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Abstract: The TiNbZr/(Ti, Nb)B metal matrix composite with 2.5 vol.% of borides was produced
by vacuum arc melting. The composite was then cold-rolled to thickness strains of 10, 20, 50, or
80%. In the initial condition, the composite had a network-like microstructure consisting of the soft
TiNbZr matrix (dendrites) and the rigid (Ti, Nb)B shell (interdendritic space). In comparison with the
as-cast condition, cold rolling increased strength by 17-35%, depending on the thickness strain. After
the maximum thickness strain of 80%, yield strength and ultimate tensile strength of the composite
achieved 865 and 1080 MPa, respectively, while total elongation was found to be 5%. Microstructural
analysis revealed that cold rolling to 50% resulted in the formation of crossing shear bands caused by
the considerable difference in deformation behavior of the matrix and reinforcements. Cold rolling to
80% led to the formation of a lamellar-like microstructure comprising the interlayers of the (Ti, Nb)B
phase between the TiNbZr laths. The maximum strain (80% cold rolling) shortened the (Ti, Nb)B
fibers into nearly equiaxed particles, with a length to diameter ratio of ~2.

Keywords: medium-entropy alloy; metal matrix composite; boride fibers; cold rolling; deformation;
microstructure; mechanical properties

1. Introduction

To date, stainless steels, titanium, and cobalt alloys have found wide application as
metallic biomaterials. Among these options, titanium alloys have the best combination
of high specific strength, low density, and good corrosion resistance, which warrant their
widespread use in biomedicine [1]. At the same time, the relatively low absolute strength,
low hardness, and wear resistance of titanium alloys significantly limit the scope of their
application. At the same time, the potential use of titanium alloys as implants for permanent
use imposes rather severe restrictions on possible alloying systems, limiting the additions
of elements harmful to the human body for creating higher-strength compositions. For
example, although the Ti-6Al-4V alloy is still the most widely used orthopedic material,
it contains vanadium, which is considered toxic [2], as well as aluminum, which has
neurological and genotoxic side effects [3,4]. To provide the required strength without
compromising biocompatibility, titanium alloys for medical purposes are alloyed with
elements harmless to the human body, such as Nb, Zr, Ta, etc. [5,6], many of which are beta
(body-centered cubic; bec) stabilizers. At the same time, the stabilization of the bce phase in
the alloy by adding a sufficiently large amount of bcc stabilizers not only positively affects
the strength properties, it also significantly reduces its elastic modulus, thereby lowering
the difference between the elastic moduli of the implant material and the bone. This
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factor is extremely important for permanent orthopedic implants, since a large difference
between the elastic moduli of the implant material and the bone can lead to incorrect load
distribution due to the “stiffness” of the structure, the loosening of the implant, and the
need for repeated surgical intervention [7,8].

The medium-entropy equiatomic alloy of the Ti-Nb-Zr system, consisting of the most
biocompatible elements, due to the combination of high strength and plastic properties, is
a very promising material for use in orthopedic surgery in the form of bone implants [5,9].
This alloy has a significantly lower Young’s modulus (48-64 GPa) [5,10], compared to the
Ti-6Al-4V alloy (110 GPa), 316L stainless steel (200 GPa), and Co—Cr alloys (210-232 GPa)
and is close to the modulus of elasticity of bone tissue (~27 GPa) [11], which is an important
factor for its use as a material for implants [12]. In addition, the presence of Zr inhibits
the formation of phosphates on the surface of the material, which have a negative effect
on the interaction of the implant with the bone tissue [13]. Studies also show a good
biocompatibility of the alloys with the Ti-Nb-Zr system [14,15]. Thus, the Ti-Nb-Zr alloy
system is undoubtedly one of the best candidates for developing and producing absolutely
safe biomedical alloys with highly competitive advantages. However, a wider distribution
of these alloys is limited, due to relatively low strength, hardness, and wears resistance [9].
A significant improvement in strength characteristics can be achieved by creating metal
matrix composites with high-strength ceramic reinforcing particles [16,17].

One of the most attractive hardening components for pure Ti and titanium alloys is
the TiB fiber, which has a good relationship with the titanium matrix, a similar coefficient
of thermal expansion with Ti, and good thermal stability [16,17]. The microstructure and
mechanical properties of obtained metal matrix composites (MMCs) depend on a number
of factors, including the synthesis method (for example, casting or powder metallurgy),
parameters of this method, and the volume fraction of embedded borides [16-18]. These
issues have been widely studied for titanium-based composites with a hexagonal close-
packed (hcp) lattice [18-21] and, to a much lesser extent, for titanium-based composites
with a bec structure [21,22]. For high- and medium-entropy alloys, this issue has been
very poorly studied. There is a limited number of known works on the strengthening
of Ti-Nb-Zr alloys with borides that show fairly optimistic results [23-26]. Reinforcing a
Ti-35Nb-5.7Ta-7.2Zr (at. %) alloy with TiB particles significantly increased the strength,
with only minor growth of the elastic modulus of the composite but decreased ductility
in comparison with the Ti-35Nb-5.7Ta-7.2Zr alloy [25]. Our recent work [26] showed the
positive effect of boride reinforcement on the strength properties of an equiatomic TiNbZr
alloy without affecting the biocompatibility.

Another interesting question is the effect of cold deformation on the structure and
properties of Ti-Nb-Zr alloy-based composites. Earlier studies have shown a positive
effect of thermomechanical treatment (generally conducted at elevated temperatures) on
mechanical properties of titanium alloys-based metal matrix composites reinforced by
borides [18,20,21]. However, there are no studies on the microstructure evolution of the
TiNbZr-based composites during a large cold deformation, while this approach can offer
further development of such materials. In this work, the TiNbZr/(Ti, Zr)B composite was
subjected to cold rolling to thickness strains of 10-80%; mechanical properties and the
microstructure evolution of the composite were thoroughly analyzed.

2. Materials and Methods

Ingots (~60 g weight) of the TiNbZr/(Ti, Nb)B composite with 2.5 vol.% of boride
reinforcements were produced in a high-purity argon atmosphere by vacuum arc melting
of granules of pure (>99.9 wt.%) Nb, Ti, Zr, and a powder of TiB, (0.7 wt.%) of 99.9% purity.

Specimens measured at 4 x 10 x 20 mm® (H x W x L, respectively) were cut out
from the as-cast ingots using a Sodick AQ300L electro-discharge machine (Sodick Inc.,
Schaumburg, IL, USA). Then, the specimens were rolled at room temperature to total
thickness strains of 10, 20, 50, and 80%. Unidirectional multipass rolling was performed
using a reduction per pass of ~0.25 mm (Figure 1).
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Figure 1. Schemes of the rolling procedure (a) and tensile specimen (b).

Initial and deformed microstructures of the composite were studied using transmission
(TEM) and scanning (SEM) electron microscopy. TEM was performed using a JEOL JEM
2100 (JEOL, Tokyo, Japan) microscope operated at 200 kV; the samples for TEM observations
were ground to ~100 pum of thickness, and then the thinned foils were subjected to a Struers
twin-jet TenuPol-5 (Westlake, OH, USA) in a mixture of 60 mL perchloric acid, 600 mL
methanol, and 360 mL butanol at —35 °C and 29.5 V. Selected-area electron diffraction
(SAEDs) patterns were used to investigate the composite in the TEM examination via the
Digimizer ver. 4.3.0 software (MedCalc Software Ltd., Ostend, Belgium). The specimens
for SEM were prepared by careful mechanical polishing; etching was performed using
the Kroll’s reagent (95% H;O, 3% HNO;3, 2% HF). SEM investigations were performed
using a FEI Quanta 600 FEG microscope (Thermo Fisher Scientific, Hillsboro, OR, USA)
operated at 30 kV. The linear intercept method was used to estimate the average length
and diameter of the boride fibers. The Digimizer ver. 4.3.0 software was used to carry out
these measurements. For EBSD analysis, the final surfaces of the samples under study were
obtained by 24 h vibratory polishing with a colloidal silica suspension. EBSD investigations
were carried out using the TSL OIM Analysis ver. 7.3.1 software (EDAX Corporation,
Mahwah, NJ, USA). The EBSD maps were obtained using a scan step size of 0.2 um.

Tensile tests were carried out on an Instron 5882 machine (Instron, Canton, OH, USA)
at room temperature with an initial strain rate of 1073 s~!. Dog-bone-shaped tensile
specimens with a gauge of 4 x 3 x 1.5 mm? (L x W x H, respectively) (Figure 1) were
cut from the ingots/plates using a Sodick AQ300L (Sodick Inc., Schaumburg, IL, USA)
wire electrical discharge machine and carefully mechanically polished before testing; two
samples were tested for each condition. The resonance frequency damping analysis (RFDA)
method was applied for the Young’s modulus determination. The value of the Young’s
modulus was measured to be 78.5 GPa for the composite. This value was used when
constructing the tensile flow curves.

3. Results
3.1. Initial Microstructure

In the initial as-cast condition (Figure 2a), the composite consisted of a continuous
phase (matrix), with a chemical composition close to an equatomic TiNbZr, and multiple
(Ti, Nb)B fibers (in accordance with [26]). The (Ti, Nb)B fibers had a volume fraction
of 2.5% and a transverse size of ~400 nm, as confirmed by the etched surface images
(Figure 2b). EBSD analysis showed a rather homogeneous distribution of (Ti, Nb)B fibers
as clusters (due to the small diameter of the fibers, these areas are mainly presented by
dots with a low confidence index (CI) and are therefore seen in black on the EBSD map)
or discontinuous arrays, mainly along boundaries of large (~500 um) bcc matrix grains
(Figure 2c), resembling a core-shell structure. Further TEM studies showed that the (Tj,
Nb)B fibers had a prismatic cross-section [27]. The interphase boundary between the bcc
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matrix and the (Ti, Nb)B fibers was clear, without any transition zone; defects like cracks,
pores, or delamination were not observed (Figure 2d).

(c) (d)

Figure 2. Initial microstructures of the composite; (a,b) SEM images, © EBSD IPF map, and (d) TEM
image. (a,c) Polished surfaces, and the (b) etched surface. Dots with a CI (confidence index) < 0.1
were excluded from the consideration on the EBSD map (c). Note the greater magnification in (d).
Please note that the photographs were taken using different types of microscopies.

3.2. Mechanical Properties during Cold Rolling

The mechanical behavior of the TiNbZr/(Ti, Nb)B composite was evaluated under
tension in the as-cast state and after cold rolling (CR) to 10, 20, 50, and 80% of the thickness
strain (Figure 2; Table 1). The as-cast alloy showed yield strength and ultimate tensile
strengths of 720 and 800 MPa, respectively. The deformation curve of the as-cast alloy
contained a short strain-hardening stage (uniform elongation ~4%) with further strain lo-
calization and some decrease in flow stress, resulting in a total elongation of 10% (Figure 2).
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Table 1. Room temperature mechanical properties in tension for the as-cast and cold-rolled specimens
of the TiNbZr/(Ti, Nb)B composite.

Condition Yield Strength, MPa Ultimate Tensile Strength, MPa Elongation, %

As-cast 720 £5 800 +7 10 £ 0.5
CR 10% 730 £ 8 800 + 8 3+03
CR 20% 830 £9 880 £ 10 1+02
CR 50% 850 £ 8 - 0.3 £0.05
CR 80% 865 + 12 1080 £+ 15 5+04

CR altered the mechanical properties and deformation behavior in quite a complex
manner. CR to 10% led to only a minor strength increment, while it made the alloy much
less ductile (Figure 3, Table 1). Further rolling resulted in an increase in strength, decreasing
ductility to almost zero at 50% CR. Surprisingly, after CR to a maximum thickness strain of
80%, the alloy attained both the highest yield strength (865 MPa) and the ultimate tensile
strength (1080 MPa), and it showed an increase in elongation, compared to less-deformed
counterparts. Its deformation behavior was also different. After passing the yield point,
the 80% CR alloy demonstrated the strongest and most prolonged strain stage amid both
the as-cast and deformed states studied.
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Figure 3. Tensile flow curves obtained at 20 °C of the as-cast and rolled specimens of the composite.

3.3. Microstructure Evolution during Cold Rolling

The microstructure of the composite after CR to 10 or 20% experienced minor changes
in comparison with the as-cast state (Figure 4a). CR to 50% flattened the soft TINbZr matrix
areas, while the (Ti, Nb)B shell elongated towards the metal flow direction (Figure 4b).
However, the eutectic structure of the (Ti, Nb)B colonies can still be recognized. Further CR
to 80% resulted in the formation of a lamellar microstructure. The (Ti, Nb)B phase network
was found to be broken, transforming into separate interlayers between the TiNbZr laths.
The (Ti, Nb)B phase interlayers often had complex geometry with pronounced variations
in thickness (in a range of 5-50 pm (Figure 4c)); the degradation of the eutectic (Ti, Nb)B
structure that was often associated with the shear bands formation in the bcc matrix was
noted. At the etched surface, a considerable shortening of (Ti, Nb)B fibers in the shear
bands can be seen (Figure 4d).
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Figure 4. SEM images of polished (a—c) or etched surfaces (d) of the composite taken after rolling to
thickness strains of 20% (a), 50% (b), and 80% (c,d). Note the greater magnification in (d).

Indeed, CR was associated with a decrease in the apparent length of the (Ti, Nb)B fibers
from ~18 um in the initial condition to ~1 um after 80% (Figure 5). Since the cross-section
of the fibers was ~400 nm, the length-to-diameter ratio reached the value of ~2, suggesting
the transformation of (Ti, Nb)B fibers into rather equiaxed particles at the final stage of
CR. The shortening of the fibers occurred quite evenly, and the whole dependence can be
approximated by a nearly straight line.

EBSD and kernel average misorientation (KAM) maps of the composite after CR to
10, 20, 50, and 80% are shown in Figure 5. CR to 10% did not result in notable changes in
the IPF map of the composite (Figure 6a). However, KAM maps (a measure of local grain
misorientation; generally, the KAM value is high in deformed grains, due to the higher
density of geometrically necessary (GNDs) dislocations [28]) showed some increase in the
density of the GNDs nearby boundaries of the bcc grains (Figure 6b; see also the quality
map of this area in Supplementary Materials).

After 20% of CR, the grain structure of the composite can still be recognized; however,
short shear bands (with lengths of 30-200 um) dividing the microstructure onto separate
fragments were also observed (Figure 6¢). The EBSD maps imply the overlapping of the
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nucleating shear bands and the existing interdendrite boundaries (seen as the widening of
severely deformed areas with low CI), thereby suggesting the preferable formation of shear
bands near the (Ti, Nb)B shell. The misorientation of these fragments only slightly changed
with respect to the “parent’s” grains. The KAM map expectably showed a considerable
local increase in the strain in (and close to) the shear bands (Figure 6d). Further CR to
50% resulted in the development of shear deformation, and the formation of a network
consisting of crossed shear bands mainly declined ~45° from the rolling plane (Figure 6e).
Although the shear bands reflect an inclination of the material to strain localization, the
distribution of the shear bands in the microstructure was quite homogeneous at this stage.
However, during further deformation to 80% of thickness reduction, the microstructure
clearly divided to heavily deformed regions (which often comprised the remnants of (Ti,
Nb)B shell), alternating with areas that were almost not involved in plastic flow (Figure 6f).
The KAM maps of the most deformed conditions clearly showed high-density GNDs in the
shear bands and along the remnants of the (Ti, Nb)B shell (Figure 6f,h).
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Figure 5. Apparent lengths of the (Ti, Nb)B fibers in the composite as a function of the strain during CR.
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©. (@

Figure 6. EBSD IPF (a—c) and KAM (d) maps taken from the TD plane of the TiNbZr/(Ti, Nb)B
composite cold-rolled to thickness strains of 10% (a,b), 20% (c,d), 50% (e,f), and 80% (g,h). Dots with
a CI (confidence index) < 0.1 were excluded from the consideration. Note the greater magnifications
in (g/h).
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TEM analysis demonstrated a considerable difference between areas either apart from
or within the shear bands (Figure 7). In the former case, the microstructure comprised dislo-
cation arrays alternating with the area with a relatively low dislocation density (Figure 7a).
Boundaries between the (Ti, Nb)B particles and the TiNbZr matrix were still well rec-
ognized and did not contain excessive amounts of dislocations. In the area of the more
intensive shear deformation, a lamellar structure was formed with high dislocation density
(Figure 7b). The width of the lamellae was found to be ~200 nm. The microstructure in the
shear bands also comprised the bec phase only (Figure 7c¢).
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Figure 7. TEM images of the TiNbZr/(Ti, Nb)B composite cold-rolled to thickness strains of 50% (a)
and 80% (b,c) of the thickness reduction.

4. Discussion

One of the most interesting points was the formation of a network-like structure in the
cast composite. Based on earlier results [26], the present composite with 2.5 vol.% of (Tij,
Nb)B formed from the liquid state via the hypoeutectic reaction (eutectic point for the Ti-
based alloys, and boron is expected at 6.5-8 vol% of TiB [29,30]). The SEM image (Figure 2a)
and image quality map (Supplementary Materials, Figure S1) suggested the formation
during crystallization of a dendritic structure in which the core region was the primary
TiNbZr phase, while (Ti, Nb)B formed as a eutectic phase in the interdendritic spaces. The
formation of the network-like structure in Ti-based composites reinforced with TiB whiskers
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was obtained using powder metallurgy viz. low-energy milling of titanium alloys and
TiB, powders and further hot isostatic pressing [21]. Recent results have shown that the
network distribution (in contrast to the conventional homogeneous one) can improve both
the strength and tensile ductility of the metal matrix composites [17,21]. The strengthening
effect could be attributed to a rigid TiB network, while ductility could be provided by a soft
matrix. Indeed, in our case, in the initial as-cast condition, the composite with 2.5 vol.% of
the reinforcements possessed quite a good tensile ductility of 10% for MMCs [31].

Meanwhile, the obtained results demonstrate the possibility of deforming TiNbZr/(Ti,
Nb)B metal matrix composites with 2.5 vol.% of boride reinforcements under very large
strain at room temperature without the formation of any surface defects or intermediate
annealing. CR resulted in a noticeable increase in strength by 17-35%, in comparison with
the as-cast condition. (It should be noted also that the addition of 2.5 vol.% of (Ti, Nb)B
reinforcements into the TiNbZr resulted itself in a ~20% increase in strength [26,31,32])
(Figure 3, Table 1). The observed increase in strength can be associated with several reasons.
One of the obvious results of large deformation (i.e., CR to 80%) is the increased dislocation
density and the formation of a dislocation substructure, due to which the strength of
the composite can increase considerably. Another factor that can contribute to strength
is associated with the shortening of the (Ti, Nb)B fibers. Normally, the contribution of
“elongated” particles (i.e., those with a length-to-diameter ratio 1/d > 40 [33]) to strength is
related to the load transfer from the softer and more ductile metallic matrix to the stiff and
strong ceramic reinforcements (load transfer mechanism) [34]. Shortening of the (Ti, Nb)B
fibers during CR to 1/d = 2 activates the Orowan strengthening mechanism. In turn, the
Orowan mechanism can offer a much greater contribution to strength, in comparison to
that of the load transfer mechanism [33]. Other strengthening factors may be associated
with crystallographic and metallographic (preferable orientation of the remnants of the (Tj,
Nb)B shell along the metal flow direction) textures.

However, if an increase in strength during CR was an anticipated result, some increase
in ductility after 80% of CR (in comparison with the lower rolling strains) (Figure 3)
appeared more surprising. This phenomenon was obviously associated with features of
the microstructure of the composite under the initial condition (Figure 8a) and during
CR. At the first stages of deformation, an increase in dislocation density (Figure 8b) was
accompanied by an increase in strength and a decrease in ductility to 1% after 20% of
thickness reduction (Table 1). From the “conventional” point of view, this result is associated
with a much lower ability of the deformed matrix to accommodate deformation during the
tensile test.

(b) CR20% (c) CR50% (d) CR80%
. W A |[—— =

2
-

S

w Borides
| Dislocations
= Shear bands

Figure 8. Schematic representations of microstructure evolution of the TiNbZr/(Ti, Nb)B composite
during CR.
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CR to 50% of thickness reduction considerably changed the microstructure, due to
the formation of another network comprised of shear bands (Figures 8c and S2). Shear
bands broke the network created by (Ti, Nb)B and made the composite stronger but almost
brittle (total elongation ~0.3%, Table 1). The formation of the shear bands network can
be caused by a pronounced difference in the deformation behavior between the matrix
and the reinforcements. For example, the results of the crystal plasticity finite element
simulation reported for various heterophase microstructures [35], as well as earlier experi-
mental results [36-38], clearly showed that the co-deformation of such structures can often
proceed via pronounced shear banding induced by stress concentration at the interfaces.
Similar processes can be developed along the TiNbZr/(Ti, Nb)B interfaces, resulting in
the formation of shear bands. The (Ti, Nb)B particles were involved in shear straining,
due to which the gradual shortening of the fibers to a nearly equiaxed form was observed
(Figure 5). It is worth noting that in non-reinforced TiNbZr, the character of dislocation
distribution during deformation is much more homogeneous without the formation of
obvious shear bands [32].

Further straining to 80% CR resulted in the formation of the lamellar microstructure.
The network of shear bands (as well as the network of (Ti, Nb)B) was transformed into hard
layers alternating with almost undeformed (Figure 6h) and relatively soft layers of TiNbZr.
The formation of such undeformed areas can hardly be related to recrystallization/recovery
processes but was rather caused by a specific redistribution of the soft matrix, due to
the extrusion of the soft matrix from between the remnants of the (Ti, Nb)B shell. The
presence of these areas, which are able to accumulate dislocations during tension, and the
combination of the strengthening factors described above resulted in a balance of high
strength (ultimate tensile strength of 1080 MPa) and reasonable ductility (total elongation
of 5%).

The presence of soft TiNbZr matrix areas can be confirmed by fractographic analysis.
In the cold-rolled to 80% specimen, the fraction of areas that showed typical ductile fracture
(Figure 9) attained ~30%. Meanwhile, the fracture surfaces of the specimens rolled to 10,
20, and 50% represented mainly typical brittle fractures, with cleavage facets and river
patterns (Figure 9).

Therefore, the obtained results showed the capability of deformation treatment of the
metal matrix composite reinforced by short fibers for attaining a desirable strength /ductility
combination. However, further studies in this direction are needed to establish the
anisotropy of such materials and the effects of heat treatment on the structure and properties
of the cold-rolled materials.

Figure 9. Cont.
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(d)

Figure 9. Fracture surfaces of tensile specimens after cold rolling to 10% (a), 20% (b), 50% (c), and
80% (d).

5. Conclusions

The cast specimens of the TiNbZr/(Ti, Zr)B composite were subjected to cold rolling
to thickness strains of 10-80%; the following conclusions were drawn based on the ob-
tained results:

1. In the initial as-cast condition, the alloy had a network-like structure consisting of
areas of the TiNbZr matrix (~500 pum size) surrounded by arrays of (Ti, Nb)B fibers.
The (Ti, Nb)B fibers had a volume fraction of 2.5% and a transverse size of ~400 nm.

2. Cold rolling resulted in a noticeable increase in strength by 17-35% in comparison
with the as-cast condition. Deformation to a thickness strain of 80% led to growths
in yield strength and ultimate tensile strength of the composite from 720 to 865 MPa
and from 800 to 1080 MPa, respectively. Ductility of the alloy decreased from 10% in
the as-cast condition to 0.3% after 50% CR; however further straining resulted in an
increase in ductility to 5% after 80% of CR.

3. The microstructure of the composite after CR to 10 or 20% of thickness reduction
did not change noticeably in comparison with the as-cast condition. Rolling to 50%
resulted in the development of shear deformation, and the formation of a network con-
sisting of crossing shear bands declined mainly ~45° from the rolling plane. Further
deformation until 80% of thickness reduction resulted in the formation of a lamellar-
like microstructure, in which the refined (Ti, Nb)B layers separated the TiNbZr laths.
After deformation to 80%, the TiB fibers of practically equiaxed particles, with a length
to diameter ratio of ~2, were transformed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met14010104/s1, Figure S1: Image quality maps taken form the
TD plane of the TiNbZr/(Ti, Nb)B composite cold rolled to a thickness strain of 10% (a), 20% (b), 50%
(c) and 80% (d); Figure S2: SEM images of polished (a—h) or etched surfaces (i-1) of the composite
taken after rolling to thick-ness strains 10% (a,b,i), 20 % (c,d,j), 50 % (e,f,k) and 80 (g,h,1).
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