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Abstract

Research was conducted on the microstructural evolution and ensuing mechanical response
from high-pressure torsion (HPT) processing of Ti-6Al-4V alloy in the as-cast and -forged
conditions with and without 0.1 wt.% boron addition. The boron addition produces refinement
of the prior B grains and the (o) colonies and introduces an additional TiB phase but this
affects the deformation response and the microstructural evolution only at low strains of 0.5 to
5 rotations. In the initial condition the orientation of the (a+f) colonies significantly affects the
deformation response and leads to differences in substructure formation in both the as-cast and
B-forged conditions. This orientation dependence counts on the initial microstructural
differences between the unmodified and the boron modified alloys. At higher strains, there is
a similar deformation response and microstructure evolution all the alloys. The hardness
variation with equivalent strain is similar for the unmodified and boron modified alloys in as-
cast and B-forged conditions and represents various deformation regimes in HPT-processing.
Strength modelling confirms a simultaneous contribution from microstructural refinement and
increased dislocation density towards the hardness increment during HPT processing. Overall,
the as-cast and B-forged Ti-6Al-4V-0.1B alloys possess identical deformation response to the
B-forged unmodified Ti-6Al-4V alloy in the initial and intermediate stages. At high levels of
straining, all alloys respond in an equivalent manner, thus ruling out any possible effects from

additional TiB phase or microstructural refinement for the boron-modified alloys.
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1. Introduction

Two-phase (o+p) titanium alloys such as Ti-6Al-4V are widely used for aerospace, automotive
and biomedical applications due to their high specific properties which stems from the low
density of Titanium (4.5 gm/cm?®) and excellent corrosion resistance [1] These applications
often require a complex design of components which are generally fabricated by expensive
machining operations leading to a high wastage of materials [2]. An alternative low-cost
solution is the use of near-net-shape casting but then the main difficulty is the coarse
microstructure and strong crystallographic texture in the as-solidified condition [3]. A possible
breakthrough is the use of a hypoeutectic boron addition of typically ~0.1 wt% which refines
the as-cast microstructure by nearly an order of magnitude and weakens the strong
solidification texture compared to the unmodified alloy [4]. Boron addition also leads to the
formation of TiB particles along prior B grain boundaries during solidification once the eutectic
temperature is crossed. This optimized Ti-6Al-4V-0.1B alloy either enhances or maintains
most of the mechanical properties of the unmodified alloy in the as-cast condition such as
strength, ductility, fatigue and creep resistance [5-8]. The boron-modified alloy also possesses
a superior processing response in the - [9] and (o+p)-phase fields [10, 11-, 12-15] as well as
under superplastic conditions [16, 17-19., 18].

Over the last twenty years the use of severe plastic deformation (SPD) processing has emerged
as a potential technique for producing ultrafine sub-micrometer grains in bulk solid parts of
metals and alloys [19-24]. Grain refinement in SPD processing occurs through the imposition
of a large plastic strain with only a negligible change in the dimensions of the work-piece.
Processing by SPD has also proven an effective technique for delineating the deformation
response of material systems at high plastic strains which otherwise cannot be achieved in
regular mechanical testing [25]. Several SPD techniques have been developed including equal-
channel angular pressing (ECAP), accumulative roll bonding (ARB) and high-pressure torsion
(HPT) [26-29]. In HPT processing, the work-piece in the form of a thin disk is subjected to a
simultaneous high pressure and large shear strain [30, 31]. This has an advantage over ECAP
or ARB because it produces smaller grains with higher fractions of high-angle grain boundaries
(HAGB) [32, 33].

HPT processing also evolved in recent years as an effective method to produce nano-crystalline
materials which are then tested for various properties in order to understand material behavior

in the nano-regime. Chen et al. [34] for example refined coarse-grained Ti (average grain
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size of ~50 um) to a nano-structure having an average grain size of ~95 nm by HPT through
10 turns at room temperature. They thereafter studied and compared the fracture behavior of
coarse and fine-grained Ti using electrically-assisted micro-tensions through pulsed
unidirectional current. Lin et al. [35] similarly deformed commercial purity (CP) Ti and Ti-
6Al-4V alloy by HPT for 10 and 20 rotations. Afterwards, they were used to examine the effect
of nano-crystalline grains on the surface modification by laser treatment. HPT processing and
subsequent annealing were also used to examine the correlation between the microstructure
evolution and shape memory response for the Ti-13V-3Al alloy [36]. While HPT introduced
high density of defects and decreased the stability of the a” martensite within the single 3
phase, annealing at 700°C reintroduced numerous small parallel a” variants following the
residual defects. Among other materials, Anijdan et al. [37] used 6 HPT rotations at a rate of 1
rpm to weaken the texture for Fe-10Ni-7Ms steel and examined the role of dislocation
substructure and misoientation formation in the microstructure. Ren et al. [38] similarly
examined the role of twin formation and their interaction for rare-earth containing Mg-5.91GD-
3.20Y alloy in HPT processing for microstructural evolution and subsequent mechanical

response.

Despite significant studies on the thermo-mechanical processing of the Ti-6Al-4V-0.1B alloy
there has been no attempt to understand the response of any boron-modified titanium alloys to
SPD processing even though these alloys have many potential usages as structural materials.
In addition, it is important to note that the TiB-phase in the microstructure of boron-modified
alloys was shown to influence almost all mechanical properties including the room temperature
tensile [6, 39] and fatigue strengths [7] as well as the deformation response at high temperatures
[12, 13-, 14, 15] and under dynamic loading conditions [40]. It is therefore important to
evaluate the effect of the secondary TiB-phase on the deformation response of the Ti-6Al-4V-
0.1B alloy under extreme straining.

The present research was conducted to systematically evaluate the deformation response of the
Ti-6Al-4V-0.1B alloy under SPD conditions. Accordingly, HPT processing was carried out on
both an unmodified Ti-6Al-4V alloy and a boron-modified Ti-6Al-4V-0.1B alloy in the as-cast
and the B-forged conditions. The B-processing diminishes most of the initial differences, such
as microstructural refinement, in the as-cast condition except for the presence of TiB particles
in the p-forged Ti-6Al-4V-0.1B alloy [40]. The HPT-processed unmodified and boron-

modified alloys were characterized for microstructural evolution using transmission electron
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miscopy (TEM), electron backscatter diffraction (EBSD) and X-ray diffraction line profile
analysis (XRDLPA). The hardness of the alloys was measured after various HPT rotations.
Finally, a microstructure-mechanical property correlation was established from strength

modeling which incorporate the contributions from various strengthening mechanisms.

2. Experimental

2.1. Initial materials

Unmodified Ti-6Al-4V (hereafter designated Ti64) and a 0.1 wt% (hypoeutectic) boron-
modified Ti-6Al-4V-0.1B (hereafter designated Ti64+B) alloys were used in this study with
the chemical compositions given in Table 1. The as-cast alloys (hereafter designated Ti64-C
and Ti64+B-C, respectively) were prepared by induction skull melting using a graphite mold
under identical conditions. Cast ingots were subjected to standard hot isostatic pressing at
900°C and 100 MPa pressure for 2 hours. The B-transus temperature was determined as
~1040°C for the unmodified and ~1020°C for the boron-modified alloys [41]. The as-cast
ingots underwent open die forging at 1100°C in the B-phase field at an initial strain rate of 1 s
and they were then air quenched [40]. The equivalent von Mises strain corresponding to the
height reduction in B-forging was 2.48. The B-forged alloys are hereafter denoted as Ti64-F
and Ti64+B-F.

2.2. HPT processing

The HPT of the as-cast (Ti64-C and Ti64+B-C) and B-forged (Ti64-F and Ti64+B-F) alloys
was conducted at room temperature using circular discs of 10 mm diameter and 1 mm thickness
processed through 0.5, 1, 2, 5 and 10 rotations under a speed of 1 rpm at a constant applied
pressure of 6.0 GPa. The torsion loading axes were maintained parallel either to the ingot axes
for the as-cast alloys or the forging directions for the B-forged alloys. In practice, the imposed
equivalent von Mises strain, ¢, varies with the distance from the center (r) through the

expression [30, 42].

where N is the number of rotations and A is the thickness of the disc. It follows that € increases

from zero at the center of the disc to a maximum at the edge [42].

2.3. Microstructural characterization
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The microstructures of the two starting alloys (Ti64 and Ti64+B) in the as-cast and 3-forged
conditions were observed using scanning electron microscopy (SEM)? in back-scatter electron
(BSE) mode. The SEM images were captured from the surfaces perpendicular to the ingot axis
in case of the as-cast ingots, thereby also keeping the ingot axis parallel to the image plane
normal. For the B-forged alloys the observations were made from the surfaces parallel to the
forging direction in the mid-thickness region such that the forging direction lies perpendicular
to the image plane normal. The observation surfaces were prepared by metallographic polishing
and finished by electro-polishing following the methodology described elsewhere [9-11, 43].
The samples were etched with a custom-made solution containing 5% HF, 10% HNO3 and

water for 30 seconds.

The EBSD scans were captured from the HPT-processed discs for both alloys in the as-cast
and B-forged conditions after one rotation where € ~ 25. The planes parallel to the axis of the
HPT discs i.e. normal direction-shear direction (ND-SD) planes near the mid-thickness region
and close to the periphery were used for EBSD characterizations (Supplementary Figure
S.1a). The specimen surfaces were prepared following the same methodology as for SEM
without the final etching. The FEG-SEM? was operated at an accelerating voltage of 20 kV
during the EBSD scans and the orientation data were analyzed using TSL OIM® software
considering a minimum boundary misorientation of 2° accounting for the angular resolution of
the EBSD technique [44].

The microstructures of the HPT-processed discs from various alloys (unmodified and boron
modified in the as-cast and B-forged conditions) after 10-rotations where & ~ 300 were
characterized by TEM in brightfield mode. The TEM* was equipped with a field emission
source (FEG-TEM) and operated at an accelerating voltage of 300 kV. The TEM specimens
were prepared from the ND-SD planes close to the periphery corresponding to the maximum
equivalent strain. Further details on the TEM specimen preparation are given in the
Supplementary Section 2. The average grain sizes for the HPT-processed alloys were
calculated from TEM micrographs using the linear intercept method, where the procedure
consisted of drawing several horizontal and vertical parallel lines to provide sufficient

statistical reliability and covering more than 200 grains for each microstructure.

2 QUANTA 200, FEI, The Netherlands
3 FEI SIRION, FEI, Netherlands
4 FEI Tecnai F-30, FEI, The Netherlands
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2.4. X-ray diffraction line profile analysis

The XRDLPA was conducted on the XRD scan data for the HPT-processed discs of the
unmodified and boron modified alloys in the as-cast and B-forged conditions. The primary
objective was to determine the average crystallite size, the dislocation density, the dislocation
arrangement and the average micro-strain as a function of the applied equivalent strain [45].
Thus, XRD patterns were first collected using CuK, (A = 1.54056 A) radiation in a parallel
beam optics® from the surfaces perpendicular to the axis of the HPT-processed discs and close
to the periphery (Supplementary Figure S.1a). The X-ray diffractometer was equipped with

Johansson optics to eliminate K,, and Kz components from the incident beam. The 6 — 26

scans were recorded in a 20°-100° angular range with a scan step of 0.001° and a scan speed
of 1°/minute. The XRDLPA was performed following the two methods of conventional
Williamson-Hall (W-H) plotting and convolute multiple whole profile (CMWP) fitting where
the W-H analysis provides the average crystallite size and micro-strain while CMWP gives the
dislocation density and dislocation arrangement within the deformed microstructures [46].
Further details about the classical and modified Williamson-Hall analysis [47-51] and CMWP
method [52-54] are provided in Supplementary Section 3.

2.5. Hardness measurements for HPT-processed discs

The equivalent von Mises strain (€) increases from zero at the center of the HPT disc to a
maximum at the edge and it also increases with the number of HPT rotations [42]. Hardness
measurements were recorded along the diameters on the cross-sectional (ND-SD) planes
parallel to the axis of the HPT discs near the mid-thickness regions (Supplementary Figure
S.1b). An average step size of 0.5 mm was maintained between adjacent indents. Since the
HPT discs were processed up to different numbers of HPT rotations, the hardness data provide
the variation as a function of imposed equivalent strain (&) for each alloy. The hardness
measurements were recorded using Vickers micro-indentations at a constant normal load of
1000 g and a dwell time of 10 s at peak load. A minimum of five indentations was performed
at each location and the average hardness was calculated as the mean with an error given by

the standard deviation of the measured dataset.

3. Results

SRigaku Smartlab, Japan
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3.1. Microstructures of the initial as-cast and p-forged alloys

The microstructures of the unmodified Ti64-C and boron-modified Ti64+B-C alloys in the as-
cast condition contain typical Widménstatten (a+f3)-colonies due to the slow/furnace cooling
from above the B-phase field (Figures la-b). The effect of the boron addition and the
corresponding microstructural refinement is visible for the Ti64+B-C alloy at different length
scales. The prior B-grains are >1000 um and the (a+f)-colonies are ~300-500 um for the
unmodified Ti64-C alloy whereas for the boron-modified Ti64+B-C alloy these microstructural
features are ~200 um and <50 pm, respectively. Also, the Ti64-C alloy exhibits a thick and
continuous grain boundary (GB) a-phase which contrasts with the thin GB a phase or TiB
particles lying along the prior f grain boundaries for the Ti64+B-C alloy (Figure 1b-inset).
More details on the as-cast microstructure evolution in these alloys are given elsewhere [4, 41].

The B-forged alloys (Ti64-F and Ti64+B-F) show pancake-shaped prior B-grains which are
nearly perpendicular to the forging directions (Figures 1c-d). In practice, the identification of
prior B-grains is difficult for the B-forged alloys because of the absence of any grain boundary
a-phase for both Ti64-F and Ti64+B-F alloys. The TiB particles, which were initially placed
at the prior B-boundaries and demarcate the prior B-grains in the as-cast Ti64+B-C alloy,
remain present within the prior B-grains and orient along the Hoop or tensile direction in the
microstructure of the Ti64+B-F alloy. This suggests that the prior B-grains in the p-forged
microstructures are different from those initially present in the as-cast alloy. These B-grains
probably form due to dynamic recrystallization during B-forging and then elongate along the

secondary Hoop tensile direction on further deformation [9].

It is important to note the measurement of the prior B grain size for the two B-forged alloys
(Ti64-F and Ti64+B-F) is difficult because of their elongated, pancake-shaped morphology;
statistical reliability is questionable due to a large scatter in the measured datasets. It appears
that the width/thickness of the elongated B grains having a wide distribution (50-500 pum) is
significantly lower for Ti64-F alloy than the size of the equiaxed 3 grains (>1000) um present
in the microstructure of the corresponding Ti64-C alloy (comparing Figures 1a with 1c). The
boron modified alloys contain comparable sizes for the equiaxed B grains (~200 pm) in
Ti64+B-F alloy and the width/thickness of elongated B grains for the Ti64B-F alloy. Due to the
difficulty in the identification of prior B grains, particularly in the length direction, no
quantitative comparison is possible between the as-cast and corresponding B-forged alloys

irrespective of unmodified or boron modified conditions.
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The a-phase morphology also changes from lamellar in the as-cast alloys (Ti64-C and Ti64+B-
C) to acicular forming a basket-weave microstructure after B-forging for the Ti64-F and
Ti64+B-F alloys. The microstructure of the Ti64-F alloy also appears refined in terms of the
(at+p)-colonies as well as a-lamellae compared to the corresponding as-cast alloy (Ti64-C). For
the boron-modified alloy there is little further microstructural refinement after B-forging
(Ti64+B-F) from the as-cast condition (Ti64+B-C). More details on the microstructures of the
B-forged alloys (Ti64-F and Ti64+B-F) are given elsewhere [40].

3.2. Microstructure evolution at low strains in HPT processing

Figures 1a-d represent the normal direction inverse pole figure (ND-IPF) maps overlaid with
image quality (1Q) for the unmodified and boron-modified alloys in the as-cast and B-forged
conditions after one HPT rotation where ¢ = 25. The EBSD data were appropriately rotated so
that ND in the IPF maps coincides with the normal of the HPT discs. The misorientation
variations along a line are plotted on a point-to-point and point-to-origin basis from selected
microstructural regions. The point-to-origin misorientation compares the orientation of each
pixel with the starting point (origin) while the point-to-point misorientation compares with the
immediate previous pixel [55]. It is important to note that the variation in misorientation within
1-2° is below the resolution limit of the EBSD technique [44] and should be ignored. The
standard stereographic triangle superimposed with reference color triangle for hcp materials is
provided in Supplementary Section 4 which represents important directions and

corresponding reference colors in EBSD IPF maps
3.2.1. As-cast alloys

After one HPT rotation the as-cast Ti64-C alloy showed several (o+f)-colonies having
directions < 1120 >/< 1010> parallel or closely aligned to the HPT disc normal (represented
by green and blue colors, respectively, in the IPF map, Figure 2a:left). Most of these (o+f)-
colonies retain lamellar morphologies without any sign of fragmentation. Some (o+f3)-colonies
having < 1011 >/< 1012 >/< 2114 > directions parallel to ND (represented by purple or
magenta or yellow colors, respectively, in the IPF map) show indications of fragmentation after
the HPT processing. The EBSD microstructure also contains certain regions of poor image
quality plus high densities of non-indexed pixels which appear black in the overlaid 1Q map.
These areas correspond to extreme strain accumulations during the HPT processing where this

is most probably due to shear band formation [56, 57]. In addition, one of the (a+f3)-colonies
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with an original orientation close to ND|| < 1010 > appears bent and forms a kinked
morphology enclosed by the red dotted line in the HPT microstructure. In another instance, a
macroscopic shear band runs through the kinked (o+f)-colony (marked by a white dotted line),
thereby separating it into two parts having orientations ND|| < 1010 > (color blue/aqua) on

the left and ND|| < 2114 > (color yellow/orange) on the right.

Misorientation variations are plotted on a point-to-point and point-to-origin basis through the
(a+P)-colonies (Figure 2a:right) having orientations of (1) < 4136 >||ND (line 1) and (2)
ND||< 1120 > (line 2). For both lines 1 & 2, the point-to-point misorientations between
adjacent pixels are within 1-2° with occasional spikes as high as 5° and even rarely to 8-10°,
The point-to-origin misorientations vary significantly between the two lines. Thus, for line 1
there is a continuous buildup of misorientation with distance from the origin reaching as high
as ~25-30° which is in sharp contrast to the corresponding point-to-point misorientation
variation. For line 2 the point-to-origin misorientation shows no continuous buildup with
distance but rather stays within 10—15° to the origin but with spikes at locations identical to the

corresponding point-to-point misorientation variations.

The lamellar morphology for (a+f)-colonies are not well preserved and the a-grains are
fragmented at several locations for the Ti64+B-C alloy after one HPT rotation (Figure 2b:left).
This holds irrespective of the (a+B)-colony orientations of ND|| < 1120 >/< 1010> and
ND|| < 4136 >/< 1012 >/< 2112 >. Similar to the Ti64-C alloy, the EBSD microstructure
for the Ti64+B-C alloy contains regions of poor image quality indicative of strain accumulation
by shear band formation [56, 57]. Misorientations are again plotted on a point-to-point and
point-to-origin basis through two different (o-+f)-colonies (Figure 2b:right): (1) line 1
through ND|| < 1120 > and then ND|| < 1010 > and (2) line 2 through ND|| < 2112 > and
then ND|| < 1012 > orientations. The point-to-point misorientations show nearly similar
variations for the two lines with average misorientations within 1-2° and occasional spikes
reaching 5-6°. The point-to-origin misorientation variations also show sharp differences
between the two lines. Thus, for line 1 the misorientation continuously builds up with distance
and reaches as high as ~10-12°. For line 2 two different regimes are separated by a sudden
jump of ~20° that corresponds to the change of orientation from ND|| < 1120 > to ND|| <
1010 >. It is important to note that if these two regimes are considered separately the point-
to-origin misorientation variation along line 2 should also represent a continuous

misorientation buildup of as much as ~5° with distance from the origin.
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3.2.2. p-forged alloys

Concerning the two -forged alloys, the EBSD microstructure for the Ti64-F alloy contained a

single a-grain with ND|| < 1120> orientation after one HPT rotation (Figure 2c:left). This a-
grain contained a few parallel band-like regions of poor image quality, marked by white arrows,
which are ~1-2 um in width and separated by an average distance of 15-20 um. They are
probably micro-shear bands from the HPT processing signifying extreme strain localization
within this a-grain [57]. The point-to-point and point-to-origin misorientations parallel to these
shear bands exhibit similar variations characterized by spikes at frequent intervals (Figure
2c:right). For the point-to-point misorientation these spikes are within 5-7° whereas for the

point-to-origin misorientation they often reach to 15-25°. By contrast, the Ti64+B-F alloy

consisted of broken a-grains plus remnants of the original a-lamellae having ND|| < 1120 >
orientation in the EBSD microstructure after one HPT rotation (Figure 2d:left). Here again
there are regions of poor image quality indicating strain accumulation due to shear band
formation [56, 57]. The point-to-point misorientation through the lamellar a regions represent
the usual variation with an average misorientation of 1-2° and occasional spikes reaching 5-7°
(Figure 2d:right). The point-to-origin misorientation increases continuously with distance up
to a maximum of ~15° for this alloy and the misorientation occasionally drops within ~2°.

3.3. Microstructure evolution after extreme straining in HPT processing
3.3.1. As-cast alloys

The microstructures for the as-cast alloys (Ti64-C, Figure 3 and Ti64+B-C, Figure 4)
subjected to 10 HPT rotations contain a-grains of equivalent sizes of <50 nm in the respective
TEM micrographs even though the corresponding (o+f)-colony sizes differ by almost an order
of magnitude (Figures la-b). For the Ti64-C alloy, the microstructure remains quite
homogenous and uniform after HPT processing. The heterogeneous contrast within a single
grain in the case of any deformed material is generally caused by the presence of defects e.g.
dislocations; the higher the dislocation density so the darker is the contrast [58]. The lighter
contrast within most of the a-grains therefore indicates a lower defect density and an absence
of dislocation substructure for Ti64-C alloy after HPT processing for 10 rotations. High
magnification TEM images from selected regions of Figure 3a further display microstructural
features which are characteristics of SPD processing [27-30]. Certain o grains for example
contain dislocation cells (DC) which are prominent from alternating darker and brighter

|Pagel0



contrast (Figure 3a-inset, right-top) [59, 60]. These substructural features almost certainly form
out of the dislocation tangled zones (DTZ) by dynamic recovery through annihilation and
rearrangement of dislocations during the HPT processing [31, 61-65]. The corresponding
selected area diffraction (SAD) pattern presents only an HCP a-phase without any indication
of a strain-induced phase transformation even after large straining (¢ = 300) (Figure 3a-inset,
right-bottom) [66]. Additionally, semi-continuous rings in the SAD pattern suggest
nanocrystalline a-grains and a large fraction of high-angle grain boundaries (HAGBS) in the

deformed microstructure of the Ti64-C alloys after 10 HPT rotations.

For certain o grains, relatively darker contrast near the grain boundary regions again indicates
higher dislocation density compared to the a grain interiors which mainly consist of dislocation
cells (marked in Figure 3b). Some sections of these grain boundary (indicated by white dots)
are hard to determine and not well developed; they possibly represent low angle grain boundary
(LAGB, misorientation <15°) [58]). On the other hand, the grain boundary segments (indicated
by red arrows) are well developed and sharp and are as such characteristics of high angle grain
boundary (HAGB). Such wavy, non-distinct LAGBs are typical of the high-energy non-
equilibrium boundaries reported after HPT processing of various metals and alloys using high-
resolution TEM [68].

The microstructure of the boron-modified as-cast Ti64+B-C alloy after 10 HPT rotations was
again relatively homogeneous and similar to the as-cast Ti64-C alloy. Figure 4a shows certain
regions contaning dislocation cell (DC) structures (identified by alternating darker and brighter
contrast) within the microstructure. It also exhibited a few elongated non-fragmented a-grains
(highlighted in Figure 4a-inset) and a lower defect density within most of the a-grains. The
corresponding high magnification TEM image (Figure 4b) shows a few strain-free a-grains
together with regions of higher dislocation density. Inside the a-grains, parallel dislocations
reveal band contrast imaging (BCI) patterns. These patterns are formed from the overlapping
strain fields of dislocations, possibly having parallel Burger vectors oriented at a certain angle
to the electron beam [69]. The microstructures for the two as-cast alloys are therefore quite
similar after large straining to € = 300 suggesting that their initial microstructural differences

due to the boron addition are probably mitigated under extreme straining in HPT processing.

3.3.2. p-forged alloys
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For the B-forged Ti64-F alloy a low magnification TEM image (Figure 5a) displayed a
heterogeneous microstructure having irregular morphology for most of the a-grains after 10
HPT rotations. A large fraction of these grain boundaries appears wavy and non-distinct which
is a characteristic of SPD processing [31, 61-63, 65, 67, 68]. As with the as-cast Ti64-C alloy,
the SAD pattern confirms the presence of only the HCP a-phase for the Ti64-F alloy without
any strain-induced phase transformation (Figure 5a-inset). The semi-continuous diffraction
rings indicate nano-crystalline a-grains and HAGBs after 10 HPT rotations. The microstructure
also shows remnants of elongated a-grains (indicated by yellow arrows) plus equiaxed a-grains
(marked by white dotted lines in Figure 5b). The latter may have formed from fragmentation
of the elongated a-grains. The equiaxed a-grains also contain dislocation cell (DC) and other

substructure features (Figure 5b-inset).

The Ti64+B-F alloy similarly exhibits considerable heterogeneity in the microstructure after
10 HPT rotations. It contains a high fraction of equiaxed a-grains (indicated by red arrows) in
addition to some elongated a-grains (indicated by dotted rectangle in Figure 6a). There are
also some fragmented equiaxed a-grains within the elongated a-grains. The SAD pattern
confirms the presence of a single HCP a-phase after 10 HPT rotations (Figure 6a-inset). The
high magnification TEM image in Figure 6b further display a BCI pattern (indicated by yellow
arrows) with alternating black and grey bands within the elongated a-grains. In addition,
deformation bands characterized by alternating black and grey contrasts are present in the
microstructure with sharp parallel boundaries (indicated by black and white arrows in Figure
6b-inset). These bands represent heterogeneous contrast due to the accumulation of large
quantities of dislocations. The heterogeneous contrast and especially the BCI pattern indicate
a high defect density in the microstructure due to the large imposed strain of € ~ 300 [69].
Overall, the extreme straining to 10 HPT rotations leads to an equivalent microstructure for the
B-forged unmodified and boron-modified alloys as with the corresponding as-cast alloys. This
further suggests a minimal influence from the TiB-particles during HPT deformation of the

boron-modified alloys.
3.4. X-ray diffraction line profile analysis (XRDLPA)

The average crystallite size and microstrain determined from the Williamson-Hall plots
(Supplementary Figure S.3) are represented in Figure 7. Details about the Williamson-Hall
method are given in Supplementary Section 3.1. [48, 70]. The Ti64-C alloy has the highest
crystallite size after 0.5 rotation which is drastically reduced after 5 and 10 HPT rotations. The
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other alloys of Ti64+B-C, Ti64-F and Ti64+B-F also follow a similar reduction in crystallite
size with increasing HPT rotations. This reduction is quite gradual and nearly linear for the -
forged alloys (Ti64-F and Ti64+B-F) compared to the as-cast alloys (Ti64-C and Ti64+B-C)
and most of the reduction in the as-cast alloys occurs within 5 HPT rotations. The extent of
microstructural refinement is a minimum for the Ti64+B-F alloy where the crystallite size is
15.1 nm after 10 HPT rotations. This contrasts with the other three alloys (Ti64-C, Ti64+B-C
and Ti64-F) where HPT processing to 10 rotations reduces the crystallite size to within 11.5-12

nm.

The micro-strain calculated from the Williamson-Hall plots increases with the numbers of HPT
rotations for both alloys irrespective of the initial condition. For the Ti64-C alloy the increase
is moderate after 0.5 to 5 rotations and further up to 10 rotations whereas it is quite steep
initially for the Ti64+B-C alloy between 0.5 to 5 rotations but saturates afterwards up to 10
rotations. Of the two B-forged alloys, the micro-strain increases almost linearly with the number
of HPT rotations for the Ti64-F alloy while the Ti64+B-F alloy shows a significant increase in
micro-strain only after 5 rotations but thereafter exhibits a decrease after 10 rotations. Overall,
the micro-strain remains the lowest for the Ti64-C alloy and similar (~1.1-1.2%) for the other

three alloys after 10 rotations.

Further insight into the dislocation substructure evolution during HPT processing may be
obtained from the CMWRP analysis. The calculations measure the variations in different
parameters (e.g. area average crystallite size, < x >,,¢, dislocation density, p, effective core
cut-off radius, R, and dislocation arrangement parameter, M) with increasing strain [46]. More
details about the CMWP method as well as the corresponding XRD fitting plots after 0.5, 5
and 10 HPT rotations for various alloys are given in Supplementary Section 3.2. The
difference between the experimentally captured and the CMWP-fitted patterns (shown in the
insets of Supplementary Figures S.4a-f) indicates reasonably good fittings for both the
unmodified and boron modified alloys in the as-cast and B-forged conditions. As with the
Williamson-Hall analysis, the general observation from CMWP is that the area average
crystallite size (< x >,,4) decreases and the dislocation density (p) increases with equivalent
strain, €, for all alloys (Figures 8a-d). The crystallite size variation with equivalent strain is
also reasonably similar irrespective of the boron addition or B-forging. In practice, there are
two regions with nearly linear variations in each segment. In the initial region up to € = 50 the

crystallite size decreases acutely but then saturates with increasing equivalent strain up to 10
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HPT rotations. The increase in dislocation density with equivalent strain is fairly linear for the
Ti64+B-C and Ti64-F alloys throughout the course of the HPT processing. For the Ti64-C and
Ti64+B-F alloys the p vs. ¢ plots again show two different regions with both regions
characterized by nearly linear variations but the initial increase is quite sharp up to € ~ 50 and

the slope decreases thereafter up to 10 HPT rotations.
3.5. Hardness variation in HPT processing

Figure 9 shows the hardness variation with increasing equivalent strain () for the unmodified
and boron-modified alloys in the as-cast and B-forged conditions. Also shown is the range of
equivalent strains encountered after various HPT rotations. The hardness variations contain
distinct regions in terms of equivalent strains for all alloys irrespective of the boron addition or
B-forging. Thus, the hardness initially increases for the four alloys almost linearly with
equivalent strain up to € = 20 — 25 following a steep slope. With further increase in strain up
to € ® 50 — 60 the hardness varies with a gradually decreasing slope and then the hardness
variation with equivalent strain saturates to a near steady state as in the Ti64-C and Ti64+B-C
alloys or increases at a smaller slope as in the Ti64-F and Ti64+B-F alloys. The transition in
hardness variation from an initial higher slope to a near steady state occurs within e = 20 — 60
for all alloys that form saddle regions irrespective of the boron addition or -forging. It is noted
that a continuous increase in hardness without saturation even after 10 HPT rotations was
reported previously for HPT-processed copper [71], for the ZK60A magnesium alloy [72] and
for the Ti-6Al-4V alloy [73]. A similar trend was observed in the present study only for the
two B-forged alloys of Ti64-F and Ti64+B-F although at a much lower rate.

Although the initial hardness of the alloys are similar at ~300 Hv irrespective of the boron
addition or B-forging, a significant difference occurs near the transition regions of € ~ 20 —
60 as well as towards the end of HPT processing at € =~ 250. The unmodified -forged alloy
(Ti64-F) continues to have the highest hardness among all the alloys after the transition region
and up to the end. For the boron-modified alloys such as Ti64+B-C and Ti64+B-F the hardness
is lower in the transition region than for the two unmodified alloys of Ti64-C and Ti64-F. The
relatively lower hardness continues for the Ti64+B-C alloy until the end of HPT processing
but the lower hardness mitigates for the Ti64+B-F alloy up to € = 150 and thereafter the
hardness of this alloy continues to be higher than for the Ti64-C alloy.

4. Discussion
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4.1. Microstructure evolution during HPT-processing

4.1.1. The low strain regime

HPT processing produces a significantly different microstructure evolution for the unmodified
and boron modified alloys at lower equivalent strains. Thus, while the unmodified Ti64-C alloy
presents a homogeneous microstructure with a pronounced dislocation substructure formation,
the Ti64+B-C alloy is characterized by deformation inhomeginities as micro-bands. Even when
the starting microstructures are similar in the B-forged condition, deformation heterogeneities
set in easily for the Ti64+B-F alloy during HPT-processing. The orientation of the (a+p)-
colonies significantly influences the deformation response and the resultant substructure
evolution at lower equivalent strains. This is evident from the similarities and differences in
the misorientations on point-to-origin and point-to-point bases that indirectly represent the
dislocation sub-structure evolution for the two alloys in the as-cast or B-forged conditions.

4.1.1.1. Orientation dependency of the substructure evolution

When the two misorientation bases (point-to-origin vs. point-to-point) contain significant
differences (e.g. the point-to-point misorientation shows occasional spikes while the point-to-
origin continuously increases from the origin), it suggests a misorientation build up via a subtle
additive process in absence of any dislocation substructure formation within the a-grains [74].
The deforming (o-+3)-colony in this case possibly accommodates the imposed deformation by
micro-band formation without the development of any macroscopic instability [75]. These
micro-bands may lead to continuous orientation alternations within the relevant (a+f)-colony
leading to an increase in the point-to-origin misorientation with distance [55]. On the other
hand, a similarity in the point-to-origin and point-to-point misorientation variations with
distance (e.g. occasional spikes without a continuous misorientation buildup) indicates well-
defined sub-grain formation within the a-grains [76]. In the present experiments, occasional
spikes represent sub-grain boundaries while the low misorientation regions correspond to

interiors with relatively fewer dislocations [55, 77].

Comparing the two misorientation bases (point-to-origin vs. point-to-point, Figures 2a-d), it
appears that the (a+p)-colonies with ND|| < 1120 >/< 1010 > orientations are prone to
subgrain formation for the unmodified alloy in the as-cast (Ti64-C, line 2) and B-forged (Ti64-
F) conditions. These o grains are probably easy orientations for slip activation and therefore

they deform via dislocation activities. In addition, they are prone to macroscopic shear band
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formation as is prominent for the B-forged Ti64-F alloy and, to a lesser extent, for the as-cast
Ti64-C alloy. It was argued that macroscopic shear bands are favored from the presence of
subgrains which effectively hinder the homogeneous glide of sessile dislocations during further
straining and localize the deformation in the form of intense shear bands [78]. For boron-added
alloys (Ti64+B-C, line 2 and Ti64+B-F), (o-+B)-colonies with ND|| < 1120 >/< 1010 >
orientations do not favor subgrain formation by dislocation activities and instead they deform
primarily by micro-band formation as is evident in the continuous misorientation build up in
the point-to-origin basis. Thus, they are possibly hard orientations under shear deformation in
HPT-processing [10, 43]. Furthermore, the (a+B)-colonies with ND|| < 4136 >/< 1012 >
/< 2112 > orientations represents continuous misorientation buildup in point-to-origin basis
for unmodified (Ti64-C, line 1) as well as boron modified alloys (Ti64+B-C, line 1) in the as-
cast condition. This suggests that for both the unmodified and boron modified alloys this
orientation is not favorable for subgrain formation and therefore these are hard orientations that
promote micro-band formation [10, 43].

It is interesting to note that under uniaxial loading (tension or compression), ND|| < 1120 >

and ND|| < 1010 > act as hard orientations since the Schmidt factor is zero for both basal and
prism < a > slip since the slip plane and slip direction, respectively are parallel to the straining
direction [12, 43, 79]. On the other hand, the ND|| < 4136 >/< 1012 >/< 2112 >
orientations favor multiple slip and as such these are soft orientations under uniaxial loading
since the Schmidt factor is non-zero for both basal and prism < a > slip. The orientation
dependency of the slip activation is thus somewhat reversed under shear deformation in HPT-
processing in contrast to uniaxial (tension or compression) loading. This occurs since the shear
stresses in torsion can make the Schmidt factor non-zero for basal and prism < a > slip even
in the case of ND|| < 1120 >/< 1010 > orientations [80]. In addition, the applied shear
stresses vary in magnitude and direction over the HPT discs so that it may further add to the
complexity of the orientation dependence of the slip activation and the dislocation sub-structure
evolution [30]. The ND|| < 1120 >/< 1010 > orientation therefore deforms under
considerable dislocation activities and may eventually contain sub-grains after one HPT
rotation. Similarly, shear deformation may reduce the propensity for multiple slip and subgrain
formation inthe ND|| < 4136 >/< 1012 >/< 2112 > orientations, and rather may promote

a continuous misorientation buildup due to micro-banding. Any further discussion about the
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orientation dependency of the slip activation under shear (torsional) loading and the subsequent

substructure formation during HPT-processing is beyond the scope of the present work.

4.1.1.2. Effect of starting microstructure on substructure evolution

The orientation dependency of the slip activation and the resultant sub-structure formation is
quite different between the unmodified and boron modified alloys. For example, the ND|| <
1010 >/< 1120 > orientations lead to subgrain formation and macroscopic shear banding for
the unmodified as-cast or B-forged alloys whereas the ND|| < 4136 >/< 1012 >/< 2112 >
orientations deform by micro-banding accompanied by a gradual change in misorientation
without substructure formation (Figures 2a-d). The boron modified alloys in the as-cast and
B-forged conditions always exhibit micro-banding irrespective of their oorientations (ND|| <
1010 >/< 1120 > or ND|| <4136 >/< 1012 >/< 2112 >). Thus, while subgrain
formation occurs for certain orientations in the unmodified alloy, micro-banding always
dominates for the boron-modified alloy. These differences are quite prominent in the as-cast
alloys but are mitigated after p-forging and this is probably related to the initial microstructural
differences that influence slip activation and the deformation responses during HPT-

processing.

The as-cast microstructure for Ti64+B-C differs from Ti64-C in terms of a smaller (a+p)-
colony, a low aspect ratio for a-lamellae plus a higher number of a-variants within the prior B-
grains [4]. These differences in turn ensure a higher proportion of ao/f-interfaces for the
Ti64+B-C alloy and may lead to a higher possibility of dislocation pile ups (similar to Hall-
Petch strengthening) either at (o+f)-colony boundaries or at a/p interphase boundaries during
deformation and slip transfer [10, 81]. In addition, brittle TiB particles can accumulate strain
due to a deformation mismatch with the ductile o/f matrix [14]. In turn, the deformation
inhomogeneities leading to substantial flow localization (i.e. micro-bands) are easy to set up
for the boron-modified alloy compared to the unmodified alloy [12]. HPT-processing therefore
can produce an additive misorientation development and an absence of subgrains irrespective
of the o phase orientations for the boron modified alloys in the as-cast and -forged conditions.
Most of the initial microstructural differences in the as-cast condition between the unmodified
and boron-modified alloys (e.g. (o-+f)-colonies or a-lamellae sizes) are mitigated after -
forging [40] so that the only remaining difference relates to the TiB-particles within the prior
B-grains. The formation of a deformation inhomogeneity from dislocation pile-ups is therefore

equally likely for the two alloys in the B-forged condition. This possibly produces a minimal
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difference in substructure evolution for the ND|| < 1120 >/< 1010 > orientations between
the two alloys. Whatever little differences still persists can therefore be attributed to the strain
accumulation at TiB-particle sites in the case of the Ti64+B-F alloy irrespective of the (a+p)-

colony orientations.

For further insights regarding the substructure evolution in the low strain regime, the
dislocation arrangement parameter, M = R, *\/_ can be considered for different HPT-
rotations as shown in Table 2. This parameter is determined from a CMWP analysis
considering the corresponding dislocation density (p) and effective cut-off radius (R,). Thus,
the value of M denotes the arrangement of dislocations and their interaction with strain fields
[46, 54]. A value of M > 1 represents a quite random arrangement of dislocations whereas for
M < 1 the dislocations are perfectly ordered [82]. In practice M > 1 occurs only for the Ti64-
F alloy irrespective of the number of HPT rotations suggesting a weak correlation between the
dislocations probably due to the inhomogeneous deformation as micro- or macroscopic shear
bands. This prediction is in line with the corresponding EBSD observations (Section 3.2,
Figure 2a). For the Ti64-C alloy, M << 1 indicates an ordered dislocation arrangement,

probably as a well-defined substructure after HPT-processing. This prediction again
corroborates well with the EBSD results wherein (a-+p)-colonies with ND|| < 1120 >/<

1010 > orientations form subgrains after one HPT rotation. For the boron modified alloys
(Ti64+B-C and Ti64+B-F), M < 1 (but higher than M for the Ti64-C alloy) and this possibly
represents an intermediate microstructure characterized by both inhomogeneous deformation
(micro-bands) and dislocation substructure formation. This again supports the corresponding
EBSD observations that boron modified alloys primarily deform by micro-band formation
irrespective of a-grain orientation and to a limited extent by subgrain formation during the

initial part of HPT-processing.
4.1.2. After extreme straining

Unlike the lower equivalent strain regime, the microstructure evolution are quite similar after
large straining up to 10 HPT-rotation for the unmodified and boron modified alloys in the as-
cast and PB-forged conditions. One noticeable difference is that, whereas homogeneous
microstructures prevail after HPT-processing of the as-cast alloys, relatively heterogeneous
microstructures evolve in the B-forged alloys. The common microstructural features for all

HPT-processed alloys are nano-crystalline, defect-free equiaxed a-grains surrounded by
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HAGBsS plus a few elongated a-grains and regions of high defect density. These features are
characteristic of SPD processing including for HPT of pure titanium [61] as well as titanium
alloys [62, 63, 65]. The average crystallite size and the micro-strain or dislocation density
obtained from XRDLPA are also quite similar for all alloys after extreme straining. This
suggests that the starting differences due to the boron addition (for example, the microstructural
refinement or TiB phase formation) do not significantly influence the microstructure evolution

after extreme straining (e = 300).

In order to understand the pathway of microstructure evolution in HPT-processing, from a
homogeneous microstructure with pronounced dislocation substructure at the lower strain
regime to a homogeneous nanostructure at extreme straining for the Ti64-C alloy, the
XRDLPA results can be further examined. The change in dislocation density and crystallite
size with number of HPT rotations is different for the unmodified and boron-modified alloys
or between their initial conditions (as-cast vs. B-forged). For example, the decrease in crystallite
size (Figure 7e) or increase in dislocation density (Figure 8) with increasing equivalent strain
is gradual for the boron-modified Ti64+B-C or Ti64+B-F alloys as well as for the unmodified
Ti64-F alloy. On the contrary, the decrease in crystallite size or the increase in dislocation
density between 0.5 to 5 HPT rotations are quite drastic for the unmodified Ti64-C alloy which
thereafter saturates with increasing equivalent strain up to 10 HPT rotations. This difference in
the substructure evolution is probably related to the starting microstructural differences

between the various alloys.

The coarse as-cast microstructure for the Ti64-C alloy promotes homogeneous deformation
without effective dislocation pile ups during the initial part (as also explained in Section 3.2)
and this may cause fragmentation of the a-lamellae from sub-grain formation only after
substantial straining up to 5 rotations and continues thereafter to 10 rotations. This can in turn
produce a drastic decrease in the crystallite size and an increase in the dislocation density
initially between 0.5 to 5 rotations [45, 70]. Continued fragmentation at a steady rate may
further cause the dislocation density and crystallite size to nearly saturate between 5 and 10
rotations. The other three alloys (Ti64-F, Ti64+B-C and Ti64+B-F) contain almost equivalent
refined microstructures at the beginning due to either the boron addition or B-forging. For these
alloys, inhomogeneous deformation is then characterized by significant dislocation pile up at
the lower strain levels. The a-lamellae fragmentation therefore can occur even within 0.5

rotation and continue with increasing equivalent strain up to 5 and 10 rotations.
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4.2. Strength modeling for a structure-property correlation

The variation in hardness with imposed equivalent strain for the two alloys (unmodified and
boron-modified) in different starting conditions (as-cast and p-forged) carries the signature of
the characteristics of microstructure and sub-structure evolution in HPT-processing. The
hardness remains the highest for the Ti64-F alloy and the lowest for the Ti64+B-C alloy
throughout the course of HPT processing, and at the highest strain (¢ ~ 225) it is ~395 Hv and
~365 Hv, respectively. The higher hardness for the Ti64-F alloy is attributed to the very
significant microstructural refinement induced by HPT processing. The starting microstructure
of Ti64-F possesses a basket-weave structure with fine acicular a-lamellae which contribute to
the rapid fragmentation during HPT-processing [81]. Due to the similar microstructural
refinement and fine acicular a-lamellae, the Ti64+B-F alloy also exhibits a substantial increase
in hardness after the transition region towards the end of the HPT-processing. The as-cast Ti64-
C and Ti64+B-C alloys with initial coarse lamellar (a+f) colonies undego microstructural
fragmentation at a reduced rate in the HPT processing leading to a steady-state hardness

variation with increasing equivalent strain beyond the transition regions.

To further ascertain the correlation between the micro/sub-structure evolution and the
mechanical properties, a strength modeling approach is now developed. The primary
mechanisms of the strength or hardness increment are Hall-Petch strengthening due to the
microstructural refinement and Taylor strengthening from the increase in the dislocation
density. The details of the strength modeling are provided in Supplementary Section 5.
Assuming a linear summation of the individual contributions, the calculated strength

(Gcalculated) 1S represented as [83]:

K
Ocalculated = 0o T AUTaylor + A0yan—petch = 0o + aGMb\/; + Ja (2)

The strength modeling is carried out considering only Hall-Patch strengthening (Aoyan—petch)
and Taylor strengthening (doray10r) and with a linear summation of both strengthening models
as given in Equation 2. Figures 10a-d present a comparison between the measured and the
calculated strengths (Omeasured VS- Ocalculateq) at different equivalent strains with the

embedded straight lines denoting a perfect match (0 easured/Fcalculated = 1) between them.

When considering only Hall-Petch strenthening, the best match (from least square fitting)

between oppeasured N0 Ocarculated COrrospond to a Hall-Petch constant, K ~ 3200 MPa nm™/2
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for the unmodified Ti64-C as well as the boron-modified Ti64+B-C and Ti64+B-F alloys and
~2850 MPa nm™2 for the unmodified Ti64-F alloy. In this condition, Ocacylatea largely
underestimates opeasured at all equivalent strains irrespective of the boron addition or f-
forging. The deviation at lower equivalent strains suggests that dislocation or Taylor
strenthening is active from the beginning of the HPT processing and this is also supported from
the EBSD results after one HPT rotation (Section 3.2). A similar deviation after large straining,
however, indicates that microstructural refinement or nano-crystalline a-grain formation is
insufficient to fully account for the strength increment for the HPT-processed alloys because

of the presence of a large fraction of dislocation substructure.

By contrast, when considering only dislocation or Taylor strengthening, the best matches
between o, ecasured aNd Ocalculateq are obtained for a values in the range of ~1.0-2.0 which is
higher than reported previously [84]. The ocajculateq 1N this case underestimates oyeasured IN
lower equivalent strain regime up to € = 100 but somewhat overestimates at further higher
equivalent strains. The underestimation again implies that dislocation substructure formation
cannot fully justify the strength increment alone for the various HPT-processed alloys.
Similarly, the overestimation of the measured strength at higher equivalent strains indicates
that the calculated a values are errorneous and should be modified to correspond to the form
of the dislocation substructure evolution. Overall, Taylor strengthening alone leads to a
reasonable prediction of strength inrement compared to only Hall-Petch strengthening. This is
also appearant from the extent of the under or overestimatrions with respect to the perfect linear
match between ocasured @Nd Fealculated- THUS, Taylor strentheing alone predicts a strength
increment closer to the linear match while Hall-Petch strenthening alone predicts a strength

increment that is far removed from a linear match.

These contributions should be considered together since HPT processing imparts extreme
equivalent strains and leads to significant microstructural refinement as well as a large
dislocation density. In the linear summation approach, microstructural refinement (Hall-Petch)
and dislocation (Taylor) strengthening were selected for a best fitting between o,,casureq @Nd
Ocalculated DY Optimizing a and K using the Marquard-Levenberg non-linear fitting. The values
of K and a were determined as ~2400-3200 MPam™/? and ~0.1-0.5, respectively, and these
values are within the range for SPD-processed titanium and titanium alloys [85]. A good match
is obtained between o easured aNd Ocalculated @t a@ll equivalent strains suggesting that a

combination of Hall-Petch and Taylor strengthening is effective for estimating the strength
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increment of the HPT-processed alloys. This is also in agreement with previous strength

modeling of nanostructured SPD-processed titanium [86].

It is important to note about a possible source of error related to the single K and « values
determined for the different equivalent strain regimes. Since microstructural refinement and
dislocation substructure formation depends on the imparted equivalent strain, the K and
« values should also evolve with the number of HPT-rotations. « is related to the arrangement
of dilocations which can be either homogeneous or forming subgrains depending on the (o+f)
colony orientations (Section 3.2). Similarly, the substructure evolution is represented by well-
defined nano-crystalline a-grains after 10 HPT rotations which should produce a different a-
value (Section 3.3). Accordingly, it follows that the use of single values of K and « probably
contribute to the under and/or overestimations of the mesured strength for different HPT-
processed alloys. The strength modeling suggests, however, that the dislocation density is more
dominant than microstrucural refinement so that a single a value is more errorneous than a

single K value for the different equivalent strain regimes.
5. Summary and conclusions

In this investigation HPT processing was carried out for unmodified and boron-modified Ti-
6Al-4V alloys in the as-cast and B-forged conditions for varying numbers of rotations. After
HPT processing, the alloys were studied for microstructure and substructure evolution and the

ensuing effect on the mechanical response. The major conclusions are as follows:

e A starting microstructural difference between the as-cast alloys significantly influences the
microstructure evolution at lower equivalent strains. While the unmodified alloy represents
homogeneous microstructure with pronounced dislocation substructure, the boron-
modified alloy is characterized by deformation inhomogeneity and micro-bands. In the -
forged condition, both alloys exhibit inhomogeneous deformation and micro-band
formation in HPT processing due to their similar starting microstrutures while TiB particles
contribute further to the deformation heterogeneities for the boron-modified alloy.

e While certain of the (a-+f)-colony orientations lead to sub-grain formation and macroscopic
shear banding, other orientations deform by micro-banding without substructure formation
for the as-cast unmodified alloy. The as-cast or B-forged boron-modified alloys as well as
the unmodified B-forged alloy exhibit micro-banding without substructure formation

irrespective of the (o+p)-colony oorientation. The refined microstructure and low aspect
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ratio of a-lamellae as well as TiB particles for the boron-modified alloys produce
dislocation pile ups which mitigate the orientation differences of slip activation.

e Microstructure evolution after extreme straining, up to 10 HPT rotations, is characterized
by well-devolved nanocrystalline, defect free equiaxed grains plus elongated a-grains for
all alloys. The TiB particles do not influence the deformation response in the large strain
regime.

e The as-cast unmodified alloy produces rapid fragmentation of a-lamellae only during the
intermediate and extreme strain regimes. The other alloys continue with a-lamellae
fragmentation from the beginning with increasing strain due to the refined starting
microstructures.

e By considering a linear summation between Hall-Petch and Taylor strengthening, an
evaluation of strength modeling suggests that both the microstructural refinement and
dislocation substructure evolution influences the mechanical response and hardness

variation of the alloys from the initial stages of HPT processing up to 10 rotations.
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Figure Captions

Figure 1: SEM images (BSE mode) showing initial microstructures (before HPT processing)
for (a) Ti64-C, (b) Ti64+B-C, (c) Ti64-F and (d) Ti64+B-F alloys.

Figure 2: EBSD IPF maps (superimposed with image quality) showing microstructures of (a)
Ti64-C, (b) Ti64+B-C, (c) Ti64-F, and (d) Ti64+B-F alloys after one HPT rotation. Alongside
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IPF maps, the change in misorientation (on a point-to-point and point-to-origin basis) within
individual a-colonies is also plotted for different alloys.

Figure 3: (a), (b) TEM micrographs (brightfield mode) showing microstructure for Ti64-C
alloy after 10 HPT rotations; (a) inset showing corresponding SAD pattern. Important features
and observation areas are marked in these micrographs. DC, dislocation cell; LAGB, low angle
grain boundary; HAGB, high angle grain boundary.

Figure 4: (a), (b) TEM micrographs (brightfield mode) showing microstructure for Ti64+B-C
alloy after 10 HPT rotations. Important features and observation areas are marked in these
micrographs. DC, dislocation cell; BCI, band contrast imaging.

Figure 5: (a), (b) TEM micrographs (brightfield mode) showing microstructure for Ti64-F
alloy after 10 HPT rotations; (a) inset showing corresponding SAD pattern. Important features
and observation areas are marked in these micrographs. DC, dislocation cell.

Figure 6: (a), (b) TEM micrographs (brightfield mode) showing microstructure for Ti64+B-F
alloy after 10 HPT rotations; (a) inset showing corresponding SAD pattern. Important features
and observation areas are marked in these micrographs. BCI, band contrast imaging.

Figure 7: Variation in crystallite size and micro-strain calculated from W-H analysis with HPT
rotations for different alloys and conditions.

Figure 8: Variation in crystallite size and dislocation density with equivalent strain calculated
from CMWP method for (a), (b) Ti64-C and Ti64+B-C alloys, respectively, and (c), (d) Ti64-
F and Ti64+B-F alloys, respectively. The equivalent strain, €, corresponding to various HPT-
rotations are included in (a).

Figure 9: Hardness variation with equivalent strain for the alloys (unmodified and Boron
modified) in different conditions (as-cast and p-forged).

Figure 10: Omeasured VS- Ocalculated PlOtS representing the contributions from various
strengthening mechanisms towards strength increment in (a) Ti64-C, (b) Ti64+B-C, (c) Ti64-
F and (d) Ti64+B-F alloys.
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Figure 1: SEM images (BSE mode) showing initial microstructures (before HPT processing) for (a) Ti64-C,
(b) Ti64+B-C, (c) Ti64-F and (d) Ti64+B-F alloys.
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Figure 2: EBSD IPF maps (superimposed with image quality) showing microstructures of (a) Ti64-C, (b)
Ti64+B-C, (c) Ti64-F, and (d) Ti64+B-F alloys after one HPT rotation. Alongside IPF maps, the change in
misorientation (on a point-to-point and point-to-origin basis) within individual a-colonies is also plotted for
different alloys.
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Figure 3: (a), (b) TEM micrographs (brightfield mode) showing microstructure for Ti64-C alloy after 10 HPT
rotations; (a) inset showing corresponding SAD pattern. Important features and observation areas are marked
in these micrographs. DC, dislocation cell; LAGB, low angle grain boundary; HAGB, high angle grain
boundary.

(b)
Figure 4: (a), (b) TEM micrographs (brightfield mode) showing microstructure for Ti64+B-C alloy after 10
HPT rotations. Important features and observation areas are marked in these micrographs. DC, dislocation
cell; BCI, band contrast imaging.
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Figure 5: (a), (b) TEM micrographs (brightfield mode) showing microstructure for Ti64-F alloy after 10 HPT
rotations; (a) inset showing corresponding SAD pattern. Important features and observation areas are marked
in these micrographs. DC, dislocation cell.

Figure 6: (a), (b) TEM micrographs (brightfield mode) showing microstructure for Ti64+B-F alloy after 10
HPT rotations; (a) inset showing corresponding SAD pattern. Important features and observation areas are
marked in these micrographs. BCI, band contrast imaging.
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Figure 8: Variation in crystallite size and dislocation density with equivalent strain calculated from CMWP
method for (a), (b) Ti64-C and Ti64+B-C alloys, respectively, and (c), (d) Ti64-F and Ti64+B-F alloys,
respectively. The equivalent strain, €, corresponding to various HPT-rotations are included in (a).
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Table 1. Bulk chemical composition (wt%) for Ti-6Al-4V and Ti-6Al-4V-0.1B alloys measured
by inductively coupled plasma spectroscopy (ICPS) technique.

Alloy Al V B O H C N Fe Ti
Ti64 6.6 4.1 0.18 0.008 0.02 0.01 0.23 Balance
Ti64+B 6.0 4.0 0.1 0.15 0.005 0.02 0.01 0.13 Balance

Table 2: Dislocation density (p), effective core cut-off radius (R,) and dislocation arrangement

parameter (M) obtained as a function of number of HPT rotations from CMWP fitting.

Alloy during 1P procssing | perme | Re@m | M
0.5 54 8.8 0.65

Ti64-C 5 99 4.35 0.43
10 114 4.39 0.47
0.5 39 11 0.70
Ti64+B-C 5 92 6.7 0.64
10 145 5.34 0.64
0.5 43 16.77 1.11
Ti64-F 5 75 12 1.11
10 110 10 1.12
0.5 42 9 0.59
Ti64+B-F 5 113 5.90 0.62
10 140 5.19 0.63




1. Scheme of characterization for SEM-EBSD, X-ray and hardness measurement

10 mm

|
< >
|
|
|
|
|
|
|
|
|
|
|
|

W e s e e .-

Locations for
EBSD scans

Supplementary Figure S.1: Schematic showing (a) the locations for EBSD scans and regular X-
ray measurements and (b) the scheme of micro-hardness measurements on the HPT-processed
discs.



2. Supplementary: TEM specimen preparation scheme.

For TEM specimen preparation, parallelepiped plates were first sectioned from the mid thickness
regions of HPT-processed discs on the ND-SD plane such that the plate stretched from the center
to the periphery (Supplementary Figure S.2). These plates were then inserted onto the grooves
in steel rods so that the periphery faced the open end (free surface) of the rods. The steel rods
(along with the plates in the middle) were then fixed inside hollow steel cylinders for better grip
in further preparation steps. Altogether, these assemblies (steel rods with plates in the middle and
fitted inside hollow steel cylinders) had diameters of 3 mm. A specially made conducting glue was
used to stick different components (specimens to the holding grips) in this assembly. Several 3
mm diameters discs were finally sliced (thickness ranging from 1-1.5 mm) from these steel rod
and cylinder assemblies. These 3mm discs were thinned down electron transparency by
mechanical polishing and electropolishing later in a twin-jet polisher using a solution of 10%

perchloric acid and 90% ethanol.

D hollow steel cylinder

. Gatan glue
. steel rod
D sample

Supplementary Figure S.2: Schematic showing the preparation scheme for TEM specimens
starting from HPT-processed discs.



3. Supplementary: X-ray diffraction line profile analysis (XRDLPA)

XRDLPA was carried out in the present study by two methods; conventional Williamson-Hall
(WH) plotting, and convolute multiple whole profile fitting (CMWP).

3.1.Williamson-Hall (W-H) method

The classical Williamson-Hall method deconvolutes the broadening in X-ray diffraction peaks and

helps to estimate the average crystallite size and micro-strain [1]. The governing equation is [2]:

BCOS(0)/2 = (3) + 26K werrrrrrrenrrans (1)

where K = 2Sin(60)/A is the diffraction vector, g is the full width at half maximum (FWHM) of
corresponding XRD peak, @ is the Bragg angle, D is the crystallite size and ¢ is the average micro-
strain. The broadening of XRD peaks usually do not represent monotonous increase with order of
reflections, rather it depends on the strain anisotropy and elastic constants of a-phase [3-5]. From
the dislocation based model proposed by Ungar [5], strain anisotropy contrast can be incorporated
in modified Williamson-Hall analysis by replacing the parameter K with Kv/C, where C is the

average contrast factor. The modified W-H equation is then given by:

2 o (09 2 K2CM2p2
@K% = (2)" +( - ) O @)
where p and b are the average dislocation density and Burgers vector of dislocations, respectively;
0 stands for the higher order terms of K2C and M is a constant that depends on outer cut-off radius
of the dislocation strain field.

Supplementary Figure S.3 below display the classical Williamson-Hall plots of ZSTQ Vs. BC:SQ

for the unmodified and boron-modified alloys in the as-cast and -forged conditions. The overall
increase in full width at half maxima (FWHM) of the XRD peaks with the order of reflection for
the unmodified and boron-modified alloys in the as-cast and B-forged conditions indicates a
microstrain build up with increasing HPT rotations [6]. The variation in the FWHM deviates from
perfect linearity for all the alloys since the classical Williamson-Hall method fails to account for

the strain anisotropy in the calculation of the microstructural parameters [2].
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Supplementary Figure S.3: Classical Williamson-Hall plot showing the variation in FWHM with
HPT-rotations for (a), (b) Ti64-C and Ti64+B-C alloys, respectively, in as-cast condition and (c),
(d) Ti64-F and Ti64+B-F alloys, respectively, in B-forged condition.

3.2. Convolute multiple whole profile fitting (CMWP) techniques

For information related to dislocation density, dislocation arrangement and strain anisotropy,
convoluted multiple whole profile (CMWP) fitting can be used for the analysis of XRD data [7].
In this method, measured X-ray diffraction data is fitted with a theoretical profile generated by a
combination of background spline plus the convolution of instrument pattern and profiles related
to size, strain and planner defects. CMWP method is therefore based on the convolution of three
functions [8]:



where, I 045 1S the measured X-ray profile, I, is the instrument profile and BG is the background
determined before fitting; Ig, I; and Ig are the functions related to size, contrast of dislocations
and planar defects such as twins and stacking faults, respectively. CMWP fitting provides median
(m) and logarithmic variance (o) of log-normal size distribution function from which dislocation
density (p), dislocation arrangement parameter (M), and twin density (f) can be calculated [7, 9].
The effective strain field of dislocations can also be calculated from the core cut-off radius (R,)
[10]. Representative CMWP fitting plots for the unmodified and Boron modified alloys in B-forged
conditions after 0.5, 5 and 10 HPT-rotations are provided in Supplementary Figures S.4a-f.

Imeas = Is +1q + Isp + I1pge + BG

Further mathematical details about the CMWP fitting procedure are available elsewhere [9].
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Supplementary Figure S.4: CMWP fitting of experimental XRD profile with the simulated one
for (a), (b), (c) Ti64-F and (d), (e), (f) Ti64+B-F alloys in B-forged condition after 0.5, 5 and 10
HPT-rotations. The black and red lines correspond to measured and fitted patterns, respectively.
Sections of measured and fitted XRD data are also shown in insets. The difference in intensity
between measured and fitted patterns are shown by blue lines.



4. Standard stereographic triangle superimposed with reference color triangle for hcp
materials

1010

5. Strength modeling: Theory

The primary mechanisms of strength increment with increasing equivalent strain for HPT-
processed alloys are Hall-Petch strengthening due to microstructural refinement and Taylor
strengthening from increase in dislocation density. The resultant strength (yield strength) can be

expressed from an appropriate summation law as [11]:

p
Ocalculated — (O'O)p + (AO-Taylor) + (AO-Hall—Petch)p ........................ (2)

where g, is the inherent strength of the alloy, Aoray1or aNd Aoyan-petch are strength increment
due to Talor and Hall-Petch strengthening contributions, respectively. The summation coefficient,
p varies between 1 (no overlap between contributing factors) and 2 (significant overlap between
one or more of the contributing factors). A linear summation law (p = 1) is generally applicable
when individual strengthening components originates from “strong” or long-range obstacles (e.g.
grain boundary, precipitates and/or dispersion strengthening etc.) to dislocation motion [12, 13].
On the other hand, p varies between 1 and 2 (most often 1.5) due to “weak or short range” (e.g.
solute atoms) obstacles causing strengthening. In case of SPD-processed Titanium alloys,
contributions from various strengthening mechanisms (4orayior aNd A0yan—petcn) 10 the overall
strength increment is not quite well understood and several different approaches have been adopted

previously [14-17]. Considering linear summation (p = 1), final form of o.4)culateq IS given as:



K
Ocalculated = 0o T AGTaylor + A0yal—petch = 0o + aGMb\/; + Va 3)

Here g, = 440 GPa is the internal friction stress for Ti-6Al-4V alloy [18]; « is a constant related
to the arrangement of dislocations; G = 44 GPa is the shear modulus for Ti-6Al-4V-0.1B alloy

[19]; M = 3 is the Taylor factor; b = 0.295 nm is the Burgers vector for% < 1120 > dislocations

of hcp a-Ti [15]; p is the dislocation density; K is the Hall-Petch constant and d is the grain size
equivalent to the crystallite size in the present case [20, 21]. Both p and d corresponding to various
equivalent strains are obtained from CMWP analysis (Figure 8 in the main manuscript). K and «
are varied as a free parameter in strength modeling. The measured yield strength (6easured) 1S
determined from measured hardness values (Figure 9a in the main manuscript) using empirical

relationship [22]:

Omeasured = 2.26 X (HV) measured ««rvveeeerrreen (4)

Where opeasured 1S the yield stress in MPa, and (HV) jeasured 1S the Vickers hardness number. The
hardness values correspond to equivalent strain or number of HPT-rotations for which p and d

calculations were carried out by CMWP analysis.

The linear summation for o.,jculateqa Often leads to an overestimation of measured strength for
SPD-processed materials with refined (sub-micron) microstructures [15]. This discrepency can be
corrected by either reducing K-parameter alone or independently refining both K and « values
based on microstructural information. To do this, Marquard-Levenberg nonlinear fitting is adopted
in the present study where the sum of the square of (0\neasured — Fcalculated) ar€ Minimized with
respect to various combinations of K and a parameters [23]. As shown in Supplementary Figure
S.5, K and «a values, which produce minimum sum of the square of (0easured — Fcalculated) ar€

indeed unique.
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Supplementary Figure S.5: Marquard-Levenberg nonlinear fitting for minimum sum of the
square of (Omeasured — Ocalculated) With respect to various combinations of K and a parameters.
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