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ARTICLE INFO ABSTRACT

Keywords: Presented here is the evolution of microstructure of Ta during multi-axial forging, with a specific understanding
Multi-axial forging of how grain boundary movement and their interaction occurs during deformation. Coarse grained (CG)
Tantalum

tantalum was multi-axially forged till 3, 6, and 9 passes in a closed channel die to refine grain size and increase its
strength. The grain size was refined from 64 pm to 760 nm, the dislocation density increased by an order of
magnitude, the Vickers hardness increased from 92 to 223 HV, and the yield strength at room temperature
increased from 178 to 653 MPa. It was found that the contribution of GBs to strengthening was higher than that
of dislocations. Mechanisms for GB structure evolution during deformation were studied using molecular dy-
namics (MD) simulations. GB mobility was high for low angle GBs (LAGBs) and reduced with increasing tilt
angle, after which it took on low values for high angle GBs (HAGBs). The mobility of specific HAGBs were due to
the formation of ledges/disconnections and dissociation into other GB types. MD results showed that the decrease
in fraction of HAGBs during initial deformation can be attributed to the dissociation of HAGBs with low mobility
into GBs with higher mobility.

Mechanical properties

Ultra-fine grained microstructure
Grain boundary mobility
Molecular dynamics

1. Introduction

Severe plastic deformation (SPD) is an established technique to
impart large strains with the aim of refining the microstructure so as to
improve its strength [1-11]. SPD processes such as equal channel
angular pressing (ECAP), high pressure torsion (HPT), multi-axial
forging (MAF) and accumulative roll bonding (ARB) produce micro-
structures with ultra-fine grains (UFG) [4,12-14], thereby increasing
strength in accordance with the Hall-Petch relation [15]. Apart from
reducing the grain size, the process of SPD results in a significant in-
crease in dislocation density p of the order of 10'® m~2, and is probably
an important factor in the strengthening of materials [16]. However, in
some metals it has been seen that beyond a certain strain imparted
during SPD, the material no longer hardens but starts to soften, as was
observed in the case of Al subjected to MAF [17]. This was attributed to
the increase in the fraction of high angle grain boundaries (frqg) and
reduction in p [17]. As each of the SPD processes takes different strain
paths, it is expected that the rate and efficiency of grain refinement
varies. Along with the grain size and p, crystallographic texture also
plays an important role towards strengthening or softening of the
material.

MAF is a simple process of sequentially compressing the sample
along three orthogonal directions [16-19]. MAF in a confined channel
die is a plane strain condition similar to rolling [16,19], and has been
carried on many metallic systems such as Cu [18], Al [17], Al-2.5 Mg
[19], steels [20-24], Mg alloys [25-29], Nb—1Zr [16], and Ni alloy
[30,31], with a resultant increase in strength. Of the various metallic
systems listed here, little work in terms of SPD has been carried out on
refractory metals [16]. Apart from Zr [32] and Nb—1Zr [16], MAF of
other refractory alloys has not been reported. Of the various refractory
metals, tantalum and its alloys are of interest as these are used in
electronics, medical [33,34], nuclear [35-41], aerospace [37], and
defence [33,42] applications for their excellent properties such as
corrosion resistance [33,37,43-45], biocompatibility [33,34],
resistance to grain growth at elevated temperature [33,46,47], and good
ductility at low temperatures. There are some studies in which ECAP and
HPT have been carried out on Ta that has resulted in improved
properties [48,49]. In both ECAP and HPT the strain state is simple
shear, whereas in MAF it is plane strain [14,18,22,23]. Therefore, it is
worth investigating the properties of Ta after SPD through MAF. The
proposed grain refinement mechanism during SPD [30,50,51], involve
cell formation followed by sub-grains and then with further increase of
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strain the formation of high angle grain boundaries (HAGBs). The
migration of grain boundaries (GBs), their interaction with dislocation
motion and their arrangement also plays a role in refining the micro-
structure. A review of the SPD processes, the microstructural evolution
and their mechanical properties is given in references [16, 52]. In one
study GB migration has been seen to affect the recrystallization of grains
[53]. The recent work on evolution of GBs under lateral strains suggest
that along with grain boundary energy (GBE), there exist external
driving force that destabilize the planar GBs [54]. GB migration is one of
the important deformation mechanism in nanocrystalline materials
[55,56].

The present work demonstrates the evolution of microstructure and
their correlation with mechanical properties during MAF of Ta carried
out at room temperature. Microstructural characterization includes
grain size, estimation of p, and texture using electron back scattered
diffraction (EBSD) methods. Mechanical characterization includes
microhardness, compressive flow stress, and strain rate sensitivity.
Molecular dynamics (MD) simulations were performed to bring out the
understanding on the movement, interaction and evolution of GBs, such
as pinching of GBs, formation of shear bands, and annihilation of grain
boundary dislocations (GBD) during plastic deformation.

2. Methodology
2.1. Material and multi-axial forging

Pure Ta rod was used for the current study; its elemental composition
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is Nb - 45 wppm, W — 33 wppm, Fe — 1 wppm, Ti— 1 wppm, Si -1 wppm,
Mo -1 wppm, Ni — 1 wppm, O — 87 wppm, H - 5 wppm, N - 2 wppm, C -
28 wppm, and Ta - remaining. The microstructure of the initial material
was examined under scanning electron microscope (SEM) to confirm
coursed grained (CG) structure with minimal dislocation density. In-
verse pole figure (IPF) map and kernel average misorientation (KAM)
map of the CG Ta is shown in Fig. 1. CG sample had low in-grain
misorientation and an average grain diameter of ~64 pm. The grain
size is characterized by the equivalent grain diameter which is calcu-
lated from the area of the circle equivalent to the area of any observed
grain and is hereafter referred here as ‘grain diameter’. The schematic
illustration of MAF process is shown in Fig. 2a-c. MAF process was
carried out using a die with channel of cross section 10 x 10 mm?, top
plunger, and bottom plug. Pure Ta sample of height 10 mm, thickness
9.9 mm, and width 5 mm was placed inside the channel between the
plunger and plug such that the sample dimension of 9.9 mm goes into 10
mm side of the channel.

Each pressing reduced the sample height to 50% along the sample
dimension of 10 mm which counts as one MAF pass. The samples were
forged to 3, 6, and 9 passes and are designated as 3P, 6P, and 9P,
respectively. The MAF was carried out at room temperature with
crosshead velocity of 2 mm/min. The effective strain . after each MAF
pass was calculated using,

Fig. 1. (a) IPF and (b) KAM maps of course grained Ta. The color legend is shown at bottom right corner and is in degrees for KAM map. The red-colored boundaries
are with misorientation angle lying between 2° and 15° and the black-colored boundaries are that >15°. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic illustration of MAF process. The planes perpendicular to the three orthogonal directions are identified as plane A (pink), plane B (blue), and plane
C (green). (a) Front and (b) side views of cross-sectioned die block showing sample placed in between the top plunger and bottom plug before and after first forging.
(c) Orientation of the sample before and after each forging pass. The sample is rotated after each forging pass. (d) Schematic illustration showing the location on the
sample for microstructure and mechanical characterizations. EBSD scans were carried out on the shaded machined part parallel to the plane A. Four compression
samples were machined out of a forged sample. The arrow shows the direction of the compression axis. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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and other strain components in the eq. (1) are zero. Thus, the 3, 6 and 9
passes of MAF accumulated an effective strain of 2.4, 4.8 and 7.2,
respectively. The effective strain of the unforged sample is zero. The SPD
samples were characterized for their grain size, estimates of p, and
mechanical properties. The CG Ta rod, 3P, 6P, and 9P samples were
characterized through Vickers microhardness, EBSD measurement, and
uniaxial compression test. After MAF, the samples were mechanically
polished and the Vickers microhardness measured at eight locations on
the plane C (Fig. 2d) of the sample with 500 g applied load with 10 s
dwell time.

2.2. EBSD

EBSD scans were performed parallel to plane A at the end of every
3rd pass as shown in Fig. 2d. The samples were mechanically polished
and then electropolished using a mixture of concentrated hydrofluoric
acid and sulphuric acid (1:9 by volume) at room temperature for 10 min
to remove the residual stress from the surface. EBSD scans were per-
formed on the electropolished surface using ZEISS FEG SEM with 20 kV
accelerating voltage and 0.05 pm step size. EBSD scans were analysed
using OXFORD HKL and analysis tools for electron and X-ray diffraction
(ATEX) software [57].

2.3. Strain rate jump test in compression

Strain rate jump tests were performed in compression at room tem-
perature and at various strain rates ranging from 107*t0o 107! 57 on
Zwick UTM using a reversal cage. The dimensions of the compression
specimen were 3.8 x 3.6 X 5 mm?. The compression axis was chosen to
be the forging direction at the end of every 3rd pass.

2.4. MD simulations

MD is a versatile computational method to study the behavior of
materials at the nanoscale [58-64]. The above sections of this article
focused on the modification of grain size, grain boundary character,
dislocation density, and texture of Ta subjected to MAF. Complementing
these experimental studies, MD can be useful in understanding the
evolution of the microstructure at the nano-length scales, such as the
formation of defects near HAGBs, pinching and interactions of GBs, and
the creation of wavy GBs, and thereby attempting to explain the
observed microstructural features.

In the present work, MD simulations were carried out to study the
movement, interaction and evolution of GBs using LAMMPS [65]. The
list of GBs studied in the current work were used as a supplementary
help in formulating the deformation mechanism based on GB motion.
Though the range of GB misorientations in MD do not cover that found
in Ta polycrystals, the correlations in the structure and behavior of the
GBs in both experiments and simulation were found to be comparable.
The asymmetric tilt GBs were modeled as shown in Fig. 3a such that
there is mobility of dislocations on {110}(111) and {112}(111) slip
systems in the central grain. Simulations were performed on different
configurations with the neighboring grains tilted to various angles be-
tween 0° and 90°. The simulation box size and number of atoms were
selected such that the integer multiples of magnitude of directional
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Fig. 3. (a) Schematic illustration of GB configuration. The orientations of the central and tilted grains for two tilt axis configurations are shown at the bottom. The
directional vector along y axis for the tilted grains is shown in Table 1 as GB normal. (b) GBE as function of tilt angle.

vectors along x, y, and z axis end at the box edge thus forming periodic
boundary. This resulted in different simulation box size and number of
atoms for different GB configurations. The GBs were equilibrated using
molecular statics simulations. Equilibration of GBs to stable
configurations were explained in our earlier works [58,60]. The energy
variation as a function of tilt angle as obtained from these calculations
are seen in Fig. 3b. The GBE variation as a function of tilt angle for
symmetric tilt GBs of Ta can be found in Ref. [66]. Each of the config-
urations were deformed at a constant engineering shear strain rate of
0.001/ps applied on the x-z plane in direction of x and equilibrated using
micro-canonical ensemble, such that the GB move on either (112) or
(110) and along the [111] direction. The temperature at the start of the
simulation was set at 0 K and was allowed to evolve during the defor-
mation. Periodic boundary condition was applied to all directions dur-
ing deformation. The velocity of GB and shear stress of the
configurations were obtained from the simulation. The asymmetric
grain boundaries with the direction normal to the GB in the tilted grain
(that is, direction along y in the tilted grain) and their corresponding tilt
angle and GBE are listed in Table 1. The GBs are referred to by the no-
tation (tiltaxis)/6° representing the tilt axis and misorientation angle.
Potential developed by Y. Chen et al. [67] was used in the current
simulations as the predicted the lattice constant, cohesive energy, elastic

Table 1
Asymmetric grain boundaries and their GBEs. GB normal refers to the direction
normal to the GB (direction along y) in the tilted grain.

Tilt axis (110) Tilt axis (112)

GB GBE (mJ/m?) GB GBE (mJ/m?)
(4 43)/8° 860 (20 12 16)/11° 977
(8 8 5)/11° 1003 (35 71 53)/16° 1204
(26 26 10)/19° 1303 (11 35 23)/23° 1265
(23 235)/27° 1505 (55329)/33° 1328
(11 5)/38° 1423 (0 16 8)/39° 1402
(—26 — 26 10)/50° 1255 (—22210)/44° 1287
(-1 —119)/58° 1356 (-17 55 19)/57° 1244
(11 -1)/70° 1454 (~14 34 10)/63° 1009
(=11 — 11 29)/82° 1203 (-10 14 2)/78° 1410
(-13 — 13 23)/86° 1410 (~59 61 1)/88° 1616

constants and core structure of screw dislocation in bulk Ta close to
experimental and first principles data.

3. Results
3.1. Flow stress during MAF

The true flow stress was calculated using the force recorded during
forging (F), initial area facing the plunger (Ao), and the plastic strain
(e22) as (F/Ap) x (1 — egy). The force increased rapidly as soon as the
sample filled the die. The true flow stress of Ta samples as a function of
accumulated equivalent strain during each pass is shown in Fig. 4a. The
transparent blue colored band represent the locus of flow stress during
each pass. The flow stress increased significantly between the first and
second passes. After the second pass, the flow stress increased gradually
till the 9th pass.

3.2. Vickers microhardness

The average values of the Vickers microhardness measured at eight
locations in each specimen is shown with error bars in Fig. 4b. The
microhardness values increased significantly from CG to sample after
6th pass. The mean value of microhardness decreased between the 6P
and 9P samples, however, with high scatter in 9P. The scatter in hard-
ness values showed that the variation in the microhardness values
measured at multiple locations of a sample was minimum in the CG
specimen and increased with number of passes.

3.3. Microstructure

Band contrast (BC) images with low angle grain boundaries (LAGBs)
and HAGBs are shown in Fig. 5. LAGBs are those with misorientation
angle between 2° and 15° and HAGBs are those with misorientation
angle >15°. It was seen that increase in the number of passes refined the
microstructure. 3P sample showed inhomogeneous microstructure with
both small and large grains. The larger grains had sub-grains within
them (the presence of LAGBs) suggesting that the refinement of micro-
structure is in process. With increase in the passes the number of larger
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Fig. 4. (a) Flow curve during MAF of Ta as a function of equivalent strain accumulated after each pass. Each color represents the flow stress during each pass. The
transparent blue colored band represent locus of flow stress during each pass. The labels 3P, 6P, and 9P on the flow curve represent the samples that were char-
acterized for their microstructural and mechanical properties. (b) Vickers microhardness values of CG, 3P, 6P, and 9P samples. The error bars represent the scatter
due to multiple indents at various locations on the C plane (Fig. 2d). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

grains decreased and the smaller grains increased. 9P microstructure
had fewer sub-grains within UFGs as compared to earlier pass samples.
The misorientation angles above 2° were considered as boundaries
(either LAGB or HAGB) and those below 2° were taken as in-grain
misorientations and analysed using grain average misorientation
(GAM), KAM, and grain orientation spread (GOS), their maps are shown
in Fig. 5. KAM is the in-grain misorientation calculated as the average of
the misorientation angles measured between neighboring points, but
excluding neighbors with misorientation angle >2°, i.e. sub-GBs within
the grains are excluded in the KAM calculation.

The microstructural features in Fig. 5 that are relevant for further
explanation of texture and mobility of GBs are cropped and shown in
Fig. 6. Fig. 6a shows a grain having a gradient of TF values i.e. color
gradient change between yellow and red. This gradient of TF values can
be correlated to on-going deformation process of the larger grain. A
similar observation can be seen in 6P sample in Fig. 6b. Fig. 6¢ and
d represent 3P sample where small recrystallized grains were found
surrounding a large hard grain (high TF value - red color). The arrows
point out the recrystallized grains having blue color (low GOS value). In
Fig. 6e, 3P sample was found to have wavy LAGB within a grain (as
shown by arrows). Fig. 6f shows the KAM map of 6P where LAGBs or
nucleating group of dislocations from a HAGB show high KAM value
(green-yellow colors). Fig. 6g shows the bands of LAGBs aligned parallel
to each other within the HAGBs forming a micro-shear band (MSB). The
inside plot shows the point to point misorientation in the MSB region.

MAF changed the grain size, fraction of high angle boundaries fhqg,
fraction of LAGBs (fiqgp = 1 — fhag), and fraction of coincidence site
lattice (CSL) GBs (f.s). The cumulative frequency distribution of grain
diameter considering both LAGBs and HAGBs is shown in Fig. 7a. CG
sample had the largest grains due to its annealed microstructure. 3P
sample had few large grains and many small grains, making the distri-
bution move to lower grain size values. In the 6P and 9P samples the
fraction of large grains reduced further making their grain size distri-
bution shift to even lower values. 9P sample showed the lowest grain
size distribution. While after 3 passes, the microstructure showed
bimodal grain size distribution, at the end of 9 passes, the microstructure
showed uniform grain size distribution. The average grain diameter was
in the order: CG - 64.02 pm > 3P - 4.04 ym > 6P - 1.43 pm > 9P - 0.76

pm. It can be seen that the grain diameter decreased significantly be-
tween CG and 3P samples. The cumulative frequency distribution of
grain size considering only HAGBs is shown in Fig. 7b. The grain size
distribution with and without sub-grains (Fig. 7a and Fig. 7b,
respectively) was similar. The average grain diameter when only HAGBs
were considered was in the order: CG - 76.45 pm > 3P - 27.69 pm > 6P -
11.18 pm > 9P - 3.52 um. The fraction of high angle boundaries fpqg can
be estimated from the cumulative frequency distribution of misorien-
tation angle plot (Fig. 7c) by considering the fraction above 15°
misorientation. feg Was found to be in the order: CG - 0.898 > 9P - 0.53
> 6P -0.36 > 3P - 0.321. Of the MAF samples, 9P sample had the highest
fhagp- As fragmentation of grains during initial stage of deformation
generated sub-grains, the 3P and 6P samples had large fraction of sub-
grains within grains and thus had a lower fugp. Increase in the passes
to 9P, increased the fqg indicating the transformation of sub-grains to
HAGB:s. The variation of number fraction of LAGBs, HAGBs, and CSL is
shown as bar chart in Fig. 7d. With increase in passes, the LAGBs
decreased while HAGBs and CSL increased. The fraction of CSL is rela-
tively lower than both the LAGBs and HAGBs.

The high value of KAM within grains are due to the high in-grain
misorientations arising from the strain field of geometrically necessary
dislocations (GNDs) generated during plastic deformation in each forg-
ing pass. The cumulative distribution of KAM is shown in Fig. 8. The
distribution was lowest for the CG sample and increased for the forged
samples, attributed to the accumulation of GNDs. The average KAM
(@) of the microstructure can be used to estimate the GND density
(pGnp) as,

1 (Broe = Procerr)

=, 2
PGnp b Ax ) (2)

where b is the magnitude of Burgers vector = 0.28629 nm, Ax is the step
size = 0.05 pm. @, ., is the error in the calculation of local misorien-
tation and can be assumed to be ~ 0.1° [17,68] such that CG sample had
p of 102 m~2. The calculated penp is found to be in the order: 6P - 12 x
10 m2>3P-11.5 x 102 m™2 > 9P - 11.2 x 10'3 m~2 The average
KAM of each sample is plotted as a function of fqg in Fig. 8. The change
in the KAM values can be attributed to the transformation of GNDs and
LAGBs to HAGBs.
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Fig. 5. Band contrast images, KAM, GAM, GOS, TF, IPF maps overlaid with GBs of 3P, 6P and 9P samples. The red-colored boundaries are with misorientation angle
lying between 2° and 15° and the black-colored boundaries are that >15°. For better visualization, the boundaries with misorientation angle lying between 2° and
15° in IPF map are shown in grey color. In TF map, boundaries with misorientation angle >15° are shown. The color legend of each map is shown in the left most
column. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Gradient of Taylor factor values within grains of (a) 3P and (b) 6P samples. (c) TF and (d) GOS maps of softer recrystallized grains (low TF) along the
boundaries of harder grains (high TF) in 3P. (e) Wavy structure of LAGBs in 3P. (f) High value of KAM near the GB nucleating dislocations. (g) Micro-shear bands
(MSBs) in 3P. Inset shows the point to point misorientation in the MSB region. The scales and coloring of the boundaries are similar to that in the Fig. 5.

GAM is the average of misorientation between neighboring points
within a grain where the grain is designated with a boundary having
misorientation >15°. GAM values mapped on each grain for each sample
is shown in Fig. 5. The color legend represented by the white-colored
grains have zero or low GAM values and the dark-colored grains
represent high GAM values. GAM can be attributed to deformation and
the generation of GNDs within grains. The 3P sample had grains with
both low (light colored) and high (dark colored) values of GAM. It was
seen that grains with low GAM increased with increase in passes (see
Fig. 8) signifying an increase in grains having low dislocation density.
The GAM distribution (Fig. 8) was lowest for the CG sample and
increased after initial 3 passes signifying accumulation of GNDs within
the large grains of the 3P sample. The distribution shifted to lower
values for 6P and further for 9P suggesting a decrease in the GNDs with
increasing passes. Fig. 8 showed that GAM is inversely related to frag,
suggesting that the reduction of sub-grain boundaries (increase in fqgp)
is related to a reduction in p.

Grain orientation spread (GOS) is the average value of the deviation
of each orientation point in the grain (having HAGBs of 15°) with the
average orientation of the grain. Each grain is assigned one GOS value.
Grains with GOS value <2° are considered as recrystallized grains [69].
GOS values mapped on each grain for each sample is shown in Fig. 5.
Higher values of GOS imply higher gradients of orientation and are
linked to higher GNDs. From Fig. 8 CG sample had the highest fraction of
grains with GOS < 2° (fgos<2°) of 0.99, signifying a high fraction of
recrystallized grains. 3P sample showed localized recrystallized grains
surrounded by deformed grains with sub-grain structures. As read from
Fig. 8 feos<2- for 3P, 6P, and 9P samples were found to be 0.34, 0.52, and
0.70, respectively. fgos<2- increased from 3P to 9P samples with increase
in fine recrystallized grains. The distributions increased from CG to 3P

and then decreased from 3P to 9P (Fig. 8). The shifting of GOS distri-
bution to lower angles with increase in passes from 3 to 9 showed that
the p and sub-grains within grains decreased.

Taylor factor [70] was calculated using plane strain deformation
gradient tensor, and with the assumption of same critical resolved shear
stress on {110}, {112}, and {123} slip planes. Higher value of Taylor
factor represents grains hard to deform, whereas lower values represent
soft grains. The average Taylor factor was found to be 3.18 for CG, 3.21
for 3P, 3.20 for 6P, and 3.21 for 9P. In Fig. 6a and b, 3P and 6P samples
showed gradients of TF values within grains which suggesting that with
increase in passes, the larger grains undergo deformation to form sub-
grains and finally recrystallize as small grains. From Fig. 6¢ and d, it is
seen that the softer grains in 3P were predominantly recrystallized
grains along the boundaries of harder grains.

3.4. Texture evolution

The texture evolution during MAF was evaluated using orientation
imaging microscopy through EBSD. This was represented using Euler
angles 1, @, and ¢ in the Euler space to study the textural evolution of
deformed samples. For plane strain conditions, the typical textural fibers
observed in BCC are o ((110) || RD), y ((111) || ND), n ((001) || RD), and ¢
((110) || TD), where RD, ND, and TD represent rolling, normal and
transverse directions, respectively. Orientation distribution function
(ODF) sections at g2 = 0° and @3 = 45° are shown in Fig. 9a and 9b.
Fibers can be visualized by the key fig. [71] shown in Fig. 9c. Texture
components of (110)[110] and (111)[011] developed after 3 passes. As y
fiber grains can accommodate higher density of dislocations, grains with
this texture nucleated throughout the recrystallization and deformation
processes [72]. After 9th pass, the (111)[110] component of « fiber and
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Fig. 7. Cumulative frequency distribution of (a) grain diameter including grains with both LAGBs and HAGBs, (b) grain diameter of grains with only HAGBs, and (c)
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CG, 3P, 6P, and 9P samples.

the (111)[011] component of y fiber were dominant.

Texture fiber plots are shown in Fig. 10 and major fiber components
are listed in Table 2. A value greater than one signifies the prominence of
a particular fiber. Grains were partitioned with criteria of GOS < 2°
called here as ‘recrystallized’, and with GOS > 2° referred to as
‘deformed’. Texture for each of the ‘recrystallized’, ‘deformed’ as well as
all the grain referred to as ‘combined” were determined (Table 2 and
Fig. 10). Two observations were made from Fig. 10 — one, the combined
fiber density after each pass, and second, the fiber difference in
deformed and recrystallized grains.

For 3P and 6P the fiber of the deformed part and all grains combined
part were similar, while the recrystallized grains showed a different
fiber. For 9P the recrystallized texture was similar to the deformed and
complete texture, but with lower fiber density. The fibers in recrystal-
lized grains evolved from n and € in 3P, to @ and 1) in 6P and finally to o, y
and ¢ fibers in 9P. The fibers in deformed grains evolved from a and € in
3P to o in 6P and finally as o, y and & fibers in 9P. From this it can be
inferred that the consumption of deformed grains by recrystallization
process and the consumption of recrystallized grains by deformation
process happen simultaneously. In an earlier work [73] the y fiber was
reported to nucleate first due to recrystallization process, however in the
current studies 1 and e fibers were first nucleated in 3P. This can be
attributed to the nucleation of n and ¢ fibers along GBs of harder grains
(higher TF) (Fig. 6¢ TF and 6d GOS). The strain-induced boundary

migration (SIBM) of LAGBs can be the reason for nucleation of y fibers
which will be discussed in later sections.

3.5. Flow behavior and strain rate sensitivity

The true stress-true strain flow curves obtained in compression
during which strain rate jumps were also carried out as shown in
Fig. 11a. The yield stress of CG, 3P, 6P, and 9P samples were found be
178, 465, 613, and 653 MPa, respectively, showing that the yield stress
increased with increase in passes. The 9P showed a low strain hardening
rate as compared to the other passes. The strain rate sensitivity (m =
Alno/Alné) of CG, 3P, 6P, and 9P samples determined using strain rate
jump test were 0.039, 0.015, 0.012 and 0.013, respectively and their
corresponding stress exponents (n = 1/m) were 26, 65, 81, and 78,
respectively. m decreased from CG to 6P, with 9P being similar to 6P.
The increase in fheg in 9P sample could be responsible for strain rate
sensitivity not decreasing further [18]. The apparent activation volume
(V,) was calculated using Taylor factor (M), Boltzman constant (k), test
temperature (T), and strain rates (¢) and stresses (¢) between strain rate
jump test using,

0y — 0

Vo = MKT 3

From Fig. 11b, the activation volume was seen to decrease with stress
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Fig. 8. Cumulative frequency distribution of KAM, GAM and GOS are shown in A column. Average KAM, average GAM and fgos<2- as a function of fy.g for each
sample are shown in B column. The labels and colors represent the different samples.

as is expected in a thermally activated deformation.

3.6. Interaction of GBs: MD simulations

The refinement of grains using SPD can have several mechanisms
such as pinching of GBs [74], shear band formation [75], dislocations
forming sub-structures [30] and sequentially forming HAGBs [17,51].
MD simulations were performed to see if the above-mentioned mecha-
nisms of interactions of LAGBs, HAGBs, and dislocations take place. The
MD results of all GB configurations and their relevant experimental
observations are listed in Table S1 in the supplementary file. The atoms
in the MD snapshots were colored based on the common neighbor
analysis (CNA). Atoms with eight neighbors are blue colored and atoms
with more or less than eight neighbors are red colored. The interactions

of the GBs are attached as supplementary videos with their file names as
“tilt axis_misorientation angle”. GB configurations categorized as LAGB,
dissociating HAGB, HAGB with ledges, and mobile HAGB are shown as
snapshots during their interactions in Fig. 12. The dislocations are
characterized using dislocation extraction algorithm (DXA) in OVITO
[76]. MD simulation results have two parts - mobility of GBs and their
interactions.

3.6.1. Mobility of GB

The collective motion of dislocations as individual entities in LAGBs
(as in (112)/11° and (110)/8° configurations) is possible because indi-
vidual dislocations are sufficiently spaced and do not interact with each
other. This collective motion of dislocations in LAGBs have also been
observed earlier [77]. As the GB @ increases from 8° to 16°, the
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dislocation spacing in the boundary decreases. Thus, the forces between
the neighboring dislocations leads to dislocation reactions that result in
the formation of sessile dislocations as seen in (112)/16°. This leads to
the formation of wavy LAGBs. Such wavy LAGBs were experimentally
seen in 3P sample (Fig. 6e).

The motion of HAGB involved development of disconnections and
ledges on it, which contributes to change in the PE of the system. Change
in PE of the system have been attributed to the changes in GB structure
[78]. Aledge is a step in the GB out of GB plane, whereas a disconnection
is a step and a dislocation [79,80]. The high stored energy in HAGB was
dissipated by the nucleation of dislocations from disconnections and
ledges. The high value of KAM near the GB region in the experimental
results can be attributed to nucleated dislocations near GBs (Fig. 6f).
Motion of disconnections and ledges help the GBs to move [81,82]. The

Table 2
Texture fibers for combined, recrystallized, and deformed grains in each of the
passes.
Combined Recrystallized Deformed
3P aand e nand e oand €
6P o aand n o
9p a, v, and & a, v, and € o, v, and €

vy ((111) |l ND) fiber

ODF Times Random
ODF Times Random

—— 3 passes
| — 6 passes
——9 passes
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Fig. 10. Distribution of a, y, n and ¢ fibers for recrystallized, deformed, and all the grains. The inset plot is with data points of recrystallized grains of 3P samples. It is

separated from the main plot to scale in a similar range.
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Fig. 11. (a) shows the true stress-true strain plots in compression with strain rate change test at various strain rates (shown in unit of s~1) represented along the flow
curve. (b) shows the apparent activation volume normalized with b® as a function of stress.

combined movement of dislocation and ledges together led to the
movement of HAGB as in (110)/50 °, 83 °, 86°. The (112)/23 °, (110)/
27° HAGBs consist of different types of dislocations closely packed in the
GB region. With the application of stress, an array of dislocations
equivalent to a LAGB nucleated from these HAGBs. The simulations
showed that these HAGBs dissociated into two LAGB (see Fig. 12 (112)/
23°), one of which was mobile and migrated away from the boundary,
and the other LAGB that was left behind again dissociated to form
glissile dislocations. The HAGB configuration (110)/20° dissociated
directly to form mobile LAGBs. The sudden decrease in PE/atom value
(shown in Fig. S1 in the supplementary file) can be attributed to the
energetically feasible dissociation of the high energy HAGB to low en-
ergy LAGBs. The distance between the ledges increased for HAGB with
higher 0, leading to a smaller number of nucleating dislocations from the
GB. This can be attributed to the repetitive structural units’ in the
HAGBs, which when moved out of the GB plane formed ledges and
disconnections. Bobylev et al. [83] pointed out the structural units in the
HAGBs and their significance in GB mobility. The position of the
structural units, their numbers and repetitiveness in the GB plane,
controls the dislocation nucleation or GB thickening (in case of immo-
bile GB).

If the structural units repeat alternatively, then the nucleation of an
array of dislocations from GB can be observed [83]. If the structural
units are continuous, then the amount of nucleation of dislocations is
reduced which lead to dissociation of HAGB into LAGB and HAGB. So,
the pristine (112)/33° HAGB dissociated into LAGB and HAGB with
comparatively less drop in PE than (112)/23°. For HAGB with higher 6,
the GB became very close to immobile configuration ((112)/39°, 44 °,
78°,88°,(110)/39°, 70°).

3.6.2. Interaction of GB

The wavy structure of LAGBs is associated with a local radius of
curvature which can act as nucleation sites for dislocations, as was seen
in (110)/11°. The annihilation of GBD in (112)/11 °, 16° and (110)/8°
configurations created a low dislocation density configuration and in
(110)/11° point defects increased after annihilation of dislocations. The
continuous nucleation of dislocations from (110)/58° HAGBs led to
movement of ledges away from GB plane, allowing the HAGBs to
interact. While in case of (112)/57 °, 63° HAGBs the interaction is due

1 Structural units are periodically arranged atomic clusters in the GB [83].
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to the nucleated dislocations from the ledges. The interaction between
the nucleated dislocations increases p and point defects. The interaction
of the wavy LAGBs and HAGBs can result in pinching of wavy GBs. The
newer boundaries thus created resulted in the formation of the sub-
structure. The dislocations emitting from HAGBs ((110)/83°, (112)/
63°) formed shear bands which can be attributed to the MSB in 3P
sample (Fig. 6g) and also observed during rolling of Ta [84-86]. The
relevance of GB migration and recrystallization can be found in refer-
ence [53, 73]. The SIBM of GBs favored bulging, pinching of GBs and
subsequently forming a recrystallized grains [73].

The reduced mobility of HAGBs as compared with LAGBs can be
correlated to the recrystallization process of fiber texture. The higher
mobility of LAGBs led to their interaction earlier as compared to that of
HAGBs. y fiber was reported to have formed from regions of high
dislocation density [73]. The formation of sub-structures by dislocations
and the interaction of LAGBs led to the consumption of these disloca-
tions to form recrystallized grains with vy fiber. It can thus be inferred
that the main reason for the recrystallized grains to have y fiber is
because of the high mobility of LAGBs.

4. Discussion

This work demonstrated that Ta could be subjected to SPD through
the process of MAF. This resulted in a refinement of the microstructure
to sub-micron levels and an increase in the hardness and flow stress, that
can be attributed to the increase in the p and a decrease in grain size. The
grain size distribution and p were characterized using EBSD analysis.
Earlier work using the Modified Estrin-Toth-Molinari-Brechet consti-
tutive model for SPD of Ta has shown a saturation of flow stress and a
slight decrease in p after an effective strain of 4 [87]. As GBs act as
barriers to dislocation motion, a reduced grain size increases the
strength, according to the Hall-Petch relation. Apart from the grain size
effect, the variation in strength between the MAF samples would also
depend on the fpqg, boundary density, grain size, and texture. 3P and 6P
showed similar misorientation distributions (Fig. 7c), but different grain
size and texture (Fig. 7a, b and Fig. 9), thereby resulting in different
strength. The increase in the strength of the 9P sample was due to the
ultra-fine grains. The MAF Ta showed a saturated flow stress in
compression test, as compared to CG Ta that showed considerable work-
hardening. Wei et al. [88] obtained a strain rate sensitivity of 0.060 and
0.025 for unprocessed and ECAE Ta (after &g of 4.64), respectively.
They reduced the average grain diameter of Ta from 20 pm to 200 nm.
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Fig. 12. Snapshots of MD simulations of interaction of GBs at time intervals as mentioned. Atoms are made invisible and only dislocations are shown after DXA. The
green colored lines are dislocations with (111) Burgers vector, that of blue and pink colored are with Burgers vectors (110) and (100), respectively, and red for other
Burgers vectors. The arrows in the dislocation lines indicate the direction of the Burgers vector. The defect not categorized as dislocations are shown as a grey-colored
defect mesh. Simulations that had no dislocation activity are characterized using CNA. Atoms with eight neighbors (BCC atoms) are made invisible and other atoms
are shown after CNA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The flow stress at 10% strain was about 755 MPa during compressive
test carried out at strain rate of 102 s~!. House et al. [49] carried out
ECAP on Ta to a strain of 4. They found that the flow stress at strain rate
of 107! s} and at 10% strain varied between 765 MPa and 900 MPa
depending on whether the samples were taken from through thickness
or in-plane directions. Maury et al. [89] obtained a maximum flow stress
of 1160 MPa at 10~° s 'after 10 turns of HPT. The average grain

12

diameter was reduced from initial 60 pm to 160 nm after 10 turns with p
of ~1.4 x 10" m~2. In the current work, MAF of Ta after 9 passes (eeff =
7.2) gave a flow stress of 820 MPa in compression at a strain rate of 10~}
s7L. The average grain diameter of 64 ym in Ta was reduced to 760 nm
after 9 passes and had p of ~1.1 x 10" m™2

R. Kapoor et al. carried out MAF of BCC Nb-1 wt% Zr which refined
the grain from 100 to 1 pm and increased the strength from 120 to 540
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MPa after 6th pass [16]. The strength increased by 4.5 times of the initial
coarse-grained configuration. The calculated dislocation density was 3
x 10 m~2. Bhowmik et al. reported a study on MAF of a BCC IF steel up
to 12 passes [24]. They achieved grain refinement from 225 to 0.3 pm
after 12 passes. The dislocation density increased from 4.2 x 10'%t0 1.3
x 10'® m~2 as obtained from X-ray diffraction line profile analysis. The
yield strength of the IF steel increased from 105 to 600 MPa i.e. almost 6
times after 12 passes. In the current study after 6th pass, the grain size of
1.43 pm and yield strength of 613 MPa were obtained. The yield strength
after 6 passes increased by 3.4 times of the initial coarse-grained
configuration. The calculated dislocation density after 6th pass was
1.2 x 10 m~2 The difference in the increased strength after MAF
between Nb-1 wt% Zr, IF steel and Ta could be due to the difference in
the dislocation density and grain size. The current results on Ta are
comparable to those of Nb-1 wt% Zr and IF steel, however the evolution
of microstructure during MAF would be specific to the material
depending on its alloying content, grain size, and dislocation density.

4.1. Contribution of dislocations and GBs to strength

The yield stress (o) can be written as contributions from frictional
stress (op), strengthening due to dislocations (o445 = aMGb,/p) and

\7&) [17,90,91]. Thus, the yield
'GB

strengthening due to GBs (ogp = .

strength is expressed as,

kHP

\% dGB

where « is a constant with a value of ~ 0.2, and kgp is the slope of the
Hall-Petch plot. Taylor factor calculated from EBSD analysis for Ta is
approximately taken as 3.2 [16]. For pure tantalum, o¢ is 80 MPa, G is
69 GPa, b is 0.2863 nm, and kpp is found using data points collected from
references [92-96] as 438 MPa pmo's [96,97]. Cordero et al. summa-
rized the grain size data varying between 0.04 and 3900 for Ta using
Hall-Petch relation [96]. The terms oy, a, M, G, b, and kyp are constants,
whereas the terms p and dgp change with deformation and influence the
yield stress.

6, = 6o +aMGb./p +
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The total dislocation density is a sum of statistically stored disloca-
tions (SSD), GNDs, and dislocations that make up LAGBs. It was assumed
that with strain, GNDs increase significantly as compared to the SSDs.
The pgnp can be estimated using eq. 2 involving KAM, as mentioned in
section 3.3. LAGB can provide strengthening either as grain boundaries
or as dislocations, and that is specified by a critical misorientation angle
@dis, such that boundaries with ¢ > ¢4 (with area fraction f) contribute
to the Hall-Petch term, whereas those with ¢ < ¢g;s (with area fraction 1-
f) contribute to the dislocation hardening term. f can also be represented
as dr/dgp, where dp is the average grain diameter of all GBs and dgp is
the average grain diameter of those grains which contribute to GB
hardening. In the present study, the median values obtained from Fig. 7a
were dg for each sample. Using this eq. 4 takes the following form:

3(1 — .
0y = 0o +aMGb\ | gy +(T};)wm+kymld%v

where ¢g4;s can take any value between 2° and 15°. Based on the previous
experiments [50,69,91] when ¢g;; = 2° was used giving f = 1, eq. 5
reduced to eq. 4. This means that all boundaries (¢ > 2° — both LAGB and
HAGB) contribute to grain boundary strengthening. Misorientations <2°
are taken to be from GNDs which do not form boundaries and hence
contribute to the dislocation strengthening term. The strengthening
contributions from dislocation and GB for the case of f = 1 is plotted in
Fig. 13a. The frictional stress is constant for all cases. The strengthening
due to GB increased from CG to 9P.

The strengthening contributions from dislocation and GB for the case
of f=11is plotted in Fig. 13a. The frictional stress is constant for all cases.
The strengthening due to GB increased from CG to 9P. For the case when
@dis > 2°, eq. 5 can be used with f < 1. To observe how a changing value
of f affects each of the dislocation and GB strengthening terms and the
total stress, Fig. 13b was plotted. Note that Fig. 13a is for f=1. For lower
values of f (Fig. 13b) (where some low angle boundaries start contrib-
uting to the dislocation strengthening term) the grain boundary
strengthening term becomes less dominant and the dislocation hard-
ening term increases. However, it is seen that for f < 1 the total stress
predicted by eq. (5) is lower than that predicted for the case f = 1 and

(5)
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Fig. 13. (a) Calculated stress and experimental yield stress as a function of grain size for ¢4 = 2°. The experimental yield stress is represented by hollow circles
connected by a line. The frictional stress, dislocation strengthening, and GB strengthening terms from the eq. 4 are stacked over one another. The overall height of the
stacked column represented the calculated yield stress. The sample names are represented near to the stacked column. (b) Calculated total yield stress, dislocation
strengthening, and GB strengthening terms as a function of f. The calculated yield stress is represented by solid lines, dislocation strengthening term is represented by
hollow circles, and GB strengthening term is represented by hollow diamond symbols.
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that of experiments. Thus, it can be inferred that the case of f = 1 best
represents the contributions of hardening. This in turn implies that,
apart from high angle boundaries, sub-grain boundaries too contribute
to GB strengthening rather than to dislocation strengthening.

4.2. Grain refinement mechanism

Mechanisms of evolution of GBs during SPD have been explained
using the transformation of dislocations or LAGBs or sub-structures to
form HAGBs [30,50,51,98]. However, an understanding of the micro-
mechanism of grain boundary movement and interactions is missing. In
this work, MD simulations were used in studying the role of GBs during
recrystallization and grain growth processes. In general, materials have
a mixture of LAGBs, HAGBs and CSL GBs with random axis of rotation
and misorientation between the grains. This is a complicated problem to
model, however as a simplification the GBs can be modeled using tilt or
twist of grains about an axis. In polycrystals, a grain has multiple
neighbors that make different misorientation angles, thus resulting in
different GB structures. In section 3.7.1, it was seen that the motion of
LAGBs was favorable as compared to HAGBs. Although a direct com-
parison cannot be made of the experimental observations during MAF
and MD simulations, the later was carried out to understand the motion
of different types of grain boundaries under stress with an attempt to
explain the experimentally observed microstructure. Here, simulations
of shear deformation of asymmetric tilt GBs in conjunction with EBSD
results were used to propose a mechanism for evolution of GBs during
SPD. MD simulation showed that the GB motion was along the GB
normal, while in earlier work on twist GBs it had been observed to be
along tangential direction to GB plane [99]. Cahn proposed that the GB
velocity v is a combined effect of coupling and sliding as v = So + pv,
where S is the sliding factor, # is the coupling factor, v, is normal
component of velocity and ¢ is shear stress on GB. Cahn et al. [99]
postulated that f is a function of misorientation between the grains and
changes sign depending on the inclination angle in asymmetric GBs
[77]. As it is difficult to determine S and 4, in this study the dependence
of mobility on driving pressure was used.

The proposed GB refinement model used the mobilities of the GBs
and their interaction to solve for the evolution during MAF. The velocity
(v) of a GB [53] is the product of the mobility of the GB (Mg) and the
driving pressure (P) i.e.

v =MgP. 6)

The velocity of the GB depends on the stored energy in the system
and on the force due to the external effects such as temperature and
stress. The stored energy in the current configuration is the GBE and the
external factor is the applied shear deformation. The mobility can be
written using the Arrhenius equation as [53] Mg, = Moe(_E“/ KD where My
is the reduced mobility and E, is the activation energy to move the
boundary. The effect of temperature is not studied in the current sim-
ulations. Using the driving pressure formulation in the current work, the
effect of v, GBE, and 6 on fhg was studied. The stored energy acting as
driving pressure for an array of dislocations (such as in LAGBs) is given
by [100].

1
Py = =pGb’.

3 (7)

For any grain boundary, the stored energy acting as driving pressure
is given by

_ 2GBE

GB —

(8)

rGs

where rgp is the radius of curvature of GB [100]. Flat GBs have rgg — oo,
so Pgg — 0, i.e., no driving pressure. This confirms the necessity of
formation of disconnections and ledges to mitigate the flatness of the GB.
The presence of ledges in LAGBs ((112)/16°) and HAGBs ((112)/23°)
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induced curvature, but to find a value of the radius, the driving pressures
of LAGBs were equated to that of GB, i.e. Pg;; = Pgp. For GBs with dis-
locations the values of the radius were found to vary between 5 nm and
7.5 nm and an average value of 6 nm was used for calculation of GB
mobility.

The shear stress was calculated during shear deformation of the GB
configurations. The shear stress increased with initial shearing of the
configuration. The value of the shear stress at the first drop in the shear
stress can be attributed to the initial movement of GB and is termed as 7.
The driving pressure due to 7 is given by P, = 27 cos6 tan(§). For LAGBs,
P, =75sin6 [101,102]. Since the current configurations have two GBs, P,
was taken as

0
P, = 1cosO tan <§>

In the current study, it was assumed that the total driving pressure is
due to both GBE (Pgp) and shear stress (P;). Thus the velocity of the GB
can be summarized from the eq. 6-9 as

2 GBE
v:Mg,,( G +rcosetan<g>>

rGB

where v, 7, GBE and their respective § were from MD results. Using ¢
obtained from MD, the mobilities were calculated from eq. 10 and are
plotted as function of ¢ in Fig. 14. It is seen that the mobility is high for
LAGBs and decreases to a very low value for the HAGBs. Rahman also
found that the mobility decreased from 4.7 m/s/MPa for § = 7° to 1 m/
s/MPa for 6 = 23° [103]. Similar trend on mobility as a function of § was
observed by Olmsted et al. [104]. The categorization of GBs as a function
of tilt angle in Fig. 14 was made using the behavior of the considered GBs
during their initial movement as detailed in section 3.7.1.

Based on the above findings a model proposing the evolution of the
microstructure with strain is schematically shown in Fig. 15. The initial
microstructure primarily consists of grain with low dislocation density
and HAGBs, some of which are immobile and some of which contain
ledges (Fig. 15a). With increasing strain some GBs with ledges emit
dislocations, some GBs dissociate into low angle boundaries with release
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Fig. 14. Variation of shear stress obtained from MD simulations and mobility
calculated from eq. 10 of GBs as a function of tilt angle. The regions of the plot
are colored based on the mobility type of GBs. The yellow color is the region
with dislocations in the mobile GB. The blue color is the region with GBs
dissociating into two LAGBs and thus acquiring mobility. The pink color is the
region with immobile GBs. The grey color is the region with GBs dissociating
into LAGB and HAGB. The green color is the region with mobile ledges in GBs.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 15. Schematic illustration of grain refinement process during MAF. The various features such as lattice dislocations, dislocation loops, LAGBs, ledges, mobile
GBs, immobile GBs, and dissociated GBs are represented by symbols as shown in legend.

of dislocations and dislocation loops in the grain (Fig. 15b). Dislocations
interact and multiply within grains resulting in the increase of disloca-
tion density leading to the formation of low angle boundaries. The above
GB events reduce fpqep. With further strain the above described mecha-
nisms continue in addition to the migration of GBs (due to presence of
LAGBs, ledges and some mobile HAGBs) (Fig. 15c). With further GB
interactions, the dislocations and LAGBs arrange themselves to form
sub-structure (Fig. 15d). With further strain LAGBs convert to HAGBs
through the process of continuous dynamic recrystallization as
described in earlier models [105] leading to a microstructure with grains
having high angle boundaries and with low dislocation density within
the grains (Fig. 15e).

5. Summary and conclusions

In the current experimental and simulation studies, the evolution of
dislocations and GBs in pure Ta during MAF was investigated using

15

various experimental characterizations and molecular dynamics tech-
nique. The important conclusions are listed below.

1. MAF of Ta increased the yield strength from 178 MPa (CG) to 653
MPa (9 pass) and hardness from 92 HV (CG) to 223 HV (9 pass) as a
consequence of the increase in dislocation density and the formation
of ultra-fine grains.

2. Grains were refined from 64 pm to 760 nm while dislocation density
increased by an order of magnitude as compared to the initial CG. As
the number of MAF passes increased, the fraction of recrystallized
grains and HAGBs increased.

3. 1 and ¢ fibers were first observed in nucleated recrystallized grains
after 3 passes along GBs of harder grains. After 9 passes, a and v fi-
bers were dominant.

4. The contribution of GB strengthening was higher than that of dislo-
cation strengthening.
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5. The mobility of the GBs dropped from around 1 m/s/MPa for LAGB
to very low values for HAGBs with misorientation angle >23°.

6. The mobility of HAGBs with specific misorientations is either by
dissociation to other GB types (between 30° and 45°) or a combined
movement of ledges (between 80° and 90°). In either case, there is
reduction in misorientation angle at the migrating location of the
GBs.

7. The high mobility of LAGBs can be correlated with the recrystalli-
zation of grains with y fibers by sub-structure formation process. The
low mobility of HAGBs can be correlated with the recrystallization of
grains having n and ¢ fibers by bulging and pinching process.

The experimental characterizations and relevant MD simulations of
GB mobility provide insight and understanding into nanoscale features
such as dislocations and GBs during SPD. Moreover, the correlation
shown between EBSD and MD simulations lays a new path for experi-
mental simulation linkage.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijrmhm.2023.106120.
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