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Abstract 

The effects of different selective laser melting (SLM) scan speeds (150 mm
.
s

-1
, 95 mm

.
s

-1
, 60 

mm
.
s

-1
, 55 mm

.
s

-1
, and 50 mm

.
s

-1
) on the microstructure and texture evolution of in situ TiC-

NiCr cermet were investigated in the present study. The rotating scan strategy of 60° rotation 

(Rot-scan) was used to print the samples. Microstructural evolutions were investigated using 

scanning electron microscopy (SEM). Electron backscatter diffraction (EBSD) and X-ray 

diffraction analyses were used to identify the micro- and macro-crystallographic preferred 

orientation (texture). According to the results, the in situ formation of TiC via exothermic 

reaction resulted in different directions of temperature gradient in the melt pool. Consequently, 

nucleation and growth occurred in various directions. However, α-fiber texture could be 

observed in the orientation distribution function (ODF) of the manufactured specimens. 

Keywords: Additive manufacturing (AM); Selective laser melting (SLM); Electron backscatter 

diffraction (EBSD); Macro-micro texture; TiC-based cermet 
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1. Introduction 

Selective laser melting (SLM) belongs to the category of laser powder bed fusion (LPBF) 

additive manufacturing (AM) process, which is capable of manufacturing parts with complex 

geometries [1]. High-speed repetitive heating and cooling cycles together with temperature 

gradient during the SLM process often result in a heterogeneous and anisotropic microstructure 

in the manufactured specimens [2–4]. Generally, microstructural anisotropy in SLM specimens 

is associated with coarse columnar grains with preferential crystal orientations along the printing 

direction. As a result of temperature gradients, the nucleation rate at the solidification front is 

lowered, and thus, promoting epitaxial grain growth is the preferred mechanism of solidification 

during SLM [4]. Consequently, grain morphology and crystallographic texture cause anisotropic 

mechanical properties. Structural properties (crystallographic structure, phase transformation, 

and phase distribution), and SLM process parameters such as power, scanning speed, and 

scanning strategy can affect the texture evolution in SLM samples. Despite the broad range of 

literature on texture development during SLM, the mechanism of texture evolutions has still not 

been sufficiently clarified. Song et al. [2] reported a columnar microstructure with <100> texture 

(corresponding to (200) plane) oriented along the building direction in NiCr alloy samples 

manufactured through SLM. They observed that microstructural anisotropy decreased with 

increase in laser scanning speed. 
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In recent years, many efforts have been made to widen the range of materials used in additive 

manufacturing, including polymers, metals, ceramics, and their combinations, such as cermet 

materials [5,6]. Cermets, as one of the challenging materials for printing, are composite materials 

that combine the desirable toughness and thermal conductivity of metals with the high hardness, 

excellent wear resistance, and oxidation resistance of ceramics [7,8]. Moreover, cermets are a 

promising option for use in high-temperature applications. In recent decades, tungsten 

carbide-cobalt (WC-Co) was developed and successfully used as a material for producing cutting 

tools [9]. Nevertheless, practical applications of WC-Co cermets have been limited due to their 

insufficient oxidation and corrosion resistance and constrained high-temperature plastic 

deformation, and the relatively high price of Co [10,11]. Various combinations of ceramic 

particles and metal binders have been established to enhance corrosion and oxidation resistance 

and to replace Co with reasonable elements. TiC-based cermets have gained considerable 

attention because of their lower density and higher corrosion resistance compared to 

conventional hard metals (WC-Co) [12,13]. 

During the last decade, different possible methods have been used to characterize the texture. 

The most common and advantageous techniques for measuring crystallographic texture are X-

ray diffraction (XRD) and electron backscattered diffraction (EBSD). XRD texture 

measurements seem to be more accurate due to the large area of scanning (a whole part of the 

sample), and the absence of microstructural evidence in the X-ray measurements makes EBSD 

preferable concerning microstructure and texture analysis. Nevertheless, both of these techniques 

provide reliable results for texture analysis. Hence, choosing the most suitable technique depends 

on the sample manufacturing procedure [14]. 
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In the present research, the effects of scan speed variation (different input energy densities) on 

the microstructure and texture evolution of the in situ TiC-NiCr cermet fabricated through SLM 

process were evaluated. For this purpose, the macro- and micro-crystallographic texture of bulk 

samples were studied through XRD and EBSD analyses. 

 

2. Materials and methods 

Commercially available Ti (98.9%; spherical; ≤ 45 μm), amorphous C (99.95%; spherical; 2-12 

μm), and Ni80Cr20 (near-spherical; ≈ 20 μm) were used as feedstock to produce TiC-40 wt. % 

NiCr cermet through SLM. The powder preparation process was conducted in two steps. Ti and 

carbon powder were first mixed for 5 hours and milled at a rotating speed of 350 rpm in 

isopropanol using a high-speed milling machine (Retch, E max, Germany). In the second step, Ti 

and C powder were mixed with NiCr powder for 10 hours in isopropanol using a convectional 

mixing machine. 

Cylindrical samples of 5 mm diameter and 6 mm height were printed with the following process 

parameters: power of 62.4 W, layer thickness of 50 μm, hatch spacing of 60 μm, and scan speeds 

of 150, 95, 60, 55, and 50 mm.s
-1

. Specimens were fabricated perpendicular to the SLM 

platform. Scan lines of each layer were turned 60° relative to the previous layer, as shown 

schematically in Fig. 1. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



5 
 

 

Fig. 1. Schematic illustration of the scanning pattern 

 

Phase analysis of feedstock milled powder and SLM processed samples was conducted using an 

X-ray diffractometer (D8 A25 DaVinci; Bruker Optics Inc., Billerica, MA, USA) with CuK 

radiation (= 0.15406 nm). The microstructure was evaluated using field emission scanning 

electron microscopy (FESEM; Ultra 55 Ltd.; Zeiss, Oberkochen, Germany) using the 

backscattered electron (BSE) mode. The crystallographic texture of the fabricated parts was 

investigated through XRD and SEM using EBSD analysis on both top and side views (Fig. 2). 

Moreover, OIM software was used to analyze the EBSD data. 
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Fig. 2. Schematic illustration of the analyzed surface of the samples 

 

3. Result and discussion 

3.1 Phase evolution 

XRD pattern of the feedstock power after milling process and SLM process is depicted in Fig.3. 

There is no sign of Ti-C reaction during the mixing procedure (fig. 3-a). XRD patterns of the 

specimens manufactured with various scan speeds revealed that Ti-C reaction occurred during 

the SLM process which results in TiC phase formation. In addition, weak peaks of Ni3Ti has 

emerged after SLM process (Fig. 3-b). The mechanism of TiC phase formation has been 

previously discussed in detail [15][6]. 
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Fig. 3. XRD patterns of a) feedstock powder and b) SLM processed specimens manufactured at 

different scan speeds 

 

3.2 Microstructure 

Fig. 4 shows the SEM micrographs of the top surface and vertical section of the SLM samples. 

The dark particles correspond to the TiC phase and the white phase corresponds to the binder. At 

a high scan speed (150 mm.s
-1

), melt pool and laser track are not clearly visible in the SEM 

image owing to insufficient melting. Moreover, due to the high heating and cooling rate, TiC 

particles are relatively fine (Fig. 4 a, b). As a result of decreasing the scan speed to 95 mm.s
-1

, 

more visible melt pools and scan tracks were obtained and TiC particle size seems to have 

increased due to higher heat input. Apparently, at a scan speed of 60 mm.s
-1

, which means more 

heat input, adequate activation energy for pervasive Ti/C reaction is provided and more TiC can 

be synthesized at the initial step. Hence, more grains are produced, which leads to a finer 

microstructure. Lowering the scan speed to 55 mm.s
-1

 caused more melt formation and facilitated 

the spreading of molten material, which led to the uniform distribution of synthesized particles, 

reduced porosity, and increased particle size. Due to the higher heat input, the increasing trend in 

particle size persists with the decrease in the scan speed to 50 mm.s
-1

. 

During each pass of the printing process, the local area of the powder bed and some parts of the 

solidified material in the previous layer melt extremely fast [16]. When the laser beam passes 

over the melt pool, heat will promptly transfer to Ar atmosphere through convection and 

radiation, and to the layer underneath it through conduction [17]. Similar to other rapid 

solidification processes, during SLM process, the two competing phenomena of heterogeneous 

nucleation and grain growth may occur [18]. When grains are nucleated with a favorable 
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crystallographic orientation at the liquid-solid interface, they grow quickly. Moreover, it is more 

likely that they will keep their crystallographic orientation during epitaxial growth. However, if 

the orientation of an existing grain is not the favorable crystallographic orientation, its epitaxial 

growth is inhibited. As a result, the solidification of the molten material arises predominantly 

over heterogeneous nucleation. While the epitaxial growth is dominant, a small number of large 

grains appear which are not limited to the melt pools. In contrast, when heterogeneous nucleation 

mechanisms are prevailing, a large number of small grains, confined within the melt pools, are 

formed. Therefore, clear laser tracks are more likely to be observed. SLM process parameters 

affect the thermal flux in the melt pool, which in turn influences the equilibrium of epitaxial 

growth and heterogeneous nucleation [19].  

The dominant solidification mechanism in the present study seems to be heterogeneous 

nucleation. This mechanism can lead to the emergence of typical random crystallographic 

orientations as a result of the exothermic reaction of Ti/C. Generally, the expectation is that the 

exact form of the thermal flux field will be complicated on account of convection phenomena 

and the Marangoni effect [17]. Moreover, in the case of in situ reaction, the exothermic TiC 

formation reaction gives rise to complex temperature gradients in different parts of the melt pool 

[15]. In addition, the rotating scanning strategy (60˚ rotation in every layer) causes the 

appearance of irregular half ellipses (side view of melt pools) with different morphologies in 

consecutive layers [19]. The mismatch between layers in terms of the position of the melt pools 

can prevent the development of a dominant texture in the resultant sample [20].  
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Fig. 4. SEM micrographs of top surface and longitudinal section of SLM processed specimens 

manufactured at different scan speeds, (a, b) 150 mm
.
s

-1
, (c, d) 95 mm

.
s

-1
, (e, f) 60 mm

.
s

-1
, (g, h) 

55 mm
.
s

-1
, and (i, j) 50 mm

.
s

-1
 

 

Fig. 5 presents the normal direction crystallographic orientation maps of the horizontal and 

longitudinal sections of manufactured samples using TiC phase to index the EBSD patterns. 

Despite the fact that all SLM manufactured specimens show nearly random orientational 

distribution of grains, a higher concentration of one crystallographic orientation in each energy 

density is obvious. For both top surface and longitudinal sections, at the scan speeds of 150 

mm.s
-1

 and 95 mm.s
-1

, (111)//BD and (001)//BD orientations have been randomly distributed, 

respectively. At the scan speed of 60 mm.s
-1

, (001)//BD orientation seems to be the most 

dominant. However, low scan speeds of 55 mm.s
-1

 and 50 mm.s
-1

 resulted in a notable difference 

between grain orientation on the top surface and longitudinal section. On the top surface of the 

sample obtained with 55 mm.s
-1

 energy density, (101)//BD can be considered as the most 

dominant orientation, which altered to the random distribution of (111)//BD and (101)//BD on 

the longitudinal section. The sample obtained with a scan speed of 50 mm.s
-1

 showed randomly 

distributed (001)//BD and (101)//BD orientations on the top surface that turned into (111)//BD 

on the longitudinal section. As previously mentioned, exothermic in situ reaction and the 60
o
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rotation scan strategy can be considered as factors responsible for the random orientation of the 

grain structure. Moreover, the size of the grain structure seems to increase with decrease in the 

scan speed from 150 mm.s
-1

 to 95 mm.s
-1

. At the scan speed of 60 mm.s
-1

, finer grain structure 

was obtained, which can be attributed to higher Ti/C reaction rate, as mentioned in the 

microstructure section. Further decrease in the scan speed to 55 mm.s
-1

 and 50 mm.s
-1

 resulted in 

a coarser structure. Additionally, grains are more elongated in the samples obtained at the scan 

speeds of 55 mm.s
-1

 and 50 mm.s
-1

. Changes in the size and shape of the grains can be explained 

by the increase in temperature gradient between the center and the boundary of the melt pool 

with decreasing scan speed (increasing laser exposure time of the powder bed). As previously 

mentioned, as a result of in situ reaction between Ti and C during laser scanning, the temperature 

gradient within the melt pool does not follow the usual patterns, which can affect the grain 

orientation. 
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Fig. 5. BD IPF maps of the horizontal and vertical sections, (a, b) 150 mm
.
s

-1
, (c, d) 95 mm

.
s

-1
, 

(e, f) 60 mm
.
s

-1
, (g, h) 55 mm

.
s

-1
, and (i, j) 50 mm

.
s

-1 
scan speeds 

 

The kernel average misorientation (KAM) maps are presented in Fig. 6. KAM maps can be 

used to study the local strains since they represent the average misorientation between a given 

point and its nearest neighbors. Therefore, considering the fact that plastic strain is attributed to 

dislocations, the density of geometrically necessary dislocations (GNDs) can be reflected by the 

KAM maps [21–23]. It is stated that high heating and cooling rates due to high laser scan speeds 
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result in the accumulation of residual thermal stress [24,25], which in turn increases the 

dislocation density. With the reduction of scan speed, and consequently, reduction of thermal 

stress, the average KAM decreased in SLM processed samples. At the scan speed of 60 mm.s
-1 

(higher input energy density), a large number of initial TiC nuclei can be formed in the melt 

pool, which means smaller grain size and an increased number of grain boundaries. Considering 

the fact that grain boundaries accommodate strain and dislocations resulted from different 

sources such as coefficient of thermal expansion (CTE) strain mismatch between TiC and binder, 

the average KAM increased at 60 mm.s
-1

 scan rate. According to the KAM maps, it can be 

concluded that, at a scan speed of 55 mm.s
-1

, the induced heat from each layer may have 

provided enough energy for recrystallization in the previously fabricated layer and the 

consequent reduction in dislocation density. The average KAM increased in the sample obtained 

with 50 mm.s
-1

 scan speed, which can be explained by increased evaporation of the elements 

during laser scanning as well as an increase in the sample shrinkage due to the high input energy 

density [26]. In addition, at lower scan speeds, and thus, higher heat inputs, the effect of the 

difference between the thermal expansion of TiC and NiCr binders increases, which can induce 

more residual stress at the TiC/NiCr interface. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



15 
 

 

Fig. 6. KAM maps of the horizontal and vertical section at (a, f) 150 mm
.
s

-1
, (b, g) 95 mm

.
s

-1
, (c, 

h) 60 mm
.
s

-1
, (d, i) 55 mm

.
s

-1
, and (e, j) 50 mm

.
s

-1 
scan speeds 

 

Figures 7 and 8 show the misorientation angle distribution and the grain boundary maps on the 

top and longitudinal sections of SLM manufactured specimens, respectively. The boundaries are 

color-coded with low angle grain boundaries (LAGBs) (θ < 15°) in blue and high angle grain 

boundaries (HAGBs) (θ >15°) in black. Due to rapid melting and solidification as well as 

thermal gradients during the SLM process, dislocation walls are formed by the interaction of 

dislocations, which results in a high fraction of sub-grains. Throughout the scanning of each 

layer, the previous layer is re-heated, and the induced heat causes recrystallization and formation 

of HAGBs [27]. However, due to the rapid cooling rates during the SLM process, based on the 

applied scan speed, some residual LAGBs remain in the microstructure of the manufactured 

samples [28,29]. The majority of grain boundaries in both the longitudinal section and top 

surface of SLM manufactured specimens are characterized as HAGBs‎ (with some exceptions, 
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especially at 150 mm.s
-1 

(top surface) related to the presence of non-indexed areas (which mostly 

includes printing defects such as pores, unmolten particles, and very fine grains). It is well 

known that the toughness of a material can be attributed to the fraction of HAGBs in the 

structure since they can hinder crack propagation. Moreover, higher misorientation angle of 

adjacent grain boundaries leads to increased ability of the material to resist crack propagation 

[30]. Hence, if only the effect of grain boundary misorientation is considered, the highest 

toughness value can be expected in the sample containing the highest fraction of HAGBs. As 

previously reported, the sample obtained at the scan speed of 55 mm.s
-1

 showed the highest 

fracture toughness value of 25.9 MPa.m
1/2

 and the sample manufactured at the scan speed of 150 

mm.s
-1

 showed the lowest value (18.88 MPa.m
1/2

) [15]. Although various factors affect fracture 

toughness (grain size, defects, and uniform distribution of grain), the higher fraction of HAGBs 

on the surface of the sample manufactured at 55 mm.s
-1

 can explain the improvement of fracture 

toughness.  

 

 

Fig. 7. Grain boundary misorientation distribution profiles and grain boundary maps obtained 

from the top surface of the SLM manufactured samples with different scan speeds, (a, g) 150 

mm
.
s

-1
, (b, h) 95 mm

.
s

-1
, (c, i) 60 mm

.
s

-1
, (d, j) 55 mm

.
s

-1
, and (e, k) 50 mm

.
s

-1
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Fig. 8. Grain boundary misorientation distribution profiles and grain boundary maps obtained 

from the logitudinal section of SLM manufactured samples at different scan speeds, (a, g) 150 

mm
.
s

-1
, (b, h) 95 mm

.
s

-1
, (c, i) 60 mm

.
s

-1
, (d, j) 55 mm

.
s

-1
, and (e, k) 50 mm

.
s

-1 

 

3.3 Texture evaluation 

3.3.1 X-ray analysis 

Macrotexture measurements were conducted to investigate the effect of SLM process on 

texture formation. Pole figures and orientation distribution function (ODF) maps of SLM 

manufactured samples are shown in Fig. 9. The ideal texture components of face center cubic 

(FCC) material are presented in table 1. It seems that fiber textures have developed during SLM 

at different scan speeds. Moreover, as shown in the ODF maps, Cube, Goss, and Brass can be 

considered as the main texture components in the specimens. 

 

Table. 1. The ideal texture components of FCC material [31] 

Texture component Symbol 

Euler angles 

Miller indices Fiber Φ1/° ϕ/° Φ2/° 

Cube(C)  45   0 45  {001}<100> -  

Goss(G)   90 90  45  {110}<001> α/τ   

Brass(B)  55  90 45 {110}<112> α/β  
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Copper(Cu)  90  35 45 {112}<111> τ/β 

G/B   74 90 45 {110}<115>  α 

Rotated cube (Rt-C)  0/90  0 45 {001}<110> τ  

Rotate Goss (Rt-G)   0 90 45 {011}<011> α  

A   35 90 45 {110}<111> α  

F  30/90  55 45 {111}<112> γ/τ  

E  0/60  55 45 {111}<011>  γ 

Rotate copper  0  35 45 {112}<011> τ/β  
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Fig. 9. Macroanalyses of ODF maps and pole figures of the longitudinal section of SLM 

processed specimens manufactured at different scan speeds, (a) 150 mm
.
s

-1
, (b) 95 mm

.
s

-1
, (c) 60 

mm
.
s

-1
, (d) 55 mm

.
s

-1
, and (e) 50 mm

.
s

-1
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3.3.2 EBSD analysis 

ODF and pole figures of the longitudinal section of SLM manufactured samples are shown in 

Fig. 10. ODF and pole figures do not show obvious dominating textures in SLM manufactured 

cermets, but some relatively weak components can be observed. All samples show stronger 

texture intensity in (001) pole figures compared to other orientations in the normal direction (i.e., 

radial direction). However, the maximum texture intensities in pole figures are roughly 2.14, 

3.70, 2.12, 3.38, and 2.83 (versus random texture), which can be considered random. This lack of 

dominant texture in EBSD analyses can be illustrated by the non-uniform temperature gradient in 

the melt pool due to the nucleation of TiC through exothermic in situ reaction between Ti and C 

in the different parts of the melt pool as well as the 60˚ rotation scan strategies, which leads to 

the absence of a preferred direction of solidification. 
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Fig. 10. ODF maps and pole figures of longitudinal sections of SLM processed specimens 

manufactured at different scan speeds, (a) 150 mm
.
s

-1
, (b) 95 mm

.
s

-1
, (c) 60 mm

.
s

-1
, (d) 55 mm

.
s

-

1
, and (e) 50 mm

.
s

-1 
 

 

Fig. 11 shows the inverse pole figure (IPF) charts obtained from EBSD analysis on the top 

surface of SLM manufactured specimens. Similar to the longitudinal section, there is no sign of 
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dominant texture on the top surface. The maximum intensity is relatively low in all of the 

samples (from 1.286 to 2.196 versus random texture). In the specimens manufactured at scan 

speeds of 150 mm
.
s

-1 
and 95 mm

.
s

-1
, the detected points have accumulated between (001)//BD 

and (111)//BD directions. Points have accumulated at (001)//BD in the sample manufactured at a 

scan speed of 60 mm
.
s

-1 
and (101)//BD in the samples manufactured at scan speeds of 55 mm

.
s

-1 

and 50 mm
.
s

-1
. 

 

 

Fig. 11. BD IPFs of SLM processed specimens manufactured at different scan speeds, (a) 150 

mm
.
s

-1
, (b) 95 mm

.
s

-1
, (c) 60 mm

.
s

-1
, (d) 55 mm

.
s

-1
, and (e) 50 mm

.
s

-1
 

 

3.2.3 Schmid factor 

Figs. 12-13 show the distribution of grain orientation relative to building direction in the form of 

Schmid factors on the top surface and longitudinal section of the manufactured specimens. It  has 
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been acknowledged that the plastic deformation ability of a material can be characterized by its 

Schmid factor [32]. Plastic deformation arises when the resolved shear stress in the slip plane 

and slip direction reaches the crucial value. Therefore, according to the following formula, 

higher Schmid factors lead to lower yield stress and higher toughness and ductility [33,34]. 

τ𝐶 = 𝛿𝑠 cos 𝜆 cos ∅ 

cos λ cos∅ is the Schmid factor (SF), τc is the intrinsic coefficient of materials, which is 

determined by the material itself, and σs is the yield strength of the material. 
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Fig. 12. Schmid factor maps and distribution profiles of the top surface of SLM processed 

samples manufactured at different scan speeds, (a) 150 mm
.
s

-1
, (b) 95 mm

.
s

-1
, (c) 60 mm

.
s

-1
, (d) 

55 mm
.
s

-1
, and (e) 50 mm

.
s

-1
 

 

 

Fig. 13. Schmid factor maps and distribution profiles of the longitudinal section of SLM 

processed samples manufactured at different scan speeds, (a) 150 mm
.
s

-1
, (b) 95 mm

.
s

-1
, (c) 60 

mm
.
s

-1
, (d) 55 mm

.
s

-1
, and (e) 50 mm

.
s

-1
 

 

4. Conclusion 
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1. Among the two possible solidification phenomena (heterogeneous nucleation and 

epitaxial growth), heterogeneous nucleation is proposed to possess the dominant role 

during solidification. 

2. Rotation scan strategy and exothermic in situ reaction seemed to be responsible for the 

near random texture, and α-fiber was the obvious texture in ODF maps of microtexture 

and macrotexture analyses. 

3. KAM distribution maps revealed the lowest average KAM in the sample manufactured at 

a scan speed of 55 mm
.
s

-1
, considering both top surface and longitudinal sections of the 

SLM samples; this means that the lowest thermal strain and number of dislocations were 

obtained in the sample produced with this scanning speed. 
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Highlights 

 The exothermic Ti /C reaction changes the temperature gradient in the melt pool. 

 Heterogeneous nucleation was proposed to possess the dominant role during 

solidification. 

 In-situ TiC reaction and 60˚ rotation scan strategy affects the texture evolution during the 

SLM process 

 The micro and macro texture of manufacture specimens was nearly random 
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