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ABSTRACT

Microstructural evolution and mechanical properties of H13 steel fabricated by selective laser
melting (SLM) with subsequent tempering treatment were systematically examined. It was
found that the microstructure of the as-SLMed H13 samples consisted of cellular structures,
lath martensite and high-volume fraction of retained austenite. After tempering at 600 °C for
1 h, the nanoscale Cr,3C¢ particles were detected at the boundaries of the partially dissolved
cellular structures. The fine grains, the retained cellular structures, and the formation of
Cr,3Cs carbides significantly improved the mechanical properties of the H13 steel. A superior
mechanical properties, including the yield strength (YS) of 1647 + 29 MPa, ultimate tensile
strength (UTS) of 2013 + 35 MPa and elongation (El) of 4.1 + 0.3% have been achieved in the
SLMed H13 steel after tempering at 600 °C for 1 h. With the increase of tempering temper-
ature to 700 °C, the cellular structures were completely dissolved and the high number
density of coarse CryCg carbides were formed, which led to the decrease of UTS at
1083 + 21 MPa, while the elongation was significantly improved to 12.3 + 1.2% due to the
recovery of dislocation density and the decomposition of martensite in the H13 steel.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

H13 tool steel has been used for making moulds/dies in in-
dustry because of its high strength, excellent wear resistance

fabricated by casting and forging before machining, which
have limited design freedom and lowered production effi-
ciency. In particular, the capability of creating conformal
cooling channels and breathing capacity in the moulds are
two key challenges in conventional manufacturing processes

and machinability [1-3]. Conventionally, H13 steel is
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[4,5]. Therefore, complex geometry and distribution of cooling
channels are difficult to be made in current production. Se-
lective laser melting (SLM) is one of additive manufacturing
(AM) processes that have attracted significant attention in
recent years due to enabling the customized metallic parts
with complex geometries [6—8]. It is considered as a promising
technique to produce H13 moulds/dies with diversified and
complex geometries for both die cavity and cooling channels
[9].

Currently, H13 steel with high relative density (over 99%)
fabricated by SLM has been successfully achieved by opti-
mizing the processing parameters (e.g. laser power, scan speed,
hatch spacing and powder federate) [10—16]. The as-SLMed H13
is usually featured by fine primary grains, cellular structures
and carbides [10,17]. However, the resulting mechanical prop-
erties are normally unsatisfactory due to the high-volume
fraction of retained austenite (15—20%) [15,18] and residual
stresses (~1420 MPa) [12,19,20]. Moreover, the ductility is infe-
rior to that obtained by conventional manufacturing tech-
niques [21-23]. For instance, Holzweissig et al. [24] reported
that the as-SLMed H13 delivered the ultimate tensile strength
(UTS) of 1600 MPa and the elongation (E1) of 2% along the
horizontal direction, and the UTS of 1200 MPa and El of 1.4%
along the building direction. Similar results were reported by
Yan et al. [12]. Furthermore, the expansion occurs inevitably
due to the transformation from the retained austenite to
martensite, resulting in the distortion and cracking in as-
SLMed steel [16,20].

Tempering is an effective method to eliminate the retained
austenite and produce pronounced secondary hardening by
introducing carbides (e.g. M»3Cs, M;C3, MC) in H13 steel
[10,25,26]. It was confirmed that tempering at 500—600 °C with
appropriate holding time could simultaneously improve the
hardness and softening the resistance of as-SLMed H13 steel
[25]. Katancik et al. [27] reported that the excellent micro-
hardness of 728.5 + 28.2 Hv were obtained in as-SLMed H13
steel after tempering at 550 °C for 2 h. Fine martensitic
structure, high dislocation density and the carbides formed
during tempering could potentially hinder dislocation move-
ment and lead to high hardness. Yan et al. [28] found that as-
SLMed H13 steel tempered at 600 °C for 2 h could achieve the
yield strength of 1483 + 48 MPa, UTS of 1938 + 62 MPa and
elongation of 5.8 + 0.61%. The precipitation of fine VgC; and
the high number density of dislocations were the main

Frequency (%)

contributors for high strength in as-SLMed H13 steel. In
addition, the cellular structures produced by SLM were also
significant in improving the strength of H13 steel under as-
SLMed condition. Our previous work [16] has demonstrated
that the high density dislocations and the cellular structure
enriched in Cr and Mo elements are responsible for the
enhanced mechanical properties of as-SLMed H13. Similarly,
the cellular structure was found to significantly enhance the
strength of as-SLMed 316L steel [29,30]. However, tempering
with prolonged holding time can destroy the unique cellular
structure and soften the as-SLMed H13 steel. Although the
carbides introduced by tempering at high temperatures can
increase the strength of as-SLMed H13 steel, the complete
dissolution of cellular structures inevitably causes a dramatic
reduction in the strength of as-SLMed H13 steel. Therefore, it
is essential to find an appropriate tempering process to obtain
the optimum combination of mechanical properties of as-
SLMed H13 steel due to the trade-off between the decrease
of strength induced by dissolved cellular structures and the
improvement in strength induced by carbide precipitates.
However, the strengthening mechanism needs to be further
examined and elaborated.

In this study, H13 steel was fabricated by SLM and subse-
quently tempered at 600 and 700 °C. It is aimed to study the
microstructural evolution and mechanical properties of the
as-SLMed H13 steel during tempering. Moreover, a model for
microstructural evolution was established to understand the
insight of strengthening mechanisms. The relationship be-
tween the dissolved cellular structures and carbide pre-
cipitates was analyzed, and the strengthening mechanisms
were systematically discussed.

2. Experimental materials and methods

Gas atomized H13 powders were provided by Hunan Hualiu
New Materials Co., Ltd. The particle size distribution was
measured as 15-53 pm. The powder morphology and particle
size distribution are shown in Fig. 1. The chemical composi-
tions of H13 powders were measured using inductively
coupled plasma atomic emission spectrometry (ICAP 7000
Series, Waltham, USA) and the results are shown in Table 1.
The SLM process with a FS271 M system was applied to
fabricate H13 samples for microstructural characterization
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D5=28.4 um
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Fig. 1 — (a) SEM micrograph showing the morphology and (b) particle size distribution of H13 powders.
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Table 1 — Chemical compositions of the H13 powders

measured by inductively coupled plasma atomic
emission spectrometry (wt.%).

Element Cr Mo v Mn Si C Fe

wt.% 5.12 1.26 1.03 0.39 0.98 0.42 Bal.

and mechanical testing. The laser scanning was rotated 67°
layer-by-layer, as shown in Fig. 2a. Refer to our previous study
[16], the processing parameters were set as follows: laser
power of 230 W, scan speed of 800 mm/s, hatch spacing at
0.1 mm, layer thickness of 0.03 mm and substrate preheating
of 373 K. The cubic samples and the dog-bone-shaped tensile
samples with a gauge length of 30 mm were fabricated, as
shown in Fig. 2b. Subsequently, as-SLMed H13 samples were
tempered at 600 °C for 1, 2, 3, 4 h and 700 °C for 1 h, respec-
tively. Tempering was conducted in a muffle furnace (SRJX-4-
13 Yong Guangming Co., Ltd., Beijing), followed by air cooling.
The tempered samples were denoted as ST-600, ST-600-2, ST-
600-3, ST-600-4 and ST-700, respectively.

The phase constituent of the as-SLMed and as-tempered
samples were identified using X-ray diffraction (XRD, Rigaku
X-2000, SmartLab 3Kw, Japan) with Cu Ka radiation. Micro-
structures were characterized using a scanning electron mi-
croscope (SEM, Quanta 250 FEG, FEI, Czech). Samples were
etched with 4% nitric acid alcohol. The grain size and grain
orientation were measured using an electron backscattered
diffraction (EBSD, Helios NaboLab G3 UC, FEI, USA). Detailed
microstructure analysis was further conducted using a
transmission electron microscope (TEM, Tecnai G2 F20, FEI,
USA). TEM samples were prepared by a precision ion polishing
system (PIPS, Gatan 691, Gatan, USA) at a voltage of 5 kV and
an incident angle of 3—8°.

The dog-bone-shaped tensile samples were cut by elec-
trical discharge machining (EDM) from the as-SLMed and as-
tempered samples. Uniaxial tensile tests were carried out
using a material testing system (MTS, Alliance RT30, China)
with an engineering strain rate of 1 x 103 s~* at room tem-
perature (RT). The tensile data were the average of three
measurements.
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3. Results and discussion
3.1. Microstructural characterization

Fig. 3 shows the microstructures of the as-SLMed samples
without and with tempering at 600 and 700 °C. The as-SLMed
microstructure consisted of cellular structures and lath
martensite (Fig. 3a). The average size of cellular structures was
about 600 nm. The highly localized melting and ultrahigh
cooling rate resulted in the formation of typical non-
equilibrium microstructures during SLM process. Many
studies have shown that the cellular structures of as-SLMed
H13 steel were enriched in Cr and Mo elements [16,29]. In
the ST-600 sample, the matrix microstructure started to
transform from the supersaturated lath martensite to the
tempered lath martensite. After tempering, the cellular
structures showed partial dissolution and fine carbides were
formed (Fig. 3b). With the increase of tempering time, the
features of cellular structures disappeared gradually with the
precipitation of numerous carbide particles. In the ST-700
sample, the cellular structures were completely disappeared
and coarse globular carbide particles were formed (Fig. 3f).
Fig. 4 shows the XRD patterns obtained from the as-SLMed,
ST-600 and ST-700 samples. The peaks of martensite (a-Fe)
and retained austenite (y-Fe) phases were observed in the as-
SLMed sample. The presence of retained austenite could be
ascribed to the phase transformation under high cooling rates
in SLM process, leading to the incompletion of phase trans-
formation from austenite to martensite [21,27]. In Fig. 4c for
the EBSD phase distribution image, the martensite content
and retained austenite content in the as-SLMed sample were
85% and 15%, respectively. The peak intensity of the retained
austenite in the ST-600 sample was reduced. Moreover, only
the peak of martensite phase in the XRD patterns of the ST-
700 sample could be detected. Correspondingly, the EBSD
phase distribution image in Fig. 4d and e indicated that only
8% and 4% of austenite was remained after tempering at 600
and 700 °C, respectively. Fig. 4b shows the magnified image of
the martensite peak (110). It can be noted that the (110) peak of
ST-600 and ST-700 samples were shifted to the higher 6 in
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Fig. 2 — (a) Schematic of the scanning strategy during SLM process; (b) the cubic samples and the dog-bone-shaped tensile

samples.
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Partially dissolved
\ cellular structure

Fig. 3 — SEM images showing the microstructure of as-SLMed H13 steel with different heat treatments: (a) as-SLMed;
(b) ST-600; (c) ST-600-2; (d) ST-600- 3; (¢) ST-600-4; (f) ST-700.

comparison to that in the as-SLMed sample. Based on Bragg's constant of martensite. Generally, a large residue stress was
law, the reasons for the shift of (110) peak can be explained as accumulated inside the as-SLMed alloy due to rapid solidifi-
follows [31] : cation process with high cooling rates, which may distort the
crystal lattice of the as-SLMed alloy [32,33]. The tempering
decomposes the supersaturated martensite into ferrite and
where d is the lattice spacing, 26 is the diffraction angle, n is carbide, which may further distort the lattice [34]. Moreover,
the diffraction order and 1 is the wavelength. In the tempered ~ carbides tend to precipitate from the supersaturated matrix
samples, the diffraction peaks of martensite showed a slight during tempering, which induces a decrease in the lattice
shift to high angles, indicating a slight decrease in the lattice spacing of matrix. According to Bragg's law, the decrease of

2d sin(f) =ni 1
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Fig. 4 — (a) XRD spectra of as-SLMed, ST-600 and ST-700 samples; (b) the magnified image of the martensite peaks (110) of (a);
(c) EBSD phase distribution image of as-SLMed sample; (d) EBSD phase distribution image of ST-600 sample; (e) EBSD phase
distribution image of ST-700 sample.
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d leads to the increase of 2¢. Consequently, the (100) peak of
ST-600 and ST-700 samples were shifted to the right.

EBSD map, grain size distribution map and Kernel average
misorientation (KAM) map of as-SLMed H13 steel without and
with tempering are shown in Fig. 5. As indicated in Fig. 5a, the
inverse pole figure (IPF) map showed that the microstructure
of the as-SLMed sample was dominated by fine grains and
texture free. The average grain size was 1.84 um. The fine grain
was preserved in the ST-600 and ST-700 samples, but the grain
size increased slightly to 2.75 and 2.87 um, respectively. Based
on the Hall-Patch relationship, it is evident that the fine grains
can substantially improve the strength of alloys [35,36].
Additionally, the KAM maps of as-SLMed alloy without and
with tempering are shown in Fig. 5c and f&5i. The average
KAM value of as-SLMed alloy was 1.349. The variations in
average KAM qualitatively reflected the degree of plastic
deformation or defect density. Generally, tempering treat-
ment leads to the recovery of dislocations. Therefore, the
average KAM value of ST-600 and ST-700 samples was 1.335
and 0.990, respectively. According to Eq. (2), the KAM was used
to calculate geometrically necessary dislocation (GND)

Penp =29 / (ub) (2)

where ¢ is the KAM, p is the step size during EBSD measure-
ment (0.2 pm), and b is the Burger vector (0.25 nm [28]).
Correspondingly, the pgnp of as-SLMed, ST-600 and ST-700
samples were estimated to be 5.39 x 10® m7
5.34 x 10" m~2 and 3.96 x 10" m~2, respectively. The high
density of GNDs would improve the strength [37,38].

To further analyse the microstructural evolution during
tempering, the TEM investigations were performed. For the as-
SLMed alloy, Fig. 6a&6b show the martensite lath with a width
below 200 nm and the high number density of dislocations. The
bright field (BF) TEM image in Fig. 6¢c with inserted SAED pattern
indicates the existence of the retained austenite. Meanwhile,
the length of cellular structures in the as-SLMed alloy is about
200—600 nm, as shown in Fig. 6d. These typical cellular struc-
tures were enriched in Cr and Mo elements [16]. The tempered
lath martensite was also detected in the ST-600 sample, as
shown in Fig. 7a. A closer look into the lath martensite in
Fig. 7b&c revealed that high-density dislocations and lattice
distortions were typical sub-structures of lath martensite. With
the dissolution of cellular structures through tempering, the Cr
and Mo elements originally enriched in around the cellular
structure combine with C to form carbides, which preferen-
tially distributed at grain boundaries. These carbides were
pinned to the sub-grain boundaries to form a continuous chain
(Fig. 7d). The BF-image and the inserted SAED pattern in
Fig. 7e&f confirmed that the carbide was Cr-rich M,3Cg carbide.
In the ST-700 samples, the tempering at high temperature
resulted in the completely dissolution of cellular structures. A
large amount of coarse M,3Cg carbide precipitates were formed
subsequently, as shown in Fig. 8. This is also consistent with
the results of SEM in Fig. 3f.

In summary, the typical hierarchical structures in as-
SLMed H13 steel contained the relatively coarse matrix
grains (0.5—11 pm), fine cellular structures (~0.6 pm) and nano-
scale carbides (~20 nm), detected by SEM and EBSD as well as
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Fig. 5 — EBSD maps, grain size distribution maps and kernel average misorientation (KAM) maps: (a—c) as-SLMed sample;

(d—f) ST-600 sample; (g—i) ST-700 sample.
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Z=[111]

Retained austenite

Fig. 6 — (a—d) BF-TEM micrographs of as-SLMed alloy showing (a, b) lath martensite with dislocations and corresponding
SAED pattern; (c) retained austenite and corresponding SAED pattern; (d) cellular structures.

TEM. A typical schematic diagram to show the dissolution of
cellular structures and the formation of carbide precipitates in
H13 alloy is illustrated in Fig. 9 under as-SLMed and as-
tempered conditions. Under as-SLMed condition, the micro-
structure consists of lath martensite and cellular structures
(Fig. 9a). The relatively coarse grains contain fine cellular
structure and lath martensite as well as high-volume fraction
of retained austenite, as shown in the schematic image of
Fig. 9a, combined with the results of SEM/EBSD/TEM. Under
as-tempered condition, after tempering at 600 °C for 1 h, the
size of matrix grains increase from 1.84 to 2.75 um; The
morphology of partially dissolved cellular structure was
determined by Fig. 3b and 7d; Also, fine M,5C¢ precipitates was
detected in the microstructure. These characteristics are all
reflected in the schematic image of Fig. 9b. When the
tempering is carried out at higher temperature of 700 °C
(Fig. 9c), the cellular structures are completely dissolved and a
large amount of coarse M,3Cg carbide precipitates are formed.
These can be attributed to the increase of driving force for
element diffusion at increased temperature [39]. The coales-
cence of carbides results in the coarsening of carbides [40].
The volume fraction of retained austenite is significantly
decreased to 4%.

3.2 Mechanical properties

The tensile stress-strain curves of as-SLMed, ST-600 and ST-
700 samples are shown in Fig. 10. It is seen that the YS, UTS,
and El of the as-SLMed H13 steel were 1468 + 23 MPa,
1837 + 27 MPa, and 8.5 + 0.6%, respectively. The YS and UTS of
the ST-600 sample increased to 1647 + 29 MPa and
2013 + 35 MPa, respectively, but the El reduced to 4.1 + 0.3%.
Clearly, the strength of ST-600 sample was superior to those
under as-SLMed condition. For the ST-700 sample, the YS, UTS
and El were 887 + 18 MPa, 1083 + 21 MPa and 12.3 + 1.2%. The
YS and UTS decreased significantly in comparison with that of
the as-SLMed and ST-600 samples. Fig. 10b shows a compar-
ison of tensile strength of H13 steel manufactured by different
techniques, including conventional casting methods
[18,41,42], SLM [ [1,2,23,28,43]] and SLM + heat treatment
[28,34,41]in both other literatures and this study. Obviously,
the ST-600 and ST-700 samples showed a good balance be-
tween strength and ductility.

Fig. 11 shows the SEM micrographs of fractured surface. It
is seen that the fractured surface of as-SLMed sample con-
tained microvoids and the cleavage fracture pattern, as shown
in Fig. 11a. Microvoids may act as sites for dimples based on
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Fig. 7 — (a—f) BF-TEM and HR-TEM micrographs of ST-600 sample showing (a) lath martensite with dislocations; (b) HR-TEM
image of the marked area in (a) with inserted FFT pattern; (c) Fourier-filtered image of the marked area in (b), showing high-
density dislocations (marked by “T”); (d) carbides at grain boundary of cellular structures; (e) and (f) M,3Cs carbide and

corresponding SAED pattern.

the mechanism of microvoid coalescence [44]. Correspond-
ingly, a certain number of dimples were observed in Fig. 11b,
indicating that the fracture mode was ductile-brittle combi-
nation. For the ST-600 sample, the shallower depth of dimples
was formed, confirming the weak elongation (Fig. 11d). How-
ever, the number density of dimples was obviously increased
in the ST-700 sample, confirming the increase of ductility
(Fig. 11e&f).

In summary, the mechanical properties of H13 steel are
determined by microstructural characteristics, including the
matrix grain structures, precipitates and dislocation density,
which are influenced by tempering treatment. For the as-
SLMed H13 alloy, potential strengthening mechanisms

Lath martensite

include the combination of grain boundary strengthening (g,),
dislocation strengthening (og;), cellular structure strength-
ening (oc) and precipitation strengthening (¢p), in addition to
its lattice friction strength ¢o. For simplicity, the contribution
of main mechanisms responsible for strengthening of H13
alloy can be expressed as:

oy =00 + 04 + O4is + 0c + 0 ©)
where o is a constant (70 MPa for H13 alloy [45]).
3.2.1Grain boundary strengthening

The grain boundary strengthening (cg) can be estimated via
the Hall-Petch relationship as follow:

Fig. 8 — (a—c) TEM micrographs of ST-700 sample; (a) the BF-TEM image showing the formation of lath martensite; (b, c) BF-
TEM images and SAED patterns showing the formation of coarse M,3C¢ carbides.
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Microstructural evolution: dissolved cellular structure and carbide precipitation

mm um

Grain length : 0.5~11 pm

Cellular structure: 200~800 nm
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Fig. 9 — Schematic diagram showing microstructural evolution of SLMed H13 steel under the condition of (a) as-SLMed,; (b)

ST-600; (c) ST-700.

gg=Kxd*? (4)

where K is the Hall-Petch constant, and d is the average grain
size. The K (572 MPa pm"?) is taken from literatures [46,47].

3.2.2Dislocation strengthening
The dislocation strengthening (o4s) can be evaluated via a
variant of Taylor equation [48]:

04is=C X \/p (5)

where Cis 7.34 x 10 ® MPa/m and p is the dislocation density.
The dislocation density is calculated based on the KAM value.

3.2.3Cellular structure strengthening
The cellular structure strengthening (¢.) can be evaluated via
following equation [29]:

0. =183.31 + 253466/\/L“c (6)

The average diameter of cellular structures has been
applied to scale one of the strength criteria for as-SLMed steels
[29]. Based on SEM results, we used Image Pro Plus software to
count corresponding Lc (582.8 nm).
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3.2.4Precipitation strengthening
The precipitation strengthening can be calculated through the
Orowan by pass mechanism [49,50]:

0.538Gbf"* i
= xn () %
where G is the shear modulus (80 GPa) [51], b is the burger

vector (0.25 nm) [51], f; is the volume fraction of precipitates,
and r; is the mean size of precipitates.

P

Based on TEM results, the volume fraction and the mean
size of carbides is 1.8% and 21.2 nm, respectively, which is
calculated by Image Pro Plus software. In addition, the g,
shows an inverse relationship with the particle size, and vice
versa for the volume fraction. The strengthening contribution
was neglected because of no carbides in the as-SLMed sample
and the insignificant coarse carbides (>100 nm) in ST-700
sample.

The multiple strengthening mechanisms can be calculated
using Eq. (3). Fig. 12 shows a comparison of contributions to
yield strength from calculation and from experimental mea-
surement. According to the calculation, the yield strength of
the as-SLMed alloy is 1546.2 MPa, which is very close to the
data obtained from experimental measurement. The cellular
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Fig. 10 — (a) Tensile stress-strain curves of as-SLMed, ST600 and ST-700 samples; (b) Comparison of tensile strength of H13
steel manufactured by different techniques, including conventional casting methods [18,41,42], SLM [ [1,2,23,28,43]],

SLM + heat treatment [28,34,41].
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Dimples

Fig. 11 — SEM micrographs of fractured surfaces and high magnifications; (a—b) as-SLMed sample; (c—d) ST-600 sample;

(e—f) ST-700 sample.

structure, the fine grain size and the dislocation induced by
the thermal contraction stress during the rapid solidification
of SLM process are the main contributors of the high strength.

Tempering heat treatment can effectively eliminate re-
sidual stresses and retained austenite formed during SLM
process. Generally, tempering leads to recovery of disloca-
tions, relaxation of highly deformed supersaturated
martensite and the dissolved cellular structures. These can
cause a reduction of strength. However, tempering at
300—600 °C of as-SLMed H13 steel generates secondary hard-
ening by introducing the high number density of nanoscale
carbides. In ST-600 sample, the characteristics of cellular
structures are still preserved while nanoscales M,;Ce-type

carbides are formed and pinned at the sub-boundaries in
cellular structures. Furthermore, there is no significant
change in the dislocation density in comparison with that in
the as-SLMed sample. Therefore, the strength contribution is
mainly from precipitation strengthening, grain boundary
strengthening and dislocation strengthening and cellular
structure strengthening. Since the partial dissolution of
cellular structures is not modelled in the theoretical equa-
tions, the calculated yield strength in the ST-600 sample is
higher than the experimental data. With increased tempering
temperature at 700 °C, the cellular structures are completely
dissolved. Meanwhile, the carbides further grow up to a level
of over 100 nm. The effect of precipitation strengthening is
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Fig. 12 — Comparison of yield strength from calculated results and the experimental measurement.

diminished and negligible. Therefore, the yield strength of the
ST-700 sample is mainly contributed by grain boundary and
precipitation strengthening.

4, Conclusions

In this work, H13 steel processed by SLM and the effects of
tempering treatment on the microstructural evolution and
mechanical properties was studied. The major conclusions
findings can be drawn as follows:

(1) The as-SLMed H13 steel consisted of cellular structures,
lath martensite and high-volume of retained austenite.
After tempering at 600 °C for 1 h, the matrix trans-
formed from the supersaturated martensite to the
tempered lath martensite, followed by a partial recov-
ery of dislocations. And, the cellular structures are
partially dissolved, while nanoscale M,3Cs carbides
were formed at the boundaries. After tempering at
700 °C for 1 h, the cellular structures were completely
dissolved, the retained austenite content was further
reduced, while high number density of coarse M,;Cs
carbides were formed as precipitation.

(2) In the as-SLMed H13 steel, the yield strength, UTS and
elongation was 1468 + 23 MPa, 1837 + 27 MPa and
8.5 + 0.6%, respectively. In the sample tempered at 600 °C
for 1 h, the yield strength increased to 1647 + 29 MPa, the
UTS increased to 2013 + 35 MPa, but the elongation
decreased to 4.1 + 0 0.3%. The outstanding yield strength
was attributed to the fine CrysCeprecipitates pinned the
boundaries of cellular structures in chains, fine grains
and high number density of dislocations. In the samples
tempered at 700 °C for 1 h, the elongation significantly
increased to 12.3 + 1.2% while both yield strength and

UTS decreased. The recovery of dislocation density and
relaxation and the decomposition of martensite were
responsible for the significant improvement in
elongation.

Selecting the appropriate tempering to overcome the
trade-off between the decrease of strength induced by
dissolved cellular structures and the improvement in
strength induced by carbide precipitation was an
effective strategy way to achieve high strength or high
ductility of SLMed H13 steel.

—
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