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ABSTRACT

AISI H13 steel samples were additively manufactured using a laser powder bed fusion (LPBF) system. The effect of annealing tem-
perature, quenching & tempering, and nitriding were determined. The microstructure and properties of the samples were investigated
using optical microscopy, scanning electron microscopy, electron backscattered diffraction, electron probe micro-analysis, X-ray
diffraction, roughness measurement, and a hardness tester. The results show that the as-built AISI H13 steel sample had a roughness
on the surface and pores inside. The microstructure consisted of martensite and retained austenite. The average hardness was 460 HV,
and the porosity was 0.086 %. The annealing process helped homogenize the microstructure, increase the density, and reduce the
porosity and hardness of the LPBF-manufactured sample. The quenching process helped increase the hardness of the steel to the
maximum of 787 HV, then the tempering process reduced the hardness to 572 HV. Heat treatment and nitriding processes tended to
increase the martensite block size, reduce the retained austenitic content, and precipitate the VV-Mo-rich carbide in the LPBF-manu-
factured AISI H13 steel. After nitriding was conducted, the nitriding case depth was 87 um, and the surface hardness increased up to

higher than 1020 HV due to the formation of CrN and Fes.sN.
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INTRODUCTION

Additive manufacturing technology is increasingly being ap-
plied to make parts based on metal materials, such as AISI H13
steel and aluminium alloy, for industrial applications [1-5]. H13
is a steel that is commonly used for die-casting moulds. Some
AM techniques have been studied and implemented for this
steel, including laser powder bed fusion (LPBF) technology. The
structure and properties of the printed part depend heavily on the
input parameters, such as the material; the printing technology;
and the post-printing processes, such as heat and surface treat-
ment [6-8]. Applying preheating during the LPBF process re-
sults in a more homogeneous microstructure of the material with
better mechanical properties than those without preheating [9].
Hot isostatic pressing (HIP) post-treatment improved the density
of the LPBF-fabricated part [10]. Heat treatment could contrib-
ute to reducing residual stress and porosity and make the micro-
structure homogenized for additively manufactured steel [11-
13]. Low-temperature annealing (350—650) °C for 2 h for addi-
tively manufactured H13 steel was carried out by C. J. Chen
[14]. The result showed induction in the further phase transfor-
mation of martensite into tempered martensite with the precipi-
tation of carbides, leading to a slight increase and finally a sharp
decrease in hardness with increasing temperature. Due to the na-
ture of additively manufactured objects and the fast cooling rate,

they have heterogeneous and anisotropic structures, as well as
the existence of many defects (such as dislocation, crack, pore,
and balling effect), low density, and uneven precipitation of car-
bide phases between regions of the melt pool in the additively
manufactured object, high-temperature annealing studies should
be conducted to homogenize the microstructure, eliminate resid-
ual stress, and reduce defect density [15]. Quenching and tem-
pering processes could help tailor a steel’s microstructure and
mechanical properties to specific applications [15]. HIP before
quenching and tempering (Q&T) for hot-work tool steel manu-
factured by laser powder bed fusion significantly increased the
impact toughness and ductility and slightly increased the yield
and ultimate tensile strength values compared with the Q&T
condition [16]. Besides, nitriding technology could help im-
prove the surface hardness of steel [16-18]. However, the change
of phases and hardness of additively manufactured H13 steel
during heat and surface treatment processes including high-tem-
perature annealing, quenching, tempering, and nitriding has not
been demonstrated in the literature. The present study aimed to
investigate the effect of high-temperature annealing (860-1020)
°C, Q&T, and gas nitriding processes on the microstructure and
properties of the as-received LPBF-manufactured H13 steel.
Further studies on the martensite's morphology change, the re-
tained austenite's distribution, and the carbide formation in the
LPBF-manufactured H13 steel after tempering and nitriding
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were also conducted by electron backscattered diffraction
(EBSD) and electron probe microanalyzer (EPMA).

MATERIAL AND METHODS

AISI H13 hot work tool steel samples (10 x 10 x 25 mm3) were
additively manufactured using an LPBF system (AL-METAL
250) from the company Alpha Laser (Puchheim, Germany). The
manufacturing was performed in an Ar-protected environment
using MetcoAdd H13-A powder. The martensitic, iron-chro-
mium MetcoAdd H13-A steel powder produced by the gas at-
omization technique showed a well-spheroidal shape that ena-
bles optimized spreadability and dense packing. The chemical
properties and particle-size distribution of the powder are pre-
sented in Tables 1 and 2.

Table 1 Chemical composition of MetcoAdd H13-A powder
[19]

Weight Percent (%)

Powder Fe e Mo Si__ vV C
MetcoAdd
H13-A Balance 5.2 13 1.0 1.0 0.4

Table 2 Particle size distribution of MetcoAdd H13-A powder
[19]

Powder Nominal D90 D50 D10
Range [pm] [nm] [nm] [nm]
MetcoAdd
H13-A -45 +15 50 34 21

The LPBF process was carried out with the following parame-
ters:

«  powder layer thickness: 50 pm,

¢ hatching distance: 50 um,

«  laser power: 136 W,

. laser wavelength: 1070 nm,

*  laser focus diameter: 50 um, and

*  scan speed: 1133 mm/s.

The effect of annealing temperatures of 860 °C, 920 °C, 980 °C,
and 1020 °C for 4 h was determined. The samples were also
quenched in a vacuum furnace with N2 gas with a pressure of 5.3
bar from an austenitization temperature of 1030 °C at a soaking
time of 1.5 h and then tempered at 585 °C for 5 h. The as-built
and heat-treated samples were then nitrided at 520 °C for 3 h by
using a mixture of NHz and N2 gas. The abbreviation of the sam-
ples at different states is listed in Table 3.

Table 3 Sample state and corresponding abbreviation

Sample state Abbreviation
As-printed AM
Annealing at 860 °C A860
Annealing at 920 °C A920
Annealing at 980 °C A980
Annealing at 1020 °C A1020
Quenching Q
Quenching and tempering Q&T
As-printed + nitriding AM +N
Quenching and tempering + nitriding AM + Q&T + N

Nital etching solution was used to etch specimens for micro-
structural observations. Optical microscopy (AXIOVERT
25CA), digital optical microscopy (VHX-7000), scanning elec-
tron microscopy (SEM, JSM-IT200) with energy-dispersive

spectrometry (EDS), precision roughness measurement (SURF-
COM NEX 001), X-ray diffraction (Aeris Research) with Cu Ka
radiation, micro-hardness testing (Struers Duramin 2) with 50 g
load for 15 s, and porosity and density measurements (Archime-
des method) were applied to investigate the microstructure and
properties of the samples. The morphology of martensite and the
distribution of retained austenite in the samples were investi-
gated by electron backscattered diffraction (EBSD). The sam-
ples were cross-sectionally cut along the building plane, me-
chanically polished down to 1 um diamond spray, and finished
with 50 nm colloidal silica suspension. The EBSD measurement
was performed on JEOL JIB-4700F FESEM equipped with a
Symmetry S2 EBSD detector from Oxford Instruments. The po-
sition of the EBSD measurement was near the sample centre. Its
conditions were 20 kV voltage, 10 nA probe current, and 0.1 um
step square grid. Elemental mapping of the samples was also
performed using wavelength dispersive spectroscopy (WDS) in
a field-emission electron probe microanalyzer (JEOL JXA-
8530F Plus EPMA) to investigate the carbide formation in the
samples. The measurement conditions were 15 kV, 50 nA, and
0.4 um probe diameter.

RESULTS AND DISCUSSION

Fig. 1 shows the surface analysis of the as-built sample. Many
red dots could be seen on the digital optical microscopic image
(Fig. 1a), indicating corrosion on the surface of the as-built steel
after SLM. The corrosion resistance of LPBF-fabricated samples
is influenced by the microstructure and the surface status such
as grain size, second phase precipitation, voids, residual stress,
and surface roughness et al., which are strongly affected by the
parameters such as the input energy density and the cooling rate
of the printing process [20, 21]. The surface was rough, with a
Ra of about 7.982 um (Fig. 1b), because residual powder parti-
cles were embedded on the top surface (Fig. 1c). Surface rough-
ness is the feature of LPBF-based production due to insufficient
melting of the powder particles on the powder bed and balling
effect [15]. Surface roughness upon LPBF is normally higher
than that of machined surfaces, which is related to both sequen-
tial stacking of layers and partially melted powder particles ad-
hering to the part surface. Additional milling, deep rolling,
grinding and polishing processes can be applied to reduce the
surface roughness of LPBF-fabricated objects [22, 23]. The heat
treatment and the nitriding post-treatments resulted in a slight
increase in surface roughness [16]. The chemical composition at
the point of analysis of the unmelted powder particle by EDS
(Fig. 1d) was similar to that of the steel powder. After the built
surface was polished, a columnar structure with about 30 um
thickness oriented along the laser scan direction was observed in
a cross-section perpendicular to the building direction (Fig. 1e).
In a cross-section parallel to the building direction, the melt
pools could be seen as “fish fins” with a fusion depth of more
than 50 um (Fig. 1f). The X-ray diffraction results (Fig. 1g)
showed the existence of martensite and retained austenite in the
as-built sample. Due to the layer-by-layer printing process, the
material is subjected to melting, rapid cooling and thermal cy-
cling. The solidification of the material starts with the formation
of prior austenite colonies. During the rapid cooling, martensite
is formed within these prior austenite colonies [16]. This is again
due to the high cooling rate that can suppress carbide precipita-
tion, allowing more alloy elements to dissolve in austenite,
which reduces the martensite start transformation temperature,
thus resulting in retained austenite in the printed sample. The
SEM image in Fig. 1h showed the existence of pores in the as-
printed sample. These pores decreased the strength and elonga-
tion of the LPBF-fabricated steel [24].
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Fig. 1 Surface analysis of AM sample by a) digital optical mi-
croscopy, b) precision roughness measurement, c) scanning
electron microscopy (SEM) and d) point EDS analysis of the un-
melted powder particle on the as-received sample; optical mi-
croscopy on e) cross-section and f) along the building direction;
g) X-ray diffraction; and h) SEM of the polished sample.

Fig. 2 shows the microstructure (on the section perpendicular to
the building direction of the parts) of the as-built, annealed,
quenched, and tempered samples. In the as-built state (Fig. 2a),
the fusion lines had a size of about 50 um, corresponding to the
size of the laser beam when printing. Some pores were observed

in the microstructure of the as-built steel (Fig. 2b), and they dis-
appeared after annealing at high temperatures (Figs. 2c—f). The
presence of pores can initiate cracks and result in an uneven dis-
tribution of stress across the material's cross-section, potentially
affecting its mechanical properties. The effects depend on vari-
ous factors, including the number of pores, their interconnection,
size, morphology, and distribution [25-27]. For the as-received
sample, the density was 7.907 g/cm?, and the porosity was 0.086
%. B. Almangour et al. [10] believe that the driving force for
porosity is associated with the gas flow caused by evaporation
when a laser irradiates the metal powder, which in turn clears
away powder near the laser’s path during the build. This “denu-
dation” phenomenon can reduce the amount of powder available
when the laser makes its next building pass, causing tiny gaps
and defects in the finished part. Besides, the balling effect hin-
ders the uniform deposition of fresh powder on the previously
sintered layer and often leads to porosity [15]. The annealing
process helped increase the density and reduce the porosity. The
porosity reduction led to an increase in the ductility of the LPBF-
fabricated samples [16]. After annealing was performed at 1020
°C for 4 h, the density was 7.958 g/cm®, and the porosity was
0.020%. After the high-temperature annealing treatment, the
martensite formed in the AM sample was decomposed to ferrite
and carbides [8]. Martensites were formed after quenching and
were turned into tempered microstructure after tempering (Figs.
2g and h).

Fig. 2 a) Optical microscopic and b) digital optical microscopic
images of AM sample and optical microscopic images of A860,
d) A920, e) A980, f) A1020, g) Q and h) Q&T samples

Fig. 3 shows the change in the hardness of the LPBF-fabricated
samples at different conditions of heat treatment. The average
hardness of the AM sample was 460 HV. Fei Lei et al. [24]
showed that the micro-hardness of the H13 steel printed by
LPBF technology depends on the volumetric energy density,
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which is related to the laser power, scanning speed, hatch spac-
ing, and layer thickness. The annealing processes homogenized
the microstructure of the printed sample and decreased the hard-
ness of the steel. Increasing the annealing temperature (820—
1020) °C at the same holding time lowered the hardness due to
the decomposition of the martensite. The quenching process
helped increase the hardness of the steel to the maximum of 787
HV, then the tempering process reduced it to 572 HV.

87

800

700

Hardness (HV, g5)

- N w & O O
2. 8. 88 8%8°

AM  ABBD A920

AGB0 A1020 Q@  Q&T
Fig. 3 Effect of heat treatment on the hardness of the LPBF-fab-
ricated sample

Fig. 4 shows the cross-section image and hardness distribution
profile from the surface to the core of the AM + Q&T + N sam-
ple. The nitriding process significantly increased the surface
hardness of the steel samples up to 1012 HV due to the formation
of nitride phases, such as CrN and FesN, and the existence of
carbide phases, including Cr2sCs and FesC. The ferrite () and
carbides detected in the XRD pattern are caused by the decom-
position of the martensite (o”) in the long-time tempering and
nitriding processes. After nitriding was conducted at 520 °C for
3 h, the nitriding case depth reached the value of about 87 um.

o
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Fig. 4 a) Cross-section optical microscope image, b) micro-hard-
ness distribution from surface to the core, and c) XRD analysis
of the AM + Q&T + N sample

The microstructure evolution of the AM sample after quenching
and tempering as well as nitriding processes was further investi-
gated by the EBSD technique. The results of EBSD analysis in
the core of the AM, AM + N, and AM + Q&T + N samples are
presented in Fig. 5. The surface morphology of the samples
could be distinguished from the SEM image (Figs. 5 al—c1). On
the polished surface of the AM sample, a cellular structure indi-
cated by black arrows could be observed. A similar cell structure

was also found on the surface of the AM + N sample. The cellu-
lar-dendritic structure of austenite, which was often observed in
the AM sample of H13 steel [15], was formed at rapid solidifi-
cation of the melt during LPBF. The cell boundary of austenite
was often decorated by a dislocation network and nano-sized
precipitation of refractory metal carbide [28]. During subsequent
rapid cooling, the cellular austenite transformed into martensite
and the cellular boundaries were inherited by the martensite as
seen in the Fig. 5al.

Sam

Fig. 5 Result of EBSD analysis showing the SEM image; the
orientation map plotted for the AM building direction; and the
phase map of the AM sample (al-a3), AM + N sample (b1-b3),
and AM + Q&T + N sample (c1-c3).

For the AM + Q&T + N sample, such a cellular structure did not
appear, but many spherical particles indicated by white arrows
emerged on the surface. They were the VV-Mo-rich carbide par-
ticles, which is confirmed by the EPMA method in Fig.6, pre-
cipitate after a long time of heat treatment and nitriding pro-
cesses. On the crystal orientation maps (Figs. 5 a2—c2), the
blocks of lath martensite, which were surrounded by high-angle
grain boundary, were coloured by the position of the building
direction relative to the crystal orientation. A detailed descrip-
tion of the lath martensite block morphology has been reported
elsewhere [29, 30].

The phase maps on Figs. 5a3—c3 showed the distribution of re-
tained austenite with face-centred cubic (FCC) crystal structure
in the matrix of martensite with body-centred cubic (BCC) crys-
tal structure. The black regions, where the crystal orientations
could not be indexed, were mainly at the location of dense mar-
tensite boundaries or defects. In the AM sample, most of the re-
tained austenite was observed at the boundaries between mar-
tensite blocks, but some were included inside martensite blocks.
The powders were melted by laser beam scanning and solidified
into the austenite phase, and the latter transformed into the mar-
tensite phase upon a rapid cooling process. A large amount of
retained austenite and fine martensite block could be a conse-
quence of the large cooling rate in LPBF. The very rapid solidi-
fication led to residual stress from the thermal contraction of
austenite. During further rapid cooling below the martensite start
temperature, the deformed austenite transformed into marten-
site. Due to the effect of deformation in austenite and the very
high cooling rate, martensite is formed with very fine martensite
blocks and a large amount of retained austenite [31-37]. Other
researchers [38, 39] have also reported that the ratio of marten-
site to austenite depends a lot on laser power, scan speed, hatch-
ing pitch, and layer thickness.

Table 4 quantitatively shows the microstructure evolution of the
AM sample after quenching and tempering as well as nitriding.
Quantitative analyses of the EBSD data revealed the amount of
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retained austenite and the average grain equivalent size of the
martensite block in the samples. In the AM sample, a large
amount of retained austenite was presented at the martensite
block boundary. The size of the martensite block of this sample
was also the smallest among the three samples. In the AM pro-
cess, the effects of deformation in austenite and ultra-high cool-
ing rate were combined, leading to significant refinement of
martensite blocks and a large amount of retained austenite.

Table 4 Amount of retained austenite and martensite block size
of the three samples

Sample Retained austen- Martensite block
ite [%0] size [pm]

AM 43+54 1.6+1.2

AM +N 03+05 2.1£1.5

AM +Q&T +N 00+0.1 2.7£1.8

After nitriding was performed at 530 °C for 2 h (AM + N), the
amount of retained austenite decreased substantially, and a few
blocks of the retained austenite were present at the martensite
grain boundaries. For the AM + Q&T + N sample, no retained
austenite was detected by EBSD. The size of martensite blocks
increased after nitriding in AM + N sample, but it was still finer
than that in the AM + Q&T + N sample. The effects of nitriding
or Q&T heat treatment on the microstructure of the AM samples
can be interpreted as follows. During nitriding at 520 °C for 2h,
low-temperature tempering occurred, in which the retained aus-
tenite decomposed, and the martensite recovered. That led to a
decrease in retained austenite but an increase in martensite block
size. The low temperature of tempering, however, did not pro-
mote the formation of \VV-Mo-rich carbides (Fig. 5). When Q&T
heat treatment was applied to the AM steel, martensite of the as-
built AM sample was replaced by a coarser martensite structure
with precipitation of fine V-Mo-rich carbide, which was typi-
cally observed in the conventional sample of H13 steel (Fig.
5c1-c3 and Fig. 6).

Eig. 6 WDS ele%entaflhmapping'in the core of AM +L(';)&T +N
sample

In Fig. 6, the change of carbide due to heat treatment processes
was investigated by a field-emission electron probe microana-
lyzer equipped with wavelength dispersive spectroscopy
(WDS). Elemental mapping by WDS could not detect the pres-
ence of carbide in the AM sample. When the AM sample was
heated to 530 °C for nitriding, the tempering process occurred
as the retained austenite decomposed and the martensite blocks

slightly coarsened in the AM + N sample. However, the precip-
itation of carbides could not be detected by WDS mapping. At
this nitriding temperature, the carbide precipitation was possibly
too fine, which could not be seen with the 400 nm electron probe
diameter used in the WDS measurement. In the AM + Q&T + N
sample, the spherical particle that emerged on the polished sur-
face was confirmed as V-rich carbide particles, and Mo was
likely incorporated in those carbides. However, the presence of
Cr-rich carbides could not be seen clearly. Probably, the Cr-rich
carbides were present in the form of very fine particles, which
could not be detected by WDS mapping on the as-polished sur-
face of the sample.

CONCLUSIONS

After a sequence of the conventional heat treatment, the micro-
structure formed during the AM process was ruled out and re-
placed by the conventional microstructure. The following con-
clusions can be drawn from this study.

*  The AM as-built AISI H13 steel sample had a microstruc-
ture consisting of very fine lath martensite, a significant amount
of blocky retained austenite, and a small amount of carbide. The
average hardness of the AM sample was 460 HV (~ 46 HRC),
the density was 7.907 g/cm?, and the porosity was 0.086 %.

* Increasing the annealing temperature (820-1020) °C in-
creased the density but decreased the hardness and porosity of
the sample. The hardness reached about 787 HV after quenching
and about 572 HV after tempering processes. After gas nitriding
was conducted, the nitride layer was formed, with a relatively
high surface hardness of 1012 HV and a depth of nitriding layer
of about 87 um.

*  Heat treatment and nitriding processes tended to increase
the martensite block size, reduce the retained austenitic content,
and precipitate the V-Mo-rich carbide in the 3D-printed AISI
H13 steel.
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