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ABSTRACT

This study investigated the evolution of solidification microstructure and
dynamic recrystallisation (DRX) during the laser solid forming of the Ni-based
Inconel 625 superalloy. The as-deposited microstructure mainly showed epi-
taxially grown columnar grains with fine equiaxed grains between them. These
fine equiaxed grains were formed by the discontinuous DRX (DDRX) and
continuous DRX (CDRX) processes, which were induced by the cyclic thermal
stress resulting from the repeated laser deposition. The bulging of pre-existing
grains and sub-grain rotation were the main mechanisms of the DDRX and
CDRX phenomena, respectively. Additionally, after the occurrence of DRX, the
dislocations were released and there was no distortion in the recrystallised
grains. Coarse equiaxed grains were present in the top zone of the deposit; these
grains were formed by the columnar-to-equiaxed transition during the solidi-
fication of the molten pool after the end of the laser re-melting and deposition
process.
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industries [1-5]. Recently, with the development of
additive manufacturing (AM), laser solid forming

Introduction

Inconel 625 is a kind of solid-solution-strengthened
Ni-based superalloy, which has excellent corrosion
resistance and mechanical properties at high tem-
perature. Owing to its simultaneously high process-
ability and weldability, this superalloy is widely used
for various advanced industrial applications, e.g. in
aerospace engines, chemical equipment, and nuclear

(LSF) has emerged as an advanced high-performance
AM technology that is capable of solid free-form
fabrication of complex Ni-based superalloy compo-
nents in the energy and power fields, while also
providing considerable cost savings and enabling
high material utilisation. Thus far, laser-solid-formed
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(LSFed) Ni-based components have been successfully
used in industries such as the aerospace industry [6].

However, because of the high thermal expansion
coefficient of the Inconel 625 superalloy and the
repeated rapid local heating and cooling occurring
during the LSF process, extremely high thermal stress
is typically generated in LSFed Inconel 625. This
means that the excessive thermal stress may cause
plastic deformation of the deposited layers. Wang
et al. [7] used the finite-element method (FEM) to
calculate the residual stress distribution in a single
wall of the Inconel 625 superalloy fabricated by LSF
and validated the predictions of the thermomechan-
ical model via neutron diffraction measurements.
They found that the maximum residual stress in the
deposit was 600 MPa, and the residual stress first
increased and then decreased in the length direction
from the substrate to the top of the centre plane of the
deposit. In addition, compressive stresses were
observed in most regions, whereas tensile stresses
were observed at the top of the wall.

Under the influence of thermal stress, the deposit
geometry will deviate from the designed dimensions
of components during the LSF process. Additionally,
thermal and residual stresses will also promote the
formation of microcracks and reduce the tensile
strength and fatigue performance [8-11]. In recent
years, numerous studies have been conducted for
reducing the thermal and residual stresses during the
AM process [12-14]. However, with the deposition of
the succeeding layers, the already deposited layers
will be subjected to high-temperature annealing or
tempering treatment repeatedly, with the maximum
temperature being close to the melting point; as a
result, these thermal and residual stresses can also
induce a complex solid-state phase transformation in
the deposit, such as dynamic recrystallisation (DRX)
and precipitation of the second phase. In addition,
face-centred-cubic (FCC) metals are prone to DRX
during hot deformation, because they have low
stacking fault energies (SFEs) [15, 16]. Because the Ni-
based Inconel 625 superalloy has an FCC matrix,
DRX may occur in an Inconel 625 deposit under the
influence of thermal and residual stresses during the
LSF process. Dinda et al. [17] investigated the
microstructural evolution and thermal stability of the
Inconel 625 superalloy fabricated by LSF, and they
found that the columnar dendrites in the Inconel 625
superalloy deposit remained stable up to 1000 °C
(~3/4 T,) and a fully recrystallised equiaxed
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structure was visible at around 1200 °C. They
thought that the driving force for the recrystallisation
was residual stress, but they did not provide much
evidence or a reasonable explanation for this belief.
Liu et al. [18] found that Inconel 718 fabricated by
LSF was recrystallised after solution treatment at
1100 °C, and they confirmed that the residual stress
in the deposit promoted static recrystallisation in the
as-deposited columnar grains during the solution
heat-treatment process.

If DRX is induced in the LSF process, it can use up
the pre-generated residual stress and refine the initial
coarse columnar grains in the already deposited
layers. Thus, the modified stress state and
microstructure following DRX will consequently
improve the mechanical properties of the material.
However, very few studies have attempted to inves-
tigate the DRX phenomenon in Ni-based superalloys
during the LSF process. Furthermore, the conditions
and mechanisms of DRX in these superalloys remain
unclear. In the present study, therefore, the
microstructural evolution of the Inconel 625 super-
alloy during the LSF process was studied, and the
columnar-to-equiaxed transition (CET) and DRX
occurring in the deposit were mainly discussed.

Materials and experimental procedure
Materials and laser processing parameters

The particle size of Inconel 625 superalloy powders
was 50-150 pm; the chemical composition of the
powders is listed in Table 1. Before the LSF process,
the substrate was polished with sandpaper and
cleaned with acetone, and the powders were dried
under vacuum for 3 h at 120 °C. The substrate was a
forged Inconel 625 superalloy plate having dimen-
sions of 100 mm x 80 mm x 10 mm, and the size of
the deposited sample was 80 mm x 15 mm x 10
mm (25 layers). The laser used was a continuous-
wave semiconductor laser with a maximum output

Table 1 The chemical compositions of the Inconel 625 alloys
(wt.%)

Ni Cr Mo Nb Fe Ti Al Si C

Bal. 22 8.5 3.6 2 0.2 0.2 0.5 0.01
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power of 6 kW and a wavelength of 1.06 um. The
laser processing parameters are listed in Table 2.

Microstructural characterisation

A Keyence VHX-2000 optical microscope (OM) and a
TESCAN VEGA II-LMH scanning electron micro-
scope (SEM) equipped with an electron backscatter
diffraction (EBSD) unit were used for characterising
the microstructural evolution. The deposited sample
was ground on 80-2000-grit silicon carbide paper and
then polished using colloidal silica (0.05 um grit size)
in a vibratory finishing machine. To reveal the
macrostructure and microstructure of the LSFed
Inconel 625 superalloy, the sample was electrolyti-
cally etched under a 10-V direct current for 15 s in a
reagent of 10% aqueous chromic acid solution. The
evolutions of the texture and orientation were char-
acterised by EBSD. The distributions of different
elements were measured using a Shimadzu 1720
electron probe micro-analyser (EPMA). A Tecnai
G2F30 transmission electron microscope (TEM) was
used to examine the dislocations in the deposit.

Thermomechanical simulations

The evolution and distribution of the temperature
field during LSF of the Inconel 625 superalloy were
simulated by the FEM. During the simulation pro-
cess, the birth-dead-elements technique is used [19].
Before the deposition process, all the elements of
deposit are inactive. According to the deposition
sequence, at each time step the elements are activated
by an octree-based searching algorithm.

Table 2 The processing parameters of the LSF experiment

Parameter value

Laser power (W) 1500
Scanning velocity (mm/min) 900
Spot diameter (mm) 2
Powder feeding rate (g/min) 7.5
Increment of Z (mm) 0.4
Overlap (%) 50
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Transient thermal model

In LSF, the governing equation for transient heat
conduction for a component subjected to a volumet-
ric heat source is given as:

Q) - V-4l 1) = pG 5 (1)

where p is the density of the Inconel 625 superalloy,
taken as 8.1 g-cm™!; C, is the temperature-depen-
dent specific heat capacity; T is the temperature; ¢ is
the time; Q is the time- and location-dependent vol-
umetric heat source; and g is the conductive heat flux
through the material. Three kinds of heat transfers
are considered to occur in the LSF process: conduc-
tive heat transfer (g), radiative heat transfer (gaq), and
convective heat transfer (gcony). These three heat
transfer processes follow the Fourier law, the Stefan—
Boltzmann law, and Newton’s convective cooling
law, respectively:

g=—kVT 2)
frad = €0p (Té - T;lc) (3)
qconv == h(TS - Toc) (4)

where k is the temperature-dependent thermal con-
ductivity; ¢ is the surface emissivity; oy, is the Stefan—
Boltzmann constant; Ts and T, are the surface tem-
perature of the deposit and ambient temperature,
respectively; and h is the convective heat transfer
coefficient.

Mechanical model

The governing mechanical stress equilibrium equa-
tion is expressed as:

V-6=0 (5)

where ¢ is the third-order stress tensor.
The mechanical constitutive law can be expressed
as:

o= Ceg (6)
where C is the fourth order stiffness tensor, and the
elastic strain, & is computed as:

ge =& — & — €T (7)

where ¢ is the total strain, ¢, is the plastic strain and er
is the thermal strain.
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Heat source model and boundary conditions

The average volumetric heat source model for laser
beam is expressed as:

nP
Qun =7 (8)

where 7 is the laser absorption of alloy, P is the laser
power, and V is the volume affected by the heat
source.

The  temperature-dependent thermalphysical
properties of the Inconel 625 superalloy are listed in
Table 3. The emissivity ¢ of Inconel 625 is taken as
0.28 as found in Ref. [21]. The convective heat transfer
coefficient 1 is 18 W/m?/ °C.

Figure 1 shows the schematic of the finite-element
mesh of the additively manufactured Inconel 625
deposit. In the central portion of the deposit, six
points are selected along the deposition direction to
analyse the temperature field during the LSF process.
Point A represents the point of contact with the
substrate, and points B-F correspond to positions at
distances of 0.8, 1.6, 3.2, 6.4, and 10 mm, respectively,
from the substrate; points B-F also correspond to the
positions of the 2nd layer, 4th layer, 8th layer, 16th
layer, and 25th layer, respectively.

Results and discussion
Evolution of solidification microstructure

Figure 2a shows the macrostructure in the vertical
plane of the LSFed Inconel 625 superalloy, and
Fig. 2b—d shows the detailed OM microstructures in
different zones-top, middle, and bottom zones,
respectively, along the deposition direction. Figure 3
shows EBSD maps of the substrate and as-deposited
Inconel 625 superalloy. From Fig. 2b, it is found that
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the bottom of the deposit contains typical epitaxially
grown columnar grains, and the width of the
columnar grains near the substrate is only 20 um,
which is approximately equal to the grain size of the
forged substrate. However, as the deposit height
increases, the width of the columnar grains also
increases until it exceeds 200 pm, after which it
remains stable with a further increase in the deposit
height. Additionally, some fine equiaxed grains are
present in between the columnar grains in the middle
zone of the deposit, as shown in Fig. 3c. The size of
the columnar grains in this zone is larger than that in
the bottom zone, and the growth of the columnar
grains between the layers occurs in a zigzag direc-
tion. Furthermore, the finer the equiaxed grains
formed at the columnar-grain boundaries and even
inside the columnar grains, the more detailed is the
microstructure, as depicted in Fig. 3c. The
microstructure of the top zone in the deposit is
shown in Figs. 2d and 3d; obvious equiaxed grains
are visible in the top zone, and these equiaxed grains
are larger than 200 um in size; this size is larger than
that of equiaxed grains observed in the bottom and
middle zones.

The microstructure and detailed Laves phase dis-
tribution in the different zones in the deposit are
shown in Fig. 4. It can be seen that the average pri-
mary dendrite arm spacing (4;) gradually increases
from the bottom zone (1; =5um) to the top zone
(21 =10pm) in the deposit. Meanwhile, the sec-
ondary dendrite arm gradually becomes more
apparent, as shown in Fig. 4a, c, e. The reason for this
phenomenon is that with an increase in the deposit
height, the deposited part is subjected to subsequent
thermal cycling, which results in an increase in the
temperature of the deposited layers. Thus, the tem-
perature gradient (G) of the molten pool in the

Table 3 Temperature-

dependent thermal properties T (°C) k (Wm/ °C) Gy (VVkg) E (GPa) ay(MPa) o (pm/m °C)
of Inconel 625 where T is the
. 20 9.9 410 208 493 12.8
temperature, k is the thermal
.. . . 93 10.8 427 204 479 12.8
conductivity, C, is the specific
. 205 12.5 456 198 443 13.1
heat, E is the Young modulus,
. . 315 14.1 481 192 430 13.3
ay is the yield strength, and o
i< th Hicient of . 425 15.7 511 186 424 13.7
‘[52 0]6 COCTICICHL OF expansion. - 54 17.5 536 179 423 14.0
650 19.0 565 170 422 14.8
760 20.8 590 161 415 15.3
870 22.8 620 148 386 15.8
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Figure 1 Schematic of finite-
element mesh of Inconel 625
additively manufactured
deposition, where point A
represents the point of contact
with the substrate, B, C, D, E,
F indicate the position with the
distance from the substrate of
0.8, 1.6, 3.2, 6.4 and 10 mm,
respectively.

Middle zone.

Bottor @
Substrate
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‘ F
E
B (6}
)

[] Deposition (Inconel 625)
[ Substrate (Inconel 625)

Figure 2 Macrostructure of Inconel 625 fabricated by LSF (b) bottom zone; (c) middle zone; (d) top zone.

subsequent layers decreases. The dendritic growth
theory indicates that the average primary dendritic
spacing (/1) has an approximate relationship with the
solidification velocity (V) and the temperature gra-
dient (G) [22]:

1o VG (5)

Here, a and b are constants associated with alloys.

@ Springer

In addition, the size of bright second phases in
interdendritic regions increases with the deposit
height. The formation of a Laves phase in Nb-bearing
superalloys is caused by the significant segregation of
Nb in the interdendritic regions [23, 24]; this segre-
gation promotes the formation of the secondary
phases observed in the microstructure of LSFed
Inconel 625. The distribution of the Nb element in
different zones is shown in Fig. 5. It can be seen that
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Figure 3 EBSD maps of the as-deposited Inconel 625 superalloy. a Inverse pole figure (IPF) coloured OIM map of substrate, b OIM of

bottom zone, ¢ OIM of middle zone, d OIM of top zone.

maximum microsegregation of Nb occurs in the
bottom region of the deposit, whereas microsegre-
gation occurs to a lesser extent in the top region. The
elemental distribution coefficient k represents the
intensity and direction of microsegregation of an
element in the solidification process. The solidifica-
tion velocity dependence of ky for dilute solutions
can be expressed as

ke +(a0V/D)

“ T D) ©

where k. is the equilibrium partition coefficient, D is
the solute diffusion coefficient at the solid-liquid
interface, V is the solidification velocity, and a9 is a
length of atomic dimensions. k., D, and ag for Nb in
Inconel 625 are constants; therefore, k depends only
on the solidification velocity (V). It can be deduced
that the solidification velocity increases with
increasing deposition height; as a result, the solute
partition coefficient in the bottom zone is smaller
than that in the top zone of the deposit, and maxi-
mum microsegregation of Nb occurs in the bottom
zone. However, the temperature gradient (G) of the

top zone is smaller, and the cooling rate (¢) decreases
as the deposit height increases; therefore, the average
primary dendrite arm spacing (/1) in the top zone of
the deposit is larger than those in the other regions
and the secondary dendrite arm gradually becomes
more apparent. Although the microsegregation of Nb
in the top zone is weaker, the Laves phase has a
longer growth time and a larger growth space than
those in the bottom zone. As a result, the Laves phase
becomes larger with increasing height of the deposit.

Columnar-to-equiaxed transition

Figure 6 shows the simulated temperature field
change during the LSF process. It can be seen that the
temperatures of most of the 25 deposited layers are
mainly in the range of 800-1050 °C during LSF,
owing to the repeated thermal cycling and heat
accumulation. Additionally, with an increase in the
deposit height, the temperature of the deposited
layers also increases noticeably. Manvatkar et al. [25]
investigated the heat transfer and material flow
during the LSF process, and they found that the
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Figure 4 Microstructure and Laves phase in different zones of deposited Inconel 625. a, b Bottom zone; ¢, d middle zone; e, f top zone.

temperature field of the deposit in the LSF process is
affected mainly by the power density of the heat
source, the absorption rate of alloy powders, and the
heat dissipation conditions. High power density and
high absorption rate of the material can lead to a
wide distribution of the temperature field in the
deposit. Furthermore, the power density of the laser
is controlled mainly by the laser power, laser wave-
length, and spot diameter. In this study, because the
power of the semiconductor laser is 1500 W and the
laser wavelength is 1.06 pm, the absorption rate of
the Ni-based superalloy is 0.35 [26]. In addition, the

@ Springer

geometric size of the deposit is larger and the heat
dissipation is weaker than that in single-wall sam-
ples. As a result, the temperature inside the LSFed
sample remains higher for a long time.

During the LSF process, metal powder is injected
into a molten pool formed by controlled laser heating,
as shown in Fig. 7. Hu et al. [27] investigated the
thermal behaviour of the molten pool during the LSF
process and found that the geometry of the molten
pool, the temperature distribution inside it, and the
solidification conditions during the LSF process were
affected mainly by the power of the laser (P), the
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Figure 5 Distribution of Nb element measured by EPMA in

different zones. Blue, red, and black lines refer to bottom, middle,
and top zones of the deposit, respectively.
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Figure 6 The temperature of the length direction in the centre
plane of the built as a function of time simulated by FEM.

Laser beam

Deposition

Molten pool

Figure 7 Schematic of laser solid forming processing.

beam velocity (V}), and the beam diameter (D). Fig-
ure 8 shows the morphology and temperature dis-
tribution of the molten pool in different layers. It can
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be seen that with an increase in the deposition height,
the molten pool becomes increasingly larger. From
the temperature distribution and geometry of the
molten pool, the temperature gradient G and solidi-
fication velocity V can be obtained. Figure 9 shows
the evolution of the local solidification conditions of
the first layer along the solidus isotherm; it can be
seen that the temperature gradient G decreases from
the bottom of the molten pool to the top, whereas the
solidification velocity V increases in the same man-
ner. In this study, the LSF parameters are constant,
but the temperatures of the different layers are dif-
ferent. The size and geometry of the molten pool in
the different layers are controlled mainly by the
temperatures of the deposited layers.

The top zone of the deposit is the last solidified
zone, and it can be seen in Fig. 2d that the CET occurs
in the top zone. The CET phenomenon is a common
occurrence in the LSF process. Several models have
been proposed previously for explaining this phe-
nomenon [28-31]. Under the condition of directional
solidification, an element (k < 1) will be enriched in
the front of the solidification interface to form the
constitutional supercooling zone. When the maxi-
mum local undercooling is higher than the nucleation
undercooling, formation of equiaxed dendrites is
possible. However, if the volume fraction of the
equiaxed dendrites is too small, they will be wrapped
into the columnar dendrites. The CET occurs when
the volume fraction of equiaxed dendrites reaches a
certain value to block the growth of the columnar
dendrites. According to the CET model developed by
Lin et al. [32], the growth of columnar and equiaxed
dendrites can be described as

n—1 r

;mviGCifc(Pei) -G= e (7)

where

My = m,-{l + k,’ — km'[l — ln(kz,,-/ki)]} (8)
1—k;

ki +apv/D;
i = 1+ apv/D,; ®)
1-— km' ZJC;F
G = - Ll (10)
2kvi
Cc(Pei) =1 — (11)

[1+ (1/6°Pe?)]"*~1 + 2k,
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Figure 8 The molten pool morphology and temperature filed of different layers. a Ist layer, b 2nd layer, ¢ 4th layer, d 8th layer, e 16th

layer, and f 25th layer.
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Figure 9 Evolution of the local solidification variables G and
V as the depth z (z = 0 corresponding to the surface) for 1st layer.

The control parameters for columnar dendritic
growth are the solidification velocity (V) and tem-
perature gradient (G), whereas that for equiaxed
dendritic growth is the melt undercooling. The dis-
tribution of the subcooling zone in the deposit can be
obtained by solving the dendrite tip radius r and
dendrite tip temperature T,/; in front of the growth
interface of columnar dendrites.

n—1 B
2I'  R,Ty, GD
Toa=T, Cr—— =% - 12
c/d m +;mm i R ?J()Ava v ( )
n—1
Tw=T.— Y mC (13)
i=1

@ Springer

Ci = Coi/[1 = (1 = kui)Iv(Pe;)] (14)

The maximum radius of the equiaxed dendritic
growth can be obtained from the following integral:
Z1v,[z]

v, =
e{v

dz (15)

Here, v.[z] is the growth velocity of equiaxed den-
drites at the location distance z from the columnar
dendritic tip, which can be obtained by the equiaxed
dendritic growth model from the local concentration
and undercooling. Z, is the distance from the
columnar dendrite tip to the point where the under-
cooling in the liquid is equal to the nucleation
undercooling (AT,). Owing to the randomness of the
nucleation, the volume fraction of the actual equiaxed
grains can be obtained from the Avrami equation:

0 =1—exp[—0.] (16)

where () is the volume fraction of actual equiaxed
dendrites and (), is the extended volume fraction. It
can be assumed that the dendrites grow spherically.

47‘[1’31\[0

= (17)
Here, Ny is the number of heterogeneous nucleation
sites per unit volume. According to the Hunt criterion
[33], the critical transition temperature gradient and
solidification rate of the CET can be obtained using
the volume fraction of equiaxed dendrites at the
growth interface of columnar dendrites under dif-
ferent growth conditions.

0.
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Figure 10 shows the CET curve of Inconel 625; in
the area above the red line, the volume fraction of
equiaxed dendrites exceeds 49%, and this area cor-
responds to the fully equiaxed dendrites zone. Below
the black line, the volume fraction of equiaxed den-
drites is less than 0.66%, and this area contains fully
columnar dendrites. The blue squares represent the
solidification conditions (G, V) for Inconel 625 during
the LSF process. Labels A-F correspond to the posi-
tions of the 1st layer, 2nd layer, 4th layer, 8th layer,
16th layer, and 25th layer, respectively. It can be seen
that the solidification condition at the bottom of the
molten pool for all the deposited layers satisfies the
growth conditions of columnar dendrites, whereas
that at the top of the molten pool satisfies the growth
conditions of equiaxed dendrites. In addition, as the
deposition height increases, the solidification condi-
tions become more conducive for the formation of
equiaxed dendrites. As a result, the equiaxed den-
drites appear in the top region of each layer. Because
the top region of each layer can be re-melted by the
next deposition cycle, the previous equiaxed den-
drites will disappear and the top zone of the deposit
will retain only some equiaxed dendrites.

Dynamic recrystallisation

Figure 11 shows the distribution of recrystallised
grains in different zones of the deposit, as obtained
using the recrystallisation module of EBSD. The blue

10" E
; w=49%/ /®=0.66%
10° F
A
10° b Equiaxed dendritic B
3 C
g ; \ \ED
& r F
> 10 £ \
Mixed
Columnar dendritic
10° F
10—6 1 aaal 1 1 e
10 10° 10° 10° 10° 10’
G(K/m)

Figure 10 Microstructure selection map for Inconel 625 super-
alloy under the experiment conditions described in the article,
showing the expected solidification morphology as a function of
temperature gradient, G, and solidification velocity, V.
AT, = 2.5K, Ny = 102 /m3.
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area represents the recrystallisation region, whereas
the red areas represent the deformation region. The
recrystallisation volume fractions in the bottom and
top zones of the deposit were close to 56%; however,
the middle zone was recrystallised to a greater extent,
with the recrystallisation volume fraction being about
80%. Additionally, the size of recrystallised grains
was smaller; these grains were distributed mainly
along the grain boundaries, and some small recrys-
tallised grains were formed inside the large grains.

Figure 12 shows the orientation imaging micro-
scopy (OIM) maps of the bottom zone of the deposit;
here, microstructural characteristics corresponding to
discontinuous DRX (DDRX) and continuous DRX
(CDRX) processes can be observed. In the OIM maps,
the high-angle grain boundaries (HAGBs) and low-
angle grain boundaries (LAGBs) are represented by
black lines and blue lines, respectively. HAGBs refer
to grain boundaries with misorientation angles larger
than 15°, and LAGBs refer to grain boundaries with
misorientation angles in the range of 2°-5°. Grain
boundaries with misorientation angles in the range of
5°-15° are known as medium-angle grain boundaries
(MAGBs), and they are represented by green lines in
the present OIM maps.

The yield strength of the Inconel 625 superalloy
decreases significantly with increasing temperature.
Therefore, the resulting high thermal stress leads to
plastic deformation of the deposit during the LSF
process. Additionally, the temperature of the deposit
is extremely high owing to the subsequent thermal
cycling and heat accumulation. In FCC metals, which
have low SFEs, DRX can occur during the LSF pro-
cess. Depending on the mechanism of DRX, it is
classified as discontinuous DRX (DDRX) or continu-
ous DRX (CDRX). In Fig. 12a, it can be seen that
many small dynamically recrystallised grains are
formed around the original grain boundaries, and
these newly formed grains are composed of HAGBs.
This grain boundary morphology indicates that the
nucleation mechanism is DDRX, which is caused by
strain-induced grain boundary migration. Figure 14a
shows the bright-field TEM images of recrystallised
grains newly formed along the grain boundaries. It is
found that no dislocations are present in the newly
formed grains. In the DDRX process, the recrys-
tallised grains mainly nucleate and grow at the
original grain boundaries and trigeminal grain
boundaries. The typical microstructure characteristics
for the DDRX are that the original grain boundaries
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Figure 11 Recrystallisation grain distribution and recrystallisation volume fraction of different zones. a The bottom zone; b the middle
zone; ¢ the top zone; and d fraction of recrystallisation grains.
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Figure 12 a Microstructural evolution of the bottom zone in
deposition. Arrows represent recrystallised grains by DDRX.

black lines, and LAGBs (2-5°), blue lines, and MAGBs (5-15°),
green lines. SR: sub-grain rotation and B: bulging of grain
b Detailed view of the CDRX mechanism by progressive rotation boundaries.

of LAGBs. OIM maps boundary distribution for HAGBs (> 15°),

become bulging and present jagged, which are indi-
cated by the arrow labelled ‘B’ in Fig. 12a.

@ Springer

However, microstructural features evidencing the
occurrence of CDRX can also be observed in Fig. 12b:
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some small recrystallised grains and MAGBs are
formed inside the original grains. Some low-angle
sub-grain boundaries are formed inside the original
grains, and as the deformation progresses, these sub-
grain boundaries (SGBs) rotate by constantly
absorbing dislocations and become HAGBs. As a
result, fine recrystallised grains are formed inside the
original grains, and sub-grains with a high density of
LAGBs form HAGBs owing to an increase in the
misorientation. Li et al. [15] revealed that the mech-
anism of CDRX is progressive sub-grain rotation
until a misorientation angle between 10° and 15° is
attained. Figure 13 shows the results of misorienta-
tion analysis along line A in Fig. 12a; it can be seen
that most of the point-to-point misorientations are
smaller than 2°, however, the cumulative misorien-
tations from the original point exceed 10°. This indi-
cates accumulation of the misorientation between a
grain and a grain boundary, which results in an
increase in the misorientation gradient; as a conse-
quence, the SGB can rotate to form HAGBs. Addi-
tionally, it can be seen from Fig. 14b that the
deformation causes piling up of the dislocations and
their rearrangement to form a dislocation wall and
SGBs during the CDRX process.

Textures of metal polycrystals are usually con-
firmed by the {hkl} crystallographic plane
and <uvw> direction. Figure 15 shows the crystal-
lographic data obtained from the EBSD maps
(Fig. 15a), which are transformed to orientation

14
13 | Point to point

12 L Point to origin
1|
10

Misorientation angle (°)

Loanvwhsoo~N

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Distance (um)

Figure 13 Misorientations analysis along line A marked in
Fig. 4a, the red line shows the misorientation between each point
to the first point, and the blue line indicates the misorientation
between point to point along line A.
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distribution functions (ODFs) of ¢1 = 0° and ¢1 = 45°
sections (Fig. 15b) in the middle zone of the deposit.
It is found that the deposit has a strong rotated cube
(R) texture [cube, rotated by 45° around the normal
direction (ND)], with a {001} <110> component. The
R texture often appears during the recrystallisation of
FCC metals; it is a typical recrystallisation texture
and is observed during the friction stir welding
(FSW) of the Inconel 625 superalloy [34]. During the
deformation of metal materials, the dislocations slip
along the plane and direction with the densest atomic
packing. A total of 12 slip systems are present in FCC
metal materials, which are obtained by the combi-
nation of a slip plane and a slip direction, that is, 4
independent {111}  slip planes and 3
unique <110> directions in each plane [35]. There-
fore, the rotation and slip of grains occur mainly in
the <110> direction, and the R texture appears
mostly during the deformation and recrystallisation
processes.

DDRX and CDRX in the Inconel 625 superalloy
have been observed and confirmed during thermo-
mechanical processes such as FSW and high-tem-
perature deformation [34, 36]. Guo et al. [36]
investigated the microstructural models of DRX in
hot-deformed Inconel 625, and they found that the
deformation temperature and strain rate were the
main factors influencing DRX. In addition, an
increase in the deformation temperature or decrease
in the strain rate led to earlier initiation of DRX, and
the nucleation mechanisms of DRX in the alloy
included DDRX and CDRX. Though the strains in
FSW and high-temperature deformation are higher
than the thermal strain in LSF, the true strain in high-
temperature deformation can reach 50% or even
higher; however, the thermal strain in LSF cannot
exceed 5% [37]. Nevertheless, the FEM results of the
temperature field in the deposit during the LSF pro-
cess (Fig. 6) show that the temperatures of most of
the deposited layers are mainly in the range of
800-1050 °C, and the temperature in deposit is much
higher than that in the FSW process. Figure 16 shows
the thermal stress evolution along the length direc-
tion in the centre plane of the deposit during the LSF
process. It can be found that the thermal stress can
exceed 600 MPa whether tensile stress or compres-
sive stress during the LSF process, it is much higher
than the yield stress of Inconel 625. Therefore, the
plastic deformation will take place during the LSF
process. On the other hand, owing to the repeated
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nm

Figure 14 Bright filed TEM images of the recrystallisation mechanism in the deposition sample of Inconel 625. a New recrystallised
grains in the grain boundary. b Rearrangement of the dislocations during the CDRX.
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Figure 15 a Pole figure of the middle zone in deposit; b ODF figure at ¢1 = 0° and @1 = 45°.

thermal cycling and high cooling rate during the LSF investigated the effects of strain rate on the DRX
process, the strain rate is very high; this high strain =~ mechanism of alloy 617B and found that the DRX
rate promotes the nucleation of DRX. Jiang et al. [38] process is controlled mainly by the growth of DRX
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Figure 16 The thermal stress
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nuclei under the low-strain-rate condition and that
the DRX nucleation rate is high at high strain rates. A
high strain rate can induce the generation of adiabatic
heat, which can enhance the DRX nucleation to pro-
mote the occurrence of DRX [39]. Furthermore, a
larger amount of energy is stored under the high-
strain-rate condition, which can decrease the critical
radius of dynamically recrystallised nuclei; this, in
turn, would facilitate DRX nucleation. In addition,
the migration of grain boundaries is promoted when
the amount of stored energy is large [40]. Further-
more, a higher strain rate leads to an increased dis-
location density, which can cause a reduction in the
recrystallisation temperature. As a result, the high
strain rate and high temperature range in the deposit
promote the nucleation and growth of DRX, and DRX
occurs during the LSF process.

Ma et al. [41] investigated the crystallographic
texture of Inconel 625 fabricated by LSF. They found
that the <100> -direction of most grains was aligned
with the scanning direction, where the <100> -di-
rection included a strong Goss texture component
({011} <100>) and a relatively weaker cubic texture
({001} <100>). However, a recrystallisation texture
and recrystallised grains were not observed in their
sample. This is mainly because in their LSF process,
the deposited sample was small and its width was
only 7 mm; consequently, accumulation of heat was

difficult, the temperature of the deposited layers was
not too high, and the deposition time was short, and
because of all these factors, the critical conditions for
DRX could not be achieved. Therefore, only a solid-
ification texture was observed in the <100> -direc-
tion in the deposited Inconel 625 superalloy.
Recently, EBSD technology has been widely used
to characterise the local plastic strain in different
metals during deformation [42, 43]. Figure 17a—c
shows the local strain distributions in the different
zones of the deposit, and Fig. 16d shows the distri-
bution of the misorientation angle relative to the
central orientation in the different zones. Comparison
of the distributions in Fig. 17 with the distribution of
recrystallised grains in Fig. 11 reveals that the region
of higher local strain corresponds to the region where
recrystallisation did not occur. It can be seen that the
local strain in the middle zone of the deposit is
smaller than those in the top and bottom zones.
However, the misorientation angle distribution
shows that the misorientation of the middle zone is
also smaller. Because the driving force for DRX is
stored deformation energy, after DRX occurs, dislo-
cations are released and there is no distortion in the
recrystallised grains. The number and density of
stored dislocations increase with increasing extent of
plastic deformation, and this leads to an increase in
the range of crystal orientations within a grain. As a
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Figure 17 EBSD-analysed strain component images of different zones: a top zone, b middle zone, ¢ bottom zone. And d distribution of

misorientation angle from central orientation in different zones.

result, the recrystallised grains are smaller than the
original grains and the local strain is lower after DRX
occurs.

DDRX and CDRX are observed to occur in the
Inconel 625 superalloy during thermomechanical
processes such as FSW and high-temperature defor-
mation. From the analyses in previous works, it is
found that DRX can occur during the LSF process.
This finding establishes the basis for a new method
for controlling the microstructure in the LSF process
and is useful in understanding the microstructural
evolution during the LSF process.

Conclusions

The present study investigated the microstructural
evolution during the LSF process, including the
solidification and DRX processes occurring during
LSF. The following conclusions can be drawn from
the findings of the study.

@ Springer

(1)

2

3)

The grain sizes and morphologies in different
zones of the deposited sample are different; the
columnar grains in the bottom zone are smaller
than those in the middle zone owing to the
epitaxial growth of substrate grains. The top
zone undergoes the CET to form equiaxed
grains. The columnar and equiaxed grains have
a periodic microstructure.

Because the solidification rate decreases as the
deposition height increases, the primary den-
drite arm spacing (4;) gradually increases from
the bottom zone to the top zone. Meanwhile,
the secondary dendrite arm gradually becomes
more apparent. Although the microsegregation
of the Nb element in the top zone is weaker, the
Laves phase has a longer growth time and a
larger growth space than bottom region. As a
result, the Laves phase becomes larger with
increasing height of the deposit.

DRYX, including CDRX and DDRX, occurs in all
the zones during the LSF process, and the
recrystallised grains are distributed mainly in
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the grain boundaries. An R texture (cube,
rotated by 45° around the ND) with a
{001} <110> component is observed in the
deposit; this texture often appears during
deformation and recrystallisation processes.
Because the driving force for DRX is the stored
deformation energy, after DRX occurs, disloca-
tions are released and there is no distortion in
the recrystallised grains.
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