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Abstract 

In present research, the effect of building orientation on microstructure, texture and mechanical 

properties of a low carbon maraging steel processed by selective laser melting (SLM) technique is studied. 

The microstructural characterization and grain structure observations of the printed samples are carried 

out using electron microscopies and electron backscatter diffraction. It is observed that by varying the 

building orientation from vertical to horizontal, the morphology of the grains changes from columnar-

dendritic to equiaxed. Besides, a higher volume fraction of austenite is retained in the horizontal sample's 

microstructure compared with the vertically printed sample due to a faster cooling rate, higher degree of 

micro-segregation, and finner prior austenite grains. Consequently, a higher strength and better ductility 

are achieved in the horizontally printed sample. The Taylor factor, that measures the tendency of grains 

to slip, shows that different obtained tensile properties are not related to the crystallographic texture but 

are affected by grain size, retained austenite, and stress concentration conditions. 
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1. Introduction  

Additive manufacturing (AM) technologies are used to manufacture complex and/or customized different 

metallic parts, i.e., steels [1], Ti- [2ς4], Ni- [5], Al- [6ς8], and Mg- [9,10] based alloys. Powder bed fusion 

(PBF) techniques, such as selective laser melting (SLM), have been among the most popular AM processes 

where a powder bed is selectively fused using thermal energy to build parts having complex geometry 

and fine microstructural features [11]. It has been shown that the manufactured parts can reveal better 

mechanical properties than those of conventional counterparts [12].  

Martensitic precipitation hardening (PH) stainless steels, also known as maraging stainless steels, 

have been recently additively manufactured (AM) using the SLM process and showed superior strength, 

high corrosion resistance, and good ductility compared to those processed by conventional processes [13ς

15]. This excellent combination of properties makes maraging stainless steels potential candidates for 

harsh service conditions, where there is a need for excellent corrosion resistance and superior mechanical 

strength such as marine, power-plant, aerospace, nuclear, and moulding industries [11]. Maraging 

stainless steels usually consist of a low carbon martensitic matrix along with some strengthening nano-

scale intermetallics [16]. Recently, a new grade of maraging steels known as Corrax stainless steel (CX SS) 

has been developed by Uddeholm company [17] in which the level of the expensive element of Ni has 

decreased to ~8 wt.%, which is lower than that of the traditional maraging steels with ~18 wt.% Ni. 

Besides, the chemical composition of the CX SS is free of Ti alloying element [18]. This alloy has recently 

attracted more attention due to its extraordinary properties [19]. The enhanced mechanical properties of 

CX steel are ŀƭǎƻ ŘǳŜ ǘƻ ǘƘŜ ʲ-NiAl precipitates, which form during aging at temperatures above 400°C 

[18]. Considering the advantages of this newly developed stainless steel over the traditional maraging 

steels, the CX SS could be a suitable choice for applications such as plastic manufacturing, injection moulds 

for different industries, and extrusion dies. 

Although several studies have investigated the AM process of traditional maraging stainless steels 

[20ς22], considering the novelty of this family of stainless steels, there is little literature on AM of CX SS. 

Accordingly, the microstructure change and texture development of CX SS parts through the AM process, 

such as the SLM, are not well understood. Additionally, these features are not predictable as they are 

designed to be present after conventional manufacturing processing. 



3 
 

Preferred orientation or texture is developed at almost every stage of material processing. In fact, 

it is challenging to completely avoid texture at any stage of processing. However, in most cases, these 

textures are modified in post-processing stages, such as heat treatment. The most important 

developments in texture evolution take place during plastic deformation and subsequent recrystallization. 

The solidification texture directly influences the deformation texture and indirectly influences the 

annealing texture [23]. Therefore, it is both scientifically and technologically very important to understand 

the evolution of solidification texture. 

Like other AM operations, the material experiences a complex thermal history with a significant 

high thermal gradient through SLM. In the SLM process, some areas might be melted and solidified several 

times, accumulating stresses due to inconsistent heating levels. These residual stresses are inherent in 

the melting and solidification process, which is challenging in the SLM products [11,24]. The thermal 

history of a part manufactured by SLM depends on its chemistry, geometry, and process parameters. 

Therefore, microstructure, residual stresses, crystallographic texture, and mechanical properties could be 

strongly influenced by SLM processing parameters [13,25,26].   

Building orientation or printing orientation is a prominent process parameter that can significantly 

alter the partsΩ microstructure and crystallographic texture. This is associated with the fact that building 

orientation can change the manufacturing speed, the number of thermal cycles, and thermal boundary 

conditions [26]. Therefore, to enhance the properties of the SLM part, it is crucial that the impact of 

building orientation on mechanical and microstructural properties is fully understood. This paper aims to 

study the impact of the building orientation during the SLM process on the microstructural development, 

crystallographic texture, and tensile properties of the CX maraging steel. 

2. Material and methods 

Table 1 summarizes the chemical composition of the virgin gas-atomized CX powder used in the present 

research. The shape of most of the powders were spherical, and analysis of the particle size distribution 

revealed the powder mean particle size of отΦр ˃Ƴ.  

 

Table 1. Nominal chemical composition of the starting powder. 

Element Ni Mn Al Si Mo C Cr Fe 

wt.% 8.4-10 0.40 1.2-2 0.40 1.1-1.7 0.05 11-13 Bal 

 

The samples were produced via an EOS M290 machine with laser power of 258.7 W, layer 

thickness of 30 µm, scanning speed of 1066.7 mm/s and a hatch distance of 100 µm. The rod samples 
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were printed under a protective argon atmosphere via an alternating scanning map in which the direction 

of laser scanning is rotated 67° after building each layer, cf. Fig. 1. 

  In the present research, the rod-shaped parts were printed in vertical and horizontal directions, 

as illustrated in Fig. 1. The microstructure of printed samples was analyzed via FEI Nova NanoSEM-650 

field emission gun scanning electron microscope (FEG-SEM) and FEI Tecnai Osiris transmission electron 

microscopies (TEM). The grain structure and crystallographic texture were studied using electron 

backscattered diffraction (EBSD) technique. Sample preparation for SEM analysis conducted using 

grounding, polishing, and etching with ŀ .ŜǊŀƘŀΩǎ tint etchant (100 mL water, 20 ml HCl, 2.4 g NH4HF2 and 

100 mg K2S2O5) for 40 seconds. For the EBSD analysis, after grounding, the specimens were electrolytically 

polished. The EBSD scans were conducted on 70° tilted samples with a step size of 0.47 µm and the data 

were analyzed using OIM 8 software. The TEM foils were extracted via a focused ion beam FEI Helios 

Nanolab-650 dual-beam apparatus.  

The constitutional phases were determined by the X-ray diffraction (XRD) method. The XRD 

measurements were conducted on building direction (BD) plane, using a Siemens D5000 diffractometer 

and Mo-ka source (40 kV and 40 mA) under the step scan of 0.02°. XRD patterns were collected ƛƴ ǘƘŜ нʻ 

range from 26° to 40° with a dwell time of 20 s. The fraction of the austenite was determined by the direct 

comparison method [27,28] using the integrated intensity of the (200)a, (211)a, (220)g and (311)g peaks. 

¢ƘŜǎŜ ǇŜŀƪǎ ƭƛŜ ǿƛǘƘƛƴ ǘƘŜ ŜƳǇƭƻȅŜŘ ǊŀƴƎŜ ƻŦ нʻ ƛƴ ǘƘƛǎ ǎǘǳŘȅΦ 

Tensile samples having a gauge length of 32 mm and the diameter of 6 mm were extracted from 

the printed samples. The uniaxial tensile experiments, with an engineering strain rate of 9 × 10ҍ4 /s, were 

conducted using Instron 1332 tensile machine, with a hydraulic load frame, to evaluate the mechanical 

properties. A 25 mm Instron extensometer was used to accurately measure elongation. Notably, three 

tensile samples were examined for each building orientation 
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Fig. 1.  Illustration of the printed rods and the scan strategy (all dimensions are in mm). 

3. Results 

3.1. Microstructure and solidification morphology 

To study the impact of printing direction on the microstructure, the plane parallel to the building 

orientation (Z-Y plane) for both samples was cut and considered for the microstructure observations. 

 

Fig.  2. Secondary-electron SEM micrographs, in Y-Z plane, at different magnifications, (a) and (b): vertically printed 
rod, (c) and (d): horizontally printed rod. 
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As shown in Fig. 2, the crack-free samples were achieved in both horizontal and vertical directions. 

The etching reveals the half-elliptical shaped melt pools in the microstructure (cf. Fig. 2a and c) which 

form the fish scale appearances typical of the SLM parts [12]. The measurements based on pixel count 

determined the melt pool height of 65 ± 7 and 55 ± 5 ˃ Ƴ for vertical and horizontal samples, respectively. 

In both samples, the height of the melt pool is larger than the height ƻŦ ǘƘŜ ǇƻǿŘŜǊ ƭŀȅŜǊ όол ˃ƳύΣ 

indicating partial re-melting of the previously formed layers. In terms of solidification morphology, the 

microstructure is mainly columnar and equiaxed in the horizontally printed sample and cellular-columnar 

in the vertically printed one, consistent with previous reports [1,29]. Using analyzing the SEM images, the 

intercolumnar spacing in the range of 300-600 nm was measured for printed rods. The formation of such 

a fine solidified structure is ascribed by rapid cooling rates associated with the SLM technique (up to ρπ 

K/s), preventing the development of secondary dendrite arms during the solidification process [30]. For 

both vertical and horizontal builds, martensite packets containing parallel laths can be observed. 

Considering the fact that the martensite laths are usually very fine, so they cannot be to be observed 

obviously in the SEM photos. However, as can be seen, the martensite blocks containing the parallel laths 

along with prior austenite grain boundaries are the main features of the microstructure. Higher 

magnification images, cf. Figs. 2b and d, clearly show that most of the grains with columnar morphology 

are approximately formed perpendicular to the melt pool borders. During the solidification, the grains 

prefer to grow perpendicular to the solid/liquid (S/L) surface because this direction provides the highest 

thermal gradient and, in turn, the highest driving force for solidification [30]. It is noted that no sign of 

precipitates was found in the SEM microstructures. 

3.2 Grain morphology and orientation 

Fig. 3 presents the building direction inverse pole figure (BD-IPF) images of different samples. Considering 

the importance of the crystallographic information along the building direction, the BD-IPF maps are 

analyzed. 
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Fig.  3. The microstructure of (Y-Z plane) of the SLM produced maraging steel samples, (a) and (b): IPFs of 
horizontal and vertical rods, respectively, (c) and (d): corresponding grain boundary maps (continuous black lines 

denote the melt pool boundaries), (e) and (f) corresponding phase maps. 
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It is observed that the printing of the samples in various directions leads to different 

microstructure developments. In terms of phase analysis, martensite is identified as the dominant phase 

for both samples. The EBSD phase map analysis showed the presence of retained austenite phase in both 

printed samples. Along with EBSD measurements, negligible and 12 vol% of RA phase were detected in 

the XRD measurements for vertically and horizontally printed rods, respectively.  

The formation of the RA has been previously reported in AM martensitic stainless steels [18]. The 

difference in the RA levels is related to different solidification conditions. 

In the horizontal sample, both columnar and equiaxed grains are observed. Most fine equiaxed 

grains are observed at the center of melt pools and below the melt pool boundaries, whereas the 

columnar grains are formed along the building direction inside the melt pools. The columnar grain 

morphology formation is related to high cooling condition experiencing during AM, which changes the 

manner of solidification from planar to columnar or epitaxial, i.e. a continuous growth of columnar grains 

beyond the melt pool boundaries [31]. This bimodal structure has been reported during the AM of steels 

[20]. Development of refined grains below the melt pool boundaries can be ascribed to heating and 

cooling cycles applied to deposited materials below the fused layer. The materials below the melt pool 

boundary experience heating cycles with a temperature higher than the upper critical temperature (Ac3), 

resulting in re-austenitization. Since the heating rate is very high, the formed austenite grains do not find 

sufficient time to grow and maintain their small size. During subsequent cooling, this austenite transforms 

into new martensite. 

In contrast with the horizontal sample, the vertically printed sample's microstructure mainly 

consists of large elongated columnar grains parallel to the building direction covering several melt pool 

boundaries, i.e. dominance of epitaxial growth. Moreover, it is seen that the columnar grains do not 

propagate exactly parallel to the building direction, whereby a slight inclination is observed between the 

building and growth directions. This is related to the local variations of heat transfer [32].  

Considering the effect of grain shape on tensile properties, a quantified approach based on the 

aspect ratio definition is followed. An ellipse is fitted to the grain and the aspect ratio is measured by 

dividing the length of the minor axis (L1) over the length of the major axis (L2). The threshold for 

distinguishing columnar and equiaxed grain is the aspect ratio of 0.33 [31]. Grains having an aspect ratio 

higher and lower than this value are considered as equiaxed and columnar, respectively. Fig. 4 shows the 

analysis of the grain size and the morphology corresponding to Fig. 3.  
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Fig.  4. The impact of building orientation on the grain size and morphology, (a) and (b): grain shape aspect ratio 
map for horizontally and vertically printed rods, respectively, (c) grain size distribution chart, and (d) grain shape 

aspect ratio distribution chart. 

From Fig. 4, by varying the building orientation from horizontal to vertical increases the average 

value of the grain size from 3.98 ± 3.05 to 11.57 ± 9.14 µm. During horizontal printing, most of the grains 

(68%) are equiaxed, while in vertically printed samples, the columnar morphology is dominant (66%). This 

morphological difference is due to different solidification conditions during processing [33]. 

3.3 TEM observations and analysis 

Fig. 5 a and b show the bright field (BF) pictures taken in scanning mode (STEM), while Fig. 5 c and d 

present the corresponding high-angle annular dark fields (HAADF) images for printed samples. A typical 
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lath martensite structure is observed in both samples similar to structures that have been obtained in 

many low carbon maraging stainless steels [34]. 

 

Fig.  5. The STEM images of the martensite structure in (a) and (b) The bright field images for horizontal and 
vertical sample, respectively (Red arrows indicate the RA phase), (c) and (d) The corresponding HAADF images.  

Small austenite grains with either an elliptic shape or granular shape are present along with the martensite 

laths or triple points marked with red arrows in Fig. 5 a and b. A higher amount of RA is visible in the 

horizontally printed sample's microstructure, confirming the XRD results.  

          Fig. 6 shows HAADF images along with corresponding EDS elemental maps. Some fine spherical 

particles are seen in the microstructure of printed samples. Corresponding EDS elemental maps reveal 



11 
 

that these particles are rich in Al and O, which indicates the formation of Al-O compounds due to oxidation 

during the melting process  [35,36]. 

 

Fig.  6: HAADF images of (a) Horizontal sample, and (b) vertical sample with corresponding EDS analysis.   

      There is no meaningful difference in the fraction of these particles in both samples, which might be 

due to the use of the same process parameters for both samples. It should be mentioned that the size of 

these oxides is much smaller than the large oxide inclusions (> 1µm) in conventional martensitic stainless 

steels [14]. The EDS map analysis also reveals the segregation of some elements such as Ni and Cr within 

the laths. Since each lath consists of several cells, this micro-segregation is related to solidification 

behavior during the SLM process. It is noted that the segregation of some austenite stabilizer elements 

such as Ni can suppress the martensitic transformation and promote the RA phase presence [37]. 

Comparing the EDS results shows that a higher degree of micro-segregation has occurred in horizontal 

sample than the vertical sample. 
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3.4 Crystallographic Texture 

Fig. 7 illustrates the pole figures (PFs) of the martensite for vertically and horizontally printed rods. As can 

be seen, weak textures are developed for both samples. Other studies also have reported the texture 

weakening during the AM of shipbuilding steel [38], 17- 4 PH stainless steel [39], and HY100 steel [40]. 

 

Fig.  7. The impact of building orientation on texture evaluation. Pole figures of BCC structure constituent for (a) 
horizontal sample, and (b) vertical sample. 

As exported from the PFs, the martensite textures show an almost axial symmetry around the 

building direction (BD). This symmetry is more evident in the vertically printed sample. In the horizontal 

sample, Fig. 7a, the (001) and (111) PFs exhibit the maximum intensity of martensite; however, only (111) 

PF reveals the peak in the center. In the vertical sample, Fig. 7b, the maximum intensity of martensite 

texture occurs in (111) PF, and the second maximum is observed at (001) PF; however, the <111> II BD is 

considered as the dominant fiber texture. 
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3.5 Mechanical properties under uniaxial tension 

Fig. 8a illustrates the engineering stress-engineering strain behaviors for different samples under the 

uniaxial tensile test. 

 

Fig. 8. (a) Comparison of uniaxial tensile test curves for different samples, and (b) work hardening behavior in 

terms of modified CrussardςJaoul plot (ˋ ŘŜƴƻǘŜǎ ǘƘŜ ǘǊǳŜ ǎǘǊŜǎǎ, and ̒  indicates the strain hardening rate ( )). 
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Table. 2 compares the tensile properties of samples processed in different orientations. It is 

noticeable that the absorbed energy before fracture Ὁ  is calculated based on the area below the stress-

strain curve as follows [41]: 

Ὁ ᷿ „‐Ὠ‐            [1] 

where ‐  is defined as the true strain at the fracture. In the present research, the hardening capacity, Ὄ , 

of the samples is defined as [42]  

Ὄ            [2] 

in which „  and „ denotes ultimate tensile and yield strength, respectively.  

 

Table 2. Tensile results at different building orientations. 

Building 

orientation 

E 

(GPa) 

 

0.2% 

Yield 

stress 

(MPa) 

Ultimate 

tensile 

strength 

(MPa) 

Uniform 

elongation 

(%) 

Total 

elongation 

(%) 

Absorbed 

energy 

before 

fracture 

(J/cm2) 

Hardening 

capacity 

Horizontal 164.5 807 ± 1092 ± 7 ± 21.2 ± 197.2 ± 0.35 ± 

Vertical 160.7 1036 

± 

1085 ± 1.1 ± 5.7 ± 45.6 ± 0.05 ± 

 

It is obvious that the building orientation significantly affects the tensile characteristics. A 

continuous yielding is evident for both samples. The vertically printed sample reveals higher yield stress 

(YS), while its ultimate tensile strength (UTS) is slightly lower than the horizontally printed sample. Both 

uniform and total elongation of the horizontal sample are significantly higher than those of the vertical 

sample, indicating higher ductility. However, the building orientation does ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘ ¸ƻǳƴƎΩǎ 

modulus. From Table 2, the horizontal rod reveals an apparent higher hardening capacity (0.35) compared 

with that of the vertical sample (0.05), which is related to the work hardening behavior. Although the 

work-hardening behavior has a determining impact on tensile properties, it is rarely reported for the SLM 

manufactured steels. Fig. 8b shows the work-hardening behavior during uniform elongation of the printed 

samples via the modified CrussardςJaoul (CςJ) method. It is noticeable that the modified C-J method is 

developed based on the Swift model [43], as follows: 

‐ ‐ Ὧ„            [3] 
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where ‐, „ and ά are true strain, true stress, and strain hardening exponent, respectively. The K indicates 

a material constant and ‐ is defined as initial true strain. After differentiating to ‐ and then presenting in 

logarithmic form, the following equation is developed: 

ÌÎ ρ άὰὲ„ÌÎ Ὧά        [4] 

Accordingly, the strain hardening exponent (m) can be calculated using linear regression. The 

curves obtained for samples show two stages of strain hardening where the first stage is associated with 

the deformation of martensite, and the second stage may be related to strain-hardening saturation due 

to dynamic recovery [44]. The value calculated for strain hardening exponent (m) corresponding to the 

first stage of the vertical sample (31.8) is much higher than that of the horizontal sample (7.8). The values 

of 58.7 and 37.8 also are obtained for ά in the second stage for vertically and horizontally printed 

samples, respectively. 

By considering the absorbed energy before the fracture as a measure of toughness, the horizontal 

sample has a toughness about 4.5 times higher than the vertical sample, indicating a better combination 

of strength and ductility. 

4. Discussion 

4.1 Grain morphology 

Considering SEM and EBSD results, Figs. 2 and 3, the main microstructural change for different building 

orientations is cellular-columnar morphology in the vertical sample versus columnar-equiaxed in the 

horizontal one. This difference is mainly related to altered local solidification conditions by changing the 

building orientations [31]. In fact, the grain morphology during solidification is governed by the 

solidification front instability, which is related to undercooling conditions. Increasing the extent of 

undercooling promotes equiaxed dendritic growth. The undercooling is mainly determined by the thermal 

gradient (G) as well as the solid/liquid interface movement speed (R) so that a lower G/R ratio increases 

the undercooling favoring equiaxed solidification morphology. The above explanations and resultant 

microstructure, cf. Fig. 3, suggest that varying the building orientation from vertical to horizontal has led 

to an increment of the solid/liquid (S/L) interface velocity. This can be ascribed by considering the cooling 

conditions occurred during the solidification of samples built in different directions. In fact, higher cooling 

rates decrease the solidification time, leading to a higher velocity of S/L interface. By varying the building 

orientation, the geometry configuration is altered, and the thermal conditions are changed. In the vertical 

rod, the area to be scanned is smaller than that of the horizontal rod, leading to shorter scan lengths. 

Thus, less time is left for the solidified layer to cool down prior to scanning the next track leading to a 
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higher temperature. For the horizontal sample with a larger scan area, the laser beam needs to travel a 

longer distance to scan the track, resulting in more time left for the fused material being cooled, leading 

to a lower temperature. Since most of the heat in SLM is transferred through the deposited layers, the 

fabricated layers of the vertical rod with a higher temperature show a lower ability to heat dissipation, 

which is equivalent to a slower cooling rate in comparison with the horizontal one [45,46]. Moreover, in 

the vertical sample, a larger number of layers are solidified during the past building tracks compared with 

the horizontal sample, which contributes to decreasing heat dissipation rate resulting in lower cooling 

rates. 

4.2. The effect of building orientation on phase content  

The RA presence could significantly affect the resulting properties, such as mechanical properties. 

Accordingly, the study of the affecting parameters on the RA stability during SLM at different building 

orientations is important. A higher fraction of RA in the horizontally printed sample clearly indicates its 

higher stability of austenite phase during solidification and successive reheating cycles. The finish 

temperature for martensitic transformation (ὓ ) is estimated between -10 and -20Ј# using the the 

thermodynamic data basis in JMat Pro software [47]. Accordingly, the retention of some austenite after 

cooling to the room temperature is expected. The cooling rate is considered a determining factor on the 

austenite stability during martensitic transformation. The higher the cooling rate, the higher possibility of 

austenite retention. However, it is notable that that in the case of SLM process, very high cooling rates 

are experienced either for horizontal or vertical samples. Accordingly, although a higher cooling rate is 

experienced in the horizontally build rod, the cooling rate in the vertical rod is high enough to exceed the 

critical one for martensitic transformation. So, the difference in cooling rates cannot be considered a 

determining factor for the higher fraction of the RA in horizontal sample. 

         Another factor influencing the austenite phase stability during cooling is the prior austenite grain 

(PAG) size.  The refinement of PAGs suppresses the martensitic transformation [48]. It is well known that 

the martensitic transformation proceeds by moving the austenite/martensite interface. The formation of 

a barrier to the movement of this interface suppresses the transformation. Decreasing the PAG size 

increases the strength of the austenite phase, resulting in higher resistance against interface mobility and 

suppression of transformation. Suppression of transformation means higher undercooling needed to 

continue the transformation, which means lower finishing martensite transformation temperature [34]. 

Accordingly, the evaluation of PAG size gives more insight into austenite stability during the SLM 

processing. Fig. 8 illustrates the IPF as well as the grain size distribution of the reconstructed PAG 

corresponding to Fig. 3, reconstructed based on the approach defined in [49]. It is seen that the rod 
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printed in the vertical direction has a higher PAG size (51.2 µm) than the rod printed in the horizontal 

direction (27.3 µm). Hence, it contributes to a higher fraction of RA in the horizontally printed sample. 

 

Fig.  9. Reconstruction of PAGs for (a) horizontal sample, (b) vertical sample (Black lines indicate the high angle 
boundaries (higher than 15°), and (c) the grain size distribution of different samples, showing larger PAG size in 

vertical sample. 

Another reason for the low content of retained austenite in vertical sample could be the lower degree of 

micro-segregation due to the lower cooling rates during solidification process. In fact,  occurrence of 

micro-segregation of alloying elements, such as Ni, has a determining contribution on austenite retention 
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during solidification [50]. Besides, the higher number of successive reheating cycles, in short periods, 

which is experienced in vertical sample reduce the chemical inhomogeneities and micro-segregations 

resulting in lowering the fraction of RA. 

 

4.3. Martensite tempering 

During reheating cycles, the pre-existing martensite phases far from the melt pool boundary do not 

transform to the austenite but experience a non-isothermal tempering phenomenon. Tempering of 

martensite is associated with laths recovery, decreasing the dislocation densities, and releasing the 

internal stresses remained in the microstructure [51]. Kernel average misorientation (KAM) can be 

considered a useful method to evaluate the internal stresses. Fig. 10 shows the KAM maps corresponding 

to vertical and horizontal samples. The lower KAM value in the vertical rod is related to the phenomenon 

that reduces the structure's internal stresses, one of which is martensite tempering. 

 

Fig. 10. The KAM maps used to evaluate internal stresses in (a) horizontally printed sample, and (b) vertically 
printed sample. 

In the current study, martensite tempering or recovery occurs under a non-isothermal condition 

whereby the holding period at tempering temperature is very short, so the heating and cooling rates 

determine the severity of the recovery [51]. In the vertical rod with lower heating and cooling rates, the 

martensite phase is exposed to the heat for a longer time, resulting in a higher degree of recovery and 

reducing the structure's internal stresses. It is noted that under these conditions, the martensite is 
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partially recovered. Fig. 11 shows the substructure within a lath of martensite, which indicates this point 

too. 

 

Fig. 11. Martensite laths showing incomplete recovery of lath substructure of martensite in vertical sample. 

 

It is seen that areas with a high density of dislocation co-exist with low density dislocation areas. The 

yellow arrows in Fig. 11 show the possible migration path for dislocations to recover the lath, indicating 

incomplete recovery due to an insufficient time available in non-isothermal tempering.  This depicts the 

uncompleted (partial) type of tempering because of fast heating and cooling cycles during the SLM 

process. 

Another parameter that results in higher KAM values for the horizontal sample in comparison with that 

of the vertical is the smaller PAGs. The PAG size affects martensitic transformation and consequently the 

stored energy during the transformation and could result in producing dislocations. In fact, martensitic 

transformation inside the small PAGs produces a higher density of dislocations in comparison with that of 

the larger PAGs [52]. 
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4.4 The effect of building orientation on developed crystallographic texture  

There is no strong texture evolved during the printing of both vertical and horizontal samples. One 

contributing factor to this texture weakening is the variation of the scanning direction among the layers 

[53]. The texture of the solidified metal is considerably impacted by the heat flux direction during the 

solidification process. The heat flux direction is varied by rotating the scan direction between the layers 

(cf. Fig. 1), leading to lower overall crystallographic texture. Furthermore, the solid-state martensitic 

transformation during cooling also contributes to texture weakening. 

Considering the simultaneous presence of equiaxed and columnar grains in the microstructure of 

manufactured samples, distinguishing each morphology's contribution to texture development can 

provide a better understanding of the crystallographic texture. In this context, Fig. 12 shows the 

orientation distribution function (ODF) plots, in • τυЈ section, for columnar, equiaxed, and all grains 

for both vertical and horizontal samples. 
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Fig. 12. Contribution of each grain morphology into texture development (• τυЈ ODF sections for different 
grain morphologies in the horizontally and vertically manufactured rods) 

Considering the ODF of all grains in the vertical sample, Fig. 12a, the components belong to 

gamma fiber (<111> II BD), and theta fiber (<100> II BD) are intensified, which is in line with the fibrous 

nature of the textures showed in the PFs, cf. Fig. 7. In the horizontal sample, the ODF of all grains reveals 

an intensified gamma fiber. However, its intensity is lower than in the vertical sample. In the theta fiber, 

only the rotated-cube (R-Cube) components are present. Considering Fig. 12a, it is seen that the texture 

of columnar grains is very similar to the overall texture of the vertical sample, but some differences can 

be seen in the texture of equiaxed grains. In the ODF of equiaxed grains for the vertical sample, the R-

Cube and ρρρρρς components are absent in <100> II BD and <111> II BD fibers, respectively. Overall, 


