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Abstract: Chromium (Cr) metal has garnered significant a�ention in alloy systems owing to its ex-

ceptional properties, such as a high melting point, low density, and superior oxidation and corro-

sion resistance. However, its processing capabilities are hindered by its high ductile–bri�le transi-

tion temperature (DBTT). Recently, powder bed fusion-laser beam for metals (PBF-LB/M) has 

emerged as a promising technique, offering the fabrication of net shapes and precise control over 

crystallographic texture. Nevertheless, research investigating the mechanism underlying crystallo-

graphic texture development in pure Cr via PBF-LB/M still needs to be conducted. This study ex-

plored the impact of scan speed on relative density and crystallographic texture. At the optimal scan 

speed, an increase in grain size a�ributed to epitaxial growth was observed, resulting in the for-

mation of a <100> cubic texture. Consequently, a reduction in high-angle grain boundaries (HAGB) 

was achieved, suppressing defects such as cracks and enhancing relative density up to 98.1%. Fur-

thermore, with increasing densification, Vickers hardness also exhibited a corresponding increase. 

These findings underscore the efficacy of PBF-LB/M for processing metals with high DBTT proper-

ties. 
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1. Introduction 

Refractory elements garner a�ention due to their exceptional thermal stability, cor-

rosion resistance, and high wear resistance at elevated temperatures [1–7]. Specifically, 

chromium (Cr) metal has garnered considerable interest within alloy systems owing to its 

elevated melting point, reduced density, and enhanced resistance to oxidation when com-

pared to nickel-based superalloys [8–10]. Furthermore, its elevated hardness, diminished 

coefficient of friction, and notable corrosion resistance a�ributable to the formation of Cr 

oxide (Cr2O3) film render it applicable for hard chrome plating (HCP) across diverse sec-

tors, including aerospace, oil and gas, automotive, and papermaking industries [11–16]. 

Nevertheless, Cr exhibits a DBTT of about 150 °C [17,18], significantly above ambient tem-

perature, coupled with limited plastic formability even at temperatures surpassing the 

DBTT threshold, like other refractory elements [19,20]. This limitation not only constrains 

its processability, but also presents a notable impediment to its utilization in engineering 

applications. Consequently, the material has been precluded from widespread applica-

tion in structural material and related domains. Additionally, using toxic and carcino-
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genic hexavalent Cr (Cr6+) to fabricate Cr alloys and coatings results in significant envi-

ronmental contamination [14,21]. Consequently, the production of Cr metal and Cr alloys 

utilizing current methodologies is subject to limitations. 

Recently, to overcome the DBTT problem of refractory metals, powder bed fusion-

laser beam for metals (PBF-LB/M) has garnered considerable a�ention as a manufacturing 

technique that surpasses existing methodologies. PBF-LB/M offers the advantage of fabri-

cating intricate components in near-net shapes [22–25]. Ramakrishnan et al. recently in-

vestigated the impact of Ar and N2 shielding gases on crack formation in pure W during 

the PBF-LB/M process. Rapid cooling rates inherent to PBF-LB/M led to increased N2 dis-

solution and hindered O diffusion, consequently mitigating oxide formation and sup-

pressing crack occurrence [26]. Chen et al. examined the effect of incorporating 5 wt.% 

TaC powder into pure W to mitigate cracking. The addition of TaC powder resulted in 

grain refinement, suppressed oxide formation, and ultimately mitigated crack occurrence 

[27]. Ramakrishnan et al. explored the influence of Ar-N2 mixture shielding gases on crack 

formation in molybdenum during the PBF-LB/M process. In environments containing 5% 

Ar-95% N2 and 100% N2, the introduction of N into the Mo la�ice reduced O diffusion, 

thereby suppressing oxide formation and mitigating crack occurrence [28]. However, 

there has been almost no research on pure Cr produced with PBF-LB/M. 

For this reason, we focused on PBF-LB/M to produce pure Cr. In addition to the high 

design freedom of PBF-LB/M, it enables the a�ainment of distinctive microstructures char-

acterized by high cooling rates (105–107 K/s) and steep temperature gradients, facilitating 

control over crystallographic textures [29–32]. Specifically, texture control, encompassing 

crystal orientation manipulation, emerges as a pivotal determinant influencing material 

property, alongside mechanical a�ributes including strength [33,34], ductility [33,34], 

Young’s modulus [31], and other functional characteristics such as corrosion resistance 

[35] and high-temperature oxidation behavior [36]. Consequently, the manipulation of 

crystallographic texture emerges as a pivotal factor directly influencing material proper-

ties, prompting an expansion of research endeavors focused on crystallographic texture 

control via PBF-LB/M. Nevertheless, there is a dearth of research addressing the mecha-

nism underlying crystallographic texture development concerning the process parame-

ters of PBF-LB/M in pure Cr. 

In light of the existing research gaps pertaining to the PBF-LB/M of pure Cr, our re-

search group directed its a�ention towards addressing this deficiency by conducting an 

investigation into the PBF-LB/M process applied to pure Cr [36,37]. In ref. [36], we ana-

lyzed the effect of high-temperature oxidation resistance on crystallographic texture. A 10 

mm × 10 mm × 5 mm test piece was produced, and fixed layer thickness (h = 20 µm), laser 

power (p = 250 W), and hatch spacing (d = 80 µm) were used. Scan speed was applied in 

the range of 500 to 1000 mm/s as a variable, and the plate was pre-heated to 80 °C. The 

laser scan direction was XY-scan, which was rotated 90° in the next layer. A strong <100> 

texture was formed, reaching multiples of unity distribution (MUD) of 5.9 due to an in-

crease in energy density owing to a decrease in scan speed, which resulted in an increase 

in high-temperature oxidation resistance. Next, in ref. [37], the effect of scan length on 

densification was studied, and test specimens of 10 mm × 10 mm × 5 mm (long scan length) 

and 5 mm × 5 mm × 5 mm (short scan length) were compared. The same process parame-

ters of layer thickness (h = 20 µm), laser power (p = 300 W), hatch spacing (d = 80 µm), and 

scan speed (v = 600 mm/s) were applied to both specimens. Additionally, the plate was 

pre-heated to 80 °C, and the laser scan direction was XY-scan, which was rotated by 90° 

in the next layer. The decrease in scan length generated uniform heat distribution in the 

short time interval between scan tracks, which reduced residual stress and increased den-

sification while further strengthening the crystallographic orientation. 

According to the understanding presented in ref. [36] indicating texture strengthen-

ing via an increase in energy density, and based on ref. [37], which exhibited stronger 

<100> grain alignment with the application of a short scan length to increase densification, 

this study was designed to investigate the implementation of both strategies (high energy 
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density adjusted by scan speed and short scan length by 5 mm × 5 mm × 5 mm sample 

size). The investigation delved into the interrelation between crystallographic texture, en-

ergy density, microstructure, and defects. In essence, this study proposed avenues for en-

hancing density, mitigating defects, and refining the crystallographic texture of pure Cr 

through PBF-LB/M, thus, proposing an approach to overcome the cracking phenomenon 

and enhance densification for refractory metals and high-entropy alloys. 

2. Materials and Methods 

Pure Cr powder (>99% purity) was supplied by JFE Material (Kawasaki, Japan) in an 

irregular shape, as shown in Figure 1a, which made production more challenging. The 

particle size distribution of each powder was assessed utilizing a Mastersizer 3000E in-

strument (Malvern Panalytical, Malvern, UK). The volume weighted percentiles of the Cr 

powder were D10 = 29.6 µm, D50 = 45.0 µm, and D90 = 67.5 µm (Figure 1b). In this study, 

pure Cr specimens with dimensions measuring 5 mm (depth) × 5 mm (length) × 5 mm 

(height) were fabricated utilizing a PBF-LB/M machine (EOS M290, EOS, Krailling, Ger-

many) equipped with a 400 W Yb-fiber laser as the primary heat source, featuring a laser 

beam size of 100 µm. The manufacturing process adopted an XY-scan strategy with pre-

heating to 80 °C, wherein the scanning direction was rotated 90° between successive lay-

ers, as shown in Figure 1c. The scan speed (�) was applied at 400, 600, 800, and 1000 mm/s. 

Consistent laser power (�) of 300 W, a hatch space (�) of 0.08 mm, and a layer thickness 

(�) of 0.02 mm were maintained across all conditions (Table 1). The volumetric energy 

density (VED) for the fabrication conditions is defined by Equation (1). 

��� =
�

���
 [J/mm�]  (1)

The VED calculated using Equation (1) was 468.8 J/mm3 for the V400, 312.5 J/mm3 for 

the V600, 234.4 J/mm3 for the V800, and 187.5 J/mm3 for the V1000. 

We cut the as-built test specimen using a wire electrical discharge machine (WEDM, 

Brother, Nagoya, Japan, HS-300) to observe its y-z plane. The cross-section of the center 

of the specimen was ground using SiC papers #400–2000 (SANKYO RIKAGAKU 

CO.,LTD., Saitama, Japan) and then polished using 0.06 µm colloidal silica. 

 

Figure 1. (a) Morphology and (b) particle size distribution of pure Cr powders, (c) schematic repre-

sentation of the laser scan strategy; blue arrows mean laser scan path, and (d) schematic represen-

tation of the sample preparation for the observation. 
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Table 1. Process parameters, including laser power, scan speed, hatch space, layer thickness, and 

VED of pure Cr specimens fabricated via PBF-LB/M. 

 
Laser Power 

[W] 

Scan Speed 

[mm/s] 

Hatch Space 

[mm] 

Layer Thickness 

[mm] 

VED 

[J/mm3] 

V400 

300 

400 

0.08 0.02 

468.8 

V600 600 312.5 

V800 800 234.4 

V1000 1000 187.5 

The relative densities (relative density% = 100% − crack density%) of specimens 

produced via PBF-LB/M were assessed using an optical microscope (OM; BX-60, Olym-

pus, Tokyo, Japan) in the y-z plane. The relative density of each sample was measured 

using ImageJ software (version 1.53 k). The specimen underwent etching with a mix of 15 

mL of HNO3 and 15 gr ceric ammonium nitrate in 80 mL of water to facilitate observation 

of the morphology of the melt pool in the y-z plane as well as the cellular structure within 

the melt pool. Microstructural features and crystallographic textures were investigated 

utilizing a field-emission scanning electron microscope (FE-SEM; JIB-4610F, JEOL, Aki-

shima, Japan) equipped with an electron backsca�er diffraction system (EBSD; Nordlys-

Max3, Oxford Instruments, Abingdon, UK) in the y-z plane. The microhardness of pure Cr 

specimens in their as-built state was assessed along the y-z plane employing a micro Vick-

ers tester (HMV-G, Shimadzu, Kyoto, Japan) with a 4.903 N load applied for 20 s. The 

resultant average value was derived from 10 measurements. 

3. Results 

Figure 2 shows OM images depicting the y-z planes of specimens V400, V600, V800, 

and V1000. The V1000 sample exhibited the lowest relative density at 89.5%. Conversely, 

for V800 and V600, for which the scan speed was reduced, the VED increased, resulting in 

a rise in relative density to 92.4% and 94.9%, respectively. V400 demonstrated the highest 

relative density at 98.1%, representing the pinnacle of relative density achieved in pure Cr 

fabricated via PBF-LB/M when compared with previous reports [36,37]. Defects, such as 

considerable cracks and lack of fusion, were observed in samples of V1000. This observa-

tion suggests that the VED employed was inadequate, and thus unable to form a stable 

melt pool for fabricating pure Cr with its high melting point. Therefore, increasing VED, 

or else decreasing scan speed, promoted densification by eliminating the lack of fusion 

defects owing to increased remelting between the subsequent layers. Moreover, imple-

menting the lowest scan speed for V400 significantly suppressed cracks and lack of fusion 

defects while ensuring sufficient VED for uniform and sufficient melting, with a wider 

and deeper melt pool. Furthermore, the reduction in cracking observed in V400 can be 

a�ributed to the decrease in high-angle grain boundaries (HAGB) owing to epitaxial 

growth, a topic to be elaborated upon in subsequent sections. 

 

Figure 2. OM images of the y-z cross-section of the as-fabricated PBF-LB/M specimens. 
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Figure 3 presents EBSD results delineating the impact of scan speed on microstruc-

ture. Figure 3 includes an inverse pole figure (IPF) map along the z direction (Figure 3(a1–

d1)) and the corresponding {100} pole figure (Figure 3(a2–d2)), HAGB map (Figure 3(a3–

d3)), and Taylor factor maps (Figure 3(a4–d4)). In the IPF map, the <100> orientation is 

represented by red, the <110> orientation by green, and the <111> orientation by blue. Var-

ious color pa�erns were observed in the IPF map of V1000, indicating a random crystalline 

texture. However, as the scanning speed decreased and the VED increased, according to 

Equation (1), the red area of the IPF map expanded, and most parts of the IPF maps for 

V400 showed red. The expansion of the red area signifies that as the VED rose due to 

decreased scanning speed, the crystallographic texture aligned towards the {100} orienta-

tion. PF further corroborates these findings. The <100> PF of V1000 demonstrated the low-

est MUD value (MUDV1000: 2.59). Conversely, as the scanning speed decreased, the MUD 

value escalated, with V400 exhibiting the highest MUD (MUDV400: 10.80, MUDV600: 5.32, 

MUDV800: 4.14), while previous reports were able to reach UD: 6.2 at best. In this study, 

V1000 exhibited a random crystallographic texture, V800 demonstrated a fiber texture ro-

tating between the x and z axes with <100> aligned along the y-axis, V600 manifested a 

weak <100> cubic texture with <100> orientation aligned along the x, y, and z axes, and 

V400 displayed a strong <100> cubic texture with <100> orientation aligned along the x, y, 

and z axes. Additionally, it is noteworthy that the average grain size increased (V1000: 

14.3 µm, V800: 16.2 µm, V600: 19.3 µm, V400: 20.8 µm) with ascending crystallographic 

texture, as shown in Figure 3(a1–d1) and Figure 3(a2–d2). This phenomenon can be at-

tributed to epitaxial growth across the melt pool, which led to less misorientation between 

neighboring grains. Accordingly, the density of HAGB, which is susceptible to crack ini-

tiation and propagation, also decreased, showing the lowest HAGB density in V400, as 

shown in Figure 3(a3–d3)) (V1000: 45.8%, V800: 37.3%, V600: 34.3%, V400: 32.9%). The 

Taylor factor depicted in Figure 3(a4–c4) is a geometric indicator of the efficiency of crys-

tallographic shear in accommodating macroscopic deformations [38,39]. The Taylor factor 

of high-speed fabrications exhibited high value with the grains observing high residual 

stress (red colored), suggesting the existence of a high density of dislocation and less ca-

pability for further deformation. This created potential crack initiation and propagation 

sites in the component. Remarkably, a decrease in scan speed (increase in VED) corre-

sponded with a reduction in the Taylor factor (V1000: 2.97, V800: 2.89, V600: 2.60, V400: 

2.57), indicative of less remaining stress in the grains and enhanced capacity to accommo-

date deformation. 
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Figure 3. (a1–d1) IPF maps along BD and (a2–d2) {100} pole figures of the y-z plane orientation in 

the Z-direction. (a3–d3) Corresponding high-angle grain boundary maps and (a4–d4) Taylor factor 

maps. 

Figure 4 shows various parameters, including (a) VED, (b) relative density, and (c) 

average grain size obtained from EBSD analysis, as well as (d) density of HAGB and crack 

density, (e) orientation ratio, and (f) average Taylor factor, elucidating their correlations. 

Notably, VED exhibited an increase as scan speed decreased by Equation (1), resulting in 

reduced cracks and lack of fusion, which led to an augmentation in relative density. This 

increase in relative density can be a�ributed to the decrease in HAGB density facilitated 

by the enlargement of average grain size. This phenomenon suggests the occurrence of 

epitaxial growth with escalating VED, as corroborated by the orientation ratio depicted in 

Figure 4e. Specifically, in the V1000 test specimen, the <100>, <110>, and <111> orientations 

were distributed in similar proportions, indicative of a random crystallographic texture 

(fraction of <100> orientation in V1000: 24.2%). Conversely, in the V400 test specimen, a 

predominant orientation along the <100> orientation was observed (fraction of <100> ori-

entation in V400: 97.4%) (Table 2), resulting in a reduction in HAGB density and, conse-

quently, a decreased crack density (V1000: 10.5%, V800: 7.6%, V600: 2.8%, V400: 1.9%). 

This observation aligns with previous studies, indicating that HAGB is the predominant 

source of cracks in PBF-LB/M [36,40,41]. Further elucidation of the detailed crystallo-

graphic texture formation mechanism is deferred to subsequent sections. The Taylor factor 

indicates grains’ susceptibility to deformation during plastic deformation; a higher Taylor 

factor denotes increased resistance to plastic deformation [42]. Remarkably, the V400 test 

specimen exhibited the lowest average Taylor factor, which was a�ributed to diminished 
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initial plastic deformation owing to higher laser energy decreasing the residual stress. 

Thus, a reduction in scan speed facilitated an increase in VED, thereby decreasing stress 

while promoting epitaxial growth between build layers, and ultimately leading to a de-

crease in HAGB density, a reduction in cracks, and an increase in relative density. 

 

Figure 4. Plots of (a) volumetric energy density, (b) relative density, (c) average grain size, (d) den-

sity of HAGB and crack density, (e) orientation ratio, and (f) average Taylor factor from V400, V600, 

V800, and V1000 samples. 

Table 2. Orientation ratio of <100>, <110>, and <111> along building direction (BD) from V400, V600, 

V800, and V1000 samples. 

 Fraction of <100> [%] Fraction of <110> [%] Fraction of <111> [%] 

V400 79.4 5.35 0.82 

V600 63.2 9.91 2.24 

V800 27.9 29.1 17.6 

V1000 24.2 29.9 23.3 

Figure 5 illustrates the variation in melt pool morphology concerning VED alterations 

in the y-z plane of pure Cr processed via PBF-LB/M. A comparative analysis was con-

ducted between the V400 sample, characterized by the most pronounced <100> cubic tex-

ture, and the V1000 sample, which exhibited a random texture. Etching with a mix of nitric 

acid and ceric ammonium nitrate was employed to inspect the cellular microstructure 

within the melt pool. In the case of V400, a narrow and deep melt pool formation was 

evident, and a�ributed to the heightened VED resulting from reduced scan speed (Figure 

5a). Conversely, V1000 exhibited a broader and shallower melt pool due to reduced VED 

resulting from increased scan speed (Figure 5b). Both specimens displayed cracks a�ribut-

able to the high DBTT of pure Cr. However, a lack of fusion was exclusively observed in 

V1000, but not in V400. This disparity can be a�ributed to the increased VED accompany-

ing decreased scan speed, which led to deeper melt pool formation and enhanced layer 

overlap in V400. Conversely, in V1000, decreased VED associated with increased scan 

speed resulted in a shallow melt pool, precluding adequate layer overlap. Furthermore, 

the lower VED in V1000 proved inadequate for achieving complete melting of high melt-

ing point pure chromium. In terms of microstructural features, a cellular-type microstruc-

ture manifested perpendicular to the z-axis (building direction (BD)), while a directional 
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growth was observed along the BD at the bo�om of the melt pool boundary in V400. Con-

versely, in V1000, a cellular-type microstructure developed perpendicular to the melt pool 

boundary. The disparity in growth directions of this cellular-type microstructure contrib-

uted to differences in crystallographic texture formation, a subject of subsequent discus-

sion. 

 

Figure 5. Etched melt pool cross-section in the y-z plane showing the cellular-type microstructure 

grown by OM. 

4. Discussion 

4.1. Texture Formation Mechanism 

Figure 6 illustrates a schematic diagram of the melt pool shapes in the y-z plane elu-

cidating the texture formation mechanism of pure Cr via PBF-LB/M corresponding to the 

difference in laser scan speed as well as VED. Depending on the scan speed, a transition 

from a random texture to a <100> cubic texture was observed for additively manufactured 

pure Cr. This phenomenon arose from the interplay between the melt pool shape and the 

direction of the thermal gradient (blue arrow). Specifically, the V1000 specimen, charac-

terized by a rapid scan speed and low VED, was anticipated to form a wide, shallow, and 

unstable melt pool, therefore resulting in random texture formation. Pure Cr in the BCC 

structure exhibits a preference for grain growth along the <100> direction (being the less 

atomically dense la�ice plane, which requires less energy to grow) [43]. However, when 

oriented in alignment with the thermal gradient direction perpendicular to the melt pool 

[44] under conditions of low VED, growth into columnar grains becomes complicated due 

to the reduced thermal gradient with varied direction compared to high VED conditions 

[29]. Furthermore, the application of the XY-scan strategy, involving a 90° rotation in scan-

ning direction for the subsequent layer, led to a mismatch in the grain growth direction 

between layers, precluding epitaxial growth across the melt pool and resulting in a ran-

dom crystallographic texture (Figures 3(d2) and 4e). 

Conversely, in the case of the V400 specimen with a slower scan speed, a deep and 

stable melt pool formed owing to increased VED. Additionally, the heightened VED re-

sulted in an increased thermal gradient, facilitating growth into columnar grains. Along 
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the center of the melt pool, the thermal gradient aligned with the z-axis direction (BD), 

encouraging grains oriented <100> to grow along this direction. Despite discrepancies be-

tween the thermal gradient direction and the <100> axis of the substrate caused by curva-

ture along the side of the melt pool, growth in the <100> direction prevailed, as it required 

less energy than initiating new grain growth [32,45]. In subsequent layers, where the scan-

ning direction rotated by 90°, grains continued to grow in the <100> direction, enabling 

epitaxial growth across the melt pool and resulting in a <100> cubic texture (Figure 3(a2), 

Figure 4e). Consequently, V400 exhibited bigger grain size, less HAGB, and microstruc-

ture more prone to crack during initiation and propagation, owing to reduced residual 

stress. 

 

Figure 6. Schematics of the mechanism for texture evolution depending on scan speed. 

4.2. Hardness Response to Defects and Texture 

Figure 7 depicts the influence of scan speed on Vickers hardness. As scan speed de-

creased and energy density increased, hardness exhibited a corresponding increase, with 

the V400 test specimen demonstrating the highest hardness value and the slightest error 

bar (Table 3). This observed trend aligns with the trend observed in relative density, thus 

indicating a decrease in defects [46–48]. Notably, the V1000 specimen, characterized by 

the lowest relative density, exhibited the lowest hardness and displayed the most exten-

sive error bar, a�ributable to limited reproducibility and the existence of excessive defects, 

such as cracks and lack of fusion. Conventionally, smaller grain sizes, represented by high 

scan speed (V1000) in this study, correlate with higher strength and hardness, as per the 

Hall–Petch Equation. Because the grain boundary exhibits significantly greater disorder 

compared to the interior of the grain, it thereby impedes the uninterrupted movement of 

dislocations along a continuous slip plane. Alongside grain size, the Taylor factor plays a 

pivotal role in determining mechanical strength, given its association with the resistance 

to deformation induced by external loads [39]. In the context of polycrystalline metallic 

materials, the phenomenon of dislocation movement is referred to as slip, which holds 
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significance in understanding deformation behavior. The assessment of slip in polycrys-

talline materials is facilitated through the Taylor factor, which entails the averaging of 

grain orientations across the entirety of grains within the specimen [49]. This parameter 

serves to forecast the requisite work for deformation or distortion. High Taylor factor val-

ues associated with a grain indicate the heightened stress threshold required to initiate 

slip, consequently augmenting the material’s strength or hardness [42]. Moreover, within 

a textured polycrystalline material, the Taylor factor offers insight into the comparative 

strength of an individual crystal based on its orientation [50]. The influence of grain ori-

entation on the Taylor factor manifests distinctly, as it is derived from cumulative slips 

across various slip systems within the grain [51]. In this study, as scan speed increased, 

the average Taylor factor increased (Figures 3(a4–d4) and 4f). The Taylor factor increased 

in V1000, which showed a random crystallographic texture. The elevated Taylor factor 

noted in V1000 samples can be a�ributed to the irregular random texture observed 

therein, fostering a more significant involvement of crystallographic orientations in com-

petitive grain growth dynamics (Figure 3(d1-d4)). However, contrary to this expectation, 

the V1000 sample, possessing the smallest grain size due to lack of epitaxial growth (which 

resulted in random texture), exhibited the lowest hardness, suggesting a heightened sus-

ceptibility to defects. Conversely, a significant increase in hardness was noted in the V400 

specimen, wherein a reduction in HAGB and reduced defects was achieved through epi-

taxial growth, underscoring the efficacy of crystallographic texture development, thus 

presenting promising results for the producibility and applicability of textured pure Cr 

via the PBF-LB/M process. However, the hardness value in this study was lower than the 

previously reported hardness value of HCP (734–1097 Hv) [11,15]. In the case of pure Cr 

produced via PBF-LB/M in this study, approximately 5 at.% C and 3 at.% O were observed 

under all conditions. Our study contained lower interstitials than reports that achieved 

solid solution strengthening using interstitials such as C [52]. Among other reasons, this 

was because HCP has a small grain size of about 50 nm or less [53]; it was also due to the 

Hall–Petch effect due to the grain size smaller than pure Cr (14.3–20.8 µm) produced via 

PBF-LB/M. In order to strengthen the competitiveness of pure Cr produced via PBF-LB/M, 

higher density and hardness are required. 

 

Figure 7. Vickers hardness of pure Cr specimens fabricated via PBF-LB/M in the average of 10 meas-

urements. *: P  <  0.05, **: P  <  0.01 by Tukey’s test. 
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Table 3. Vickers hardness values from as-built pure Cr specimens. 

 Hardness [Hv] 

V400 210.3 ± 2.9 

V600 202.2 ± 4.4 

V800 201.4 ± 13.3 

V1000 188.5 ± 14.4 

5. Conclusions 

This study investigated the influence of scan speed on the density and crystallo-

graphic texture of pure Cr produced via PBF-LB/M. In the V400 specimen, fabricated with 

a slower scan speed and an XY-scan strategy via PBF-LB/M, an enlargement in average 

grain size and a reduction in the proportion of crack-prone HAGB were observed and 

a�ributed to the prominent <100> cubic texture and simultaneously reduced residual 

stress. Consequently, a heightened relative density was achieved. These findings under-

score the potential of crystallographic texture control as a strategy to mitigate defects in 

metals and alloys with high DBTT, such as Cr. Moreover, achieving a higher relative den-

sity to satisfy commercial needs is imperative for industrial applications, necessitating 

further research in this domain. 

Author Contributions: Conceptualization, Y.S.K., O.G. and T.N.; methodology, Y.S.K. and O.G.; val-

idation, O.G., A.M. and T.N.; formal analysis, Y.S.K. and O.G.; investigation, Y.S.K., O.G. and A.M.; 

data curation, O.G. and A.M.; writing—original draft preparation, Y.S.K.; writing—review and ed-

iting, O.G. and T.N.; visualization, Y.S.K. and O.G.; supervision, O.G. and T.N.; project administra-

tion, T.N.; funding acquisition; T.N. All authors have read and agreed to the published version of 

the manuscript. 

Funding: This work was supported by a Grant-in-Aid for Scientific Research (JP23H00235) from the 

Japan Society for the Promotion of Science (JSPS) and CREST-Nanomechanics: Elucidation of mac-

roscale mechanical properties based on understanding the nanoscale dynamics of innovative me-

chanical materials (Grant Number: JPMJCR2194) from the Japan Science and Technology Agency 

(JST). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data supporting the findings of this study are available from the cor-

responding author upon reasonable request. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Ren, C.; Enneti, R.; Ouyang, G. Refractory Materials for Corrosive or High-Temperature Environments. JOM 2022, 74, 4305–

4306. https://doi.org/10.1007/s11837-022-05510-x. 

2. Humphry-Baker, S.A.; Ramanujam, P.; Smith, G.D.; Binner, J.; Lee, W.E. Ablation resistance of tungsten carbide cermets under 

extreme conditions. Int. J. Refract. Met. Hard Mat. 2020, 93, 105356. https://doi.org/10.1016/j.ijrmhm.2020.105356. 

3. Mireles, O. Additive manufacture of refractory metals for aerospace applications. In Proceedings of the AIAA Propulsion and 

Energy 2021 Forum, Online, 9–11 August 2021; p. 3234. 

4. Satya Prasad, V.; Baligidad, R.; Gokhale, A.A. Niobium and other high temperature refractory metals for aerospace applications. 

In Aerospace Materials and Material Technologies: Volume 1: Aerospace Materials; Springer: Singapore, 2017; pp. 267–288. 

https://doi.org/10.1007/978-981-10-2134-3. 

5. Garcia-Ayala, E.M.; Tarancon, S.; Gonzalez, Z.; Ferrari, B.; Pastor, J.; Sanchez-Herencia, A.J. Processing of WC/W composites for 

extreme environments by colloidal dispersion of powders and SPS sintering. Int. J. Refract. Met. Hard Mat. 2019, 84, 105026. 

https://doi.org/10.1016/j.ijrmhm.2019.105026. 

6. Marinelli, G.; Martina, F.; Lewtas, H.; Hancock, D.; Ganguly, S.; Williams, S. Functionally graded structures of refractory metals 

by wire arc additive manufacturing. Sci. Technol. Weld. Join. 2019, 24, 495–503. https://doi.org/10.1080/13621718.2019.1586162. 

7. Lee, W.; Zhang, S.; Karakus, M. Refractories: Controlled microstructure composites for extreme environments. J. Mater. Sci. 2004, 

39, 6675–6685. https://doi.org/10.1023/B:JMSC.0000045599.84988.9e. 

8. Klopp, W.D. Recent developments in chromium and chromium alloys. JOM 1969, 21, 23–32. https://doi.org/10.1007/BF03378794. 



Materials 2024, 17, 2097 12 of 13 
 

 

9. Medvedeva, N.; Gornostyrev, Y.N.; Freeman, A. Carbon stabilized A15 Cr3Re precipitates and ductility enhancement of Cr-

based alloys. Acta Mater. 2002, 50, 2471–2476. https://doi.org/10.1016/S1359-6454(02)00053-8. 

10. Gu, Y.; Ro, Y.; Harada, H. Tensile properties of chromium alloyed with silver. Metall. Mater. Trans. A 2004, 35, 3329–3331. 

https://doi.org/10.1007/s11661-006-0237-1. 

11. Tuominen, J.; Näkki, J.; Pajukoski, H.; Miettinen, J.; Peltola, T.; Vuoristo, P. Wear and corrosion resistant laser coatings for 

hydraulic piston rods. J. Laser Appl. 2015, 27, 022009. https://doi.org/10.2351/1.4914503. 

12. Ding, X.-Z.; Zeng, X. Structural, mechanical and tribological properties of CrAlN coatings deposited by reactive unbalanced 

magnetron sputtering. Surf. Coat. Technol. 2005, 200, 1372–1376. https://doi.org/10.1016/j.surfcoat.2005.08.072. 

13. Lousa, A.; Romero, J.; Martınez, E.; Esteve, J.; Montala, F.; Carreras, L. Multilayered chromium/chromium nitride coatings for 

use in pressure die-casting. Surf. Coat. Technol. 2001, 146, 268–273. https://doi.org/10.1016/S0257-8972(01)01476-1. 

14. Schopphoven, T.; Gasser, A.; Wissenbach, K.; Poprawe, R. Investigations on ultra-high-speed laser material deposition as 

alternative for hard chrome plating and thermal spraying. J. Laser Appl. 2016, 28, 022501. https://doi.org/10.2351/1.4943910. 

15. Imaz, N.; Ostra, M.; Vidal, M.; Díez, J.; Sarret, M.; García-Lecina, E. Corrosion behaviour of chromium coatings obtained by 

direct and reverse pulse plating electrodeposition in NaCl aqueous solution. Corrosion Sci. 2014, 78, 251–259. 

https://doi.org/10.1016/j.corsci.2013.10.005. 

16. Martinuzzi, S.M.; Donati, L.; Giurlani, W.; Pizzetti, F.; Galvanetto, E.; Calisi, N.; Innocenti, M.; Caporali, S. A comparative 

research on corrosion behavior of electroplated and magnetron sputtered chromium coatings. Coatings 2022, 12, 257. 

https://doi.org/10.3390/coatings12020257. 

17. Harada, Y.; Ohmori, M. Ductile–brittle transition behavior of rolled chromium. J. Mater. Process. Technol. 2004, 153, 93–99. 

https://doi.org/10.1016/j.jmatprotec.2004.04.011. 

18. Wadsack, R.; Pippan, R.; Schedler, B. The effect of pre-deformation on the ductility of chromium. J. Nucl. Mater. 2002, 307, 701–

704. https://doi.org/10.1016/S0022-3115(02)00945-5. 

19. Nikolić, V.; Wurster, S.; Firneis, D.; Pippan, R. Fracture toughness evaluation of UFG tungsten foil. Int. J. Refract. Met. Hard Mat. 

2018, 76, 214–225. https://doi.org/10.1016/j.ijrmhm.2018.06.008. 

20. Ramakrishnan, T.; Espiritu, E.R.; Kwon, S.; Keshavarz, M.K.; Muniz-Lerma, J.A.; Gauvin, R.; Brochu, M. Laser powder bed 

fusion additive manufacturing of molybdenum using a nitrogen build atmosphere. Int. J. Refract. Met. Hard Mat. 2024, 119, 

106555. https://doi.org/10.1016/j.ijrmhm.2024.106555. 

21. Walawska, B.; Kowalski, Z. Environmental evaluation of the effects of using chromic waste in the production of chromium 

compounds. J. Clean Prod. 2001, 9, 219–226. https://doi.org/10.1016/S0959-6526(00)00054-8. 

22. Plocher, J.; Panesar, A. Review on design and structural optimisation in additive manufacturing: Towards next-generation 

lightweight structures. Mater. Des. 2019, 183, 108164. https://doi.org/10.1016/j.matdes.2019.108164. 

23. Wang, P.; Li, X.; Jiang, Y.; Nai, M.L.S.; Ding, J.; Wei, J. Electron beam melted heterogeneously porous microlattices for metallic 

bone applications: Design and investigations of boundary and edge effects. Addit. Manuf. 2020, 36, 101566. 

https://doi.org/10.1016/j.addma.2020.101566. 

24. Shirazi, S.F.S.; Gharehkhani, S.; Mehrali, M.; Yarmand, H.; Metselaar, H.S.C.; Kadri, N.A.; Osman, N.A.A. A review on powder-

based additive manufacturing for tissue engineering: Selective laser sintering and inkjet 3D printing. Sci. Technol. Adv. Mater. 

2015, 16, 033502. https://doi.org/10.1088/1468-6996/16/3/033502. 

25. Bai, L.; Gong, C.; Chen, X.; Sun, Y.; Zhang, J.; Cai, L.; Zhu, S.; Xie, S.Q. Additive manufacturing of customized metallic orthopedic 

implants: Materials, structures, and surface modifications. Metals 2019, 9, 1004. https://doi.org/10.3390/met9091004. 

26. Ramakrishnan, T.; Kumar, A.; Kumar, T.S.; Kwon, S.; Muniz-Lerma, J.A.; Gauvin, R.; Brochu, M. Crack-Free Tungsten Fabricated 

via Laser Powder Bed Fusion Additive Manufacturing. Adv. Funct. Mater. 2024, 34, 2309304. 

https://doi.org/10.1002/adfm.202309304. 

27. Chen, J.; Zhao, C.; Li, K.; Li, M.; Sun, S.; Zhang, S.; Ma, J.; Liu, W. Effect of TaC addition on microstructure and microhardness 

of additively manufactured tungsten. J. Alloy Compd. 2022, 897, 162978. https://doi.org/10.1016/j.jallcom.2021.162978. 

28. Ramakrishnan, T.; Kwon, S.; Brochu, M. Laser powder bed fusion of molybdenum under various ArN2 mixture build 

atmospheres. Int. J. Refract. Met. Hard Mat. 2024, 119, 106556. https://doi.org/10.1016/j.ijrmhm.2024.106556. 

29. Gokcekaya, O.; Ishimoto, T.; Hibino, S.; Yasutomi, J.; Narushima, T.; Nakano, T. Unique crystallographic texture formation in 

Inconel 718 by laser powder bed fusion and its effect on mechanical anisotropy. Acta Mater. 2021, 212, 116876. 

https://doi.org/10.1016/j.actamat.2021.116876. 

30. Ekubaru, Y.; Gokcekaya, O.; Ishimoto, T.; Sato, K.; Manabe, K.; Wang, P.; Nakano, T. Excellent strength–ductility balance of Sc-

Zr-modified Al–Mg alloy by tuning bimodal microstructure via hatch spacing in laser powder bed fusion. Mater. Des. 2022, 221, 

110976. https://doi.org/10.1016/j.matdes.2022.110976. 

31. Gokcekaya, O.; Ishimoto, T.; Nishikawa, Y.; Kim, Y.S.; Matsugaki, A.; Ozasa, R.; Weinmann, M.; Schnitter, C.; Stenzel, M.; Kim, 

H.S.; et al. Novel single crystalline-like non-equiatomic TiZrHfNbTaMo bio-high entropy alloy (BioHEA) developed by laser 

powder bed fusion. Mater. Res. Lett. 2023, 11, 274–280. https://doi.org/10.1080/21663831.2022.2147406. 

32. Ishimoto, T.; Hagihara, K.; Hisamoto, K.; Sun, S.-H.; Nakano, T. Crystallographic texture control of beta-type Ti–15Mo–5Zr–3Al 

alloy by selective laser melting for the development of novel implants with a biocompatible low Young’s modulus. Scr. Mater. 

2017, 132, 34–38. https://doi.org/10.1016/j.scriptamat.2016.12.038. 

33. Liu, M.; Wei, K.; Zeng, X. High power laser powder bed fusion of AlSi10Mg alloy: Effect of layer thickness on defect, 

microstructure and mechanical property. Mater. Sci. Eng. A 2022, 842, 143107. https://doi.org/10.1016/j.msea.2022.143107. 



Materials 2024, 17, 2097 13 of 13 
 

 

34. Sanchez-Mata, O.; Wang, X.; Muniz-Lerma, J.A.; Atabay, S.E.; Shandiz, M.A.; Brochu, M. Dependence of mechanical properties 

on crystallographic orientation in nickel-based superalloy Hastelloy X fabricated by laser powder bed fusion. J. Alloy Compd. 

2021, 865, 158868. https://doi.org/10.1016/j.jallcom.2021.158868. 

35. Gerashi, E.; Alizadeh, R.; Langdon, T.G. Effect of crystallographic texture and twinning on the corrosion behavior of Mg alloys: 

A review. J. Magnes. Alloy 2022, 10, 313–325. https://doi.org/10.1016/j.jma.2021.09.009. 

36. Gokcekaya, O.; Hayashi, N.; Ishimoto, T.; Ueda, K.; Narushima, T.; Nakano, T. Crystallographic orientation control of pure 

chromium via laser powder bed fusion and improved high temperature oxidation resistance. Addit. Manuf. 2020, 36, 101624. 

https://doi.org/10.1016/j.addma.2020.101624. 

37. Gokcekaya, O.; Ishimoto, T.; Todo, T.; Suganuma, R.; Fukushima, R.; Narushima, T.; Nakano, T. Effect of scan length on 

densification and crystallographic texture formation of pure chromium fabricated by laser powder bed fusion. Crystals 2020, 11, 

9. https://doi.org/10.3390/cryst11010009. 

38. Tomé, C.N.; Lebensohn, R.A. Material Modeling With the Viscoplastic Self-Consistent (VPSC) Approach; Springer: Amsterdam, 

Netherlands 2021. https://doi.org/10.1016/C2019-0-01217-4. 

39. Keshavarzkermani, A.; Esmaeilizadeh, R.; Ali, U.; Enrique, P.D.; Mahmoodkhani, Y.; Zhou, N.Y.; Bonakdar, A.; Toyserkani, E. 

Controlling mechanical properties of additively manufactured hastelloy X by altering solidification pattern during laser 

powder-bed fusion. Mater. Sci. Eng. A 2019, 762, 138081. https://doi.org/10.1016/j.msea.2019.138081. 

40. Wang, D.; Wang, Z.; Li, K.; Ma, J.; Liu, W.; Shen, Z. Cracking in laser additively manufactured W: Initiation mechanism and a 

suppression approach by alloying. Mater. Des. 2019, 162, 384–393. https://doi.org/10.1016/j.matdes.2018.12.010. 

41. Gokcekaya, O.; Ishimoto, T.; Todo, T.; Wang, P.; Nakano, T. Influence of powder characteristics on densification via 

crystallographic texture formation: Pure tungsten prepared by laser powder bed fusion. Addit. Manuf. Lett. 2021, 1, 100016. 

https://doi.org/10.1016/j.addlet.2021.100016. 

42. Liu, S.; Li, H.; Qin, C.; Zong, R.; Fang, X. The effect of energy density on texture and mechanical anisotropy in selective laser 

melted Inconel 718. Mater. Des. 2020, 191, 108642. https://doi.org/10.1016/j.matdes.2020.108642. 

43. Glicksman, M.E. Principles of Solidification: An Introduction to Modern Casting and Crystal Growth Concepts; Springer: New York, NY, 

USA, 2010. 

44. de Formanoir, C.; Michotte, S.; Rigo, O.; Germain, L.; Godet, S. Electron beam melted Ti–6Al–4V: Microstructure, texture and 

mechanical behavior of the as-built and heat-treated material. Mater. Sci. Eng. A 2016, 652, 105–119. 

https://doi.org/10.1016/j.msea.2015.11.052. 

45. Wei, H.; Mazumder, J.; DebRoy, T. Evolution of solidification texture during additive manufacturing. Sci. Rep. 2015, 5, 16446. 

https://doi.org/10.1038/srep16446. 

46. Liu, K.; Gu, D.; Guo, M.; Sun, J. Effects of processing parameters on densification behavior, microstructure evolution and 

mechanical properties of W–Ti alloy fabricated by laser powder bed fusion. Mater. Sci. Eng. A 2022, 829, 142177. 

https://doi.org/10.1016/j.msea.2021.142177. 

47. Cepeda-Jiménez, C.; Potenza, F.; Magalini, E.; Luchin, V.; Molinari, A.; Pérez-Prado, M. Effect of energy density on the 

microstructure and texture evolution of Ti-6Al-4V manufactured by laser powder bed fusion. Mater. Charact. 2020, 163, 110238. 

https://doi.org/10.1016/j.matchar.2020.110238. 

48. Xue, G.; Ke, L.; Liao, H.; Chen, C.; Zhu, H. Effect of SiC particle size on densification behavior and mechanical properties of 

SiCp/AlSi10Mg composites fabricated by laser powder bed fusion. J. Alloy Compd. 2020, 845, 156260. 

https://doi.org/10.1016/j.jallcom.2020.156260. 

49. Shrivastava, A.; Subramaniyan, A.K.; Rao, S.; Nagesha, B. How to characterise the anisotropy of laser powder bed fusion-

processed parts? Towards a surrogate, non-destructive indentation-based approach. J. Manuf. Process. 2024, 118, 128–153. 

https://doi.org/10.1016/j.jmapro.2024.03.048. 

50. Bunge, H. Some applications of the Taylor theory of polycrystal plasticity. Kristall und Technik 1970, 5, 145–175. 

https://doi.org/10.1002/crat.19700050112. 

51. Thijs, L.; Sistiaga, M.L.M.; Wauthle, R.; Xie, Q.; Kruth, J.-P.; Van Humbeeck, J. Strong morphological and crystallographic texture 

and resulting yield strength anisotropy in selective laser melted tantalum. Acta Mater. 2013, 61, 4657–4668. 

https://doi.org/10.1016/j.actamat.2013.04.036. 

52. Lu, C.-E.; Lee, J.-L.; Sheu, H.-H.; Hou, K.-H.; Tseng, C.-C.; Ger, M.-D. Preparation and characterizations of high carbon content 

Cr-C coatings electroplated from a trivalent chromium-based bath. Int. J. Electrochem. Sci. 2015, 10, 5405–5419. 

https://doi.org/10.1016/S1452-3981(23)17264-6. 

53. Čekada, M.; Panjan, P.; Maček, M.; Šmíd, P. Comparison of structural and chemical properties of Cr-based hard coatings. Surf. 

Coat. Technol. 2002, 151, 31–35. https://doi.org/10.1016/S0257-8972(01)01582-1. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


