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A B S T R A C T   

Maraging is a high alloy steel sensitive to the precipitation of intermetallics from a supersaturated solid solution 
during aging heat treatments. The precipitation phenomenon is well described in the literature, which gave rise 
to the alloy name regarding a martensite matrix with precipitates formed by aging treatment. Many studies have 
been performed to characterize this material, usually subjected to many sample preparations for transmission 
microscopy, which is very laborious, and few EBSD analyses. Therefore, in this work, a large study was con
ducted using electron backscatter diffraction (EBSD) to analyze maraging microstructures through band-contrast, 
kernel average misorientation (KAM), grain orientation spread (GOS), and misorientation distribution. Our re
sults show that solubilization of the additive manufactured maraging steel resulted in a more homogeneous 
microstructure with new angle grain boundaries. Furthermore, tempering heat treatments relieve martensite 
strain, increasing band contrast values. Posterior aging presented a low impact on the results of EBSD analysis.   

1. Introduction 

Laser additive manufacturing (LAM) enables building by adding 
layer-by-layer from a 3D CAD file [1] with high production, sustain
ability, flexibility, and low material waste. Among the many categories, 
laser-based powder bed fusion (PBF-L) is a technique where thermal 
energy selectively fuses a powder bed [2]. With the emergence of LAM, 
many materials started to be atomized to produce powder for building 
parts [3–5]. Maraging steels have been LAMed due to their chemical 
composition and physicochemical properties. The low carbon content 
prevents thermal cracking upon cooling and avoiding distortions [6–8] 

Maraging steels are ultra-high strength with good toughness and 
ductility [9–11]. The strengthening mechanism of the steel relies on the 
precipitation of nanometric intermetallics during aging [9,11] in a 
moderately hard and tough martensite matrix [10]. Furthermore, aging 
temperatures above 550 ◦C induce martensite to austenite reversion 
[12–14]. The latter phenomenon has recently received significant 

attention due to the ability to increase strength and ductility through the 
transformation-induced plasticity (TRIP) effect [12]. 

Through electron backscatter diffraction (EBSD), the observation 
and quantification of grain boundary types and misorientation, micro
texture analysis, and energy estimation from local orientation can be 
carried out [15,16]. EBSD is a modern technique that relies on analyzing 
the Kikuchi diffraction patterns to characterize and study polycrystalline 
materials in a scanning electron microscope [15,16]. This technique 
provides a local diffraction pattern as small as the probe diameter and 
the incident beam [16]. The microstructural-crystallographic analysis is 
performed through the acquired information on the local orientation 
and diffraction. Applying EBSD analysis on additively manufactured 
maraging steels enables the assessment of grain and subgrain boundary 
distributions, central in pipe-boundary diffusion, segregation of impu
rity atoms, and austenite reversion. With the formation of intermetallics 
in maraging steel, dislocations are trapped between fine precipitates, 
limiting their motion and decreasing strain-hardening [17]. 
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In this study, additively manufactured 18Ni maraging steel was heat- 
treated, aiming at austenite reversion and aging for intermetallic pre
cipitation. EBSD data showed a correlation between different band 
contrast regions with inhomogeneous PBF microstructure and stress 
relief after the heat treatment. In addition, grain boundary and misori
entation distributions were related to the different heat cycles used. 

2. Experimental procedure 

A gas atomized maraging 300 steel powder produced by LPW 
Technology Limited was LAM processed by PBF-L using an EOS M280 
machine to obtain cubes of 10 mm3. The metallic powder presented a 
particle size between 16 and 45 μm. The laser power was set at 190 W, 
and the beam diameter was approximately 110 μm; the layer thickness 
was kept constant at 50 μm. The chamber was filled with nitrogen (N2) 
gas to prevent oxidation. 

Post-built heat treatments were conducted in three steps: solubili
zation, austenite reversion during intercritical tempering, and precipi
tation during aging. A schematic diagram of the applied heat treatments 
is shown in Fig. 1. The applied heating rate was 5 ◦C.s− 1 and cooled in 
the air. The as-built and solubilized conditions were also studied for 
comparison purposes. 

Optical emission spectroscopy analysis measured the chemical 
composition in the build parts, depicting 18.82Ni-8.80Co-4.46Mo- 
1.45Ti-0.008C (in wt%) and Fe in balance. For microstructural assess
ment, samples were prepared according to ASTM E3 [18]. First, speci
mens were ground from 80-grit to 1500-grit SiC paper and polished with 
a 3 and 1 μm diamond paste. Next, samples were etched with 2% Nital 
solution (98 vol% ethyl alcohol +2 vol% HNO3) for 10 s to reveal the 
microstructure. 

A scanning electron microscope (SEM) FEI Quanta 650 equipped 
with a Schottky field emission gun (FEG) coupled with a high-speed 
EBSD system, capable of acquiring 600 points-per-second, installed at 
the Brazilian Nanotechnology National Laboratory (LNNano), was uti
lized to obtain images of the respective microstructures. An applied 
voltage of 20 keV was used. EBSD measurements were conducted on 
non-etched samples tilted 70◦ from the incident beam direction using 20 
kV and step sizes of 0.8 μm, 0.12 μm, and 0.025 μm for maps of 500 ×
437 μm2, 75 × 65 μm2, and 15 × 13 μm2, respectively. The EBSD data 
was processed using MTEX software [19]. 

To investigate the role of local crystallographic orientations and 
structure, EBSD data was detailed and processed to obtain grain 
boundary (GB), band contrast (BC), Kernel average misorientation 
(KAM), grain orientation spread (GOS), crystallographic orientation 
with inverse pole figure contrast (IPF) maps, and pole figures of each 
measurement. 

3. Results 

3.1. Solubilization effect 

The characteristic of the morphologies of the building and transverse 
plane of the as-built PBF-L 18Ni steel are provided in Fig. 2. a-b. The 
melt pools and tracks are visible, characteristic of the PBF-L process. In 
Fig. 2. c-d, SEM images reveal the typical cellular arrays. A clear cellular 
array morphology can be seen in the lower right portion of Fig. 2.d. The 
columnar aspects are the same cellular structure but seem from another 
perspective, in another angle section. Fig. 2. e-f depicts the solubilized 
condition. Solubilization treatment at 820 ◦C for 1 h almost eliminated 
the cellular morphology. The mean value of the width and height of the 
melt pool track was 74.1 μm ± 4.7 and 37.9 μm ± 3.1, respectively. 

Fig. 3 compares the as-built and solubilized samples. Fig. 3. a and b 
present the band contrast images of as-built and solubilized conditions. 
Additionally, high-angle grain boundaries are shown as black lines, 
while low-angle grain boundaries are depicted in red. The solubilized 
condition presents a brighter image with fewer grain boundaries. Fig. 3. 
c shows a histogram of band contrast values in maps (a) and (b). The as- 
built condition presents a wider distribution compared to the solubilized 
condition. Also, both conditions are formed by a convolution of two or 
more peaks, indicating a heterogeneous microstructure. The solubilized 
condition also presents higher band contrast values, showing a structure 
that offers less residual stress than the as-built condition. 

Fig. 3. d presents the IPF orientation color key for cubic crystals. 
Fig. 3. e and f show the IPF map for martensite overlaid with high-angle 
grain boundaries in black. The solubilization heat treatment caused the 
dissolution of the as-built microstructure. Fig. 3. g and h show the 
crystallographic orientation for prior austenite reconstructed from 
martensite orientation measured points, assuming the Kurdjumov-Sachs 
(K–S) relationship. The as-built condition presents prior austenite 
grains with elongated morphology (high aspect ratio), contrasting with 
the solubilized condition in (h). Missing data, represented by white 
color, are calculated points with low correspondence to the K–S 
orientation relationship. Fig. 3. i and j present the (100) pole figure for 
the measured martensite crystallographic orientation map shown in 
Fig. 3. e and f. A slight rotation of approximately 45◦ out of the build 
direction (y direction) can be seen. Additionally, solubilization heat 
treatment led to a lower intensity of the orientation poles, as seen by the 
intensity bar. 

Fig. 4 shows the KAM maps for as-built and solubilized conditions 
and the kernel density estimation of both misorientation conditions. In 
solubilized conditions, a bimodal KAM distribution is clearer observed 
in Fig. 4. b. It is worth mentioning that band contrast distribution for 
solubilized conditions presents a clearer split of the peaks when 
compared with the as-built condition. It shows a straight relationship 
between band contrast and KAM behavior. Fig. 4. c illustrates the kernel 
density estimation (KDE) applied to the misorientation distribution over 
as-built and solubilized conditions. The statistical method KDE was 
applied to all distribution results of the present paper to better show and 
compare the results in one single graph. The applied statistical calcu
lation shows that non-physical results appear, such as misorientation 
values lower than zero degrees. These results out of physical meaning 
are minimum and should be disregarded. KDE helps present the data 
better, eliminating part of these non-physical results. The as-built con
dition presents misorientation distribution peaks centered at 4◦ (LAGB) 
and 58◦ (HAGB). The solubilization condition shows additional small 
peaks at 16, 42, and 53◦, besides a decrease in the HAGB frequency. 

The grain orientation spread (GOS) maps were calculated for 
martensite grains delimited with misorientation ≥15◦ and are displayed 
in Figs. 5. a and b. According to GOS analyses, the as-built and solubi
lized conditions present a considerable density of grains with high GOS 
values (≥ 4◦), which are considered deformed grains according to the 
literature. Fig. 5. c shows a comparison of as-built and solubilized con
ditions by a histogram plot. The similarity in the GOS value distribution 

Fig. 1. Schematic diagram of the applied heat treatments on the PBF-L 
18Ni steel. 
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Fig. 2. Micrographs of the as-built and solubilized conditions from the PBF-L 18Ni steel. Images in the first column refer to building cross-sections, while the second 
refers to transverse cross-sections. a) and b) shows the optical micrographs of the samples showing the size of the melt pool track. (c) and (d) depict the SEM images, 
showing the characteristic cellular morphology. (e) and (f) shows SEM images after solubilization heat treatment at 820 ◦C for 1 h, depicting no cellular 
morphology anymore. 

Fig. 3. Comparison between as-built and solubilized conditions. Images on the first column refer to the as-built sample, while images on the second color refer to the 
solubilized condition. (a) and (b) Band contrast map showing high angle grain boundary (HAGB) as black lines and low angle grain boundary (LAGB) as red lines. (c) 
Histogram of band contrast values of (a) and (b) band contrast maps. (d) IPF orientation color key for cubic crystals for orientation maps shown in (e-h). (e) and (f) 
IPF map for the martensite phase. (g) and (h) Prior austenite crystallographic orientation reconstructed using the K–S orientation relationship. (i) and (j) (100) pole 
figures for measured BCC crystallographic orientation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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between both conditions can be seen. 

3.2. Tempering effect 

Fig. 6 shows the percentage of reverted austenite for each inter
critical tempering heat treatment. For example, during 10 min of 
tempering, the proposed 570, 590, and 610 ◦C temperatures delivered a 
reverted austenite volume of 12.7, 25.1, and 34.8%, respectively. These 
results were obtained by X-ray diffraction in transmission mode. 

Fig. 7 shows the band contrast and misorientation information after 
solubilization and intercritical tempering at different temperatures. 
Figs. 7. a-b, c-d, and e-f show a high-angle grain boundary with a band 
contrast map for solubilized and tempered at 570 ◦C and 610 ◦C, 
respectively. The stages of intercritical tempering caused a decrease in 
misorientation, as seen in Fig. 7. b, d, and f. Fig. 7. g shows the 
misorientation distribution after each heat treatment. The solubilization 
condition presents peaks at 4, 53, and 58◦. Besides, smaller peaks appear 
at 15 and 40◦. After intercritical tempering, the ratio of LAGB/HAGB 
decreases, and the misorientation values at 40◦ decrease. The peaks 
become sharper and tend to be concentrated at high-angle misorienta
tion (close to 60◦) with intercritical tempering. No significant austenite 
phase was detected, suggesting that transformation occurred during 
sample preparation for EBSD. 

3.3. Aging effect 

The aging treatment was applied after solubilization and intercritical 
tempering according to the diagram of heat treatments in Fig. 1. Fig. 8 
shows the GOS maps obtained after tempering at 610 ◦C (Fig. 8. a) 
followed by aging at 480 ◦C for 3 h (Fig. 8. b). The GOS values show little 
affected by aging, presenting similar behavior after the aging heat 
treatment, as can be seen in the histogram of the GOS distribution for 
both conditions, depicted in Fig. 8. c. 

Fig. 9. a shows the effect of intercritical tempering temperature on 
band contrast distribution after the aging cycle at 480 ◦C. Increasing 
tempering temperatures shrink the distribution and move the curve to 
higher BC values. Fig. 9. b shows the effect of each heat treatment stage 
on the band contrast distribution. The widest distribution corresponds to 
the as-built condition. This distribution shrinks after solubilization as 
the curve moves to higher BC values. The intercritical tempering cycles 
further decrease the width of the band contrast distribution while the 
aging has little effect. 

4. Discussion 

In the present work, PBF-L 18Ni steel was subjected to several heat 
treatments and analyzed by the EBSD technique. Post-processing of the 
EBSD data resulted in many correlations, as discussed next. 

The EBSD data quality can be affected by lattice distortion via 

Fig. 4. Kernel average misorientation (KAM) maps of (a) as-built and (b) solubilized conditions. A bimodal structure is well observed in solubilized conditions. (c) 
Misorientation distribution for as-built and solubilized conditions. 
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supersaturated solid solution and a higher dislocation density due to 
plastic deformation. For example, martensite and bainite phases present 
a high density of dislocations, causing blurred Kikuchi band edges and 
diffuse peaks in the EBSD data. In addition, it makes band contrast maps 
appear darker [20]. The band contrast maps have been used to study 
recrystallization [21] and to differentiate phases, such as carbides and 
martensite [22], and even bainite from martensite [23]. Thus, such 
analysis is essential when analyzing by EBSD technique once some 
features are intrinsic to the maraging 300 steel: 

i) In a homogenized condition, martensite is insensitive to the 
cooling rate due to the high addition of alloying elements and low 

carbon content. Thus, the martensite structure corresponds to body- 
centered cubic instead of tetragonal [10]; 

ii) Austenite reversion in isothermal treatments is governed by 
diffusion of alloying elements, causing enrichment of the austenite 
phase by clustering austenite stabilizer elements. This may lead to the 
depletion of the martensite matrix, which may lead to lowering the 
capacity of martensite formation [13,24]; 

iii) The precipitation mechanism causes depletion of elements such 
as Ni and Mo, relieving the supersaturated solid solution strained lattice 
[11,25]; 

iv) The matrix undergoes compressive lattice strain after the 

Fig. 5. Grain orientation spread of a) as-built and b) solubilized condition. (c) GOS values distribution for as-built and solubilized conditions.  

Fig. 6. XRD results, showing in a) the XRD pattern of the 3 studied tempering heat-treatments, followed by b) the quantification of reverted austenite percentage 
after intercritical tempering at 570, 590, and 610 ◦C for 10 min (600 s). 
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formation of intermetallics [25]. 
PBF-L typical cellular and columnar arrays are formed inside the 

melt pool track during rapid melting and cooling [26,27], as seen in 
Fig. 2. This microstructure presents inhomogeneities such as composi
tion segregation, melt track boundaries, and cellular boundaries 
[28,29]. EBSD data from the measured BCC phase or the reconstructed 
prior FCC phase (Fig. 3) showed a massive columnar solidification 
structure, evidencing epitaxial growth across different track boundary 
structures for as-built conditions. In ferrous alloys, the PBF-L micro
structure usually is heterogeneous, developing a fine segregation 
network, retained austenite, or carbide formation [30]. This elemental 
segregation forms an area with a high concentration of austenite stabi
lizer elements, resulting in a surrounding network with ferrite stabilizer 
elements in the core [30]. The cellular array was nearly erased after the 
solubilization heat treatment, as shown in Fig. 2. 

Regarding the crystallographic orientation, epitaxial growth is ex
pected once a substrate is used at the beginning of the process [31], 
which causes the austenite to present a preferential crystallographic 
orientation when cooling from the liquid state. This is seen in most 
fabricated steels [32,33]. Usually, austenite grows with plane 100, and 
when cooled to room temperature, martensite preserves the orientation 
of 100 on the top of the cube crystal, resulting in high values of 100 in an 
XRD analysis. This is seen in the pole figures of Fig. 3, where the 
maximum value of the PBF-L sample reaches nearly a 9 proportional 
intensity value. In contrast, the solubilized sample reaches a maximum 
value of 4.5. This means that the 100 planes in the PBF-L sample are 
found 9 times stronger next to the Z, Y, and X directions, which are the 

geometric top and sides of the building sample. Two pole figures are 
scarce, but the literature presents the same trend, showing a strong 
alignment of the 100 planes with the building direction [32,33]. 

Fig. 4 shows that the solubilized sample presents a different 
misorientation distribution profile than the as-built sample. The solu
bilized sample presents a lower frequency of misorientation distribution 
in the 50 to 60◦ (HAGB) range and a higher frequency of 0 to 10◦

(LAGB). This result suggests that solubilized condition presents a bigger 
martensite grain boundary, leading to a lower frequency of HAGB than 
the as-built condition, confirming a smaller grain size for the as-built 
sample. Furthermore, the solubilized condition presents fresh-formed 
martensite without posterior heat treatment, resulting in internal 
deformation inside the grain. On the other hand, the as-built sample is 
subjected to the influence of posterior heat cycles from the successive 
layer deposition and fusion, leading to a nearly tempered martensite. 
Thus, the obtained result in Fig. 4 is expected, a higher frequency of 
LAGB for solubilized sample compared to the as-built one. After the 
solubilization of samples, the tempering effect also leads to a decrease in 
LAGBs fraction compared to solubilized condition, confirming the dis
cussion above. 

Since the martensitic transformation in maraging steels is insensitive 
to cooling rate and does not present high lattice distortion as in medium 
or high carbon steels, it is feasible to assume that martensite was formed 
in both as-built and solubilized samples after final cooling. The as-built 
condition is a microstructure resultant of several heating-cooling cycles. 
Due to the combination of residual stresses, small grain size, fast solid
ification, and element segregation [28], a harder martensite is formed, 

Fig. 7. Grain boundary with band contrast maps (first row) and kernel average misorientation maps (second row) are presented for (a-b) solubilized and tempered at 
(c-d) 570 ◦C; and at (e-f) 610 ◦C for 10 min. The black lines in band contrast maps represent high-angle grain boundaries (≥ 15◦), while red lines represent low-angle 
grain boundaries. (g) Misorientation distribution histograms of solubilized and intercritical tempered conditions. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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causing an increase in mechanical strength and hardness [14,31] rela
tive to the solubilized condition. 

Regarding phase segmentation [20], the solubilization treatment 
increased the band contrast value, as seen in Fig. 3. The band contrast is 
related to image quality, so a higher value means that the analyzed 
microstructure presents fewer defects, thus producing sharper indexing 
patterns. For instance, a microstructure consisting of ferrite and 
martensite will be distinguished by the band contrast because ferrite will 
appear with a high value of band contrast and martensite with a low 
value. In the present case, it is incorrect to affirm that solubilized con
dition presents a ferrite matrix once maraging steel is insensitive to 
cooling rate, leading both as-built and solubilized condition to a 
martensitic matrix. This leads to the next assumption, that the higher 
amount of HAGB in the as-built sample caused a decrease in band 
contrast. Even though solubilized condition presented a higher fre
quency of LAGB than the as-built condition, the relative frequency 

between LAGB and HAGB peaks are not the same, i.e., the LAGB fre
quency is 2.0 and 1.4 for solubilized and as-built sample respectively, 
while the HAGB frequency is 1.7 and 3.4 for solubilized and as-built 
sample respectively. Solubilized presents fresh martensite that induced 
an increase of 42% of LAGB in solubilized condition, but as-built pre
sents 100% more frequency of HAGB than the solubilized samples. Thus, 
the evolution of the band contrast distribution to higher values with 
solubilization suggests that the microstructure presented a better Kiku
chi pattern indexing associated with higher grain size. 

Regarding the effect of aging after tempering, some different be
haviors were obtained. After tempering at 610 ◦C, aging at 480 ◦C did 
not seem to bring any significant change in the microstructure regarding 
the EBSD results. Tempering temperatures up to 650 ◦C cause precipi
tation of intermetallics [9,34], and the peak of mechanical strength is 
achieved in a short period of heat treatment. However, such precipita
tion did not affect our EBSD results. It is expected, however, that 

Fig. 8. GOS maps show the effect of aging treatment after intercritical tempering. a) sample tempered at 610 ◦C/10 min, followed by aging at b) 480 ◦C/3 h. c) GOS 
Histogram of tempered at 610 ◦C and tempered at 610 ◦C followed by aging at 480 ◦C. 

Fig. 9. KDE of band contrast distribution showing the effect of (a) tempering temperature and (b) stage of heat treatment up to the aging cycle.  
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posterior aging treatments would coarsen the precipitates [11], besides 
the fact that austenite reversion is promoted during aging and overaging 
[11,35]. In addition, it would lead to a change in BC distribution due to 
the approximation with the EBSD resolution technique [28]. 

5. Conclusions 

The PBF-L 18Ni steel was subjected to several heat treatments in the 
present work. Samples were analyzed mainly through the EBSD to assess 
the microstructural evolution after solubilization, tempering, and aging 
heat treatments. A correlation with the morphology, phase formation, 
and residual stresses was made from the EBSD-treated data. As a result, 
the following significant conclusions were drawn:  

1. Misorientation histograms showed that the solubilized condition 
presented an increase in low-angle grain boundaries, i.e., inter-grain 
or intra-martensite-lath, along with a decrease of HAGB frequency, 
which can be interpreted as bigger grain size than as-built condition. 
The increase of LAGB is due to the formation of fresh martensite that 
creates new dislocations. Furthermore, the pole figure showed a 
decrease of the 100 texture aligned with the building direc
tion—also, tempering leads to a decrease in LAGB.  

2. The solubilization heat treatment cannot eliminate the bimodal 
structure of misorientation because LAGB in maraging steel cannot 
be erased. This is due to the high alloy that prevents ferrite formation 
and always leads to martensite reaction. Thus, the fresh martensite 
will result in deformation and dislocation formation, causing the 
increase of LAGB compared to tempered, aged, or as-built conditions.  

3. Solubilization heat treatment causes the increase of band contrast 
(image quality) and decreases GOS value, revealing the tendency to 
diminish the microstructure’s total energy. This occurs by increasing 
grain size due to recuperation and recrystallization during solubili
zation, even though new martensite is formed after cooling and new 
dislocations are generated, increasing LAGB.  

4. As-built process comprises several layer depositions followed by its 
fusion and solidification, layer after layer. The heating and cooling 
cycle causes a cyclic heat-treatment effect on the previous fused 
layers, acting as a tempering heat treatment. After building a sample, 
the bulk material finds itself in a tempered condition, presenting low 
LAGB. Also, the PBF-L process causes microstructure formation with 
fine and small grains, presenting a high frequency of HAGB in the 
misorientation histogram. Tempering and aging heat treatments will 
promote the same effect. Also, the as-built process induces a strong 
texture of the 100 austenite plane by epitaxial growth during 
solidification. 
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