath
martensite after quenching. The pre-existing austenite grain size depends on the quenching
temperature. Consequently, the quenching temperature has a significant influence on the
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martensite lath size and mechanical properties [40]. In general, the quenching temperature
of hypoeutectoid steel is proposed to be Ac3 + (30–50) ◦C. Ac3 is connected with the content
of carbon and alloy elements, which can be obtained by the following empirical equation
(all elements in wt.%).

Ac3 = 910 − 203 × C1/2 × 15.2 Ni + 44.7 Si + 104 V + 31.5 Mo + 13.1 W (4)

Based on the data presented in Table 1 and Equation (4), the Ac3 values of APHT-1,
APHT-2, and APHT-3 were approximately 793 ◦C, 817 ◦C, and 818 ◦C, respectively. Ac-
cordingly, the quenching temperature (860 ◦C) that was selected for the ultrahigh strength
steels was reasonable (discussed in Section 2). In addition, although the three samples were
treated under the same quenching temperature at 860 ◦C, the quenching temperature of
APHT-1 was higher than those of APHT-2 and APHT-3 due to the low Ac3 value. Therefore,
APHT-1 had the largest martensite lath size, and APHT-3 had the smallest martensite lath
size. This is consistent with the EBSD results.

The mechanical property results showed that the strength of ultrahigh strength steels
increased in an orderly manner with the change in composition, and the yield strength and
ultimate tensile strength values of APHT-3 were the highest. Lath martensite was formed
in the ultrahigh strength steels after quenching, and the supersaturation of martensite
decreased after tempering. According to the SEM and EBSD results, the lath martensite
sizes were slightly different. This situation may lead to changes in the strength. Based on
the Hall–Petch relationship, since the lath martensite size of APHT-3 was the smallest, its
strength was the highest.

Additionally, the impact toughness for industrial steel is also an important mechanical
property index. It is very difficult to combine both strength and toughness in ultrahigh
strength steels prepared by means of additive manufacturing. In this work, the impact
toughness of APHT-1 was the highest, approximately 46.4 J. This was because APHT-1
had excellent strength and ductility after the quenching and tempering treatments. Bai
et al. [41] reported that a maraging steel fabricated by selective laser melting exhibited a
lower impact toughness (<20 J) after a heating treatment than APHT-1 when their strengths
are similar. Liu et al. [42] explored the impact toughness of 300 M ultrahigh strength steel
prepared by additive manufacturing. That study showed that the impact toughness was
less than 30 J. Hence, the APHT-1 prepared in our work had excellent impact toughness.

5. Conclusions

In this study, ultrahigh strength steels were fabricated using different batches of pow-
ders via laser metal deposition. After heat treatment, the microstructures and mechanical
properties of the steels were investigated. The following conclusions were drawn:

• The diffraction peaks of martensite and Fe3C cementite were found in the three
specimens after the quenching and tempering treatments. The appearance of Fe3C
cementite comes from the transformation of ε-carbide particles and retained austenite
during tempering.

• A large number of tempered martensite microstructures with lamellar structures were
observed in all specimens. Due to the changes in the chemical compositions, the
widths of these martensite lathes were observed to be different in the three samples,
and their sizes in APHT-1, APHT-2, and APHT-3 were 1.92 ± 0.90 µm, 1.87 ± 1.09 µm,
and 1.82 ± 0.85 µm, respectively. The martensite lath size of APHT-3 was the smallest.

• Ultrahigh strength steels manufactured by LMD exhibit outstanding mechanical prop-
erties. The three specimens displayed the yield strengths varying from 1413 MPa to
1582 MPa, and their ultimate tensile strength increased from 1690 MPa to 1779 MPa.
The strength of APHT-3 was the highest among all specimens. The impact energy val-
ues of the three samples were in the range of 23.9 J to 46.4 J, and the impact toughness
of APHT-1 was the highest after the quenching and tempering treatments.
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A large number of deformed dimples with different sizes were observed in the fracture
surface of APHT-1. With the changes in the batches of ultrahigh strength steel powders,
the fracture modes changed from ductile fracture to brittle fracture under tensile force and
impact loads.
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Nomenclature

σ0.2 yield strength
σ true stress of the material
K hardening coefficient
We elastic energy of the material
σb ultimate tensile strength
ε true strain
n strain hardening exponent
σe elastic limit
εe elastic strain
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