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Commercially pure Ni was additively manufactured using laser powder bed fusion. The printed
specimens were then subjected to annealing treatments in a range of 700 °C to 1200 °C to
investigate the evolution of the microstructure using electron backscatter diffraction mapping
and a five-parameter analysis of the grain boundary character distribution. The post-printing
annealing treatment resulted in microstructural changes in respect to grain shape and size, the
grain boundary character distribution and the overall texture. However, the extent of these
changes strongly depended on the annecaling temperature. The grain structure and overall
texture changed only modestly when annealed below 900 °C. The grains grew by about 10 pct
and this led to a small (= 15 pct) increase in the areas of boundaries with low energy (111) planes
at the expense of higher energy grain boundary planes with the (001) orientation. Static
recrystallization was the dominant microstructure evolution mechanism at annealing temper-
atures greater than 1000 °C, where new equiaxed grains replaced the initial printed microstruc-
ture, enhancing the relative areas of low energy grain boundaries (i.e., > 3 and }_ 9) by a factor
of more than five. This change increased the population of boundaries with the low energy (111)
plane by a factor of five and decreased the strength of the texture by more than 50 pct through
twinning. The resultant microstructure is expected to ultimately improve the material properties,
where the increase in the relative areas of > 3 boundaries would enhance the corrosion
resistance and fracture toughness of material, and the texture weakening diminishes the

anisotropy in mechanical behaviour.
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I. INTRODUCTION

ADDITIVE manufacturing (AM) is a promising
technology that transforms customization and flexibility
in metal processing, offering an attractive route to
manufacture critical components. Laser powder bed
fusion (L-PBE) is the most common fusion-based metal
additive manufacturing (AM) technique, where a
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layer-by-layer metal deposition method is employed
through melting the powders to consolidate a near shape
parts. During this process, a local melt pool is formed
when a laser irradiates a powder bed, then solidifies at a
cooling rate of up to 107 °C/s.""? The directional
thermal gradients inherent in this process cause
microstructural complexities such as anisotropic texture
and the formation of dislocation networks within the
grain interiors.’>

Due to good metallurgical, mechanical, and high
oxidation resistance properties of Ni-based superalloys,
L-PBF processing of these alloys is technologically
viable in the energy, transportation, and semiconductor
industries. The microstructure of L-PBF processed
Ni-based alloys with the FCC (Face Centered Cubic)
crystal structure typically displays elongated/coarse
grains along the build direction, promoting specific
crystallographic texture (e.g., (100) and/or (110)). This
anisotropic texture mainly originates from preferential
solidification of FCC crystals along the (1100> axis,
which aligns with the heat flux direction.”® In some
applications such as high temperature turbine blades,
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Table I. The EBSD Conditions for Different Post-print Annealing Treatments
Condition Step Size (um) Area Number of Boundary Segments
As-Built 1 1200 ym x 600 um x 7 ~ 50,000
700 °C 1 1200 pm x 600 um x 7 ~ 50,000
900 °C 1 1200 um x 600 um x 8 ~ 60,000
1000 °C 1 1200 um x 600 um x 10 ~ 57,000
1200 °C 1 1200 pm x 600 um x 16 ~ 50,000

the elongated grains with strong crystallographic texture
would be beneficial to restrict the grain boundary sliding
(i.e., creep phenomenon).'” However, the introduction
of strong texture leads to an anisotropy in the material
performance, including yield strength, corrosion, and
electrochemical behaviour.”!" 1% This also influences
the grain boundary network, for example, restricting the
formation of coincidence site lattice (CSL? boundaries
(such as annealing twins) in FCC materials,'®'”"® which
control the material toughness!'” and corrosion
behaviour.?”)

The grain morphology and size can be altered by
changing the laser scanning strateg?/, which appears to
improve the material performance.”' **) However, the
material, to some degree, maintains a specific crystallo-
graphic texture due to the nature of rapid solidification,
where the grains directionally grow preferentially alon
the greatest heat flux direction upon the solidification.®
As a result, process modification does not fully eliminate
the anisotropy in material properties and ultimately
modifies the grain boundary network due to the
presence of a relatively strong texture. Therefore, a
new approach is required to alter the additively man-
ufactured microstructure in terms of grain structure and
weaken the overall crystallographic texture. Post-pro-
cess annealing has been studied extensively for its effect
on texture weakening and the improvement isotropic
properties after severe plastic deformation.!>>!

The presence of a high dislocation density in AM
materials due to the rapid solidification process can be
utilized as a driving force to activate recovery and/or
recrystallization restoration processes, which may take
place during post-printing annealing. This may ulti-
mately lead to the modification of the grain structure,
crystallographic texture, and grain boundary network.
More recently, post-built annealing treatment were
performed on AM metals to improve the material
performance through the modification in microstructure
and texture.*?”?®) However, they largely worked on
recrystallization in highly alloyed materials (e.g., AISI
316L and IN718 alloys), where the presence of a second
phase and composition inhomogeneity, to large extent,
retards the grain boundary mobility (i.e., kinetics of
recrystallization) and subsequently affects the extent of
microstructure and texture evolution.?”* In addition,
the prior studies provide limited information on the
effect of post-built annealing treatment on the evolution
of grain boundary network.
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Therefore, this study aimed to assess the grain
structure, texture and grain boundary network evolu-
tion of a L-PBF processed commercially pure Ni part by
means of annealing in a range of 700 °C to 1200 °C. To
isolate the contribution of texture and eliminate the
effect of alloying elements on the stacking fault energy
and the formation of phases and/or cellular structures,
commercially pure Ni was considered as a baseline FCC
crystal structure material for this study. Orientation
mapping by electron backscatter diffraction and a
five-parameter analysis of the grain boundary character
distribution were employed to reveal the mechanism/s
controlling microstructure evolution during the
post-printing annealing treatment in the temperature
range between 700 °C and 1200 °C.

II. EXPERIMENTAL PROCEDURE

Atomized powder of commercially pure Ni with a
composition of Ni-0.16Si-0.20-0.17Fe (wt pct) was
used to produce cube samples with dimensions of
1 x 1 x 1 cm® by means of laser powder bed fusion
additive manufacturing using an EOS M400-1 with
40 um layer thickness. The laser line orientation was
iteratively rotated by 67 deg after printing each layer.

To study the effect of post-printing annealing treat-
ment on the microstructure evolution, the as-printed
cubes were heat treated using a tube furnace under Ar
gas at a temperature range of 700 °C to 1200 °C for
2 hours followed by air cooling to ambient. The
microstructure was characterised by means of a scan-
ning electron microscope equipped with an electron
backscatter diffraction (EBSD) detector. Specimens for
EBSD characterisation were prepared through a stan-
dard polishing routine, consisting of grinding by 600
and 1200 grit sandpapers, followed by polishing by
means of 9, 3 and 1 um suspensions in successive steps.
Then, they were further polished using a colloidal silica
slurry solution. FEI Quanta 3D FEG FIB-SEM micro-
scope was employed to acquire EBSD maps using 20 kV
voltage and 8 nA current with a step size of 1 um.

Multiple EBSD maps were acquired, covering a large
area ranging from ~ 5 to ~ 11.5 mm? depending on the
microstructure characteristics (Table I). The EBSD
maps were conducted parallel and perpendicular to the
build direction, to minimize texture bias in the grain
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Fig. 1—The band contrast EBSD images of as-printed microstructure of commercially pure Ni at different cross sections in respect to build
direction (Z). (a) The plane perpendicular to the build direction (i.e., X~Y) and (b) the plane parallel to the build direction (i.e., Y-Z). Red and

blue lines are > 3 and ) 9 boundaries, respectively (Color figure online).
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Fig. 2—The grain size at different cross-sections in respect to the
build direction (i.e., perpendicular and parallel to the build direction)
at different annealing treatment temperatures.

boundary characterisation. TSL-OIM™ software was
employed to post-process the data, using a series of
cleaning procedures, namely grain dilation, a single
average orientation per grain assignment and boundary
reconstruction. The latter was utilized to extract the
boundary line segments, which were interpreted stereo-
logically to measure the distribution of grain boundary
plane orlentatlons known as five- -parameter grain
boundary analysis.*” At least 50,000 grain boundary
line segments were collected for each condition
(Table I), which is the minimum requirement to reliably
measure the grain boundary plane character dlstrlbutlon
for materials with cubic crystal structure.”” Based on
the Brandon criterion, the angular tolerance of 8.66 and
5 deg from the corresponding ideal lattice misorienta-
tion was used to define Y 3 and > 9 boundaries,
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respectively.2% In the current study, a minimum misori-
entation angle of 15 deg was considered as a grain
boundary to define a grain. The grain size was deter-
mined by means of the equivalent circular diameter
approach. For each post-built annealing treatment, the
grain size measurement was performed for multiple
EBSD maps acquired at different cross-sections with
respect to the build direction to remove the texture bias.
The statistical error was computed using the
standard error = %, where S and N are standard devia-

tion and number of measurements, respectively.

III. RESULTS AND DISCUSSION

The as-printed microstructure revealed distinct grain
morphologies depending on orientation of the surface
with respect to the build direction. The surface perpen-
dicular to the build direction (XY) displayed a checker-
board pattern as a result of cross-hatching of the laser
scans (Flgure 1(a)).P**1 A semi-columnar structure
appeared in the surface along the build direction (i.e.,
YZ, Figure 1(b)), attributed to the directional growth of
grains preferably along the steepest heat flux direction
during the cyclic melting and solidification.? Because
of the anisotropic grain shape, the mean grain size
depended on the orientation of the observation plane
and was 10.7 £ 0.3 ym and 16.6 £ 0.4 um at surfaces
perpendicular and parallel to the build direction,
respectively (Figure 2).

During the solidification, dendrites preferably adopt
an orientation near to the heat flux direction, having
their growth direction along the axis of a pyramid
consisting of four {111} close packed planes for mate-
rials with face-centered cubic (FCC) crystal structure
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Fig. 3—Inverse pole figure along the normal direction of as-printed (4) and annealed at a temperature of 1200 °C (b) conditions. MRD

represents multiples of a random distribution.

(i.e., Ni).® The intersection of {111} pyramid planes
leads to (100) axis, which is the ideal solidification
direction projected into the melt front interface.?*3%
As the laser path iteratively rotates by 67 deg after each
printing layer, (100) axis maintains a constant angle
of ~ 45 deg with the build direction to reduce the
deviation angle between the primary dendrite growth
direction and the maximum heat flow direction in
subsequent deposited/printed layers.”*¥) This leads to
the columnar grains not being perfectly aligned with the
build direction (Figure 1(b)), and most importantly the
formation of a relatively strong texture about the (001)
orientation with a strength of ~ 5.1 multiples of a
random distribution (Figure 3(a)). The misorientation
angle distribution of as-printed microstructure deviated
from the random distribution, displaying two moderate
peaks at ~ 8 and ~ 45 deg (Figure 4(a)). There are few
CSL boundaries (i.e., Y3 and )9, Figure 1) observed
in the as-built microstructure, and they are largely
isolated. In other words, > 9 boundaries are not
connected to any > 3 boundaries in the section plane.
This suggests that CSL boundaries (i.e., > 3 and > 9)
are not formed through multiple twinning, as seen in the
conventional recrystallized microstructure, and their
presence is coincidental.

The post-printing annealing heat treatment did not
change the microstructure characteristics up to 900 °C
(Figure 5). This was also reflected in the misorientation
angle distribution, as they maintained their overall
characteristics up to 900 °C. However, the mean grain
size increased by about 10 pct with the annealing
temperature up to 900 °C. This suggests that the
annealing treatment most likely led to the recovery of
dislocations and/or grain growth. Higher temperature
annealing led to larger increases in the grain size
(Figure 2). This was due to the appearance of new
equiaxed grains, partially replacing the as-printed
microstructure at 1000 °C (Figures 5(c) and (d)). This
suggests the occurrence of static recrystallization due to
the presence of high-dislocation density induced upon
printing (rapid solidification) and appropriate annealing
temperature regime. During the static recrystallization
(SRX), the new grains largely nucleate on the region/s
with high stored energy/dislocation density (i.e., grain
boundaries) and grow into adjacent grain/s. It appeared
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SRX nucleation takes place inhomogeneously within the
as-built microstructure (Figures 5(c) and (d)), preferen-
tially on laser beam tracks due to higher local stored
energy (dislocation density) imposed by the L-PBE
process, as reported elsewhere.!® The SRX grains largely
have equiaxed morphology, free of dislocations and
promote the formation of low energy CSL boundaries
(ie., >.3 and > 9) through multiple twinning
(Figures 5(c) to (f)). Therefore, the partial recrystalliza-
tion of the microstructure at 1000 °C resulted in a
significant change in the misorientation angle distribu-
tion, revealing a relatively strong peak at ~ 60 deg and a
small peak at ~ 39 deg (Figure 4(d)). The corresponding
misorientation axes  were  clustered around
the (111) and (101) directions in the standard stereo-
graphic triangle for boundaries with misorientation
angles of 60 and 39 deg, respectively. This suggests the
formation of first order annealing twin ) 3 boundaries
characterised by a 60 deg/(111) lattice misorientation,
which largely appeared within newly formed/recrystal-
lized equiaxed grains (Figures 5(c) and (d)). The second
most populated boundaries had 39 deg/(101) lattice
misorientation, representing > 9 boundaries. This
boundary formed mostly from the impingement of two
S 3 boundaries; this is known as twin multiplication.**!
Therefore, their population is much lower than >3
boundaries.

With an increase in the post-printing heat annealing
temperature to 1200 °C, the microstructure was fully
recrystallized to coarse equiaxed grains (Figures 5(e) and
(f)), leading to further increases in the mean grain size
(i.e., 22.4 £ 0.1 ym and 23.5 £ 0.1 um at the surfaces
perpendicular and parallel to the build direction,
respectively, Figure 2). The coarse recrystallized grains
contained many annealing twin boundaries (Figures 5(¢)
and (f)). This resulted in the presence of a prominent
peak at 60 deg and a relatively weak peak at 39 deg in
the corresponding misorientation angle distribution
(Figure 4(e)). In addition, the overall texture became
relatively weak, with ~ 2 multiples of a random distri-
bution, having two moderate peaks at (001) and (111)
orientations (Figure 3(b)). The weakening of the texture
is due to the occurrence of static recrystallization, which
promotes the twinning multiplication process.
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Fig. 4—Misorientation angle distribution for commercially pure Ni at different post-print annealing treatment temperatures. (@) as-printed, (b)
700 °C, (c¢) 900 °C, (d) 1000 °C and (e) 1200 °C. The dash line curve in (a) represents the random misorientation angle distribution. (d) and (e)
include the distribution of axes at rotation angles of 60 and 39 deg in a standard stereographic triangle. MRD is multiples of a random

distribution.

Grain Boundary Characteristics: The relative area
distributions of grain boundary planes, independent of
misorientation, were plotted in the crystal reference
frame for different microstructures formed at different
post-printing annealing treatment conditions. The dis-
tribution was computed using units of multiples of a
random distribution (MRD), in which values more than
1 indicate that planes appeared more frequently than
expected in a random distribution. The as-printed
microstructure exhibited an anisotropy with a maximum
at the position of (001) planes with 1.4 MRD. This
suggests that the (001) plane population was ~ 40 pct
greater than expected in a random distribution. The
minima appeared at the (101) and (111) orientations
where the intensity was ~ 0.9 MRD (Figure 6(a)). The
distribution is significantly different from what is
expected from pure Ni produced through conventional
nucleation and growth mechanism (e.g., recrystalliza-
tion), where the (111) orientation appeared more fre-
quently than others.*”! Indeed, the current observation
revealed that the (001) orientation with the highest
energy had the largest relative area, while the plane with
the smallest energy, (111), had a small relative area
(Figure 6(f)). This discrepancy is associated with the low
population of annealing twin boundaries in the
microstructure produced through the current printing
process (i.e., 6.6 & 0.1 pct, Figure 1) and the overall
texture (Figure 3(a)). The former limits the presence of
boundaries with (111) plane orientation with the min-
imum energy.?>*®) The manifestation of a relatively
strong (001) texture evolved  during deposition
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promotes the termination of planes with a (001) orien-
tation. This is similar to other reports where cubic
materials with strong {100},["8 {1013!'7 and {111}87
texture, stimulate the plane orientation of (100), (101)
and (111), respectively.

The post-printing annealing treatment revealed a
significant effect on the overall grain boundary plane
distribution. The intensity of the (111) orientation
progressively enhanced with an increase in the annealing
temperature at the expense of (001) orientation
(Figures 6(a) to (c)). The change was more pronounced
at 1000 °C and above, where the highest intensity
appeared at the (111) orientation and the minima
became (001) orientation (Figures 6(d) and (e)). This
suggests that the post-printing annealing treatment
promotes the (111) low energy boundary at the expense
of (001) high energy boundaries, which is linked to the
microstructure evolution.

The grain size increased by about 10 pct when
annealed at temperatures up to 900 °C (Figure 2). This
is a result of grain boundary m1grat10n which is driven
by the presence of dislocations in the microstructure.>*
This eventually advances boundaries with low energy
interfaces through the annihilation of dislocations (re-
covery) at this temperature range, which is known as
one of the grain boundarg/ engineering mechanisms
utilized for FCC materials.*®! This was also reflected by
a slight increase in the population of ) 3 boundaries
from 6.6 &+ 0.1 pct at as-printed condition to 8.1 £ 0.1
pct at 900 °C annealing condition (Figure 7). The
recovery eventually enhances the boundaries with a
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(e) 1200 °c

Fig. 5—The band contrast EBSD images of printed pure Ni at different annealing treatment temperatures at different cross sections in respect to
the printing direction (Z). (a, b) 900 °C, (¢, d) 1000 °C and (e, f) 1200 °C. X—Y and Y-Z represent the plane perpendicular and parallel to the
printing direction, respectively. Red and blue lines are Y3 and > 9 boundaries, respectively. Arrows in ¢ and d represent recrystallized grains
(Color figure online).

low energy (111) plane orientations at the expense of the The (111) orientation became prominent after anneal-
(001) plane orientation, having a relatively high energy ing at 1000 °C and above, presenting low energy
(Figures 6(b) and (c)). boundaries (Figures 6(d) and (e)). The (111) peak
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Fig. 6—(a through e) Grain boundary planes distribution, irrespective of misorientation, of commercially pure Ni subjected to different
post-annealing treatments. (f) Grain boundary plane energy distribution, reprinted with permission from Ref. 35. MRD and a.u. represent

multiples of a random distribution and arbitrary unit, respectively.
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Fig. 7—Length fraction of 3.3 boundaries with distinct
characteristics at different annealing treatment temperatures.
Coh->"3 and Incoh-) 3 represent coherent and incoherent 3
boundaries, respectively.

intensity grew from ~ 1.9 MRD in the partially recrys-
tallized state at 1000 °C to ~ 5.5 MRD in the fully
recrystallized state at 1200 °C (Figures 6(c) to (e)).
Indeed, the initiation of static recrystallization is the
prominent mechanism to promote low energy bound-
aries at high annealing temperature, as the equiaxed
grains contain low energy .3 CSL boundaries
(Figures 5(c) to (f)).

The grain boundary plane distribution for >3
boundaries (i.e., 60 deg/(111) lattice misorientation)
exhibited a prominent peak at the {111}//{111} twist
position for all microstructures, which is correlated to
the minimum energy position in the distribution for
FCC materials (Figure 8).°>%¢ The intensity of the
(111) peak progressively increased with the annealing
temperature and reflected as an increase in the number
and relative areas of these boundaries. The (111) peak
intensified significantly at 1000 °C and above annealing
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treatment (Figures 8(d) and (e)), where static recrystal-
lization appeared (Figures 5(c) to (f)). Static recrystal-
lization increased the population of >3 boundary to
16.7 £ 0.6 pct and 652 £ 0.2 pct for 1000 °C and
1200 °C, respectively (Figure 7).

The current AM process is known to create materials
with a high dislocation density (i.e., ~ 10 m~2),1>¢
appearing as dislocation cells. The dislocation substruc-
ture originates from thermal distortions during printing,
primarily initiated by constraints surrounding the melt
pool, very rapid cooling and subsequent alternating
heating/cooling cycles.”! The introduction of the dislo-
cation substructure may lead to the formation of steps
on existing grain boundaries, which are prerequisites for
the formation of annealing twins throu%h growth
accident model proposed by Mahajan et al.*”) Among
different models, the growth accident model provides
more complete description of annealing twin formation,
enabling the prediction of different twin morphologies.
The model proposes that the annealing twins form on
{111} propagating steps that appear on moving grain
boundaries. This “growth accident” leads to the gener-
ation of Shockley partials adjacent to the boundaries,
which repel each other, producing a twin while gliding
away from the boundary.?”!

Interestingly, the population of > 3 boundaries
formed through the current post-built annealing treat-
ment (i.e., ~ 65 pct, Figure 7) is relatively close to what
was reported for commercially pure Ni subjected to a
grain boundary engineering (GBE) process (i.e., 63 pct
23).[40] This, however, contradicts work reported by
others, where the population of )3 boundaries was
much lower in recrystallized as-built 316L stainless steel
(~ 48 pct!®) compared with the one subjected to a GBE
process (~ 79 pct*!)). This difference can be, to some
extent, related to the presence of nanoparticles in the
as-built 316L stainless steel, which significantly retards
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the mobility of grain boundary, and ultimately restricts
the multiple twinning process (i.e., lowering the CSL
boundaries). This is an area which requires further
investigation to understand how the recrystallization
process of as-built commercially pure Ni significantly
enhances the ) 3 formation in the microstructure to
such an extent that it becomes comparable with the
GBE Ni.

The annealing treatment also altered the grain
boundary plane distribution for Y 9 boundaries (i.e.,
39 deg/(101) lattice misorientation). In general, multiple
peaks appeared along the zone of tilt boundary
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Fig. 9—(a through ¢) The distribution of plane normals for > 9 boundaries in a commercially pure Ni at different post-printing annealing
treatment temperatures. (d) The distribution of grain boundary energy for > 9 boundaries in pure Ni, plotted with permission from the data
presented in Ref. 42. (¢) schematic representation of [110] tilt boundary plane positions. MRD represents multiples of a random distribution.

positions, which is inversely related to the position of
low energy planes for pure Ni (Figure 9). However, the
annealing temperature changed the intensity and the
position of the peak/s. The peak intensity progressively
increased from ~ 1.7 MRD at 900 °C to ~ 7 MRD at
1200 °C (Figures 9(a) to (c)). This is largely related to
the occurrence of static recrystallization in the
microstructure during annealing, which enhances the
population of CSL boundaries due to the twin multi-
plication process (e.g., 3.3 + 3.3 — >29).04 Here,
the population of > 9 boundaries increased from
0.52 £ 0.08 pct at 900 °C to 4.85 £ 0.57 pct at 1200 °C.
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Two peaks appeared at the (001) and (113) positions
at 900 °C (Figures 9(a) and (e)). The distribution slightly
changed at 1000 °C, displaying two peaks at the
positions about (115) and (111) orientations
(Figures 9(b) and (e)). With an increase in the annealing
temperature to 1200 °C, a single peak appeared in the
distribution about (114)//(114) symmetrical tilt posi-
tion (Figures 9(c) and (e)), having the minimum energy
arrangement based on the simulation (Figure 9(d)).** Tt
was recently demonstrated that the ) 9 peak position is
correlated to the characteristics of > 3 boundaries
connected to the >~ 9 boundary at the tiple junction. 3
The impingement of fully coherent > 3 boundaries (i.e.,
(111)//(111)) leads to the formation of > 9 boundaries
with the (114) plane orientation having the minimum
energy. The deviation of > 3 boundaries from the ideal
coherency alters the > 9 grain boundary plane orienta-
tion, which does not necessarily occupy the minimum
energy position.

The > 3 boundaries with the grain boundary trace
orientation within 8.66 deg deviation from the trace
expected for the ideal {111} twin plane orientation were
considered coherent > 3 boundaries in the current
study. In the samples annealed below 1000 °C, most
>3 boundaries were incoherent (Figure 7) and the
microstructure contained isolated ) 9 boundaries
(Figures 5(c) and (d)), and this leads to plane orienta-
tions different from the minimum energy (114) orien-
tation. By contrast, the population of coherent >3
boundaries accounted for more than 50 pct of the length
fraction and many of the .9 boundaries in the
microstructure were connected to >3 boundaries
(Figures 5(e), and (f) and 7). This leads to an increase
in the area of boundaries with the (114) orientation,
which has the minimum energy configuration
(Figures 9(c) and (d)).

The microstructural changes resulted from the
post-printing annealing treatment potentially have a
significant impact on the material properties, where the
augment in Y3 Fopulation would be beneficial to
fracture toughness!'” and corrosion resistance® and
the texture randomisation reduces the anisotropy in the
mechanical behaviour.

IV. CONCLUSIONS

In the current study, the post-printing annealing
treatment of commercially pure Ni led to significant
microstructural changes in terms of grain structure,
grain boundary network and overall texture. At a
temperature range of up to 900 °C, only small changes
in the microstructure were noted. However, an approx-
imately 10 pct increase in the grain size increased the
areas of boundaries with the low energy (111) plane at
the expense of higher energy boundaries with the (001)
orientation. For annealing temperatures greater than
900 °C, the dominant mechanism of microstructure
evolution was static recrystallization. During static
recrystallization, new equiaxed grains appeared in the
microstructure promoting CSL boundaries with low
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energy interfaces (i.e., > 3 and >_9), and ultimately
leading to the randomisation of texture through the
twinning multiplication process.
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