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Abstract: Small objects of an alloy tool steel were built by selective laser melting at different scan
speeds, and their microstructures were analyzed using electron backscatter diffraction (EBSD).
To present an explicit correlation with the local thermal cycles in the objects, prior austenite grains
were reconstructed using the EBSD mapping data. Extensive growth of austenitic grains after
solidification could be detected by the disagreement between the networks of carbides and austenite
grain boundaries. A rapid laser scan at 2000 mm/s led to less growth, but retained a larger amount of
austenite than a slow one at 50 mm/s. The rapid scan also exhibited definite evolution of Goss-type
textures in austenite, which could be attributed to the growth of austenitic grains under a steep
temperature gradient. The local variations in the microstructures and the textures enabled us to
speculate the locally different thermal cycles determined by the different process conditions, that is,
scan speeds.

Keywords: additive manufacturing; selective laser melting; tool steel; microstructure; texture; electron
backscatter diffraction

1. Introduction

Recently, additive manufacturing (AM) has been intensively investigated and has found practical
usages in many sections of manufacturing industries [1–3]. Various AM technologies have been
developed for various materials [2–5]. For metallic materials, it is generally implemented by selective
melting of powder with laser or electron beams [3–10]. Many kinds of metallic powder have been
tested for application in mechanical or functional parts [3,6–22] and a few new alloys dedicated to AM
are being developed [14,21,22].

As they constitute the major part of the current engineering metals, steels can make a great
contribution to the spread of AM applications. Among various steels, tool steels are well suited
to AM [17–23], and become parts of the representative commercial steel powder for AM [23].
They generally have high alloy contents and suffer from excessive heterogeneities owing to segregation
when they are provided via the conventional ingot metallurgy route [24]. Thus, the fine and
homogeneous microstructures produced by selective melting of powder [17–22] should be much more
attractive. Machinability of the conventional wrought or cast tool steels is an important requirement by
toolers [24], and the near-net-shape by AM should be another attraction to these difficult-to-machine
materials. The conventional powder metallurgy routes have been adopted to some commercial alloy
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tool steels to attain the microstructural refinement and homogeneity [24]. However, the sizes and
shapes of the products by their consolidation processes are often restricted, and they would require
a long process time to make the final parts of tools and dies from powder [24]. On the other hand,
AM by the selective melting has better flexibility and promptness to meet various demands (such
as geometry and lead time) by various consumers [1,2], and thus is more suited to the nature of the
tools and dies market, that is, small quantity and customization. For other metallic materials, AM is
preferred in these types of markets such as the metallic implants of titanium alloys [23].

In spite of the aforementioned advantages, only a limited number of documents are still found
on the AM applications of tool steels [17–22], while most of them dealt with standard hot-work or
plastic tool steels such as AISI H13 and P20 [17–20]. It would be harder to find ones that dealt with
more highly alloyed cold-work tool steels [21,22]. Although those works reported some results of
microscopic observations [17–22], more detailed and quantitative information on the morphologic and
the crystallographic characteristics of the microstructures would improve the current knowledge for
the AM of tool steels.

The mostly martensitic matrix of tool steels generally causes difficulties in the characterization
of their microstructures. Owing to the complicated subdivision of the parent phase (i.e., austenite)
by martensitic transformation [25], it would be substantially difficult to deduce a simple correlation
between microstructural features (e.g., grain size and texture) and process conditions.

In this study, quantitative micro-texture analyses using electron backscatter diffraction (EBSD)
were performed on the powder and the AM objects of a cold-work tool steel. In order to gain an
explicit correlation between the microstructures and process conditions, a recent technique for the
reconstruction of prior austenite grains [26–28] was utilized. Thus, this study could provide a useful
example of the procedures to characterize the microstructures of tool and other martensitic steels
for AM.

2. Material and Methods

The chemical composition of the steel powder is presented in Table 1. This alloy was originally
designed as a wrought tool steel for cold stamping applications [29]. It exhibited an excellent balance
between wear resistance and toughness, but had problems with segregation and machinability [29].
Thus, this non-commercial alloy was chosen as a candidate to test the feasibility of high-alloyed tool
steels for AM. Some preliminary characterization of the microstructures in the powder and the AM
objects can be found in an authors’ previous work [22].

Table 1. Chemical composition of the tool steel powder (wt. %) [22].

C Si Mn Cr Ni Mo Nb V W Cu Fe

0.89 0.20 0.30 5.29 0.17 2.78 1.22 0.42 0.19 0.19 Bal.

The powder was fabricated with a high-pressure hot gas atomizer, HERMIGA 100/25 by PSI [22].
With the powder of diameters 10–45 µm, small cuboidal objects were built by selective laser melting
(SLM) using a powder bed fusion (PBF) type printer, ConceptLaser by MLab. The power and diameter
of the laser beam were 90 W and 110 µm, respectively. The thickness per single layer of deposition was
25 µm and the spacing between the scan line was 80 µm. The scan direction was repeatedly inversed
between the adjacent scan lines. The substrates were plates of austenitic stainless steel, AISI 304.
In Figure 1, the schematic illustrations of the scan pattern and the designed objects are presented with
dimensions. Two AM objects built with a scan speed of 50 and 2000 mm/s (designated as C50 and C2k,
respectively) were used for the micro-textural characterization.
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Figure 1. Additive manufacturing (AM) object by the selective laser melting process (SD: scan 
direction, BD: build direction, the scan pattern is indicated with the alternate arrows) [22] and its 
cross-sectional specimen for the microanalyses with the indicated sampled regions. 

Metallographic sample preparation was performed to examine the powder and the AM objects 
with EBSD. A small amount of the powder was mounted in conductive resin, mechanically ground, 
and polished. It was finally chemo-mechanically polished with colloidal silica. The AM objects were 
sectioned to examine the surfaces that contained the build and the scan directions (BD and SD, 
respectively), as shown in Figure 1. These surfaces were mechanically ground, polished, and finally 
electro-polished with LectroPol-5 by Struers. The electrolyte was 10% perchloric acid in ethanol at 
−20 °C. 

For the micro-texture analyses, an EBSD system, which was installed in a field emission scanning 
electron microscope, JSM 7001F by JEOL (Tokyo, Japan), was used. It consisted of NordlysNano 
detector and AZTEC software by Oxford Instruments. The orientation mapping was performed with 
step sizes of 0.05–0.5 µm, in which the beam energy and the probe current were 15 kV and 5 nA, 
respectively. As shown in Figure 1, the different sampled regions were examined for the AM objects. 
The regions of the upper and the lower layers were the sub-surface regions, about 100 µm apart from 
the top and the bottom surfaces, respectively, owing to the rounded edges of the specimens by 
electro-polishing. 

For postprocessing of the EBSD mapping data, an open source MATLABTM toolbox, MTEX [30–
32], was utilized. As the final martensitic transformation hid much information about the 
microstructure evolution during the processing of martensitic steels, the reconstruction of prior 
austenite grains was performed using the MATLAB tool by Nyyssönen [27,32], which was based on 
the methods by Gomes et al. [28] and MTEX. In the reconstruction procedure, during which the 
clustering [33,34] of martensitic sub-structures was performed, single-element clusters were 
prevented from reconstruction as they would make noises in the results [26]. The other settings of 
parameters followed the recommended ones, that is, 3° of misorientation angle for the detection of 
martensitic subunits and 1.6 of inflation power for clustering [27,28,32]. After the reconstruction, 
grains that were too small, which contained less than five measure points (pixels), were rejected in 
the calculation of grain statistics. In the austenitic grain detection, the definition angle for grain 
boundary misorientation was 5° and the twin boundaries defined by the 60°//<111> misorientation 
(within 5° tolerance) were rejected. 

3. Results 

The microstructures of the powder revealed by the micro-texture analyses are presented in 
Figure 2. A bright network by very fine carbides was observed among the dark matrix in the forward 
scattered electron image of Figure 2a. In the authors’ previous work [22], it was revealed that the 
carbide network formed during solidification and consisted of Nb-rich MC and Mo-rich M2C. Figure 
2b is the phase map from the orientation mapping on the area of Figure 2a. Owing to the very fine 

Figure 1. Additive manufacturing (AM) object by the selective laser melting process (SD: scan direction,
BD: build direction, the scan pattern is indicated with the alternate arrows) [22] and its cross-sectional
specimen for the microanalyses with the indicated sampled regions.

Metallographic sample preparation was performed to examine the powder and the AM objects
with EBSD. A small amount of the powder was mounted in conductive resin, mechanically ground,
and polished. It was finally chemo-mechanically polished with colloidal silica. The AM objects
were sectioned to examine the surfaces that contained the build and the scan directions (BD and SD,
respectively), as shown in Figure 1. These surfaces were mechanically ground, polished, and finally
electro-polished with LectroPol-5 by Struers. The electrolyte was 10% perchloric acid in ethanol at
−20 ◦C.

For the micro-texture analyses, an EBSD system, which was installed in a field emission scanning
electron microscope, JSM 7001F by JEOL (Tokyo, Japan), was used. It consisted of NordlysNano
detector and AZTEC software by Oxford Instruments. The orientation mapping was performed with
step sizes of 0.05–0.5 µm, in which the beam energy and the probe current were 15 kV and 5 nA,
respectively. As shown in Figure 1, the different sampled regions were examined for the AM objects.
The regions of the upper and the lower layers were the sub-surface regions, about 100 µm apart
from the top and the bottom surfaces, respectively, owing to the rounded edges of the specimens
by electro-polishing.

For postprocessing of the EBSD mapping data, an open source MATLABTM toolbox, MTEX [30–32],
was utilized. As the final martensitic transformation hid much information about the microstructure
evolution during the processing of martensitic steels, the reconstruction of prior austenite grains was
performed using the MATLAB tool by Nyyssönen [27,32], which was based on the methods by Gomes
et al. [28] and MTEX. In the reconstruction procedure, during which the clustering [33,34] of martensitic
sub-structures was performed, single-element clusters were prevented from reconstruction as they
would make noises in the results [26]. The other settings of parameters followed the recommended
ones, that is, 3◦ of misorientation angle for the detection of martensitic subunits and 1.6 of inflation
power for clustering [27,28,32]. After the reconstruction, grains that were too small, which contained
less than five measure points (pixels), were rejected in the calculation of grain statistics. In the austenitic
grain detection, the definition angle for grain boundary misorientation was 5◦ and the twin boundaries
defined by the 60◦//<111> misorientation (within 5◦ tolerance) were rejected.

3. Results

The microstructures of the powder revealed by the micro-texture analyses are presented in Figure 2.
A bright network by very fine carbides was observed among the dark matrix in the forward scattered
electron image of Figure 2a. In the authors’ previous work [22], it was revealed that the carbide network
formed during solidification and consisted of Nb-rich MC and Mo-rich M2C. Figure 2b is the phase map
from the orientation mapping on the area of Figure 2a. Owing to the very fine microstructures of the
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powder, the finest step size, that is, 0.05 µm, was set. The matrix was mostly indexed as body-centered
cubic (BCC) steel represented by green color, and thus could be regarded as martensite. Although
the carbides of red (MC) or magenta (M2C) colors are vaguely revealed in Figure 2b owing to their
fineness, it is clear that a substantial amount (16.7%) of face-centered cubic (FCC) steel (i.e., austenite)
with blue color was retained along the carbide network from the comparison with Figure 2a. The fine
carbides and the martensitic subunits of high dislocation contents would make more overlaps or
noises of diffraction patterns, and thus a considerable amount (22.3%) of data points could not be
indexed, and constitute the vacant (white) pixels in Figure 2b. Figure 2c,d are the inverse pole figure
maps (IPF) that represent the crystal directions of BCC and FCC steels parallel to the normal of the
observation surface from the raw and the reconstructed data, respectively. In Figure 2d, the grain
and twin boundaries of the reconstructed austenite are drawn with thick black and thin gray lines,
respectively, from which the average grain size (Feret diameter) of 3.27 µm can be obtained. The grain
boundaries were detected by the misorientation angles larger than 5◦, while the twin boundaries were
defined by the misorientations of 60◦//<111> within 5◦ tolerance. A considerable coincidence can be
found between the carbide network in Figure 2a and the grain boundary network of the reconstructed
prior austenite in Figure 2d. This indicates that the carbide network projects the as-solidified structures
of austenitic grains. On the other hand, the martensitic structure by the raw data, that is, Figure 2c,
hardly gives this kind of information.
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characteristic carbide networks were also found in Figures 3a and 4a, while the network spacing in 
C2k was the finest. In Figure 3b, C50 exhibited the preferential distribution of retained austenite along 
the carbide network as in the powder, whereas the fraction (11.4%) was greatly reduced. On the other 
hand, in Figure 4b, it would be hard to find a definite tendency of retained austenite site along the 
network, and the fraction was greatly increased (22.5%) in C2k. As shown in Figures 3d and 4d, the 
critical difference of the AM objects from the powder was the total loss of the coincidence between 
the carbide network and the austenite boundaries. The prior austenite grains were much larger than 
the cells by the carbide network and exhibited an elongated shape along BD. Meanwhile, the sizes of 
the austenitic grains were finer in C2k than in C50. Additionally, this information is hardly 
recognizable in Figures 3c and 4c by the raw data. 

Figure 2. Microstructure of the powder: (a) image from forward scatter detectors (FSDs); and (b) phase
map by the different phase colors, (c) original and (d) reconstructed inverse pole figure (IPF) map
referred to the normal of the observation surface (Refer to the given color key for a cubic crystal. Grain
boundaries were drawn for misorientation angle >5◦ and the twin boundaries were defined by the
misorientaions of 60◦//<111> within 5◦ tolerance).

Figures 3 and 4 show the representative microstructures at the mid-layers of the AM objects by
orientation mapping with a fine step size (0.1 µm). The carbides were disregarded in the mapping
with step sizes >0.05 µm because of their small sizes and negligible influence on phase maps.
The characteristic carbide networks were also found in Figures 3a and 4a, while the network spacing
in C2k was the finest. In Figure 3b, C50 exhibited the preferential distribution of retained austenite
along the carbide network as in the powder, whereas the fraction (11.4%) was greatly reduced. On the
other hand, in Figure 4b, it would be hard to find a definite tendency of retained austenite site along
the network, and the fraction was greatly increased (22.5%) in C2k. As shown in Figures 3d and
4d, the critical difference of the AM objects from the powder was the total loss of the coincidence
between the carbide network and the austenite boundaries. The prior austenite grains were much
larger than the cells by the carbide network and exhibited an elongated shape along BD. Meanwhile,
the sizes of the austenitic grains were finer in C2k than in C50. Additionally, this information is hardly
recognizable in Figures 3c and 4c by the raw data.
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presents the average fractions over larger areas and confirms this. For all the sampled regions, the 
retained austenitic fraction in C2k was 22.5%, while that in C50 was 11.4%. In addition, C50 exhibited 
more dependency on the sampled region, which is clear in Figure 6. More austenite (blue pixels) was 
present as approaching the top surface of C50, which was also clearly visible in Figure 5a. 

From the reconstructed austenitic orientation maps in Figure 5, the evolution of grain sizes prior 
to the final martensitic transformation can be addressed according to the scan speed and the sampled 
region. C50 definitely had larger grains than C2k and the grain sizes also had a considerable 
correlation with the sampled regions in both specimens. Figure 7 presents the average grain sizes 
according to the scan speed and the regions using the reconstructed maps such as Figure 5c–d,g–h,k–
l. Figure 7a corresponds to the average values over all the detected grains, but fails to represent the 
characteristics visible in Figure 5 because of very fine grains within relatively coarse grains. Figure 
7b,c present the average values after filtering small grains of diameters less than 5 and 10 µm, 
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Qualitatively, Figure 7b would best describe the grain size evolution presented in the reconstructed 
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regions. In C50, the average sizes increased from the lower to the upper layers continually. On the 
other hand, in C2k, the grain sizes on the mid-layers were coarser than on the others. 
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Figure 4. Representative microstructure on the mid-layers of the AM object built at 2000 mm/s (C2k):
(a) FSD image, (b) phase map, and (c) original and (d) reconstructed BD-IPF map (The phase colors,
the IPF color key, and the convention for boundary drawing followed those in Figure 2. The carbides in
(b) and the twin boundaries in (d) were removed for cleanliness).

Figure 5 shows the representative microstructures of the AM objects according to the different
sampled regions. These were obtained by orientation mapping with the largest step size (0.5 µm) to
collect enough numbers of reconstructed austenitic grains. A total of 3–4 maps per each region were
obtained to collect more than 1600 grains per each region for statistical relevance. The AM objects
exhibited distinctly different characteristics according to the process condition, that is, the scan speed,
and to the regions in them.

The phase maps in Figure 5 clearly show the tendency to retain more austenite in C2k. Figure 6
presents the average fractions over larger areas and confirms this. For all the sampled regions,
the retained austenitic fraction in C2k was 22.5%, while that in C50 was 11.4%. In addition, C50 exhibited
more dependency on the sampled region, which is clear in Figure 6. More austenite (blue pixels) was
present as approaching the top surface of C50, which was also clearly visible in Figure 5a.

From the reconstructed austenitic orientation maps in Figure 5, the evolution of grain sizes prior
to the final martensitic transformation can be addressed according to the scan speed and the sampled
region. C50 definitely had larger grains than C2k and the grain sizes also had a considerable correlation
with the sampled regions in both specimens. Figure 7 presents the average grain sizes according to
the scan speed and the regions using the reconstructed maps such as Figure 5c–d,g–h,k–l. Figure 7a
corresponds to the average values over all the detected grains, but fails to represent the characteristics
visible in Figure 5 because of very fine grains within relatively coarse grains. Figure 7b,c present the
average values after filtering small grains of diameters less than 5 and 10 µm, respectively. They agree
much better with the reconstructed maps in Figure 5 than in Figure 7a. Qualitatively, Figure 7b would
best describe the grain size evolution presented in the reconstructed maps. In Figure 7b, the larger
austenitic grains in C50 are again evident irrespective of the sampled regions. In C50, the average sizes
increased from the lower to the upper layers continually. On the other hand, in C2k, the grain sizes on
the mid-layers were coarser than on the others.
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AM objects (the error bars and the broken horizontal lines represent the standard errors and the 
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Figure 5. Representative microstructures on the different sampled regions in the AM objects: (a,b), (e,f),
and (i,j) phase maps; (c,d), (g,h), and (k,l) reconstructed BD-IPF maps (Refer to the left and the upper
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the IPF color key, and the convention for boundary drawing followed those in Figure 2. The carbides in
(b) and the twin boundaries in (d) were removed for cleanliness).
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The crystallographic textures of the austenite grains according to the scan speed and the regions
are presented with the orientation distribution functions (ODFs) in Figure 8. C50 exhibited nearly
random distributions of orientations in Figure 8a–d, whereas C2k had moderate to strong textures in
Figure 8e–h. The major texture component was the orientation of <011>//BD and <100>//SD, that is,
{011}<100>. The representation of this component was renowned as Goss orientations in rolled and
annealed steels [35,36]. The intensity of texture in C2k varied according to the regions, with the
strongest on the mid-layers.

Materials 2020, 13, x FOR PEER REVIEW 7 of 12 

 

 
Figure 7. Average sizes of the prior austenite grains according to the regions and the scan speeds of 
the AM objects: (a) for all the detected grains, and (b) the grains of diameter >5 and (c) >10 µm only 
(the error bars and the broken horizontal lines represent the standard errors and the average values 
for the whole sampled regions, respectively). 

The crystallographic textures of the austenite grains according to the scan speed and the regions 
are presented with the orientation distribution functions (ODFs) in Figure 8. C50 exhibited nearly 
random distributions of orientations in Figure 8a–d, whereas C2k had moderate to strong textures in 
Figure 8e–h. The major texture component was the orientation of <011>//BD and <100>//SD, that is, 
{011}<100>. The representation of this component was renowned as Goss orientations in rolled and 
annealed steels [35,36]. The intensity of texture in C2k varied according to the regions, with the 
strongest on the mid-layers. 

 

Figure 8. Orientation distribution functions (ODFs) on the φ2 = 45° section of the Euler space (Bunge’s 
convention) according to the regions and the scan speeds of the AM objects (Refer to the left and the 
upper parts of the figure for the information on the regions and the speeds. The sample reference axes 
1 and 3 correspond to SD and BD, respectively): (a)–(d) ODFs of the lower, the mid-, the upper layers 
and all the sampled regions of C50 respectively, (e)–(h) ODFs of the lower, the mid-, the upper layers 
and all the sampled regions of C2k respectively 

4. Discussion 

The different microstructures and textures listed above are the consequences of the different 
thermal cycles depending on the process conditions and the sampled regions. Therefore, in this work, 
the local variations of the thermal cycles could be speculated from those of the microstructures and 
textures. 
  

Figure 8. Orientation distribution functions (ODFs) on the ϕ2 = 45◦ section of the Euler space (Bunge’s
convention) according to the regions and the scan speeds of the AM objects (Refer to the left and the
upper parts of the figure for the information on the regions and the speeds. The sample reference axes
1 and 3 correspond to SD and BD, respectively): (a–d) ODFs of the lower, the mid-, the upper layers
and all the sampled regions of C50 respectively, (e–h) ODFs of the lower, the mid-, the upper layers
and all the sampled regions of C2k respectively

4. Discussion

The different microstructures and textures listed above are the consequences of the different
thermal cycles depending on the process conditions and the sampled regions. Therefore, in this
work, the local variations of the thermal cycles could be speculated from those of the microstructures
and textures.
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4.1. Carbide Networks and the Reconstructed Austenite Grain Structures

The Nb-rich MC carbides in alloy tool steels are highly stable against additional thermal cycles
after they form [37]. Thus, the carbide network in this study should be a good trace marker for the
initial grain structures by solidification [22]. The single heating (i.e., melting) and cooling cycle in
the fabrication of the powder must induce single austenite-to-martensite transformation and the fine
size of the powder guaranteed a rapid cooling. In this circumstance, the very initial network of the
austenitic grain boundaries from solidification should be well preserved and coincide with the carbide
network, as shown in Figure 2. On the other hand, in Figures 3 and 4, the two networks never coincided.
This indicates that the grain structures by solidification were destroyed by the subsequent growth of
the austenitic grains. This post-solidification growth in SLM could be hardly detected, and thus has
not been reported in a martensitic steel. In this study, the reconstruction of austenite grains and the
stable Nb-rich carbides could explicitly reveal its existence.

This growth would occur during the cooling directly after solidification depending on cooling
rates. Meanwhile, the more closely spaced network in Figure 4a than in Figure 2a indicates that a more
rapid solidification and cooling was possible in C2k than in the powder. However, this contradicts the
much greater growth in C2k than in the powder, which should be attributed to the repeated cycles of
the growth in the AM objects via the repeated heating.

4.2. Retained Austenite Fraction and Thermal Cycles in the Parts of the AM Objects

Concerning only the solidification, a rapid solidification and large undercooling should lead to
the solidification of austenite with a high C content [38], which in turn gives a tendency to retain more
austenites [39]. This might partly account for the much more retained austenite in C2k than in C50,
as shown in Figures 3–6. However, as there were additional heating and cooling cycles by the deposition
of successive layers in the AM objects, the characteristics of austenite prior to the final martensitic
transformation should deviate from the very initial ones by solidification. The different energy input by
the different scan speed has a major influence on these thermal cycles [10,11]. In C50, a higher density
of energy should lead to a greater build-up of temperature, and thus result in prolonged thermal cycles
with slower cooling. More chances should be given to the partitioning of C from austenite to carbides,
which would retain less austenite in the final microstructures.

In Figure 6, both objects had the least amount of retained austenite on their mid-layers, which should
reflect the more prolonged thermal cycles than in the other regions. On the lower layers, a fast cooling
by an effective heat sink, that is, the metallic substrate, should restrict the effect of thermal cycles.
On the upper layers, the effect should be also restricted as only a few additional layers were deposited.
Additionally, cooling could be enhanced from the top surface after the end of the process. In Figure 6,
C2k exhibited much less dependency on the sampled regions, which reflected the limited build-up of
temperature owing to a low density of energy.

Additionally, from Figure 2b, Figure 4b, Figure 5b,f,j, and Figure 6, it was known that less austenite
was retained in the powder than in C2k. As already noticed from the finer carbide network, this AM
object should experience faster solidification and cooling, and thus retained more austenite than the
powder in spite of the repeated thermal cycles.

4.3. Austenitic Grain Sizes and Thermal Cycles in the Parts of the AM Objects

Although the prior austenite grain boundaries are not obvious in the final martensitic
microstructures, it is generally accepted that the prior austenitic grain size contributes significantly
to mechanical properties [40]. Additionally, in the correlation with process conditions at high
temperatures, it can be more informative than the sizes of the martensitic subunits (such as lath, plate,
packet, and block). Thus, the grain size analysis on the austenitic grains prior to the final transformation
would be more effective for the AM of martensitic steels.
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Owing to the exceptionally fine grains in the reconstructed maps of C50, that is, Figures 3d
and 5c,g,k, the statistics in Figure 7a do not accord with those in the reconstructed maps. It is
especially evident in Figure 3b,d that these fine grains within the coarse reconstructed grains are
mostly the fine retained austenites adjacent to the carbide network. The different orientations of the
large reconstructed austenites from those of the fine retained ones might simply indicate errors in the
reconstruction procedure. However, there could also be other possibilities. (1) The modification of
martensitic orientations was possible during thermal cycles, and thus can increase the deviation of the
reconstructed orientations from the retained ones. (2) If there were repeated cycles of re-austenitization
and martensitic transformation with parts of the initially retained austenite conserved, the finally
reconstructed orientations could be substantially different from the retained ones. (3) Some retained
austenites in the phase maps could also correspond to the mis-indexed data from coarse MC carbides
because of the similar crystal structures. All of these possibilities should be more probable in C50,
which experienced slower solidification and more extended thermal cycles, and included much more
of the fine intra-granular grains in the reconstructed maps. Therefore, these types of the very fine
austenitic grains were not simple artifacts from the numerical procedure of the reconstruction, although
they were filtered out in Figure 7b,c to follow the major trend of the grain growth in Figure 5c,d,g,h,k,l.

In Figure 7b,c, the smaller average sizes in C2k indicate a rapid cooling in an austenitic regime,
which is consistent with the previous discussion on the retained austenite fraction. The finest sizes at the
lower layers of both objects well reflects the rapid cooling due to the substrate, and the increased sizes
at the mid-layers can be explained by slowed cooling due to temperature build-up in extended thermal
cycles. As there were only a few layers of additional deposition on the upper layers, the limited thermal
cycles and the cooling from the top surface should limit the grain growth. However, the average size
continued to increase toward the upper layers in C50. Thus, there should be a continued increase
in peak temperature in C50, which even outweighed the effect of the limited thermal cycles and the
enhanced cooling on the upper layers. The increased peak temperature should also result in the
increased fraction of retained austenite [24] on the upper layers, as shown in Figure 6. On the other
hand, in C2k, the cooling driven by the top surface should be more influential, which resulted in less
grain growth on the upper layers.

4.4. Austenitic Textures and Thermal Cycles in the Parts of the AM Objects

As the austenitic textures in Figure 8 were actually swept out by the final transformation,
these would have little influence on the properties of the AM objects, such as wear resistance. However,
they can be also a useful indicator of the process conditions.

Solidification microstructures often have morphological and crystallographic textures along
temperature gradient, which depends on the process conditions [8,10,16,39,41]. In the solidification
of cubic metals, the columnar shape of grains whose principal axes are <100> directions along the
maximum temperature gradient is often reported [8,10,39,41,42]. Thus, a BD//<100> texture was
generally mentioned in the SLM of cubic metals [8,10,41,42].

On the other hand, the carbide networks in Figures 2–4 indicate that the initially solidified austenitic
grains in the AM objects as well as the powder should have mostly equiaxed morphologies and hardly
have textures by rapid solidification [10]. Nevertheless, the reconstructed austenite grains in C2k
exhibited the textures shown in Figure 8e–h. The Goss-type texture was the strongest on the mid-layers
where the grain growth was also the most extensive, as shown in Figures 5 and 7. Thus, in this
study, it is more reasonable to attribute the austenitic textures to the grain growth after solidification.
The definite textures in C2k imply that the textures by the post-solidification growth should depend
on the steepness of temperature gradient like solidification textures [10]. The probable destruction of
solidification textures by repeated transformations could be also considered. However, this cannot
account for the weakened texture on the upper layers of C2k, where the repeated transformations
should be less probable than on the mid-layers.
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The characteristic Goss component in C2k instead of the generally expected BD//<100> could also
support the possible role of the post-solidification growth under a temperature gradient. Interestingly,
a few papers in the literature [43,44] also reported similar BD//<110> textures in the AM objects of
an austenitic steel (AISI 316L). However, in spite of the above discussions, the current results are
insufficient to justify the development of the specific texture component. A more systematic and
intensive work is currently planned and the results will be provided in the near future.

5. Conclusions

In this study, micro-texture analyses on the powder and the AM objects of an alloy tool steel were
performed. The resulting micro-textural data could provide useful information about the evolution
of microstructures in the AM objects, their correlation with the local thermal cycles, and the process
conditions, which are summarized below.

(1) The carbide networks were inconsistent with the austenitic grain structures in the AM objects,
from which extensive post-solidification growth of austenitic grains during the SLM process could
be identified.

(2) High density of energy input by a slow laser scan resulted in smaller fractions of retained
austenite and larger grain sizes because of more intensive temperature build-up, and subsequently
extended thermal cycles.

(3) There were local variations of microstructures that originated from the variations of local
thermal cycles by the different scan speeds. Enhanced cooling near the metallic substrate resulted in
large fractions of retained austenite and fine grain sizes. On the mid-layers, retained austenitic fractions
decreased with more extensive grain growth owing to the extended thermal cycles by temperature
build-up. Limited deposition of energy and shortened thermal cycles near the top layers increased
retained austenitic fractions, whereas the extent of austenitic grain growth could vary depending on
the temperature built up and the cooling by the top surface.

(4) The evolution of the Goss-type textures exhibited a close correlation with the post-solidification
growth. Stronger textures were developed with the austenitic grain growth under steeper temperature
gradient by a fast laser scan.

The information on the microstructural variations according to the scan speeds (50 and 2000 mm/s)
could present a useful guidance to manufacture an object for real-world application. Besides the
avoidance of the reported porosity by over-melting [22], the more closely spaced carbide network and
the more homogeneous distribution of the retained austenite at rapid scan should be more desirable for
the resistance against abrasion and fatigue [24] after an adequate tempering heat treatment. However,
care must be given to avoid excessive residual stress due to a steep temperature gradient or incomplete
melting of powder [22].

Author Contributions: Conceptualization, J.-Y.K. and J.-H.Y.; Data curation, J.Y., B.K., and J.C.; Methodology,
J.-Y.K., J.Y., J.C., and S.Y.; Validation, J.C. and S.-J.P.; Formal Analysis, J.Y., B.K., and S.Y.; Validation, J.Y. and J.C.;
Writing—Original draft, J.-Y.K.; Writing—Review & Editing, S.Y., S.-J.P., and J.-H.Y.; Resources, S.Y.; Supervision,
J.-H.Y. and Y.-J.K.; Funding Acquisition, J.-H.Y. and Y.-J.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This work received no external funding.

Acknowledgments: This work was funded by the Fundamental R&D Program of Korea Institute of Materials
Science [PNK6570 and PNK6050].

Conflicts of Interest: There is no conflict of interest.

References

1. Niaki, M.K.; Nonino, F. Additive manufacturing management: A review and future research agenda. Int. J.
Prod. Res. 2017, 55, 1419–1439. [CrossRef]

2. Bourell, D.L. Perspectives on additive manufacturing. Annu. Rev. Mater. Res. 2016, 46, 1–18. [CrossRef]

http://dx.doi.org/10.1080/00207543.2016.1229064
http://dx.doi.org/10.1146/annurev-matsci-070115-031606


Materials 2020, 13, 788 11 of 12

3. Murr, L.E. Frontiers of 3D printing/additive manufacturing: From human organs to aircraft fabrication.
J. Mater. Sci. Technol. 2016, 32, 987–995. [CrossRef]

4. Standard Terminology for Additive Manufacturing—General Principles—Terminology; ISO/ASTM 52900:2015(E);
ASTM International: West Conshohocken, PA, USA, 2016.

5. Singh, S.; Ramakrishna, S.; Singh, R. Materials issues in additive manufacturing: A review. J. Manuf. Processes
2017, 25, 185–200. [CrossRef]

6. Frazier, W.E. Metal additive manufacturing: A review. J. Mater. Eng. Perform. 2014, 23, 1917–1928. [CrossRef]
7. Ahn, D.-G. Direct metal additive manufacturing processes and their sustainable applications for green

technology: A review. Int. J. Precis. Eng. Manuf.-Green Technol. 2016, 3, 381–395. [CrossRef]
8. Basak, A.; Das, S. Epitaxy and microstructure evolution in metal additive manufacturing. Annu. Rev. Mater.

Res. 2016, 46, 125–149. [CrossRef]
9. Lewandowski, J.J.; Seifi, M. Metal additive manufacturing: A review of mechanical properties. Annu. Rev.

Mater. Res. 2016, 46, 151–186. [CrossRef]
10. Collins, P.C.; Brice, D.A.; Samimi, P.; Ghamarian, I.; Fraser, H.L. Microstructural control of additively

manufactured metallic materials. Annu. Rev. Mater. Res. 2016, 46, 63–91. [CrossRef]
11. Gong, H.; Rafi, K.; Gu, H.; Starr, T.; Stucker, B. Analysis of defect generation in Ti-6Al-4V parts made using

powder bed fusion additive manufacturing processes. Addit. Manuf. 2014, 1, 87–98. [CrossRef]
12. Sadowski, M.; Ladani, L.; Brindley, W.; Romano, J. Optimizing quality of additively manufactured Inconel

718 using powder bed laser melting process. Addit. Manuf. 2016, 11, 60–70. [CrossRef]
13. Townsend, A.; Senin, N.; Blunt, L.; Leach, R.K.; Taylor, J.S. Surface texture metrology for metal additive

manufacturing: A review. Precis. Eng. 2016, 46, 34–47. [CrossRef]
14. Kruth, J.P.; Froyen, L.; van Vaerenbergh, J.; Mercelis, P.; Rombouts, M.; Lauwers, B. Selective laser melting of

iron-based powder. J. Mater. Process. Technol. 2004, 149, 616–622. [CrossRef]
15. Jelis, E.; Clemente, M.; Kerwien, S.; Ravindra, N.M.; Hespos, M.R. Metallurgical and mechanical evaluation

of 4340 steel produced by direct metal laser sintering. JOM 2015, 67, 582–589. [CrossRef]
16. Chae, H.; Huang, E.-W.; Jain, J.; Wang, H.; Woo, W.; Chen, S.-W.; Harjo, S.; Kawasaki, T.; Lee, S.Y. Plastic

anisotropy and deformation-induced phase transformation of additive manufactured stainless steel. Mater.
Sci. Eng. A 2019, 762, 138065. [CrossRef]

17. Pinkerton, A.J.; Li, L. Direct additive laser manufacturing using gas- and water-atomised H13 tool steel
powders. Int. J. Adv. Manuf. Technol. 2005, 25, 471–479. [CrossRef]

18. Chen, J.-Y.; Conlon, K.; Xue, L.; Rogge, R. Experimental study of residual stresses in laser clad AISI P20 tool
steel onpre-hardened wrought P20 substrate. Mater. Sci. Eng. A 2010, 527, 7265–7273. [CrossRef]

19. Xue, L.; Chen, J.; Wang, S.-H. Freeform laser consolidated H13 and CPM 9V tool steels. Metallogr. Microstruct.
Anal. 2013, 2, 67–78. [CrossRef]

20. Cottam, R.; Wang, J. Characterization of microstructure and residual stress in a 3D H13 tool steel component
produced by additive manufacturing. J. Mater. Res. 2014, 29, 1978–1986. [CrossRef]

21. Sander, J.; Hufenbach, J.; Giebeler, L.; Bleckmann, M.; Eckert, J.; Kühn, U. Microstructure, mechanical
behavior, and wear properties of FeCrMoVC steel prepared by selective laser melting and casting. Scr. Mater.
2017, 126, 41–44. [CrossRef]

22. Kang, J.-Y.; Yun, J.; Kim, H.; Kim, B.; Choe, J.; Yang, S.; Yu, J.-H.; Kim, Y.-J. Microstructures of powders and
additively manufactured objects of an alloy tool steel for cold-work dies. J. Korean Powder Metall. Inst. 2017,
24, 202–209. [CrossRef]

23. Additive Manufacturing with Steels 2019, SmarTech Analysis. 2019. Available online: http://www.
smartechpublishing.com (accessed on 13 January 2020).

24. Roberts, G.; Krauss, G.; Kennedy, R. Tool Steels, 5th ed.; ASM Int.: Cleveland, OH, USA, 1998.
25. Nishiyama, Z. Martensitic Transformation; Academic Press: New York, NY, USA, 1978.
26. Germain, L.; Gey, N.; Mercier, R.; Blaineau, P.; Humbert, M. An advanced approach to reconstructing parent

orientation maps in the case of approximate orientation relations: Application to steels. Acta Mater. 2012, 60,
4551–4562. [CrossRef]

27. Nyyssönen, T. Quenching and Partitioning of High-Aluminum Steels. Ph.D. Thesis, Tampere University of
Technology, Tampere, Finland, 2017.

28. Gomes, E.; Kestens, L.A.I. Fully automated orientation relationship calculation and prior austenite
reconstruction by random walk clustering. IOP Conf. Ser. Mater. Sci. Eng. 2015, 82, 012059. [CrossRef]

http://dx.doi.org/10.1016/j.jmst.2016.08.011
http://dx.doi.org/10.1016/j.jmapro.2016.11.006
http://dx.doi.org/10.1007/s11665-014-0958-z
http://dx.doi.org/10.1007/s40684-016-0048-9
http://dx.doi.org/10.1146/annurev-matsci-070115-031728
http://dx.doi.org/10.1146/annurev-matsci-070115-032024
http://dx.doi.org/10.1146/annurev-matsci-070115-031816
http://dx.doi.org/10.1016/j.addma.2014.08.002
http://dx.doi.org/10.1016/j.addma.2016.03.006
http://dx.doi.org/10.1016/j.precisioneng.2016.06.001
http://dx.doi.org/10.1016/j.jmatprotec.2003.11.051
http://dx.doi.org/10.1007/s11837-014-1273-8
http://dx.doi.org/10.1016/j.msea.2019.138065
http://dx.doi.org/10.1007/s00170-003-1844-2
http://dx.doi.org/10.1016/j.msea.2010.07.098
http://dx.doi.org/10.1007/s13632-013-0061-0
http://dx.doi.org/10.1557/jmr.2014.190
http://dx.doi.org/10.1016/j.scriptamat.2016.07.029
http://dx.doi.org/10.4150/KPMI.2017.24.3.202
http://www.smartechpublishing.com
http://www.smartechpublishing.com
http://dx.doi.org/10.1016/j.actamat.2012.04.034
http://dx.doi.org/10.1088/1757-899X/82/1/012059


Materials 2020, 13, 788 12 of 12

29. Kang, J.-Y.; Kim, H.; Son, D.; Lee, J.-J.; Yun, H.Y.; Lee, T.-H.; Park, S.-J.; Park, S.K. Effect of NbC carbide
addition on mechanical properties of matrix-type cold-work tool steel. J. Korean Soc. Heat Treat. 2015, 28,
239–240. [CrossRef]

30. Bachmann, F.; Hielscher, R.; Schaeben, H. Texture analysis with MTEX—Free and open source software
toolbox. Solid State Phenom. 2010, 160, 63–68. [CrossRef]

31. MTEX Toolbox. Available online: https://mtex-toolbox.github.io (accessed on 13 January 2020).
32. MTEX Forum. Available online: https://groups.google.com/forum/#!forum/mtexmail (accessed on 13 January

2020).
33. Dongen, S.M. Graph Clustering by Flow Simulation. Ph.D. Thesis, Universiteit Utrecht, Utrecht, The Netherlands,

2001.
34. Schaeffer, S.E. Graph clustering. Comput. Sci. Rev. 2007, 1, 27–64. [CrossRef]
35. Goss, N.P. New development in electrical strip steels characterized by fine grain structure approaching the

properties of a single crystal. Trans. Am. Soc. Met. 1935, 23, 511–531.
36. Humphreys, F.J.; Hatherly, M. Recrystallization and Related Annealing Phenomena, 2nd ed.; Elsevier: Oxford,

UK, 2004.
37. Kim, H.; Kang, J.-Y.; Son, D.; Lee, T.-H.; Cho, K.-M. Evolution of carbides in cold-work tool steels. Mater.

Charact. 2015, 107, 376–385. [CrossRef]
38. Porter, D.A.; Easterling, K.E. Phase Transformations in Metals and Alloys, 2nd ed.; Chapman & Hall: London,

UK, 1992.
39. Leslie, W.C. The Physical Metallurgy of Steels; International Student Edition; McGraw-Hill Kogakusha: Tokyo,

Japan, 1982.
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