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ABSTRACT

Due to high local cooling rates and non-equilibrium directional solidification conditions,
selective laser melting (SLM) processed metals exhibit microstructural and textural features
significantly different from the conventionally processed ones. The evolution of
crystallographic orientations in a maraging stainless steel (commercially known as stainless
steel CX) sample fabricated by the SLM process was studied through experimental and
modelling approaches Electron backscattering diffraction analysis showed that the dominant
texture components in martensite and austenite phases are <111>|| building direction and
<011>| | building direction, respectively. Texture simulation indicated that the formation of
crystallographic orientations in the studied sample is the result of two consecutive phase
transformations, from initially solidified delta ferrite phase with dominant cube fiber texture

to austenite and austenite to martensite.

Keywords: Maraging steels; Martensitic phase transformation; Texture; Simulation;
Selective laser melting (SLM).

" Corresponding author: Email: hadi.pirgazi@ugent.be; Phone: +32 9 331 04 49.



1. Introduction

Selective laser melting (SLM) is a commonly employed laser powder-bed fusion based additive
manufacturing (AM) technique for fabricating metal components from feedstock powder [1].
SLM uses a computer controlled high energy laser as the heat source, which layer by layer
melts and fuses selective regions of the metallic powder and produces fully dense near net-
shape components. The main focus of most of the related research activities on SLM and
other AM processes has been on the feasibility of the process for manufacturing flawless
components, the resulting mechanical properties, and some limited microstructural

characterizations [2-5].

AM processes have not yet entered the market as a mature and fully adopted technology.
One of the open processing questions that requires further investigation pertains to the
evolution of crystallographic texture during the SLM process. Deep understanding of the
evolved texture is of crucial importance because: (i) many of the material properties are
texture dependent [6-10]; and (ii) the crystallographic texture influences different
phenomena such as recrystallization, phase transformation, and grains response to
deformation during metals processing [11-13]. Due to high local cooling rates and non-
equilibrium solidification conditions, metallic components produced by the SLM process
represent microstructural and textural features, which significantly differ from those usually
observed in metals and alloys processed by the conventional techniques (e.g. casting, forging,

and extrusion).

Of particular interest in this work is a maraging stainless steel with chemical composition
similar to the family of 13.8 Mo PH stainless steels. As this type of maraging stainless steel
contains a fully martensitic microstructure, it experiences a phase transformation during
cooling to room temperature. The effect of phase transformation on the texture evolution of
steels produced by conventional thermo-mechanical processing techniques (especially
rolling) has been extensively studied [14-17]. Generally, during an allotropic phase
transformation an orientation relationship (OR) between the crystal lattices of the parent and
the product phases is developed. For example, the Kurdjumov and Sachs (K-S) OR [18], in
which {111}, ||{110}x and <110>,||<111>y, was observed between lath martensite and

retained austenite grains in conventionally heat-treated maraging steels [19]. It has been



shown that phase transformations and their corresponding OR can significantly affect the
final texture [20, 21]. However, this effect has not been adequately addressed for SLM
processed steels. Therefore, the main objective of this communication is to study the texture
evolution in a maraging stainless steel sample fabricated by the SLM process featuring phase

transformation, and to assess the source of the evolving crystallographic orientations.
2. Materials and methods

A gas-atomized powder of maraging stainless steel (commercially known as stainless steel CX
(SS CX)) containing spherical shape particles with average size of approximately 37.5 um was
used as the feedstock powder for the SLM process. The SS CX is an iron-based high strength
corrosion resistant powder with a nominal chemical composition of Fe-12%Cr-9.2%Ni-
1.4%Mo-1.6%Al-0.4%Mn-0.4%Si-0.05%C (in wt.%). More details about this feedstock powder
can be foundin [22]. The SLM process was carried out using an EOS M290 machine to produce
a rod-shaped sample with 120mm height and 12mm diameter in the horizontal direction, i.e.
the longitudinal direction (or the rod axis) of the printed rod was perpendicular to the building
direction. To protect the melt pool and to avoid the pick-up of interstitial impurities such as
oxygen, the SLM process was performed in an inert atmosphere (Ar-0.1%0;). Table 1
summarizes the SLM process parameters. The laser power, scanning speed, hatching
distance, and powder layer thickness values were adjusted to allow for fabricating samples
with the least porosity and the best mechanical properties. The hatching strategy for the SLM
process was the well-known stripe scanning with 67° rotation of the stripes between

consecutive layers.

For the purpose of microstructural analyses, the printed sample was sectioned parallel to the
longitudinal direction of the rod. For simplicity, the three orthogonal directions of the printed
samples i.e. longitudinal direction, building direction, and transverse direction are
abbreviated as LD, BD and TD, respectively. The sample was mounted in epoxy resin and
polished using a Tegramin-30 Struers auto-grinder/polisher. After polishing, the sample was
subjected to cleaning with an ultrasonic cleaner for 60 seconds. Electron backscattering
diffraction (EBSD) technique was employed to characterize the evolved microstructure and
texture in the SLM processed alloy. The EBSD measurement was carried out using a HR-FEG-

SEM (high-resolution field emission gun scanning electron microscope) of type FEl QUANTA



450. To obtain statistically relevant crystallographic information, a large EBSD scan (400 x 425
um?) with a step size of 0.2 um was collected. To ensure a detailed characterization of the
fine austenite grains, a smaller EBSD map (100 x 100 um?) but with higher resolution of 50
nm was also recorded from the center of the previous scan. The collected orientation datasets
were then post-processed using the TSL-OIM software to derive the microstructural state
variables and crystallographic orientations. The average confidence index (Cl) of the raw data
equaled 0.6; however, only the orientations with CI>0.1 were included in subsequent texture
analysis. This filtering resulted in more than 4.3x10° and 1.8x10° data points with the average
Cl of 0.66 and 0.47 for the bcc and fcc phases, respectively. The harmonic series expansion
method with a truncation of L=16 and a Gaussian-Half-Width of 5° was used to calculate the

ODF and to plot the corresponding pole figures, whereby no sample symmetry was assumed.

Table 1. SLM process parameters used in this study

Laser type Laser power | Scanning speed | Hatching distance | Layer thickness
Yb-Fiber 258.7 1066.7 100 30

3. Results and discussion

The building direction inverse pole figure (BD-IPF) map in Figs. 1a and b represent the
microstructure of the maraging stainless steel sample fabricated by SLM. It features a typical
SLM microstructure, i.e. aggregation of overlapped melt pools containing large columnar and
small equiaxed grains. The formation of these different grain morphologies has been
attributed to the local variations of the solidification parameters, i.e. temperature gradient
(G) and growth rate (R) [23] as well as re-heating through multiple laser passes [24]. In
general, a high G/R ratio (as it is the case for the SLM process) results in the formation of a
columnar grain structure [25]. As reported in similar studies [24, 26], these columnar grains
are aligned with the building direction, which is antiparallel to the overall heat extraction
direction from the melt pools. On the other hand, the heterogeneous nucleation at the fusion
line between the previously solidified layer and the molten metal promotes the formation of
small equiaxed grains, which are mostly located at the melt pool boundaries, as highlighted

in the region between two yellow curves in Fig. 1a.



A detailed description of the governing mechanisms for the microstructural evolution during
the SLM process can be found elsewhere [2, 24]. The high-resolution phase map shown in Fig.
1c indicates that the microstructure consists of 96% bcc phase (i.e. martensite or o’) and 4%
fcc phase (i.e. retained austenite or y). The austenite phase is seen as very fine grains
distributed mostly between the equiaxed martensitic grains at the vicinity of the melt pool

boundaries and to less extent between columnar grains.

= T ] S Austenite @ Martensite @ 25 um

Figure 1. (a) BD-IPF map representing the microstructure of the SLM processed maraging steel
sample, the yellow curves mark a melt pool boundary covered by small equiaxed grains. (b)
Image quality map, and (c) phase map corresponding to the area marked by the dashed line
square in Fig. 1a. The black pixels in the phase map comprise the low Cl (<0.1) orientations.

The presence of the y phase at room temperature is due to incomplete y to o’ phase
transformation caused by e.g. local stabilization of the y phase as a result of the segregation
of the alloying elements during the solidification process. Therefore, the orientation
relationship (OR) across the bcc/fcc phase boundaries is expected to correspond with the
common OR types in steels (cf. Table 2). As shown in Fig. 2, the OR between adjacent o’ and

vy grains are distributed around the Bain circles formed by the variants of the ORs presented



in Table 2 (except the Bain OR). A detailed analysis showed that ~50% of the boundaries
between fcc and bcc phases fall within 4° angular deviation with respect to the Bain circle.
From the phase boundaries across the Bain circle, 81%, 55% and 26% follow the Greninger
and Troiano (G-T) [27], Nishiyama-Wassermann (N-W) [28, 29], and Pitsch [30] orientation
relationships, respectively (cf. Fig. 2). The presence of an OR between parent and product
phases is beneficial for understanding the evolution of crystallographic texture in the SLM

processed maraging steel, as will be discussed shortly.

Table 2. Plane and direction parallelism conditions between fcc and bcc phases for different
theoretical orientation relationships in steels.

Name Orientation relationship

Bain [31]

{100},/|{100}«

<100>,/|<100>,

Kurdjumov -Sachs (K-S) [18]

{11 }]{110}«

<110>J<111>4

Nishiyama-Wassermann (N-W) [28, 29]

{11 }]{110}«

<1125)<111>4

Greninger and Troiano (G-T) [27]

{11 }]{110}«

<123>,||<133>

Greninger and Troiano’ (G-T’) [27]

{110}[[{111}«

<133>,||<123>,

Pitsch [30]

{100},][{110}«

<110>J<111>4

O Bain
B KS=51%

N-W = 55%

ol I M L DR M A
Figure 2. {001} pole figure of the actual orientation relationships across the phase boundaries.
The enlarged view of the pole figure represents the variants of different theoretical
orientation relationships around the central Bain circle. The red circles mark the area with 4°
angular deviation with respect to the Bain circle which contains ~50% of all phase boundaries.



As shown in the pole figures (PFs) of Fig. 3, martensite and austenite phases exhibit weak
textures both featuring an approximate axial sample symmetry around the building direction
(i.e. the center of the PFs) with the maximum intensity at <111>and <011> poles, respectively.
Compared to the martensite phase, the axial symmetry of the austenite phase (cf. Fig. 3a) is
less ideal, which is likely related to the considerably less number of data points in this phase.
The appearance of the axial symmetry is a result of (i) the directional solidification in which
the preferred solidification direction (i.e. <001> in bcc and fcc crystals [32]) is parallel to the
direction of heat flow, and (ii) the rotation of the laser scanning direction between the
consecutive layers. A fibrous texture is the most common texture that has been observed in
SLM processed alloys [24, 33]. It has been reported that the resulting texture is influenced by
the melt pools geometry, which is governed by the generated temperature gradients within
the melt pools. Accordingly, the melt pool geometry and the resulting crystallographic texture
can be altered by changing the laser scanning parameters and/or the hatching strategy [34—
37]. Consequently, different solidification textures such as <001>| |BD [24, 38], <011>| |BD
[37] and <111>| | BD [39, 40] have been reported in SLM processed metals with cubic crystal

structures.”

The observed textures in this study can be explained by considering the occurrence of a phase
transformation in this alloy. Based on the governing OR, the martensitic phase transformation
results in different crystallographic orientations. Furthermore, a fast cooling rate (as it holds
for the SLM process), reduces the difference in the phase transformation driving force for
different variants of the y = o’ phase transformation [41]. The latter results in the formation
of variants with equal statistical probability and eventually reduces the overall texture
intensity [42]. The occurrence of martensitic transformation without variant selection in this
alloy justifies the observed weak texture (cf. Fig. 3) as opposed to SLM processed alloys, which

do not experience any phase transformation (e.g. aluminum alloys [43]).
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Figure 3. Experimental pole figures representing the crystallographic texture of (a) retained
austenite and (b) martensite grains. LD, TD and BD stand for longitudinal, transverse and
building direction, respectively.

Texture evolution of the austenite phase can be explained by taking into account the
evolution of phases during solidification. The phase diagram of the studied alloy was
calculated using the Thermo-Calc software. As Fig. 4a shows, the first phase formed upon
solidification is a bcc phase (i.e. d-ferrite), which further transforms into fcc (i.e. austenite
phase) and eventually into a bcc phase (i.e. martensite). The fraction of these phases as a
function of temperature has been plotted in Fig. 4b. Around 1440°C the structure of the
sample is composed of 13% liquid and 87% J-ferrite phases. It should be noted that the
diagrams of Fig. 4 are based on equilibrium condition, which differ from the solidification
conditions of the SLM process featuring a very fast cooling rate. An increased cooling rate is
expected to decrease the volume fraction of the d-ferrite phase at the expense of the
austenite phase [44, 45]. However, it can still be assumed that a high fraction of the melt
pools is first solidified as the d-ferrite phase. The occurrence of two consecutive phase
transformations i.e. d-ferrite > austenite = martensite during cooling, results in the

observed experimental textures in this alloy.
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To better understand the mechanism of texture evolution in the SLM-SS CX, a simple model
including two consecutive transformations, i.e. 3 2 y =2 o, based on the G-T OR was utilized
to model the texture of austenite and martensite phases. The authenticity of the OR for d to
y transformation has been validated by several studies including Haghdadi et al. [46] and Xu
et al. [44]. To simplify the model, 5-ferrite is assumed to be the only phase directly solidified
from the melt. Consequently, the effect of the directly solidified austenite is neglected
because due to a low volume fraction (~13%), its influence is insignificant. The texture of the
d-ferrite as the first solidified phase is assumed to be a <111>| |BD texture. This assumption
is validated by (i) the reported <111>||BD texture in the literature where similar laser
parameters and hatching strategy have been employed, e.g. [39, 40, 47], and (ii) the geometry
of melt pool. The secondary electron image presented in Fig. 5 shows the melt pool
boundaries in the BD-TD section. As the laser scanning direction (SD) rotates 67° between the
layers, only when SD is perpendicular to the plane of observation the distance between two
neighboring melt pools equals the hatching distance (i.e. 100 um in this case), and the melt
pools geometry can be assessed correctly. For example, in the melt pools marked by the
dashed lines in Fig. 5b, SD is perpendicular to the plane of observation. The largest
temperature gradient in a melt pool lies along the direction perpendicular to the melt pool
boundary [34]. In this study, the average angle (») between heat flow directions (i.e. red

arrows in Fig. 5b) and the negative BD equates ~42°. The same value can be roughly




considered for the average angle between the heat flow direction and the negative BD in the
longitudinal cross section. As explained by Thijs et al. [47] these two rotations around the SD
and TD result in a <111> almost parallel to BD texture. Accordingly, a set of 1000 random
orientations with the <111> direction aligned within 30° of the building direction was

generated as the texture of the d-ferrite phase (cf. Fig. 6a).

m\‘ - Vit 50 um

Figure 5. (a) Secondary electron image, and (b) the corresponding melt pool boundaries in the
BD-TD cross section.

To simulate the texture of the austenite phase, the G-T OR was applied on the initial d-ferrite
texture. Assuming that Ter represents the transformation matrix for the fcc 2 bcc phase

transformation based on the G-T OR, the following equation was employed:
9yi = Ter (0; gs) (1)

where O; is the crystal symmetry operator, g,and gs are the orientations of the austenite and
delta ferrite phases, respectively. Tlgr represents the inverse of the transformation matrix
for 3 = vy phase transformation. To this purpose, it was assumed that each ferrite orientation
can transform into six randomly selected austenite variants (out of 24 possible variants
associated with the G-T OR). This simplifying assumption was necessary as the physical origin
of variant selection, and consequently, the number of variants in this alloy and the current
processing condition is not well-understood. On the other hand, the fast cooling rate
associated with the SLM process gives the same priority to all variants to be selected. The

simulated texture of the austenite phase (cf. Fig. 6b exhibits the expected axial symmetry with
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a maximum intensity at <011>| |BD, which is in general agreement with the experimental

results (i.e. Fig. 3a).

In a similar way, the texture of the martensite phase was simulated by employing the G-T OR
and transforming each austenite orientation resulting from the previous step (i.e. 6000
orientations) into six randomly selected martensitic variants, employing the following

equation:

9ao'i = Tor (01 gy) (2)

where gy is the orientation of the martensite phase and Ter represents the transformation

matrix for the y = o' phase transformation based on the G-T OR.

As Fig. 6¢c shows, there is clearly a good compatibility between simulated texture of
martensite and the experimental result presented in Fig. 3b. Both sets of PFs (i.e. Fig. 3b and
Fig. 6¢) show a close to ideal axial symmetry with a maximum intensity at <111>| |BD and the
second maximum at <001>| |BD. It should be noted that the phase transformations were
applied based on the G-T OR, as it was found to be the dominant OR between the fcc and bcc
phases in this alloy. However, our analysis showed that the choice of the OR (e.g. N-W, K-S,
Pitsch or GT’) does not significantly change the modelled textures. This is probably due to the
small angular deviation between these ORs, the random choice of variants, and the

approximated initial texture which eventually resulted in similar modelled textures.

The presented results indicate that the occurrence of two consecutive phase transformations
determines the final texture observed in the studied sample. The melt pools are initially
solidified mostly as d-ferrite with a dominant <111>||BD texture. The occurrence of & 2 y
phase transformations results in the formation of a <011>||BD texture. The second
transformation (i.e. y = o) gives rise to the evolution of a weak texture with <111>| |BD as
the dominant texture fiber. The similarities between the crystallographic textures observed
in the bcc phases (i.e. d and a') after the double transformation is an indication for some
degree of texture memory effect. An ideal texture memory effect is considered to appear
when the initial texture is completely recovered after the double phase transformation. It has
been reported that this effect arises from the occurrence of a specific variant selection

mechanism during phase transformations, which favors nucleation at parent phase grain

11



boundaries that allow for a double K-S (or other) reference correspondence [48, 49].
Therefore, the absence of variant selection in this alloy -as discussed earlier- weakens the
texture memory effect, resulting in a considerably lower intensity texture in the o’ phase in

comparison to the & phase.

The fast cooling rate during the SLM process can affect the fraction of initially solidified phases
and the fraction of phases after each transformation step. Furthermore, the alternating
heating and cooling cycles associated with the deposition of next layers can affect the thermal
equilibrium condition of the phases and consequently the resulting textures. To determine
the effect of these parameters on the evolution of the texture during the SLM process, more

detailed studies are underway.
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Figure 6. Simulated pole figures representing the crystallographic texture of (a) o-ferrite, (b)
austenite, and (c) martensite phase after transformation based on the G-T orientation
relationship.

4. Conclusions

In summary, the SLM processed maraging stainless steel sample in this study shows a
microstructure mostly composed of martensitic grains and a small fraction of retained
austenite. The dominant texture components in martensite and austenite phases was found
to be <111>| |BD and <011>| | BD, respectively. A model for texture simulation was developed
by taking into consideration the following assumptions: (i) o-ferrite as the first solidified phase
has a dominant <111>| | BD texture, and (ii) 0-ferrite to austenite and austenite to martensite

phase transformations occur according to the Greninger and Troiano orientation relationship

13



with a random selection of the variants. The simulated textures correctly matched the
experimental ones leading to the conclusion that the texture formation in the SLM processed
maraging stainless steel (stainless steel CX) is the result of the occurrence of the two

consecutive phase transformations.
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Figure Captions

Figure 1. (a) BD-IPF map representing the microstructure of the SLM processed maraging steel
sample, the yellow curves mark a melt pool boundary covered by small equiaxed grains. (b)
Image quality map, and (c) phase map corresponding to the area marked by the dashed line
square in Fig. 1a. The black pixels in the phase map comprise the low Cl (<0.1) orientations.

Figure 2. {001} pole figure of the actual orientation relationships across the phase boundaries.
The enlarged view of the pole figure represents the variants of different theoretical
orientation relationships around the central Bain circle. The red circles mark the area with 4°
angular deviation with respect to the Bain circle which contains ~50% of all phase boundaries.

Figure 3. Experimental pole figures representing the crystallographic texture of (a) retained
austenite and (b) martensite grains. LD, TD and BD stand for longitudinal, transverse and
building direction, respectively.

Figure 4. (a) Fe-Ni phase diagram and (b) fraction of phases during solidification and
subsequent cooling, calculated using the Thermo-Calc software. The dashed red line in (a)

corresponds to the chemical composition of the studied alloy.

Figure 5. (a) Secondary electron image, and (b) the corresponding melt pool boundaries in the
BD-TD cross section.

Figure 6. Simulated pole figures representing the crystallographic texture of (a) o-ferrite, (b)

austenite, and (c) martensite phase after transformation based on the G-T orientation
relationship.

Table Captions

Table 1. SLM process parameters used in this study

Table 2. Plane and direction parallelism conditions between fcc and bcc phases for different
theoretical orientation relationships in steels.
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