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Conventional processing of chromium has long been abandoned due to its high ductile-to-brittle transition
temperature (DBTT), which promotes stress-induced cracking during solidification. Nevertheless, chromium and
its alloys remain attractive for advanced applications because of their excellent high-temperature stability,
oxidation resistance, and tribological performance. In this study, pure chromium was fabricated by laser powder
bed fusion (LPBF) using optimized processing parameters, followed by hot isostatic pressing (HIP) at moderate
and high temperatures to address LPBF-induced cracking and residual stresses. The influence of HIP temperature
on microstructural evolution, mechanical properties, and tribological behavior was systematically investigated.
HIP effectively improved densification and reduced internal defects; however, the HIP temperature strongly
governed the balance between residual stress relief and grain growth. As-built LPBF chromium exhibited high
hardness and wear resistance due to its fine grain structure and retained residual stresses. HIP at a moderate
temperature was sufficient to relieve residual stress while preserving the fine microstructure, thereby main-
taining favorable mechanical and tribological performance. In contrast, high-temperature HIP promoted pro-
nounced <100> grain growth, which facilitated the formation of a stable oxide layer and enhanced lubricating
effects during sliding, but at the expense of mechanical strength due to excessive grain coarsening. These results
highlight the critical role of HIP temperature in tailoring microstructure—property relationships in additively
manufactured pure chromium while suggesting implementation of strategies to suppress grain growth while
leveraging the combined benefits of LPBF and HIP processing for refractory metals.

1. Introduction

Refractory metals and alloys have been the subject of extensive
research for many years due to their exceptional material performance
under extreme conditions [1-3]. Chromium (Cr), in particular, stands
out among materials used in high-temperature and corrosive environ-
ments, owing to its excellent oxidation and corrosion resistance and high
melting point [3-5]. For instance, pure Cr is commonly employed as a
coating material in optical and electronic devices to enhance corrosion
and wear resistance [6]. Its remarkable ability to maintain corrosion and

wear resistance even at elevated temperatures makes body-centered
cubic (BCC) Cr an attractive material for high-temperature applica-
tions [3,7]. However, despite these advantages, pure Cr's mechanical
weaknesses, such as low toughness and brittleness due to its high DBTT,
present significant challenges for conventional manufacturing methods.
Its high melting point (T, 1907°C) further complicates traditional
production, making these processes costly and complex, thus limiting
the broader industrial application of Cr [8-10].

Recent advancements in additive manufacturing (AM) have provided
innovative solutions to many of these challenges, particularly in
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processing materials like hard-to-process Cr [11] due to its high melting
temperatures and brittle nature. AM techniques offer numerous advan-
tages, including process parameter control to optimize solidification and
microstructure, besides their ability to produce complex geometries and
the rapid manufacturing of customized parts [12]. These benefits have
expanded the use of Cr in industries requiring high-temperature and
corrosion resistance, such as aerospace, energy, and automotive sectors.
In particular, Cr components produced via AM can endure service
temperatures up to 1000°C, making them ideal for high-performance
applications like turbines and engine components [9].

Among the various AM techniques, Laser Powder Bed Fusion (LPBF)
has gained prominence for producing high-quality, dense metal parts
from metal powders. However, challenges such as residual stress and
surface quality issues remain, particularly for metals with high melting
points like Cr alloys [13,14]. LPBF typically utilizes spherical powder
produced through gas atomization for the powder flowability concern.
However, this practice is associated with increased time and cost for AM
processes, therefore, the study on refractory Cr was utilized with a
cost-efficient powder production resulting in irregular shape. Although
the LPBF process parameters were optimized for the irregular powder,
post-processing, such as hot isostatic pressing (HIP), is commonly
employed to address the limitations regarding defects induced by re-
fractory nature of Cr. HIP is widely used to reduce porosity and enhance
the mechanical properties of AM parts, making them suitable for critical
applications in sectors like aerospace and medical industries [15,16].

The continued evolution of AM technologies, combined with pro-
cesses like HIP, is driving the broader adoption of Cr and its alloys in
industrial applications. This shift is revolutionizing traditional
manufacturing by offering cost-effective, flexible, and efficient solutions
for producing high-performance materials that meet stringent industry
standards [17,18]. Studies have shown that samples subjected to HIP
exhibit higher mechanical properties compared to those without HIP
treatment. After applying HIP to Fe-Cr-Ni alloys, a ~6% increase in
tensile strength and a ~10% improvement in room temperature elon-
gation were observed [19]. In studies focusing on the HIP process, the
influence of temperature has been specifically examined, with material
porosity and mechanical properties analyzed at various temperature
levels to determine the optimal HIP temperature [20,21]. In
Cr-containing alloys, the application of HIP reduces porosities and
manufacturing-induced voids, improves grain structure, and enhances
tensile strength. Furthermore, research on other alloys has demon-
strated that reducing the porosity in additively manufactured parts in-
creases density and improves mechanical properties [20-22]. As a
result, the part becomes more reliable in terms of strength, making it
more suitable for use in applications requiring high strength.

While the HIP post-processing is expected to reduce the defects
(pores, lack of fusion, and cracks), the HIP temperature plays a critical
role in terms of final microstructural features of AMed metals and alloys,
such as density, grain size, texture, dislocation density, phase forma-
tion/fraction, and so on [23]. Thus, determination of HIP temperature is
important for mechanical performance considering its high melting
point. As cubic lattice systems (BCC and FCC) prefer <100> texture
development along the build direction during LPBF process, Cr and 316L
stainless steel developed <100> texture by LPBF process with optimized
process parameters. The enhanced oxidation behavior of LPBFed Cr with
<100> texture has been reported [11]. Moreover, tribological studies
on textured 316L stainless steel indicated that grain orientation section
during epitaxial growth and formation grain boundaries should be
considered for wear performance regarding the effect of applied shear
stress on the surface and the formation of lubricating tribo-film [24].
While Aghayar et al. reported enhanced mechanical properties and
corrosion resistance of LPBFed 316L after HIP post-processing owing to
homogeneity in microstructural features and decrease in defects [25,
26]. These reference studies highlight the impact of microstructural
features on mechanical performance not only in terms of hardness but
also tensile, fatigue, electro-corrosion, and tribo-corrosion in aspect of
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dislocation motion and formation of lubricating film, such as protective
oxide film.

In the literature, various combinations of LPBF and HIP process pa-
rameters were selected to deliberately manipulate the final micro-
structure to achieve additively manufactured products with reduced
defects for structural applications [27,28]. This study was prompted by
the growing need in literature for a comprehensive exploration of the
effects of HIP temperature on cracks, microstructural features, and
tribological properties of additively manufactured pure Cr to guide the
research focusing on refractory metals and alloys processed by LPBF.

2. Materials and methods
2.1. LPBF processing of pure Cr

Irregularly shaped pure Cr powder with a purity greater than 99%
(JFE Material, Japan) was used to manufacture 5 x 5 x 5 mm cube
samples via LPBF, as illustrated in Fig. 1a. It is important to note that the
Cr powder was produced using a cost-effective method, resulting in
irregular particle shapes, however, its particle size distribution (Dx(50)
= 44.8 pm) and flow properties—such as an avalanche angle of 52.8°
and a surface fractal of 1.95—were adequate for the LPBF process [29],
as shown in Fig. 1.

The pure Cr samples were fabricated on a 316L stainless steel base
plate using an EOS M290 LPBF machine (Germany), equipped with a
400W Yb laser with a beam diameter of 100 pm. Additionally, the build
platform was preheated to 200°C. The LPBF process parameters, previ-
ously optimized in an earlier study [11,29], were applied as follows: a
layer thickness (h) of 20 pm, laser power (P) of 300 W, scanning speed
(V) of 800 mm/s, and hatch spacing (d) of 80 pm (Table 1). The volume
energy density (E) for the LPBF process can be calculated using Eq. (1),
which is equal to 234.4 J/mm?.

p
E:Vxhxd M

2.2. Hot isostatic pressing

The HIP parameters were set at 100 MPa and two different temper-
atures, 1250°C (T/Ty (K) > 0.5) and 1500°C (T/Ty,, (K) > 0.8), to
examine the influence of temperature under optimized HIP pressure as
our previous study stated that low HIP pressure can improve densifi-
cation while high HIP pressure exhibited a negative effect on the density
of Cr components processed by LPBF [27]. Therefore, the effect of the
HIP temperature on defects of LPBF-processed Cr was of interest in this
study using a non-destructive Archimedes' principle in accordance with
the ASTM B962 Standard. A precision lab balance equipped with a
density measurement device for solid materials was used to measure
density in alcohol at room temperature, with an accuracy of 0.001 g.
This approach does not account for central defects. Image processing
techniques were applied to optical microscope images to investigate the
defects in the top, center, and side regions.

2.3. Microstructural characterization

Optical microscopy (OM) images were taken parallel (xy plane) and
perpendicular (yz plane) to the LPBF build direction to investigate the
characteristics of defects, as illustrated in Fig. 1. To prepare the sample
surfaces, they were initially polished with sandpaper of 320-2500 grit.
This was followed by fine polishing using a 1 pm polishing cloth and a
0.01 pm alumina solution. Afterwards, the samples were cleaned by
immersing them in ethyl alcohol and placing them in an ultrasonic
cleaner before microscopy observations.

OM was employed to assess the defect percentages and analyze the
microstructure. The obtained OM images were processed with ImageJ
software to calculate each sample's density by measuring the cross-
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Fig. 1. a) Irregular Cr powder's image and its size distribution with illustration of applied LPBF process parameters and scan strategy, b) HIP process details, and c)

porosity measurement regions with the illustration of d) wear test details.

Table 1
Processes parameters of LPBF and HIP methods.

Samples Laser power Scan speed HIP temperature HIP pressure
w) (mm/s) 0 (MPa)
As-built 300 800 - -
Cr
Cr-1250 300 800 1250 100
Cr-1500 300 800 1500 100

section's defect area ratio. The defects, including cracks, lack of fusion,
and porosity, were quantified as a percentage of the total analyzed area.
Each sample's surface measurements were repeated five times, after
which the average values and standard deviations were calculated.

The microstructure of both the as-built and HIP-treated Cr samples
was investigated using an electron backscatter diffraction (EBSD) system
(Nordlys Max3 system, Oxford Instruments, Cambridge, UK) integrated
with a field-emission scanning electron microscope (FE-SEM; JIB-4610
F, JEOL, Tokyo, Japan) operated at an accelerating voltage of 20 kV and
with a 2 pm step size. Data collected from these investigations were
analyzed using HKL Channel5 software (Oxford Instruments, UK) to
generate inverse pole figure (IPF) maps, pole figures, grain size distri-
butions, and qualitative and quantitative assessments of grain bound-
aries (GBs), Kernel average misorientation (KAM), and grain
characteristic distributions.

2.4. Hardness and tribological characterizations

The hardness of the samples was determined using a Vickers Hard-
ness Tester. Five separate measurements were taken from different re-
gions of the surface of each sample, using a 500 gf load for 15 s. The
mean values and standard deviations were calculated through statistical
analysis.

For the wear tests, a radial motion was performed against a ceramic
ball as the counterface material using a Tribotester (Tribo Technic). The
ceramic ball used in the tests, made of Al,O3 with a 6 mm diameter, had
a Vickers hardness of 1800 Hv and served as the abrasive. A normal load
(1 N and 5 N) was applied at a rotational speed of 20 mm/s under dry
conditions. The tests were done on the polished center region, as shown
in Fig. 1d. The wear track radius was 1 mm for a test length of 100 m.
The ceramic balls were secured following ASTM G99-05 standards. The
coefficient of friction (CoF) values were obtained from the friction force
data recorded during the wear tests. Each wear test was repeated three
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times for each condition. The mean CoF values were calculated based on
stabilized regions of the frictional force graph after 40 m of sliding
distance, which excludes the running-in stage.

The surface topographies and wear track width were observed
through investigations using a field-emission scanning electron micro-
scope (FE-SEM, Thermo Scientific). FE-SEM Energy Dispersive Spec-
troscopy (EDS) mapping was conducted to determine the wear
mechanisms. Ten repetitive measurements of the wear track width were
performed to calculate the average value. Wear volume loss was
calculated using Eq. (2) according to the ASTM G99-17:

d

Volume loss = 2zR {rz sin”! (%) - (Z) (4 - dz)ﬂ

(2)
where: R = wear track radius, r = abrasive ball radius, d = wear track
width, assuming no significant pin wear.

In addition, the wear track widths, volumes, and surface topogra-
phies were analyzed using 3D optical profilometry. A Polytec TopMap
Micro View device with a 10x objective lens was used for the mea-
surements. Each wear track was measured three times to ensure accu-
racy. The entire wear scar was considered when calculating the volume.

3. Results
3.1. Porosity

The OM images and corresponding quantitative data highlight the
effects of LPBF process and HIP post-process treatment at 1250°C and
1500°C on the crack density of Cr samples. The OM images for crack
measurements were taken from top (xy plane), center, and side regions
(yz plane) as shown in Fig. 2 and quantitatively summarized in Table 2.
The as-built sample exhibits significant cracking on the top surface along
grain boundaries, distinctive to the XY scan strategy [30], and lack of
fusion due to insufficient melting or unstable melt pool formation was
detected at the center and side regions. The major defect characteristics
was crack formation along GBs due to residual stress caused by rapid
cooling during the LPBF process. The top region showed higher ratio of
cracks due to residual stress and higher rate of HAGBs than the center
and side regions where epitaxial growth was expected to form columnar
grain owing to layer-by-layer melting. With reconsideration of process
parameter setting up higher laser power (300W) and scan speed (800
mm/s) with the same VED compared to our previous study (150W-400
mm/s) [27], the porosity in the center and side regions was


astm:G99
astm:G99

O. Gokcekaya et al.

Top region

y

a)

z

Center region

Journal of Materials Research and Technology 43 (2026) 3150-3163

Side region

¥y X y X

Fig. 2. OM images taken from top, center, and side regions of a) as-built Cr sample, b) HIPed Cr-1250 sample, and ¢) HIPed Cr-1500 sample.

Table 2
Percentage of cracks in as-built and HIPed Cr samples.
Samples Cracks
Top region (%) Center region (%) Side region (%)
As-built Cr 5.70 + 0.34 4.45 £ 0.90 4.30 + 0.86
Cr-1250 7.28 £0.13 4.39 + 0.34 4.51 + 0.26
Cr-1500 4.90 = 0.35 3.75+0.18 3.81 £0.33

homogenized for consistent structural performance. The center region
exhibits fine microcracks and some residual pores from incomplete
diffusion, resulting in 4.45% porosity, while the side region has slightly
lower porosity with fewer cracks but more lack of fusion defects, as
shown in Fig. 2a, which might relate to the difference in cooling rate of
center and edge of the component processed by LPBF.

While the HIP-1250°C sample showed improvements in micro-
structural homogeneity in terms of cracking with smaller deviation,
crack ratio increased in the top and side regions. This suggests that the
HIP process at 1250°C was insufficient to completely eliminate cracks,
particularly the ones open to the surface. Furthermore, although some
cracks were noted to have closed in the top region, the overall defect
density in the side and top regions was increased due to the propagation
of open-surface cracks under pressure. This highlights that while HIP
treatment can be effective in certain areas, it may not be capable of
eliminating all defects uniformly throughout the sample and could, in
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some cases, lead to the growth of existing defects, particularly open-
surface ones [31].

The HIP-1500°C sample (Fig. 2c) shows crack healing tendency and
better structural integrity at the top, center, and side regions, where
crack ratio remains lower than in the other samples, 4.90%, 3.75%, and
3.81%, respectively. However, the highest porosity (4.90%) of this
sample was measured at the top region, similar to other conditions, due
to higher initial porosity and open-surface characteristics of cracks.
While the HIP temperature and pressure resulted in closure of some
cracks in each region, the center region showed the lowest crack density
for Cr-1500, although complete elimination of defects was not realized.

The density of Cr samples determined by Archimedes’ principle is
given in Table 3, demonstrating the effect of HIP temperature compared
to as-built Cr. The as-built sample exhibited a density of 6.77 & 0.49 g/
em?, reflecting the intrinsic defects commonly associated with the rapid
solidification and layer-by-layer nature of the LPBF process, forming

Table 3
Density, hardness, and high-angle grain boundary (HAGB) density values of as-
built and HIPed Cr samples.

Samples Density (g/ Hardness (Hv) HAGB density Grain size
cm®) (%) (pm)
As-built 6.77 + 0.49 183.55 + 8.45 41.2 19.0
Cr
Cr-1250 6.50 + 0.17 156.01 + 10.69  35.1 22.3
Cr-1500 7.03 £ 0.07 125.50 + 6.91 14.3 50.3
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cracks along HAGBs. After HIP treatment at 1250°C, the density
decreased slightly to 6.50 + 0.17 g/cm®, which can be attributed to the
thermal relaxation of residual stresses, potentially allowing the redis-
tribution of pores and cracks. However, with HIP at 1500°C, the density
significantly increased to 7.03 + 0.07 g/cm?, approaching the theoret-
ical density of pure Cr (7.19 g/crng, [11]). This increase points to the
closure of internal defects/cracks and increased structural integrity.
The correlation between Archimedes’ density measurement and
optical defect measurements can be realized with the top and side
values, as expected, since the Archimedes measurement does not
consider internal porosity. On one hand, the top and side regions of HIP
at 1250°C exhibited increase in percentage of defects (Table 2) the
Archimedes measurements presented decrease in density value. On the
other hand, the tendency of crack percentage and density measurements
for HIP at 1500°C were reversed, showing decrease in cracks and in-
crease in density. Therefore, the tendency in density measurement with
the top and side region porosity showed corresponding values. More-
over, the future implementation of such brittle refractory metals and
alloys for component production via AM processes requires surface
finish, such as machining, thus it is expected to remove the high defect
region for the final component. Besides, the center region demonstrated
crack closure with the HIP process, as identified with OM measurements,
and HIP-1500°C reached the lowest defect level and highest component
density, indicating the effect of HIP temperature on crack healing
behavior. While increased density owing to crack closure was expected
to improve bulk mechanical performance, the densification with HIP
processing, particularly HIP at 1500°C, did not correlate with the
hardness values; instead, hardness values were determined by the grain
size and high-angle grain boundary (HAGB) density (Table 3). The in-
crease in grain size and consequent decrease in HAGB density caused a
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decrease in the hardness of HIPed Cr samples. This suggests that HIP
parameters, particularly temperature, need to be carefully optimized to
balance bulk and surface characteristics.

3.2. Microstructure characteristics

Microstructure analyses of as-built Cr processed by LPBF and sub-
sequently densified by HIP process at 1250°C and 1500°C with under
100 MPa pressure were carried out, focusing on grain orientation, HAGB
distribution, grain size, residual stress (identified by KAM), and grain
characteristics parallel to the build direction, corresponding to the wear
test surface. The results presented the significant effect of HIP processing
temperature on microstructural features of as-built Cr. The effect of
temperature on microstructural features was significant. Although the
HIP process at 1250°C (T/Tp, (K) > 0.5) wasn't high enough to promote
recrystallization but sufficient to reduce the stress [27], it was ineffec-
tive to promote significant grain growth to reduce HAGBs, which are
crack initiation and propagation sites under mechanical load. Therefore,
high HIP temperature, 1500°C (T/Tp (K) > 0.8), was investigated to
determine the crack-healing via grain growth [32] while pre-softening
before the HIP process also exhibited promising results [33] to elimi-
nate solidification cracks.

The microstructural features of as-built and HIPed Cr were assessed
by EBSD measurements, as shown in Fig. 3, which presented the grain
orientation distribution with IPF maps and {100} pole figures, besides
HAGB maps demonstrating the grain boundary structure, which is
important to understand the mechanical performance of the samples.
The grain orientation of as-built and Cr-1250 showed similar charac-
teristics with the distribution of mainly <100> and <110> oriented
grains, indicating HIPed at 1250°C had no significant effect on grain

High angle
grain boundaries

15°5 0 e

Fig. 3. Microstructural features of as-built Cr, HIPed Cr-1250 and Cr-1500 samples; grain orientations and structure represented with (a) inverse pole figure (IPF)
and (b) high-angle grain boundary (HAGB) maps, respectively, with (c) corresponding {001} pole figures. Scale bars indicate 200 pm.
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orientation distribution. Although the crystallographic texture was
comparable after the HIP process at 1250°C to as-built Cr, the HAGB
distribution of Cr-1250 exhibited a decrease in density (Table 3),
implying the occurrence of slight grain growth at this HIP condition.
Fig. 4, showing the average grain size and its distribution, supports this
finding, exhibiting a higher fraction of bigger grains with an increase in
grain size from 19 pm to 22.3 pm.

However, the grain characteristics exhibited significant differences
after performing HIP at 1500°C to as-built Cr samples. While grain
growth was evidently observed from the IPF map of Cr-1500 (Fig. 3), the
consequent decrease in HAGB density and increase in grain size
(Table 3) demonstrated the significant effect of the HIP process at
1500°C on microstructure characteristics of as-built Cr. In this context,
Cr-1500 samples displayed high-rate recrystallization, resulting in grain
growth, reaching over 2.5 times of the as-built Cr grain size (from 19 pm
to 50.3 pm). The grain structure of Cr-1500 was equiaxed after recrys-
tallization with an increase in multiple uniform distribution (MUD) to
5.6, indicating that the {100} easy growth direction of BCC Cr was
preferred for recrystallization and grain growth, achieving microstruc-
tural isotropy. These findings on microstructure characteristics
comparing as-built Cr to HIPed ones processed at 1250°C and 1500°C
demonstrated the importance of the HIP temperature regarding recrys-
tallization and grain orientation. Therefore, the difference in mechanical
strength and tribological performance of as-built and HIPed Cr was ex-
pected, considering the effect of grain orientation on oxidation behavior
and grain size on the hardness of the samples.

Moreover, the HIP process did not only affect the grain orientation
and size but also altered the residual stress of the as-built Cr depending
on the applied temperature. The KAM maps, representing residual stress
distribution as an indication of dislocation characteristics, presented in
Fig. 5 elucidated the decreasing tendency of stress with HIP application.
The highest residual stress value (identified by KAM, 6 = 0.94°) was
detected for as-built Cr due to the fast cooling and cycling heating during
LPBF process, resulting in extreme residual stress by the repetitive
melting and solidification process. However, the HIP process showed
temperature-dependent stress relief as observed on KAM maps and
quantitative KAM distribution. Therefore, Cr-1250 showed a 23% (6 =
0.72°) decrease in KAM value. More importantly, an increase in HIP
temperature to 1500°C (Cr-1500) demonstrated a 77% (6 = 0.22°)
decrease in average KAM value. Besides, the decreasing tendency in
KAM was evident in KAM maps, as shown in Fig. 5, clarifying the sig-
nificant effect of HIP temperature on residual stress as an important

40 T T T T T T
[ As-built Cr (19.0 pym)| 1
35 - B Cr-1250 (22.3 um) |
Cr-1500 (50.3 um)

30 g
5251 g
c
0 20- 4
©
o
(L 15 - g

10 .

5 4
0 - 'L'Ll’L'L T T
0 20 40 60 80 100 120 140

Grain diameter (um)

Fig. 4. Grain size distribution and average grain size of as-built and HIPed Cr
samples (data driven from the measurements presented in Fig. 2).
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microstructural feature to explain the hardness and wear properties of
Cr.

The differences in residual stress after LPBF and HIP processes were
expected to alter the grain characteristics, while LPBF produces high
residual stress due to the fast-cooling rate but the HIP process tempers
the stress depending on the applied temperature and tuned the grain
characteristics as shown in Fig. 6. As expected, as-built Cr showed a high
ratio of deformed grains reaching over 70%. However, HIP at 1250°C
exhibited partial recovery with accompanying decrease in residual stress
(Fig. 5), thus decreasing the deformed grain rate to 48% and increasing
the substructure grain ratio to 47% (Cr-1250, Fig. 6), thus resulting in a
slight increase in grain size (Fig. 4) while likely promoting subgrain
boundaries [34].

Moreover, HIP at 1500°C exhibited near-full recovery of the
deformed grains and increased the recrystallized grain ratio to 90% with
only about 1% remaining deformed grain owing to the application of
such high temperature, T/T,(K) reaching over 0.8. Thus, Cr-1500
exhibited grain growth and a decrease in stress. This indicates that the
HIP process can be implemented not only to densify the components but
also to tune the grain characteristics with the applied temperature to
mitigate anisotropy.

3.3. Tribological properties

The as-built sample exhibited the highest hardness, 183.55 + 8.45
HV, attributed to its finer microstructure and inherent residual stresses
from the LPBF process (Table 3). However, post-HIP processing
decreased hardness due to grain growth and relaxation of internal
stresses. The sample processed at 1250°C retained moderate hardness,
156.01 + 10.69 HV, balancing structural densification and grain
coarsening. In contrast, the sample processed at 1500°C showed the
lowest hardness, 125.50 + 6.91 HV, due to excessive grain growth.

The CoF values were measured under 1 N and 5 N loading conditions,
and the results are given in Table 4 and Fig. 7. For the 1 N loading test
condition, the as-built sample resulted in the highest CoF (0.87 + 0.03),
which means an increase in the frictional resistance. On the other hand,
after the HIP process, samples showed reduced CoF values (0.81 + 0.02
at 1250°C and 0.84 + 0.03 at 1500°C) with the changes in the surface's
properties like oxide amount, pore redistribution, surface cracks, partial
densification, and microstructure characteristics. Especially the higher
CoF of the Cr-1500 sample may be linked to the increased grain size and
reduced stress, as the sample was mechanically weakened after exposure
to high temperature. According to these results, while the HIP process
reduces internal defects, higher temperatures can decrease mechanical
strength due to grain coarsening. On the other hand, higher temperature
HIP enabled a delayed increase in CoF during the initial stages of sliding
under 1 N loading conditions (Fig. 7a). This behavior points to a more
continuous oxide layer in the surface and improved resistance to wear
related surface damage.

Under a 5 N loading condition, CoF values decreased for all samples
with surface flattening and increased material accommodation under
higher load. The as-built sample had a CoF of (0.72 + 0.05), while the
HIP-processed samples demonstrated further reductions to (0.71 + 0.03
at 1250°C and 0.68 + 0.01 at 1500°C) (Table 4). The Cr-1500 sample
exhibited the lowest CoF, indicating the dominance of bulk densification
over surface porosity effects in reducing friction at higher loads. A slight
delay in the CoF graph during the initial cycles was observed for the Cr-
1500 sample. Parallel to the 1 N loading condition this behavior was
attributed to the improved oxide layer continuity which slightly delayed
plastic deformation (Fig. 7 (b)).

In Figs. 8 and 9 and Table 4, the wear track information obtained
from SEM and 3D optical microscope is given. After 1 N load tribological
tests, the narrowest wear track width was observed for the as-built
sample (247.30 + 14.87 pm) and consequently lowest wear volume.
The higher hardness (183.55 + 8.45 HV) of the sample supports this
lower wear track width. The wear volume for the as-built sample was



O. Gokcekaya et al.

Journal of Materials Research and Technology 43 (2026) 3150-3163

I I5°

Cr-1500

N - 500 7 KAV; StED=2; Grc 48406

1 00
N - 50 . KAV $te0 =2 um; Grid646x 456
5 [ As-built Cr (0.94)| 4
- Cr-1250 (0.72)
' | Cr-1500 (0.22)
4 4 -
[ =4
O 34 R
°
i
L
2 4 -
1 i
o “j i
0 1 2 3
KAM Angle (0)

Fig. 5. Kernel Average Misorientation (KAM) maps and the angle distributions of as-built Cr, HIPed Cr 1250, and HIPed Cr 1500 samples. Corresponding to the

measurement in Fig. 2.

0.26 + 0.06 x 102 mm®. The wear track widths increased after HIP
processing to 321.83 + 21.59 pm at 1250°C and 369.11 + 11.64 pm at
1500°C. This behaviour is attributed to the softening of the material due
to grain coarsening and reduced residual stress. The wear volumes of
these samples were measured as 0.58 + 0.04 x 102 mm?® for the 1250°C
sample and 0.87 + 0.07 x 10? mm? for the 1500°C sample.

Under a 5 N loading condition, the wear track widths increased for
all conditions, which measured as 455.65 + 17.95 pm for the as-built
state and the HIP-processed samples at 492.14 + 49.60 pm (1250°C)
and 902.78 + 14.71 pm (1500°C), highlighting the reduced wear
resistance at higher HIP temperatures. The measured wear volume for
the as-built sample was 1.65 + 0.12 x 102 mm?. For the HIP-processed
samples, the wear volumes were 2.08 + 0.37 x 10> mm® and 7.21 +
0.49 x 102 mm? for 1250°C and 1500°C, respectively.

EDS mapping of the as-built sample under 1 N and 5 N loads revealed
the distribution of Cr (chromium), C (carbon), and O (oxygen) along the
wear track. This result points adhesive and abrasive wear mechanism
and oxidised wear debris. The possible surface contamination from tribo
film formation was observed as C element. Materials transfer from the
Al,03 abrasive was not detectable in the EDS analyses for either loading
conditions (Figs. 8 and 9). This observation supports that, especially
under the 5 N load, surface deformation and oxidation of the Cr sample
led to material removal and debris formation, contributing to a three-
body abrasive-adhesive wear mechanism rather than direct material
transfer from the Al;O3 counterface.

Figs. 10-11 presents 3D profilometric views of the wear tracks for the
as-built and HIP-treated samples under 1 N and 5 N loads. According to
the profilometric analysis, for the as-built Cr under 1 N loading condi-
tion the narrowest and shallowest wear track with debris accumulation
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at the edges was observed. This result was consistent with the smallest
track width (247.30 + 14.87 pm) and the lowest wear volume among
the three conditions as given in Table 4 and Figss. 10-11.

After HIP treatment, both width and depth increased (Fig. 11b-c). As
seen in Fig. 11b, for the 1250°C sample, mild ridges of adhered material
are visible along the track edges, and intragroove wear debris accumu-
lation was observed (Fig. 11), indicating that material was removed via
ploughing. The broadest track and a noticeably deeper wear pit were
visible for the HIP-1500°C sample (Fig. 11c). Substantial material pile-
up at the edges were observed, and wear debris appears more preva-
lent on this surface (Fig. 11c). These results were parallel to the quan-
titative data in Table 4, which showed increasing wear track width (from
321.83 £ 21.59 pm to 369.11 + 11.64 pm) and volume loss with higher
HIP temperatures. The data also corroborates the SEM observations in
Fig. 8.

For the 5 N loading (Fig. 11d-f) condition, all samples display
broader and deeper wear tracks compared to 1 N condition, accompa-
nied by more pronounced edge deformation from plastic wear. For the
as-built sample (Fig. 11d), considerably wider tracks were observed than
1 N loading condition, with clear material uplift along the track edges
and some wear debris smeared within the track. Still, the wear scar
remained smaller relative to the HIP-treated samples, reflecting the as-
built microstructure's higher hardness and better wear resistance at
this load. For the HIP-1250°C sample (Fig. 11e) a further increase was
observed in track width and depth relative to the as-built condition. The
wear groove in Fig. 11e was slightly wider, in agreement with its 492.14
+ 49.60 pm track width, and deeper, with noticeable edge flow and
particle debris accumulation, indicating a moderate degree of material
removal. The highest wear was observed for the HIP-1500°C sample at 5
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Table 4

Wear results of as-built and HIPed Cr samples under the 1 N and 5 N loading conditions.

Samples Coefficient of Coefficient of Wear Track Width Wear Track Width Wear Track Volume Wear Track Volume
Friction Friction (um) (um) (mm®x10%) (mm®x10%)
1IN 5N 1IN SN 1IN 5N
As-built 0.87 £ 0.03 0.72 £ 0.05 247.30 + 14.87 455.65 + 17.95 0.26 + 0.06 1.65 + 0.12
Cr
Cr-1250 0.81 + 0.02 0.71 + 0.03 321.83 + 21.59 492.14 + 49.60 0.58 + 0.04 2.08 + 0.37
Cr-1500 0.84 £ 0.03 0.68 £ 0.01 369.11 + 11.64 902.78 + 14.71 0.87 £+ 0.07 7.21 £ 0.49

N (Fig. 11f), which presents an exceptionally broad and deep wear track.
The profilometry revealed a large gouge with widespread edge defor-
mation and a high degree of particle accumulation, which are detached
particles. This corresponds to the increase in wear metrics for the
1500°C-HIP sample relative to the as-built sample (Table 4). Such
extensive damage is indicative of an intense abrasive-adhesive wear
mechanism under high load. Indeed, the SEM image of the 5 N wear
track for this sample (Fig. 9c) showed much wider grooves and severe
surface disruption, pointing to dominant plastic deformation and three-
body abrasive wear in the Cr-1500 condition.

4. Discussion
4.1. The effect of HIP temperature on microstructural features

Pure Cr has been a critical alloying element to enhance the me-
chanical properties of many alloy systems. However, the utilization of

pure Cr was limited due to its high DBTT, causing HAGBs to be prone to
cracking during solidification. This phenomenon is the major reason for
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the difficulty in densifying pure Cr fabricated by LPBF, which has a high
cooling rate causing residual stress, thus limiting its structural applica-
tions. This study demonstrated that LPBF-processed pure Cr having
cracks that differed in density at the top, center, and side regions due to
the difference in cooling rates and remelting during layer-by-layer
process [35]. Moreover, our previous study stated that HIP processing
can improve the density at low-pressure applications, while high HIP
pressure exhibited a negative effect on the density of Cr components
processed by LPBF [27]. Our previous findings raised the question of the
effect of HIP temperature on the microstructure and tribological per-
formance of as-built Cr with the application of optimum HIP pressure
(100 MPa), which was the focus of this study.

The as-built Cr exhibited cubic-like <100> texture development
owing to the epitaxial growth along the preferred <100> easy growth
axis. It is important to note that the <100> textured Cr surface has been
reported to form a continuous and homogeneous oxide layer without
spallation [11], which is expected to benefit the wear resistance.

The HIP process at 1250°C kept the texture unchanged, only slightly
improving the texture strength (Fig. 3), which might relate to the
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recovery of misorientation in the grain and decrease in residual stress
(Fig. 5), which are recovery structures [36]. Moreover, Cr-1250
exhibited 17% grain growth (Fig. 4) and consequently decrease in
HAGB density.

On the other hand, the HIP process at 1500°C resulted in significant
recrystallization, causing 2.5 times the grain size of the as-built Cr.
Moreover, the columnar grain characteristics of as-built Cr changed to a

3158

larger equiaxed grain structure as identified in Fig. 3 owing to high HIP
temperature promoting recrystallization and grain growth (Fig. 6) and
thus promising isotropic characteristic.

This alteration in grain structure indicated that the HIP process at
1250°C was not sufficient to establish recrystallization and grain
growth; rather, it resulted in partial defect annihilation and rearrange-
ment of grain misorientation, showing the decrease in residual stress and
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Fig. 9. Wear Tracks obtained under 5 N load for a) as-built, HIPed at b) 1250°C and ¢) 1500°C temperatures with d) EDS mapping image of as-built Cr sample.
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the ratio of deformed grains. However, the HIP process at 1500°C
demonstrated complete stress relief and over 90% recrystallized grain
characteristics, indicating that the 1500°C process temperature was
efficient in activating full recrystallization and grain growth, allowing
crack healing through absorption and assimilation of defects into
growing grains, thus enhancing densification. More importantly, the Cr-
1500 sample exhibited texture strengthening owing to recrystallization
and <100> preferential growth direction, reaching the highest MUD
value of 5.6, indicating homogeneous and stable oxide layer formation
[111, which is significant for wear performance. Considering the altered
texture strength, comparing as-built with HIPed Cr samples, the effect of
the difference in texture strength on oxide layer characteristics should
be further investigated in a future study.

In this regard, it is important to note that the high HIP temperature
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can demolish the microstructural anisotropy caused by the LPBF pro-
cess. However, microstructure characteristics unique to LPBF, such as
grain orientation via epitaxial growth and high residual stress (indi-
cating high dislocation—-deformed grains), which increase the hardness
of the component, are beneficial for tribological performance.

It is well-established that the hardness of the sample correlates with
its wear performance, of which the cracks in the samples mitigate the
mechanical strength of the material. Therefore, the HIP temperature
should be carefully determined to enhance the density rather than
altering the beneficial microstructural features. Thus, according to the
findings of this study, it is recommended to reach the highest possible
density by optimizing the LPBF process parameter [28,29] and per-
forming HIP at a medium temperature range to keep the advantageous
microstructural features of LPBF processing. Otherwise, it is important
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for future studies focusing on LPBF processing of refractory metals and
alloys to implement trace element addition [37], grain refinement [38],
oxide and\or carbide nanoparticle inoculation [39] or in-situ nano-
precipitate formation [40] to enhance the ductility and to prevent
excessive grain growth during HIP process via Zener pinning effect [41]
to accommodate advantages of both LPBF- and HIP-induced micro-
structural features.

4.2. The effect of HIP temperature on tribological behavior

From the findings of this study, it can be deduced that the initial and
progressive stages of the wear test suggested different tribological
behavior affected by various material properties such as materials' me-
chanical properties [42,43], surface condition [44], and the existence of
lubricant phases such as oxides [45].

The CoF variations for the two different loads (1 N and 5 N) and the
three sample conditions varied in running-in and steady-state stages in
this study. For the 1 N load (Fig. 7a), the running-in stage is clearly
observed with high deviations. As-built sample quickly reached higher
CoF values, while Cr-1250 and Cr-1500 samples maintained CoF around
0.1, thus the lowest CoF observed. The oxide layer provides a lubricating
effect that initially performs lower CoF under low applied loads [46-48].
The detectable delay and sudden increase of CoF were observed, espe-
cially under 1 N load for Cr-1250 and Cr-1500 samples, point wear ac-
celeration or even failure with the damage of oxide layer [49],
suggesting that the highly textured Cr-1500 formed a wear-resistant
oxide layer which differed in CoF at the running-in stage. Such a sig-
nificant increase in CoF has been reported in previous studies [49,50].
After the 8 m and 28 m distances of the test, the Cr-1250 and Cr-1500
sample surface oxide layers exhibited localized oxide disruptions.
These disruptions led to the detachment of hard oxide particles from the
surface, which activated a three-body abrasive wear mechanism. In this
mechanism, the detached hard oxide particles become trapped between
sliding contact surfaces, contributing to high CoF deviations under the 1
N loading condition. As a result, a steady-state stage is not evident under
1 N loading, as the CoF fluctuates significantly throughout the test for a
100 m testing length.

Under 1 N loading condition, oxide layer damage wear was common
as seen in SEM images, Fig. 8, fractured adhesive wear. Under these
adhered particles, grooves were visible due to the microploughing.
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Furthermore, 3D profilometric analyses of the wear tracks (Fig. 10) also
confirmed these findings by revealing grooves, pile-up even in the inner
parts of wear tracks, and increased particle accumulation, particularly in
the Cr-1500 sample. Under 1 N, the as-built surface showed the shal-
lowest and narrowest scar, while HIP at 1250°C produced wider tracks
with partial edge ridges. The Cr-1500 sample already exhibited pro-
nounced edge deformation even at this lower load. The wear width
increased with increased HIP temperature, which indicated the negative
effect of existing cracks, decreased hardness, and grain coarsening [51].

However, the increased wear load from 1 N to 5 N did not cause a
linear increase in wear damage, indicating that the surface under the
load was strengthened through strain hardening. Therefore, under 5 N
loading (Fig. 7b), a more defined steady-state region emerges after the
running-in stage. A higher load promoted more stable frictional
behavior and steady-state performance as seen in Fig. 7b. Moreover, the
lubricating effect of the oxide layer at higher load was observed in the
Cr-1500 sample, similar to 1 N load. In the author's previous report [11]
(100)-textured Cr samples exhibited a homogeneous and continuous
oxide layer compared to randomly textured ones. This was reflected in
the CoF graph as lower values at the initial sliding distances, particularly
under the 1 N loading and even higher load condition. In the present
study, the increase in HIP temperature led to higher MUD values, indi-
cating a grain reorientation toward <100> easy growth direction. This
reorientation was expected to promote the formation of a homogeneous
oxide layer that provided initial wear resistance under various loading
conditions, despite being mechanically unstable and prone to fragmen-
tation under continued wear exposure. In the case of the steady-state
stage, the mechanical response of the Cr sample regarding its micro-
structural characteristics was significant in determining its wear
performance.

In the Cr-1500 sample, owing to the temperature-induced grain
growth, the crack density was lower than that of other samples, reaching
the highest density observed in this study. This result likely contributed
to fluctuations in the CoF during sliding, potentially associated with
detached wear debris from the surface[51-53].

Under 5 N loading conditions, plastic wear deformation increased in
all samples but especially for Cr-1500, wider grooves are visibly
different than 1 N loading conditions, which point to the dominant
plastic and three-body deformation wear mechanisms. For the 1 N
loading condition, in the CoF graph more pronounced deviations were
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observed for all samples (Fig. 7a). Under the 5 N loading condition, these
deviations were decreased due to the higher contact stresses. Especially
for Cr-1500 sample, after reaching the stable period of sliding distance
(approximately 50 m), the lowest CoF value was observed compared to
the other samples (Fig. 7b). However, this did not correspond to an
overall improvement in tribological performance, which remained
constrained by increased wear damage. As seen in Fig. 9c, the re-
adhered particles were smeared and fractured again due to the heavier
loading, which points to a fatigue wear mechanism.

By increasing the HIP temperature, defect reduction was achieved,
leading to an increase in density, which was also emphasized regarding
the changes in microstructural features. The potential positive effect of
this was observed at low wear loads, where CoF values remained rela-
tively low at the early stage, and wear track widths were comparable
after 100 m of wear performance. However, the adverse effects of high
HIP temperatures on grain size, microstructure, and hardness were
particularly pronounced under a 5 N load, significantly deteriorating
wear performance, while the as-built condition performed better owing
to microstructure characteristics, such as small grain size and high re-
sidual stress, thus enhancing its hardness, which is a critical value dis-
cussing the wear performance. In the optical profilometer investigation,
the differences became more distinct: the as-built sample maintained
relatively moderate grooves, whereas HIP-1250°C revealed deeper pits
and stronger edge flow. The HIP-1500 sample showed the most severe
damage with the broadest, deepest wear scar in agreement with the
highest wear volumes reported in Table 4, while the SEM (Fig. 9) ob-
servations support these results by revealing surface disruptions that
consistent with material removal.

In the central regions, this reduction in porosity is fully consistent
with the fundamental densification mechanism of HIP and is an ex-
pected outcome [54-56]. However, the increase in defects observed in
the top and side regions can be explained by known limitations, such as
the risk of near-surface pores opening up during HIP besides the
expansion of trapped gases under high temperature and pressure can
counter the effect of external pressure for the internal defects/cracks
while resulting in stress redistribution during cooling. As highlighted
previously, there are still limitations of the HIP process because of its
limited diffusion, the negative effect of trapped internal protective
gases, and the size of pores-defects [55,57,58]. A previous study [31]
also showed that the densification of Ti6Al4V is complicated by
near-surface pores. These pores were found to pose varying degrees of
problems, sometimes even perforating the surface to create new external
notches. These contradictory effects were particularly pronounced
under a 5 N load, where the adverse effects of high HIP temperatures on
grain size, microstructure, and hardness significantly deteriorated wear
performance. In contrast, the as-built condition performed better owing
to microstructural characteristics such as small grain size and high re-
sidual stress, which enhanced its hardness as a critical parameter in
discussing wear behavior.

While this study provided insight into the effect of HIP temperature
on defect prevention and enhanced densification of refractory metals
and alloys, implementation of preheat, powder characteristics, and scan
length can be proposed to decrease the defects prior to the HIP process as
our previous studies highlighted the effectiveness of these approaches to
enhance heat accumulation during the LPBF process, resulting in
densification. [29,59]. Furthermore, the implementation of an opti-
mized HIP process, considering the process temperature and pressure,
can be proposed to eliminate cracks, particularly in the central region of
refractory metals and alloys. In the aspect of post-processing application
to improve component properties, moderate HIP temperature (1250°C)
promotes recovery and partial stress relief but may induce surface crack
propagation, while high HIP temperature (1500°C) enables recrystalli-
zation, grain growth, and crack healing, significantly increasing density.
The transition from fine, high-stress microstructure to coarse, recrys-
tallized grains reduces hardness but enhances oxide layer stability due to
<100> texture development. This leads to a trade-off between
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mechanical strength and tribological performance, where high hardness
governs wear resistance at low HIP temperatures, while oxide-assisted
lubrication influences friction behavior at high HIP temperatures.

5. Conclusion

The effect of HIP treatment and applied temperature on LPBF-
processed pure Cr samples’ microstructure and tribological perfor-
mance was investigated in this study. Based on the results obtained in
this study, the following conclusion can be drawn:

. HIP processing reduced internal cracks in the center region of pure
refractory Cr fabricated by the LPBF process.

. 1250°C HIP processing temperature (T/Ty, (K) > 0.5) slightly
affected grain characteristics, increasing the fraction of substructure
grain. The ratio of deformed grains decreased with partial recovery.

. At 1500°C HIP application (T/Ty, (K) > 0.8), the highest density was
achieved, although the cracks were not completely eliminated,
particularly open-surface defects.

. High-temperature HIP led to a reduction in high-angle grain
boundaries and further decreased the fraction of deformed grains.
Significant grain growth\ recrystallization resulted in the formation
of equiaxed grains. Although grain growth resulted in lower hard-
ness, Cr-1500 samples showed highest <100> grain orientation,
indicating improved oxidation properties.

. In terms of wear mechanism, all samples showed abrasive and ad-
hesive wear, leading to high friction coefficient values and deviations
under 1 N loading. However, as-built Cr with the highest hardness
exhibited smallest wear track width and wear volume owing to fine
microstructure, high residual stresses, and a greater proportion of
deformed grains.

. Cr-1500 samples reaching the highest density formed a protective
oxide layer owing to strong <100> grain orientation as observed
with the delay in CoF up to 40 m under 1 N load.

. After a certain number of cycles, damaged oxide layer caused wear
acceleration in all samples, resulting in a three-body abrasive wear
mechanism and a significant increase in CoF, which evidently
observed with HIPed Cr samples.

Further research on this topic requires consideration of oxide\car-
bide nanoparticle inoculation to prevent grain growth during HIP pro-
cess at high temperatures by Zener pinning effect on the grain
boundaries while providing oxide disperse strengthening. By this
approach, it is possible to utilize advantages of both LPBF and HIP
processes for structural applications of refractory metals and alloys.
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