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Abstract

This is the first comprehensive study on the development of a cubic crystallographic texture in
pure chromium (Cr) manufactured using laser powder bed fusion (LPBF) with different laser
energy densities to alter its microstructure and high-temperature oxidation behavior. An increase
in the laser energy density led to the formation of a strong crystallographic texture, which was

preferentially oriented in the (100) plane, and there were microstructural improvements in the
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pure Cr. The grain size of the (100)-oriented Cr was larger than that of the randomly oriented Cr.
In addition, the high-angle grain boundary and coincident site lattice (CSL) boundary
characteristics were altered. The (100)-oriented Cr exhibited a decrease in the oxide thickness
that was due to the decrease in the grain boundary density with a larger grain size and an increase
in the CSL boundary ratio. In contrast, the Cr with a random texture showed higher oxidation
kinetics and spallation of the oxide layer. The oxidation kinetics of the pure Cr manufactured
using LPBF obeyed the parabolic rate law. However, the crystal orientation affected the
oxidation of the Cr as the (100)-oriented pure Cr displayed a lower parabolic rate constant,
indicating that the (100)-oriented Cr was oxidation-resistant. This is the first report to
demonstrate the cubic crystallographic texture formation and the improvement of high-

temperature oxidation resistance in Cr manufactured using LPBF.

Keywords: Chromium; Laser powder bed fusion; High-temperature oxidation; Crystallographic

texture; Microstructure; Grain boundary

1. Introduction

The increased efficiency associated with high operating temperature applications has prompted
researchers to search for new materials that can be used at temperatures above the useful limit of
nickel-based superalloys. Chromium (Cr) metal and its alloys have been investigated in this
regard because of their high melting point, good oxidation resistance, low density (20 % less
than most nickel-based superalloys), and high thermal conductivity (2—4 times higher than most
superalloys) for high-temperature applications such as jet engines [1,2].

Many high-temperature alloys rely on the development of a chromia-containing scale for



protection against oxidation and corrosion [3,4]. Oxidation of pure Cr and Fe—Cr systems in
different environments has been described in several studies [5—7]. These studies have resulted in
models as behaving similarly to Fe, forming a weak protective scale, or forming a protective
scale similar to that of pure Cr.

The more stringent requirements on the lifetime and efficiency of parts used at high
temperatures [8,9], such as gas turbines, cannot only be addressed by improving the material
selection, but also by designing parts that have more effective cooling channels for circulating a
refrigerant fluid. Additive manufacturing (AM) technology has been developed to fabricate
complex-structured components in a short time at low cost [10]. In this study, laser powder bed
fusion (LPBF), which is a widely used metal AM process, was applied to the manufacturing of
pure Cr. This allows the production of parts with a near-net-shape directly from metallic powder
material. Furthermore, LPBF has been reported to enable microstructure control characterized by
crystallographic orientations varying from randomly oriented polycrystalline to highly texturized
single crystalline-like microstructures [11]. This is achieved by the regulation of thermal
gradients, direction, and the rate of solid-liquid interface migration under different laser
scanning conditions. Additionally, LPBF technology has enabled the design of products with
superior properties by tailoring the microstructure of various metallic materials [12] such as
nickel-based alloys [13], cobalt-based alloys [14], titanium alloys [15], aluminum alloys [16],
and steel [11,17]. However, to our knowledge, there have been no reports concerning LPBF
processing of pure Cr.

Regarding the industrialization of pure Cr, it is important to study the oxidation behavior
that occurs during atmospheric heating in a hot working environment. Generally, the oxidation

resistance depends on the protective property of the oxide layer that is formed on the surface in



an oxidizing atmosphere. However, the formation of the oxide layer varies significantly with the
microstructure, chemical composition, and surface condition of the material [18]. Therefore,
various methods have been proposed to enhance the oxidation resistance by altering the chemical
composition [19], changing the structure of the alloy [20], or controlling the microstructure (e.g.,
grain size, grain boundary character, and crystallographic orientation) [21-23].

Consequently, the effects of the chemical composition [24], grain size [25], grain
boundary character [26,27], and crystallographic orientation [28,29] on the oxidation behavior
have been investigated for a variety of materials. Taneichi et al. [24] compared the oxidation
behavior of both pure Cr and Cr alloyed with Fe and Ni, reporting that the oxidation progressed
with a similar parabolic rate constant, although the alloys were not additively manufactured
materials. The formation of a Cr oxide layer depends on the Cr content in the specimen.
Chevaliar [30] reported that a critical amount of Cr is needed for an alloy to form a
homogeneous and continuous protective Cr oxide layer. Wang et al. [25] studied these
phenomena to determine the effect of the grain sizes on the oxidation behavior in alloys with
differing Cr content. In addition, the promotion of Cr diffusion in low Cr alloys was also
reported, owing to the high angle grain boundary density resulted from a decrease in grain size
[25]. Kong et al. investigated the effect of the laser energy density on the microstructure of 316L
stainless steel fabricated by LPBF [31]. They concluded that the improvement in biofunctionality
and corrosion behavior of the material is due to the increase in grain size resulting from a high
laser energy input [31].

As mentioned, the grain size of the specimen plays an important role in the oxidation
behavior because it affects the amount of Cr diffusion to the surface along the grain boundary

and through intragranular ion transfer [32]. The grain size, grain boundary density, and grain



boundary character distribution (GBCD), which all affect the oxidation behavior of the material
[26,27,33] should also be considered. In addition to the high-angle grain boundary (HAGB)
density, Tan et al. [34] reported that by engineering the microstructure, a higher fraction of

special boundaries (coincidence site lattice, CSL; X <29) are obtained, leading to an increased
intergranular oxidation resistance. Furthermore, Yamaura studied the oxidation of individual X
boundaries and showed that boundaries with relative orientations closer to low 2 boundaries are

more resistant to oxidation than random boundaries [35]. On the other hand, oxidation studies on
single crystals of Fe [36], Cu [37], Ni [38], and Fe—Ni alloys [39] have shown that the oxidation
rate depends on the crystallographic orientation. In their investigation of Cr oxidation behavior,
Caplan and Sproule [40] showed that some oriented Cr grains led to the growth of a thin and
monocrystalline oxide, while others developed thicker polycrystalline oxides.

From the aforementioned studies, it is evident that the material chemistry, crystal
orientation, grain size, grain boundary density, and characteristics of the grain boundary have a
significant influence on the oxidation behavior of metallic material. In this study,
crystallographic textured pure Cr was fabricated using LPBF processing technology, which
provides the advantage of controlling the preferential alignment of the crystal orientation. To the
authors’ knowledge, there have been no reports on the crystallographic texture formation of pure
Cr by LPBF and its oxidation behavior. The high-temperature oxidation behavior of the
crystallographic textured Cr specimens was investigated with respect to the crystal orientation,

grain size, HAGB density, and GBCD.



2. Materials and Methods

2.1. Pure Cr fabrication via LPBF

Pure Cr powder (> 99 % purity, JFE Material, Japan), as shown in Fig. 1(a), was used in this
study. The particle size distributions were measured using a Mastersizer 3000E particle size
analyzer (Malvern Panalytical, UK) (Fig. 1(b)). The volume weighted percentiles of the Cr
powder were Do =29.7 um, Dsy= 44.8 um, and Dgy= 66.6 um. In order to assess the flowability
and estimate the homogeneity of the powder bed, the avalanche angle and surface fractal were
analyzed using the Revolution Powder Analyzer (Mercury Scientific, US). The avalanche angle
and surface fractal for the pure Cr powder were 52.8° and 1.95, respectively; those for

commercial Ti6Al4V spherical powders (EOS, Germany), used as a reference, were 39.2° and

1.73.
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Figure 1 Morphology of pure Cr powders used in (a) LPBF, (b) particle size distribution, and (c)
appearance of the LPBF-fabricated specimen (E3).

An LPBF-machine (EOS M290, Germany) equipped with a 400 W Yb laser was used to
manufacture the Cr specimens. Specimens with dimensions of 10 mm x 10 mm x 5 mm along
the x-, y-, and z-axes, respectively, were fabricated using a 316L stainless steel baseplate. The

process parameters for the fabrication of the Cr specimens included a fixed layer thickness (%),



laser power (P), and hatch spacing (d) of 20 um, 250 W, and 80 um, respectively. The scan
speed (v) was varied within the range of 500—1000 mm/s. The volumetric laser energy density
(E) of the fabrication conditions is defined by equation (1) [41] as

E=—. (1)
The calculated energy densities were 6.2, 5.2, 3.9, and 3.1 J/mm?® which are referred to as Eo6, ES,
E4, and E3, respectively. Note that in specimen E6, a (100)-oriented texture evolved, so we will
refer to it herein as LPBF (100). An almost random crystallographic texture developed in E3, so
we will refer to it as LPBF-R.

The building stage was pre-heated to 353 K and the building chamber was filled with
high-purity argon gas to maintain an oxygen content below 100 ppm. A meander scan strategy
with the scan lines spanning the entire 10 mm length was used, and the laser scanning direction
was rotated by 90° between adjacent layers (Fig. 2(a)) to minimize the internal residual stress
[42] and/or promote crystallographic texture formation with sufficient intensity [13]. The typical
appearance of the fabricated specimen is shown in Fig. 1(c). No major defects or swelling are
evident. After fabrication, the specimens were separated from the baseplate using an electrical
discharge machine (DKV7732, Tainatec, Japan). The density was measured based on
Archimedes’ principle (LA310S, Sartorius, Germany) [43] using ethanol (99.5 % purity, Wako,
Japan) at room temperature. The room temperature was constantly measured to correct for the
density of ethanol. To evaluate the relative density, the theoretical density of pure Cr (at room

temperature), 7.19 g/cm’, was used.
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Figure 2 Schematic representation of (a) the laser scan strategy and (b) the extraction of
specimens for the high-temperature oxidation test.

2.2. High-temperature oxidation
Three specimens with dimensions of approximately 5 mm x 10 mm % 1.5 mm were sliced from
the as-fabricated Cr specimens (Fig. 2(b)) using a fine-cutter (HS-45A, Heiwa Technica, Japan)
for the high-temperature oxidation test. Before the oxidation test, the surfaces of the specimens
were mechanically ground with SiC paper up to #1000 and mirror polished with an alumina
suspension (AP-D Powder 0.3 um, Struers, Denmark). The dimensions and mass of the
specimens were measured, followed by successive ultrasonic cleaning with ethanol (99.5 %
purity, Wako, Japan) and deionized ultrapure water (Direct-Q UV, Merck, Germany). The Cr
concentration was measured using an energy dispersive X-ray spectroscope (EDS) (AZtec 3.1,
Oxford Instruments, UK) mounted on a field-emission scanning electron microscope (FE-SEM)
(JIB-4610F, JEOL, Japan) operated at 20 kV, confirming that there was no significant Cr dilution
due to contaminant elements from the baseplate.

High-temperature oxidation experiments were conducted at 1073 K with a muffle furnace
(KBF828N, Koyo Thermo Systems, Japan). The Cr specimens were placed on a silica dish and,
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after the temperature of the furnace was stabilized, inserted into the furnace. The high-
temperature oxidation periods varied from 21.6 to 86.4 ks, and the specimens were removed

from the furnace and air-cooled to room temperature.

2.3. Characterization

Phase analysis of the as-fabricated specimens and oxidized specimens was performed using X-
ray diffraction (XRD, RINT-2500V, Rigaku, Japan) using Cu Ka radiation with a wavelength of
0.154 nm. The XRD data were obtained through point scanning in the 2§ angular range from 30°
to 90° for the as-fabricated specimens and 30° to 60° for the oxidized specimens, with a step size
of 0.02° and a scan time of 2 s per step at room temperature. To identify the phases present, the
signature peaks of the phases were indexed with diffraction patterns of the corresponding phase
by using the X’Pert HighScore Plus software (PANalytical, Netherlands). To quantitatively
evaluate the degree of (100) alignment in the as-fabricated Cr specimens, the Lotgering factor for
the (100)-plane, L(100), was determined from the XRD peak profile by applying the following
equation [44].

A(h00)—B(h00)

L(100) = 1-B(h00)

2

where A(%00), and B(h00) = % 3)

In Egs. (2) and (3), 4(k00) is the ratio of the XRD intensity for the (200) reflection to the sum of
the reflections in a scanned range obtained from the as-fabricated Cr specimens, and B(#00) is an
equivalent value for randomly oriented Cr, according to the International Center for Diffraction
Data (JCPDS), file No. 6-694.

Microstructural and crystallographic texture analyses of the as-fabricated specimens
fabricated with different energy densities were conducted to clarify the possible effect of the

9



microstructural and crystallographic texture characteristics on oxidation behavior. The
microstructural characterization was conducted on the y-z plane (refer to Fig. 2(a)), the same
surface that was used for oxidation analysis. The y-z cross section of the as-fabricated specimen
was obtained by electrical discharge wire cutting. The cross sections were mirror-polished as
described in section 2.2 and observed using FE-SEM. The crystallographic texture was examined
using an electron backscatter diffraction system (EBSD, NordlysMax® system, Oxford
Instruments, UK) mounted on the FE-SEM, operated with a 20 kV accelerating voltage and a
step size of 1 um. Then, HKL Channel 5 software (Oxford Instruments, UK) was used to clean
the non-indexed pixels and visualize the obtained EBSD data. From these results, the
quantitative analysis of the grain orientation ratios, average grain size, grain size distribution,
number fraction of GB, and CSL grain boundaries were measured for more than 1000 grains per

map. The Brandon criterion was considered for the CSL grain boundaries with <29 [45]. The

oxide layers were also analyzed using FE-SEM to identify the surface morphology after
oxidation.

A cross section of the oxide layer was investigated to determine the oxidation mechanism
related to the crystallographic orientation of Cr. The oxidized Cr specimens were embedded in a
resin (PolyFast, Struers, Denmark). The cross section of the oxide layer at the height of 2.5 mm
from the top of the initial product was exposed using the fine-cutter, and the section was ground
and polished with a diamond paste (DP-Paste P 1 um, Struers, Denmark). Cross-sectional
observations were conducted using electron probe micro-analysis (EPMA, JXA-8530F, JEOL,
Japan) to investigate the chemical composition of the constituent reaction products and
determine the oxide layer thickness. A parabolic rate constant (kp) for oxidation was calculated

using the following equation [24]:
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d? = kyt “4)

where d is the oxide scale thickness and t is the time.

2.4. Statistical analysis
Quantitative results of the oxide layer thickness are expressed as the mean + the standard
deviation. For the comparison of the data between the LPBF-(100) and LPBF-R specimens, a

two-tailed t-test was used, and P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Microstructure characteristics of LPBF-manufactured pure Cr

The fabricated pure Cr specimens reached a relative density of over 90 %, which increased with
an increase in energy density up to 95.47 % relative density at the highest energy density used
(Table 1). Although the relative density should be improved for future industrial applications, the
crystallographic texture formation and oxidation behavior were the focus of the present study. To

this end, a spherical powder with better flowability could increase the relative density of Cr.

Table 1 Basic characterizations including relative density, grain size, and L-factor for (100) for
pure Cr specimens fabricated by LPBF.

. Energy densit Relative Densit Grain size L-factor for (100

Notations =3y w (um) ik
E6 6.25 95.47 24.00 0.54
E5 5.21 94.44 21.58 0.28
E4 3.91 93.42 16.28 0.21
E3 3.13 92.21 16.24 0.15

11
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Figure 3 SEM micrographs of the y-z cross section of the as-fabricated LPBF specimens (a) E3
(LPBF-R) and (b) E6 (LPBF-(100)), and (c) XRD patterns of pure Cr powder and as-fabricated
Cr specimens.

The SEM micrographs of the y-z cross section of the as-fabricated Cr specimens, XRD patterns
of the Cr powder, and as-fabricated Cr specimens measured in the same plane are shown in Fig.
3. The XRD results confirmed that the fabricated specimen consisted of pure Cr with a body-
centered cubic (BCC) structure, without any additional phases. The relative intensity of the (200)
texture became prominent in the LPBF-fabricated specimens as a function of the energy density.
The evaluated L(100) values were 0.54, 0.28, 0.21, 0.15, and 0.13 for the specimens E6, ES, E4,
E3, and Cr powders, respectively (Table 1), indicating that the strongest (100) crystallographic
alignment developed under the fabrication with the highest energy density (specimen E6 (LPBF-
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(100)). These results show that controlling the crystallographic texture of Cr specimens can be

accomplished by controlling the laser energy density during LPBF fabrication.
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Figure 4 Shown are (a-d) the IPF maps showing variation in textures for various laser energy
densities, (a’-d’) the corresponding grain boundary maps, and (a”-d”) the {100} pole figures for
the y-z plane of pure Cr manufactured via LPBF. The IPF maps were colorized according to the

crystallographic orientation in the x direction.

The inverse pole figure (IPF) maps were colorized according to the crystallographic
orientation in the x direction and are shown in Fig. 4, along with the related grain boundary (GB)
maps, in which the HAGBs (15° < 0) are represented by the red lines, and the pole figures (PFs).
The cubic crystallographic texture in which the (100) orients along the x-, y-, and z-directions
became prominent as a function of laser energy density, corresponding to the change in L(100).

The specimens E3 and E4 exhibited nearly random crystallographic textures. For the specimen
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ES, the (100) aligned along the y-direction, while the crystal plane showed rotation between the
x- and z-directions (Fig. 4(b”)). With a further increase in the energy density, a strong cubic
crystallographic texture was formed, as seen for E6/LPBF-(100) (Fig. 4(a”)). During the
transformation from the random crystallographic texture to the strong (100) texture, the
characteristic columnar grain formation was observed as a continuous orientation of the (100)
through multiple layers [46]. It has been reported that the (100) of the BCC structure requires
less energy to grow [47]. The optimal way for grain growth is to reduce the required energy for
nucleation with a preferential growth of columnar cells along the existing cells of the previous
layer. Crystallographic texture formation in this study was achieved by fabrication with high
laser energy density due to continuous grain growth, which was induced by the cellular
microstructure through several layers.

The progression of the crystallographic texture formation from random to (100) cubic
texture for pure Cr was achieved for the first time by tuning the laser energy density of the LPBF
process. This change in texture is assumed to be related to the solid—liquid interface morphology
that is affected by constitutional cooling according to alloy solidification theories [48]. In the
case of alloys, the rate of constitutional supercooling is considered to be related to the thermal
gradient (G) and the migration velocity of the solid-liquid interface (R) [49]. It should be noted
that the high thermal conductivity of chromium (93.9 W/(m-K) [50]) should be considered to
induce this phenomenon. An increased G/R ratio tends to result in columnar microstructure
formation in which epitaxial growth is feasible, while a decrease in G/R results in an equiaxed
microstructure due to the enhancement of supercooling [48]. It has been reported that the R
increases with an increase in the scanning speed [51] and a decrease in the laser energy density

[52]. Thus, the strong single-crystal-like crystallographic texture formation introduced with the
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increase in the laser energy density was presumably induced by the decrease in the laser scan
speed, which promoted the crystallographic orientation control of the pure Cr during LPBF.

The (100)-oriented and randomly oriented as-fabricated Cr specimens showed different
grain size characteristics, as shown in Table 1. The grain size increased with an increasing energy
density. The mean grain sizes of the (100) and randomly oriented Cr specimens were 24 pm and
16.2 pm, respectively. Notably, Zhou et al. [53] obtained an oxidation-resistant titanium alloy by
controlling the microstructural characteristics and thus, altering the grain size. Jia et al. [54]
reported that the microstructure of the LPBF-built Inconel 718 superalloy experienced successive
morphological changes with an increasing laser energy density. This resulted in uniformly
distributed coarsened and clustered columnar dendrites. In their subsequent study [55], a
modified microstructure, resulting from a higher laser energy density, exhibited an improvement
in oxidation behavior owing to its increased grain size and uniformly distributed microstructure.

Other important classifications of the properties of the as-fabricated Cr are the CSL
boundary characteristic and HAGB density of the LPBF-(100) and LPBF-R, which are listed in
Table 2. The CSL boundaries are described by defining the rotation axis and the rotation angle;
hence, the <uvw> denotes the CSL boundaries’ rotation axis (Table 3). The frequency of HAGBs
shifted toward a lower angle misorientation with the formation of a crystallographic texture (Fig.
5(a)), which resulted in a decrease in the HAGB density (Table 2). The results demonstrated that
LPBF-(100) demonstrated high intensity near the (100)-oriented CSL boundaries (25, 213a,
217a, 225a, and 229a). LPBF-R exhibited a high frequency for the (111)-oriented CSL
boundaries (23, 27, 213b, 219b, 221a), as shown in Table 2. This indicates the effect of the
crystallographic orientation of pure Cr on GBCD. Although the fraction of the grain boundaries

for each CSL boundary differed between the LPBF-(100) and LPBF-R (Fig. 5(b)), the total
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frequency of the CSL boundaries (23-29) in LPBF-(100) was higher than LPBF-R (Table 2).

Table 2 Frequencies of CSL grain boundaries described by the Brandon criterion (X3-29) with
defining rotation axis <uvw> and HAGB density of LPBF-(100) and LPBF-R.

LPBF-(100)

LPBF-R

23-29

114

8.1

5,13a, 173, 253, 29a

2<100>

3.74

131

2<110>
9,11, 194, 27a
2.77

1.62

3<111>
HAGB density (%)
3,7,13b, 19b, 21a
2.56 40
3.16 59

Table 3 CSL boundaries with values <29 for cubic-cubic misorientation.

5 Axis Angle Deviation
<uvw> Om 0o
3 111 60 8.66
5 100 36.87 6.71
7 111 38.21 5.67
9 110 38.94 5.00
11 110 50.48 4.52
13a 100 22.62 4.16
13b 111 27.8 4.16
15 210 48.19 3.87
17a 100 28.07 3.64
17b 221 61.93 3.64
19a 110 26.53 3.44
19b 111 46.83 3.44
21a 111 21.74 3.27
21b 211 444 3.27
23 311 40.45 3.13
25a 100 16.25 3.00
25b 331 51.68 3.00
27a 110 31.58 2.89
27b 210 35.42 2.89
29a 100 43.61 2.79

16
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Figure 5 Comparison of the (a) high angle grain boundary distribution and (b) CSL boundary
fractions for the specimens LPBF-(100) and LPBF-R.

The occurrence of special boundaries has been linked to the overall crystallographic
texture of polycrystalline materials [56]. It has been suggested that the characteristics of the CSL
boundaries are directly related to the strength and type of crystallographic texture [57]. The high
ratio of 2<111> of LPBF-R is related to the high rate of the 23 twin boundary. In contrast, the
LPBF-(100) specimen showed a decreased HAGB density and an increased fraction of the (100)-
oriented CSL boundaries. Yamaura et al. [35] reported a high oxidation resistance for particular

CSL boundaries within Ni—Fe alloys and suggested that the classification of the CSL boundaries
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was useful in distinguishing the propensity for oxidation among the individual grain boundaries.
It has been reported that the CSL boundaries are oxidation-resistant boundaries at the

early stage of oxidation [35]. Therefore, the increase in the CSL boundary ratio with the

crystallographic texture formation indicates an enhanced oxidation resistance for the LPBF-(100)

pure Cr.

3.2. Oxidation behavior and correlation with the microstructure

After the oxidation test, the specimen surface was uniform and no formation of "hot spots" was
observed, although “hot spots” have been previously reported to form on surface defects such as
cracks [58]. Figure 6 shows the XRD results for the LPBF-(100) and LPBF-R specimens after
they were subjected to oxidation at 1073 K for 86.4 ks. To identify the phases present, the
signature peaks of the phases were matched with the diffraction patterns of the corresponding
phases in the JCPDS database. The results indicate that a protective Cr,O3; oxide layer (JCPDS,
file No. 38-1479) and Cr;N phase (JCPDS, file No. 35-803) formed on the LPBF-(100) and
LPBF-R specimens. This implies that the crystallographic texture formation and the grain
boundary characteristics by LPBF did not alter the composition of the constituent phases of the

reaction products after high-temperature oxidation.
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Figure 6 The XRD patterns of the surfaces of the specimens LPBF-(100) and LPBF-R after
oxidation tests at 1073 K for 86.4 ks.

Figure 7 The (a,b) SEM images and (a’, b’) EPMA images of the cross section of the specimens
(a, a’) LPBF-(001) and (b. b’) LPBF-R after oxidation tests at 1073 K for 86.4 ks.

19



The cross-sectional images of the oxidized LPBF-(100) and LPBF-R specimens are
shown in Fig. 7(a) and (b), respectively. The oxide scale varied in thickness through the cross
section of the oxide layer of both Cr specimens because Cr diffusion is faster along the grain
boundary than through the matrix, leading to the formation of an uneven oxide layer [59]. The
Cr,03 oxide layer on Cr is formed by the outward diffusion of Cr from the specimen and the
inward diffusion of O through the oxide layer. When the inward grain boundary diffusion of O is
dominant, the oxidation rate increases, and spallation of the oxide layer can be observed [60].
The cross-sectional images of the oxidized surfaces suggest that the LPBF-(100) specimens are
oxidized relatively homogeneously and they form a protective oxide layer. However, the LPBF-
R specimen demonstrated spallation of the oxide layer due to the high oxidation rate resulting
from major outward Cr diffusion through HAGBs and inward O diffusion through the oxide
layer, which exhibited internal oxidation (Fig. 7(b”)). The bulk diffusion coefficient of O is close
to that of Cr [61]; however, the grain boundary diffusion coefficient of Cr is several orders of
magnitude higher than that of the O in Cr,O3 [60]. This result is in good agreement with the
observation that Cr,O; was mainly present as an outer oxide after high-temperature oxidation
(Fig. 7).

The results of EPMA mapping of the cross sections of LPBF-(100) and LPBF-R are
shown in Fig. 7(a’, b’). A continuous Cr,0Os layer was observed at the surface of both of the
oxidized Cr specimens. The Cr,O3; on the surface of the LPBF-(100) specimen exhibited a
change in the oxide layer thickness without spallation (Fig. 7(a’)). However, the oxide layer on
the surface of the LPBF-R specimen was more likely to have a uniform thickness, except for the
spallation region, which had a significantly thicker oxide layer (Fig. 7(b”)). Although a difference

in the Cr,O3 oxide characteristics was observed, the discontinuous Cr,N layer was similar. The
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LPBF-(100) specimens exhibited a larger grain size with fewer HAGBs and more oxidation-
resistant CSL boundaries, which resulted in a stable oxidation layer without spallation. In the
case of the LPBF-R specimen, irregular oxide growth caused spallation and a significant increase
in the oxide layer thickness (Fig 7(b)), which is due to the high density of HAGB and the low
fraction of protective CSL boundaries.

It has been reported that Cr,N formation has occurred after Cr,O3 layer formation on the
surface of pure Cr during oxidation [24]. However, the mechanism of Cr,N formation was
expected to be the breakdown of the Cr,O; layer even though the protective Cr,O3 layer was
reformed [62]. Because of this oxide layer breakdown, Cr,N formed discontinuously with
diffusion through HAGBs. The progress of Cr,N formation was blocked by the growth of the
new Cr,O3 layer. The distance between the discontinuous Cr,N formations was measured as 5
pm to 10 um, referring to the size of the small grains (~8 um) of the as-fabricated Cr specimens.
However, the mean grain sizes of the LPBF-(100) and LPBF-R specimens were measured to be
24 pym and 16.2 um, respectively. Athreya et al. [27] suggested the importance of the grain size
distribution rather than the average grain size for evaluating the oxidation properties, an assertion
that is consistent the findings in this study. Ion diffusion through Cr was expected with regard to
the correlation between the crystallographic orientations of the oxidation surface and GBCD.
Therefore, LPBF-R specimens with a low fraction of CSL boundaries and high density of
HAGBEs displayed significant intergranular oxidation while intragranular oxidation developed as
a result of the lack of oxidation-resistant surface orientation, as demonstrated in Fig. 7(b’).

The purpose of this study was to fabricate pure Cr using LPBF with controlled
crystallographic orientation from random to single crystalline-like textures, and to investigate the

oxidation resistance, focusing on the effects of the crystallographic orientation, grain sizes, and
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GBCD. To our knowledge, the oxidation behavior of pure Cr that is related to its crystallographic
orientation has not yet been studied in detail. Because of the lack of knowledge in the literature
regarding single-crystal oxidation of Cr, the crystallographic orientation-related oxidation
behavior was investigated using commercially available Cr plates. A Stereomicroscopic image
was taken (Z6 APO, Leica Microsystems, Germany) to figure out grain boundaries and the
orientation of the grains was identified, then the oxide scale thickness was recorded as a
comparison to the polycrystalline LPBF-(100) and LPBF-R specimens (Fig. 8). Bonfrisco et al.
[28] reported the effect of the crystallographic orientation on the early stage of oxidation in
polycrystalline Cr, revealing that the oxidation rate had a tendency of (100) < (011) < (111). This
was unexpected when considering that (100) is not the closest packed plane in the BCC
structure; also, the (100) crystal exhibited the highest oxide thickness for a single crystal

investigation.
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Figure 8 (a) Stereomicroscopic image of the surface of commercially available Cr before the
oxidation test. Dotted lines trace the grain boundaries of crystal Cr grains (CG) and (b) oxide
scale thickness of LPBF and commercially available Cr specimens.
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Bonfrisco et al. [28] also found that the diffusivity of Cr,O; with the R-3c crystal
structure is expected to be anisotropic, which could contribute to differences in the oxide growth
rate for a surface with different orientations. Caplan and Sproule [40] reported that the growth of
a thin Cr,0; or a thicker oxide layer was observed on differently oriented Cr grains. Based on
these findings, we can conclude that the oxidation of Cr grains depends on the crystallographic
orientation of the grains. However, Cr grains with a thick oxide layer have demonstrated the
outward diffusion of cations and the inward diffusion of oxygen [40]. Corresponding to this
statement, the fact that randomly oriented Cr exhibited a significantly thicker oxide layer than

(100)-oriented Cr suggests a lack of oxidation resistance without crystallographic texture

formation.
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Figure 9 (a) Mass gain versus square root of oxidation time and (b) oxide scale thickness versus
square root of oxidation time plots of the specimens LPBF-(001) and LPBF-R. * indicates
statistical significant difference between the specimens LPBF-(001) and LPBF-R.

The growth kinetics of the oxide layer formed on the Cr specimens was investigated by

measuring the mass change and the oxide scale thickness versus the oxidation time (Fig. 9). In
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the case of LPBF-(100), a gradual increase (from 0.009 to 0.013 kgm'z) in the weight from 21.6
ks up to 86.4 ks was observed. The mass gain for the LPBF-R specimen was approximately 1.7
times higher than that for the LPBF-(100) specimen at 86.4 ks (Fig 9(a)). However, as described
earlier, the Cr,N layer was formed beneath the outer oxide layer in both Cr specimens. Therefore,
the oxidation rate of Cr cannot be evaluated by only measuring the mass gain, and the thickness
of the oxide scale was investigated by performing cross-sectional observations. Fig. 9(b) shows
the change in oxide layer thickness as a function of the square root of time. The solid and dotted
lines indicate the parabolic rate law fitted using Eq. 4. As shown in Fig. 9(b), the oxide thickness
was significantly smaller in the LPBF-(100) specimen than in the LPBF-R specimen, with P-
values of 0.002 and 0.016 at 43.2 and 86.4 ks, respectively. The data plots closely followed the
parabolic rate law, demonstrating that the oxidation obeyed the parabolic rate law at the latter
stage. The fact that the oxide behavior obeys parabolic rate law further indicates a negligible
effect of the surface defects on the oxidation. The parabolic rate constant values of LPBF-(100)
and LPBF-R were 8.4 x 10"® m’s" and 1.4 x 10" m?s”, respectively. At the early stage of
oxidation, there was a primary oxidation mechanism that progressed relatively fast, depending
mainly on the crystallographic orientation of the Cr surface, which was similar to results
presented by Bonfrisco et al [28]. However, the intragranular oxidation actively contributed to
the oxidation growth. The orientation dependency and the oxidation-resistant CSL boundary
characteristics were discussed at this stage of oxidation [26,27,33]. The protective oxide layer
was formed at the early stage and subsequently developed and deformed owing to the HAGBs
and the intragranular oxidation mechanisms at the latter stage. The (100) crystallographic
texture, grain size, and GB characteristics were important factors. This indicated a significant

effect of controlling the crystallographic orientation, grain size, and GBCD of pure Cr that is
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fabricated by LPBF to improve the high-temperature oxidation resistance.

There is room for improvement of the high-temperature oxidation characteristics of
LPBF-fabricated Cr parts. By achieving dense parts with a more prominent crystallographic
texture, HAGBs, which adversely affect the oxidation resistance, can be excluded. This is a

challenge that may be addressed by further research.

4. Conclusions

The high-temperature oxidation behavior of pure Cr specimens fabricated by LPBF has been

studied for the first time with respect to the roles of the crystallographic texture, resulting grain

size, and grain boundary characteristics in forming a protective Cr,Os oxide. The following
conclusions can be drawn from this study.

(1) It has been demonstrated for the first time in the literature that crystallographic texture
formation and changes in the microstructure properties of pure Cr are possible by controlling
the LPBF processing conditions. Under the fabrication condition with higher energy density,
a strong crystallographic texture with a (100) orientation along the build direction was
formed, whereas a randomly oriented crystallographic texture formed when fabrication
proceeded at a lower energy density. The grain size of the (100)-oriented Cr specimen was
larger than the randomly oriented specimen, and GBCD differed owing to the

crystallographic texture and grain size.

(2) The (100)-oriented Cr specimen exhibited a significantly smaller oxide layer thickness
compared to the randomly oriented Cr specimen. This is attributed to two factors: the

orientation dependency of oxidation resistance in which intragranular Cr diffusion was
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prevented in the (100) crystal orientation, and delayed intergranular oxidation due to

oxidation-resistant CSL boundaries.

(3) The oxide scale thickness plot obeyed the parabolic rate law, and the (100)-oriented Cr had a
lower parabolic rate constant compared to that of randomly oriented Cr. This suggests that

(100)-oriented Cr was oxidation-resistant.

The present study shows that the resistance to high-temperature oxidation is largely due to the
grain boundary density and characteristics that result from crystallographic texture formation.
Fabrication using LPBF is beneficial for controlling the crystallographic texture, the grain
boundary condition, and the resultant oxidation resistance of the metallic materials. Therefore,
this method is promising for the production of high-temperature oxidation-resistant parts for
industry. However, future research is needed in order to develop the fabrication of dense parts

suitable for advanced applications.
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Highlights
1.

2.

Crystallographic texture control of pure Cr by LPBF was achieved for the first time
Cube texture and randomly oriented one can be separately generated via LPBF
GBCD and GB density varied depending on crystallographic texture and grain size
HAGB promoting intergranular oxidation should be reduced for oxidation resistance

Texture control via LPBF is beneficial to improve oxidation resistance of pure Cr
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