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Titanium/titanium boride (Ti/TiB) composites are interesting technological materials with prospective appli-
cations in the aerospace, automotive, and biomedical industries. However, not much has been studied about the
failure mechanisms of these composites. This article thoroughly investigates the adhesion and strength of two
well-known Ti/TiB interface variants formed during the production of Ti/TiB composites below and above
910 °C, respectively. The studies were carried out using different theoretical methods at multiple scales,
including density functional theory (DFT), molecular dynamics (MD), cohesive zone modeling (CZM), and the
finite element method (FEM). First, we employed DFT to investigate the interfacial adhesion and strength of the
selected planes. Then, MD simulations were utilized to study the misfit dislocation networks and derive inter-
facial CZMs for FEM modeling and simulation of composites. Our FEM simulations showed that the Ti/TiB
interface has sufficient strength to transfer the shear load from Ti to TiB without debonding at room temperature.
The results have confirmed the same phenomenon observed in some experimental studies and interpreted this
phenomenon from a multiscale point of view. The research findings can be used in quantifying the failure stress
of TiB whiskers directly from tension tests on Ti/TiB composites by ruling out the possibility of interface
debonding.

achieve superior mechanical properties, compared to the conventionally
manufactured composites [10]. Such characteristics have made Ti/TiB

1. Introduction

Titanium (Ti) and its alloys are the materials of choice when there is
a need for high specific strength or chemical resistance. However, they
have low elastic modulus and wear resistance, limiting their application.
Reinforcing these materials with inclusions and creating titanium matrix
composites (TMCs) can improve these deficiencies, enhance their high-
temperature strength, and make them candidates for a wide range of
applications from high-speed intercept missiles [1] to biomedical ap-
plications [2]. Various inclusions are used to produce TMCs, including
titanium carbide (TiC) [3], titanium boride (TiB) [4], titanium nitride
(TiN) [5], silicon carbide (SiC) [6], graphene [7], aluminum oxide
(Al;O3) [8], etc. Titanium boride has similar thermal expansion and
density to titanium, resulting in low thermal stresses during
manufacturing and property enhancement of Ti without increasing its
density. In addition, TiB is biocompatible [9], and its elastic modulus is
four times higher than commercially pure titanium. The microstructure
of Ti/TiB composites can be tailored to form a two-scale network to
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composite a promising material for use in the aerospace [11], automo-
tive [12], and biomedical industries [13], especially at high
teniperatures.

Titanium boride is a ceramic with high hardness and stiffness, but it
does not naturally exist in a pure form. It can be produced during an in
situ reaction between titanium and a compound that contains boron,
such as titanium diboride (TiBy): Ti + TiBy — 2TiB. This reaction pro-
duces single crystal TiB whiskers or short fibers [14], mainly in
micro-length scales. A common observation in experimental studies
regarding the growth of TiB within Ti (either o-Ti or $-Ti) is that TiB
grows faster in the [010] direction, which leads to its whisker shape
[15-17]. A few orientation relationships (ORs) have also been reported
for oTi/TiB interfaces, but the following have been mentioned
frequently in the literature: (100), || (1010), » [15,18-20] and
(001) 55 || (0001), 5 [4,19,21-23], both of which have a [010]; ||
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[1120], 5 relationship. Throughout this text, we refer to (100)y; ||
(1010),_5; as OR1 and (001); || (0001), ; as OR2. Also, from here on,
all the coordinates are in the local coordinates of TiB.

Titanium boride is not readily available, and it is difficult to inves-
tigate its properties. The mechanical and thermal properties of TiB have
been investigated via either density functional theory (DFT) [24,25] or
indirect experimental methods. In experiments [26,27], after a specific
property of Ti/TiB composite was measured, the same property could be
estimated for TiB through averaging methods. Although the averaging
methods may provide enough accuracy for calculating properties such as
the elastic modulus of TiB, they do not apply to computing failure
stresses (e.g., yield or ultimate stress). This is because, in addition to the
failure stress of Ti and TiB, the strength of the Ti/TiB interface also plays
an important factor that is not considered by the averaging methods.

The interface between TiB and Ti has been qualitatively described as
clean and flat [15,28-30] with a low lattice mismatch and categorized as
a semi-coherent interface. Such a description may suggest it is a strong
interface. However, one cannot quantify the actual strength of the
interface without experiments such as a pull-out test [31,32], a
micro-pillar test [33], or computational simulations at the atomic scales.
To the best of the authors’ knowledge, there are no experimental works
on testing the strength of Ti/TiB interfaces. On the other hand, a few
recent computational studies have investigated some aspects of Ti/TiB
interfaces via DFT. Nandwana et al. [34] used DFT calculations to
compare OR1 and (101)y;5 || (1010), g interfaces. They found that the
former has a lower interfacial energy than the latter, so TiB prefers to
make the former interface. However, they considered only one of the
variations of OR1 interfaces in their work. It shall be noted that the
variations/terminations of Ti/TiB interfaces will be discussed in Section
2. Fan et al. [35] compared the formation energies and the work of
separation of OR1 with four different terminations of (100); and four
different stackings of OR1 (16 interfaces overall). They found that one of
the examined interfaces has noticeably lower formation energy and
higher separation work than the others. This interface is viewed as the
most energetically favorable and thermodynamically stable interface,
and it is most likely to form in real situations. Zhang et al. [36] did a
similar study and examined the adhesive work and interface energy of
eight variations of OR1 and determined the variation with the lowest
interfacial energy, which creates the most stable interface. Their results
agreed with the findings of Fan et al. [35]. In another work, An et al.
[37] performed a combined experimental and theoretical study of TiB
whiskers formed in Ti6Al4V, an a-p alloy of titanium. They identified
two interfaces forming between TiB and o-Ti and two interfaces between
TiB and B-Ti. Then, they performed a thorough DFT analysis of the en-
ergetics of the interfaces with different terminations. They showed that
all the examined interfaces have high adhesion strength. However,
among them, the coherent (100)55 || (121) 4—ri interface is stronger than

the semi coherent (201), || (0001), 5 interface. It is worth mentioning
that we are unaware of any prior theoretical studies on OR2.

The above summarizes the current state of our knowledge on a-Ti/
TiB interfaces. In this paper, we conduct a comprehensive study on both
OR1 and OR2 by quantifying the strength of the interface at various
scales as follows. In Section 2, we explain the applications of DFT to
obtain the generalized stacking fault energies (GSFE) and the work of
adhesion (WOA) of both OR1 and OR2 to get insights into the relative
strength of each interface and the layers close to it. In Section 3, we
discuss the misfit dislocation networks and their influence on the
behavior of the interfaces via molecular dynamics (MD) simulations.
Shear and tensile tests are performed in Section 4 via MD simulations to
quantify the strength of the interfaces at room temperature and develop
cohesive zone models (CZM). In Section 5, the developed CZMs are used
in conjunction with the finite element method (FEM) to assess the failure
of Ti/TiB composites at room temperature, and the results are discussed.
We present an in-depth discussion in Section 6 and conclude the
research in Section 7.
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2. Studies of the interfaces by DFT
2.1. Methodology to obtain GSFE and WOA

Density functional theory simulations have been frequently used to
study metal/ceramic interfaces. Usually, GSFE curves are obtained to
assess the behavior of the interface subject to shear deformation. These
curves are indicators of the energy barrier to slip between two surfaces.
Meanwhile, WOA, the amount of energy needed to separate an interface
into two surfaces, is calculated to evaluate the interfacial adhesion.
Several metal/ceramic interfaces have been studied by means of DFT
simulations, including Ti/CrN, Cr/VN, Cu/TiN [38], Ag/MgO [39],
Ti/TiN [40], Al/TiC [41], etc.

The first thing that one needs to know is which variation of the
experimentally observed Ti/TiB OR is likely to happen. The minimum
interfacial energy is used to determine the most thermodynamically
stable variant. Fig. 1 shows TiB’s [100] and [001] surfaces. Fig. 1(a)
indicates four terminations of the TiB unit cell that could be considered
as the [100] surface. There is no experimental evidence to clarify which
termination is in contact with the Ti surface. However, previous DFT
works [35,36] indicated that the B1 termination (Fig. 1(a)) in OR1
creates the most stable interface, so it is the only termination we
consider for OR1. On the other hand, there are two possible terminations
of the [001] surface, as shown in Fig. 1(b). For OR2, we examine both
BT1 and BT2 as TiB’s [001] surfaces (Fig. 1(b)) to find which one has
lower interfacial energy, and we use that termination for the studies in
this paper.

The minimum number of atomic layers to yield accurate results is
chosen by modeling different columnar cells with increasing layers until
the calculated surface energy converges. In another work, Fan et al. [35]
reached enough accuracy with nine layers of Ti and eight layers of TiB
for OR1. Although more layers can result in higher accuracy, the gain is
insignificant. In this study, we use 20 layers of Ti and 24 layers of TiB for
OR1, and 10 layers of Ti, and 16 layers of TiB for ORZ2. It should be noted
that each elevation that contains atoms (whether a single atom or double
atoms) is considered a layer. This definition is consistent with the work
of Fan et al. [35]. In addition, choosing the layer numbers mentioned
above was practical, and we wanted each columnar cell of OR1 and OR2
to have the same number of atoms (44 atoms). Due to the lattice
mismatch between Ti and TiB unirt cells, the Ti unit cell was stretched or
contracted to become the same size as the TiB lattice. A 15 A vacuum
layer has been put on the top of the columnar cell to avoid the inter-
action of atoms across the periodic boundary in the vertical direction.
Figs. 2 and 3 show the modeling process of OR1 and OR2.

After constructing the columnar cells, we needed to know the Ti
layer’s energetically favorable stacking (positioning) on top of the TiB
layer. To address this question, we conducted a grid search in which the
Ti layer was placed on different points of an 11 x 11 grid, as illustrated
in Fig. 4. The total energy of the system was calculated after relaxation at
each stacking. The columnar cell was fixed during the relaxation, and
the atoms were allowed to relax only in the vertical direction. After
finding the grid point with the minimum energy, this configuration was
fully relaxed with respect to the columnar cell dimensions and atomic
positions. It should be noted that the choice of the 11 x 11 grid is
arbitrary, and the energies calculated on these points are used to
determine the region with the minimum potential energy only. Later, by
fully relaxing the system in that region, the system finds its energetically
favorable state after minor adjustment of the atomic positions. The
resulting cell and atomic positions were used as the initial configuration
for GSFE and WOA calculations. All the mentioned steps were carried
out for OR1 with Bl termination and for OR2 with BT1 and BT2
terminations.

The DFT calculations were performed using Quantum ESPRESSO
code [42]. The projector-augmented wave (PAW) [43] method was
utilized to describe the core states. In addition, the
Perdew-Burke-Ernzerhof  generalized  gradient  approximation
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Fig. 2. Preparation of the Ti/TiB columnar cell for DFT simulations of OR1: (a) Ti and TiB are properly oriented so they would create OR1, (b) Ti is slightly deformed
to become consistent with the periodicity of TiB, and (c) a columnar cell of Ti/TiB interface with periodicity in Y and Z directions is selected for DFT simulations.

(PBE-GGA) [44] was employed for the exchange and correlation func-
tional. A cutoff energy of 585 eV (43 Ry) for the plane-wave basis set was
used. In addition, k-point meshes of 1 x 4 x 4 for OR1 and 4 x 4 x 1 for
OR2 were used for the grid search. For the rest of the calculations, we
used 1 x 8 x 8 and 8 x 8 x 1 k-point meshes for OR1 and OR2,
respectively. The chosen k-point mesh had errors less than 1 meV/atom
compared to a denser mesh.

Because TiB whiskers grow in the [010] direction, only the load-
bearing capacity of OR1 and OR2 in this direction is relevant to the
mechanics of Ti/TiB composites in the case of resistance to shear
stresses. Hence, we only calculated the GSFE curves in both interfaces’
[010] direction. Considering the fact that TiB has much higher failure
stress than Ti due to the strong covalent bonds, we examined only four
levels of LO~L3 in the Ti cell (shown in Figs. 2 and 3) to determine which
one has the least energy barrier to slip. To calculate the GSFE curve for
each level, we moved the atoms above the level in the [010] direction in
10 steps. The columnar cell was fixed at each step, and the atoms were
only allowed to relax in the vertical direction.

To calculate the WOA at each of LO~L3, we split the main columnar
cell into two isolated columnar cells of the atoms above and below that
level, respectively. Then, after letting the cells and their atoms fully
relax, we used their energy to calculate the WOA of that level. Similarly,

we also calculated the formation energy (interfacial energy) of the LO
level. The following equations were used for calculations of WOA and
the interfacial energy, respectively [36]:

Eiop + Epsitor: — Ejoeat
i o L bt ]

1 Eq.1

Eypiar — NEpuy 171 — MEp i 1in
Yim = A

= Vsurf,1i — Vsurf.TiB Eq.2
where W, is the WOA,; y;,, is the interfacial energy. Ey,, and Epgom are
the energies of the isolated columnar cells above and below a level,
respectively. Eq.q is the energy of the main columnar cell. A is the cross-
section of the main columnar cell. Ep,p 7; and Epg 73 are the energies of
the unit cells of Ti and TiB in their bulk forms. y,¢ v and y,¢ rp are the
surface energies of the exposed surfaces at the top (Ti) and bottom (TiB)
of the columnar cell. N and M are the numbers of unit cells of Ti and TiB,
respectively, to generate the simulated columnar cell. Each unit cell of Ti
contains four atoms, and each unit cell of TiB contains eight atoms. Since
each columnar cell consists of 44 atoms, N and M are 5 and 3, respec-
tively. All the calculated energies in both equations are for fully relaxed
cells.
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Fig. 3. A sample unit cell used for the calculations of GSFE and WOA of OR2.

2.2. Results of GSFE

Fig. 5 compares the GSFE curves of the LO~L3 levels of OR1 in the
[010] direction. As the figure shows, the LO level has the highest energy
barrier against slip with the stacking fault energy of yjg;q) = 3.69 I/ me.
This means that the OR1 interface at the LO level is strongly bonded. In
other words, it will not be the plane to slip when subjected to shear
stress. Among the examined levels, the L2 level is the weakest with
Yoro] = 0-45 J/m?, but it is still higher than y5,o = 0.24 J/ m?, which
was obtained for <a>> prismatic slip of a-Ti by Kwasniak et al. [45]. This
suggests that when subjected to shear stress, the levels within o Ti
farther from the interface are prone to slipping. Here, we don’t consider
the effects of the misfit dislocation network at the interface; this will be
discussed later.

Regarding the OR2 interface, as discussed in Section 2.1, the (001 )p5
could be either BT1 or BT2, as shown in Fig. 1(b). Therefore, it is
necessary to calculate the interface energy of each plane with the Ti
layer to find the energetically favorable interface.

After  obtaining  the  values  ygrrgoy = 1.95 J/m?,
Vewf,rimoor) sm = 2-91 J/m?, and v rigo0r) sr2 = 6.69 J/ m?, the
interface energies were calculated to be:

Vi =3-19 1 /m*for (001) ;5 &y || (0001), pand

Vi = 8.80 J/‘mszf(Om)m BT2 I (OOOI)R—TE

This indicates that the (0001), p; has much lower interface energy
with the BT1 plane than the BT2 plane. In addition, we calculated the
WOA of (001) 45 zrs || (0001), 5 to be —1.33 J/m?. This suggests that
extra work is needed to bring these two surfaces together, and that they
are not attracted to each other naturally. Therefore, the rest of the cal-
culations were conducted for the interface between the Ti and the BT1
plane of TiB.

Fig. 6 compares the GSFE curves of levels LO—~L3 in the [010] di-
rection of OR2. It can be seen that the L2 level has the lowest barrier
against slip. The unstable stacking fault calculated by Kwasniak et al.
[45] for <a> basal slip of a-Ti is y = 0.4 J/m?, which is a bit higher than
the L2 layer. In this case, although the LO level is strong enough to pass
the shear stress from the Ti matrix to the TiB whisker, the slip will
happen eventually at the layers close to the interface.

2.3. Results of the WOA

Fig. 7 shows the WOA of levels LO~L3 of OR1. The LO level has a very
strong bonding with W3 = 6.29 J/m?2. The L2 level is again the
weakest among the examined layers, with Wy = 3.75 J/m2. This
number is slightly less than the adhesive work of the (1010) plane of
o-Ti, which was measured as 4.04 J/m? (twice its surface energy of
2.02 J/m?). This suggests that the existence of the interface has slightly
affected the strength of that level.

The adhesive works of levels LO~L3 for OR2 are shown in Fig. 8. As
the figure shows, the L1 level has very low adhesive work. Based on the
value obtained for the surface energy of the (0001) plane of Ti
(1.95 J/m?), the adhesive work at the layers farther from the interface
could be as high as 3.9 J/m?2.

Overall, the results of this section show that the L0 levels (i.e., the Ti/
TiB interfaces) of both OR1 and OR2 are strong enough to tolerate
tensile and shear stresses until one of the levels within the Ti layer causes
the failure.

3. Misfit dislocation networks
3.1. Molecular dynamics modeling of the interfaces

The Ti/TiB interface is semi-coherent, meaning that the lattice
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Fig. 4. Grid search for the optimal stacking of Ti on top of TiB.

constants and, hence, the periodicity of Ti and TiB are different along the
interface. To study the characteristics of the interfaces via DFT in the
previous section, we generated a model of a single column with periodic
boundaries to represent the interface and then stretched/contracted the
Ti unit cell to make the model a coherent columnar cell. Such a model
has its scale limitations. Indeed, when considering the Ti/TiB interface
at the molecular length scale, atoms on the interface may position
differently at different locations to reach the minimum energy. This can
cause some parts of the interface to behave differently from others.
Usually, some regularities can be found in the appearance of the inter-
face, which would produce a pattern called a misfit dislocation network
(MDN) [46]. The misfit of the lattice constants introduces defects at the
interface. The defects can be extended into the Ti layers that are close to
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Fig. 7. The work of adhesion of levels LO~L3 of OR1.

the interface and subsequently affect the strength of the interface [47].
Such defects cannot be modeled by DFT since a large number of atoms is
needed. Instead, MD simulations have been frequently used to study the
MDN at interfaces [39,40,48].

To model the Ti/TiB interface at the nanoscale via MD, we utilized
the second nearest-neighbor modified embedded atom method (2NN-
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Fig. 8. The work of adhesion of levels LO~L3 of OR2.

MEAM) potentials developed by the authors for Ti-B interaction [49]
and by Kim et al. for Ti [50]. We carefully chose the model’s dimensions,
so the stresses caused by the periodic boundaries were negligible. To
achieve this, we determined multipliers ¢; and ¢, to enforce ¢} x [] =2 cpx
> where [; and I, are lattice constants of Ti and TiB in the desired pe-
riodic directions. The lattice constants are initially predicted by MD
simulations. To study OR1, we generated a simulated system, which is
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periodic in the [010] (y) and [001] (z) directions and nonperiodic in the
[100] (x) direction, as shown in Fig. 9(a). The predicted lattice constants
of TiB and Ti are 3.054 A and 2.945 A in the [010] direction and 4.498 A
and 4.678 A in the [001] direction, respectively. This causes 3.6% and
4.2% mismatches in the respective directions. In the [010] direction, we
used 82 unit cells of TiB and 85 unit cells of Ti, i.e., 82 x 3.054 =~ 85 x
2.945 ~ 25 nm. Similarly, in the [001] direction, we used 74 unit cells of
TiB and 71 unit cells of Ti so that this dimension is 33 nm. In addition, in
the [100] direction, we used 10 unit cells for each material, and this
choice is arbitrary and would not affect our results in this section.
Overall, the generated system is 11 nm x 25nm x 33 nm and consists
of more than 700,000 atoms.

In the OR2 case, the predicted lattice constants of TiB and Ti are
6.006 A and 5.102 A in the [100] direction and 3.054 A and 2.945 A in
the [010] direction, respectively. This causes 15% and 3.6% mismatches
in the respective directions. In the [100] direction, we used 79 unit cells
of TiB and 93 unit cells of Ti, and in the [010] direction, we used 82 unit
cells of TiB and 85 unit cells of Ti. In addition, in the [001] direction, we
used 10 unit cells for each material. Overall, the size of the system is
47 nm x 25 nm x 9 nm. The system was periodic in the [100] (x) and
[010] (y) directions and nonperiodic in the [001] (z) direction with more
than 800,000 atoms, as shown in Fig. 12(a).

All the MD simulations in this research were performed using
LAMMPS [51]. The simulations were initially started at 600 K by
assigning random velocities from the Maxwell-Boltzmann distribution

25 nm

[oo1] Z

Y [010]

X [100] (b)

(a)

wu €¢

(©

Fig. 9. (a) The simulation setup of OR1, (b) the unrelaxed interface, and (c) the relaxed interface. The interface shown in (b) and (c) includes two layers of titanium

above the interface and one unit cell of TiB below the inteiface.
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and then quenched to 0.1 K during a controlled pressure — controlled
temperature (NPT) ensemble at 1 bar through 10000 steps with a
timestep of 1071%s as is a conventional time step used in MD simulation
[52,53]. This way, the atoms have enough time to relax at their equi-
librium positions.

After the system’s relaxation, we applied a shear deformation to the
systems to observe the layers that started to slip. To apply the defor-
mation, we fixed a layer with 6 A thickness at the bottom to prevent the
system’s free body motion, and a displacement in the [010] direction

was applied to a layer at the top with 6 A thickness.

3.2. Misfit dislocation networks at OR1 and OR2

Fig. 9 shows the simulation model and the OR1 interface before and
after relaxation. A pattern can be observed in the unrelaxed structure
from the [100] view in Fig. 9(b) due to the different molecular structures
of Ti and TiB. After relaxation, the atoms create a new pattern based on
their preferred positions. In Fig. 9(c), three zones can be distinguished
and colored purple, blue, and green. In addition, four cross-sections (S1,
S2, §3, and S4) are marked. Fig. 10 shows cross-sections of S1 and S2
indicated in Fig. 9(c) (note that the coordinate system at the bottom left
of each picture is for the view direction). Section S1 has a clean inter-
face, especially in the purple zone (circled as region 3 in Fig. 10). In
region 1 of the S1 section, an extra titanium atom has affected the
bonding at the interface. It has caused a crystal distortion in region 2,
corresponding to the blue zones in Fig. 9(c). The cross-section S2 in
Fig. 10 shows that the middle part, which falls in the purple zone, has a
coherent interface. In contrast, the end parts that belong to the green

B
R Y R R R R R
SR

e
SRS
A,

[oo1) z

TR
L 3 . .
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zone in Fig. 9(¢) are largely disordered via interfacial diffusion. More
details on cross-sections S3 and 54 and the induced defects in the tita-
nium matrix are discussed in the supplementary material (Figures A.1 to
A.3).

To observe the shear behavior of the interface via MD simulations,
we applied a shear deformation with a rate of 0.1 f—‘;/ps in the [010] di-
rection to the top layers of the model. The system was maintained at NPT
at 1 bar and 0.1 K. Fig. 11 shows the movement of the atoms during the
shear deformation in the purple/blue zone. It is clear that the
displacement occurs between layers T2 and T3 (indicated in Fig. 10).
This is consistent with the findings of the GSFE studies discussed in
Section 2.2, where the L2 level of the DFT model shown in Fig. 2(b),
which corresponds to the interface between T2 and T3 of the MD model,
had the weakest unstable stacking fault energy relative to the rest of the
layers in its vicinity. Here, we studied the interfacial shear behavior only
in the [010] direction because it is the main direction of load transfer
from the Ti matrix to the TiB whiskers in Ti/TiB composites. The
movement of the atoms in the green zone is provided in Figure A4 of the
supplementary material.

Contrary to OR1, the OR2 interface did not show any discernible
MDN. Fig. 12 shows the first and second layers of Ti atoms above the
interface before and after the relaxation. The first Ti layer is affected the
most by the existence of the interface (Fig. 12(c)). Due to the higher
lattice mismatch in the [100] direction, several lines can be seen in the
pictures caused by the Ti layer’s strain to accommodate the mismatch.
However, no noticeable effects can be observed in the second layer.

Fig. 13 shows the movement of the atoms at the OR2 interface when
a shear deformation is applied. Obviously, the displacement occurs
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Fig. 10. Views of the cross-sections S1 and S2 are indicated in Fig. 9(c). The atomic displacements of the layers T1 ~ T8 indicated on the cross-section S1 are shown

in the supplementary material (Figures A.2 and A.3).
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Fig. 11. Displacenient due to the shear stress in the [010] direction at the purple/blue zone indicated in Fig. 9(c). The top picture shows the atoms before the
displacement and the bottom picture shows the atoms after the displacement. A group of atoms is colored red to show where the slip occurs. (For interpretation of the
references to color in this figure legend, the reader is refeired to the Web version of this article.)

between the second and third Ti layers. This phenomenon is also
consistent with the findings of the GSFE studies (Fig. 7) via DFT calcu-
lations, where the L2 level of Ti (indicated in Fig. 3) between the second
and third Ti layers had the weakest unstable stacking fault energy
relative to the rest of the layers in the vicinity.

4, Parametrizing CZM
4.1. Methodology for parametrizing CZM using MD

Cohesive zone models relate the traction at the interface to its sep-
aration. If traction exceeds the maximum tolerable value, the interface
debonds, and a crack will initiate and propagate along the interface. The
advantage of CZM over traditional fracture mechanics methods is that
there is no need to embed an initial crack in the FEM mesh, and the CZM
controls both the damage initiation and accumulation. Cohesive zone
models have roots in the works of Dugdale [54], Barenblatt [55,56] and
Hillerborg et al. [57]. Later, several formulations were proposed by
Needleman [58-60], Tvergaard [61], Camacho and Ortiz [62], etc., for
the traction-separation relationships. Gall et al. [63] conducted the first
MD simulation on the interfaces and compared the results to CZM; since
then, several researchers have used MD simulations to parametrize CZM
for further applications in FEM analysis [64-68].

In this work, we used the bilinear model for the traction-separation
curve, shown in Fig. 14, as implemented in the commercial software
ABAQUS [69]. In Fig. 14, tfl’ represents the maximum allowed stress in
the normal direction, and 2 and t? are the maximum allowed stress in

the two shear directions, respectively. 5ﬁ is the normal separation be-
tween two interfaces at the maximum stress, and 5’; is the maximum
normal separation when the interface debonds. The similar separations,

89, 82, 55, and 5{, are also defined in the shear directions. For damage
initiation, we use the quadratic stress criterion, which assumes that the
damage initiates when:

50 R 70 R 7 b
& {8 fr -
where t,, t;, and t; are the current tractions in the normal and two shear
directions, respectively. In this work, we were only interested in the
shear in the [010] direction, which is the main direction for load transfer
from the Ti matrix to TiB whiskers. In addition, we assumed the same
strength for other shear directions.

To parametrize the CZM, the interface’s tensile strength and shear
strength are needed to account for mode I and mode 1I failures. The
simulation setup for the OR1 interface is shown in Fig. 15(a). The di-
mensions of the model are 18.2 nm x 12.1 nm x 13.6 nin in the [100],
[010], and [001] (x, ¥, and z) directions, respectively. The model is pe-
riodic in the y and z directions and nonperiodic in the x direction. A
layer with 6 A thickness at the bottom is fixed to prevent the system’s
free body motion, as illustrated in Fig. 16, and a displacement (tensile or
shear) is applied to a layer at the top with 6 A thickness. A region be-
tween +15 A of the interface is considered to measure the traction and
separation (stress and displacement) during the simulations. The sepa-
ration is measured as the difference between the average displacement
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[001] Z o (b) (C) (d) (e)

Fig. 12. (a) The simulation setup of OR2; (b) and (c) the first layer of titanium before and after relaxation; (d) and (e) the second layer of titanium before and
after relaxation.

Fig. 13. Displacement due to the shear stress in the [010] direction. A group of atoms are colored red to show where the slip occurs. The top picture shows the atoms
before the displacement and the bottom picture shows the atoms after the displacement. A group of atoms is colored red to show where the slip occurs. (For
interpretation of the references to color in this figure legend, the 1eader is referred to the Web version of this article.)
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Fig. 14. The bilinear traction-separation diagram.

of the atoms within 15 A above the interface and the average displace-
ment of the atoms within 15 A below the interface. The simulations are
performed at a temperature of 300 K. At first, the whole model is relaxed
at 300 K for 10000 steps with a timestep of 1 fs. Then, the displacement
is applied to the top layer with a 5 x 10°® 1/s strain rate through 250000
steps.

A similar simulation setup for OR2 is shown in Fig. 15(b). The di-
mensions of the model are 14nm x 17.7nm x 18.8nm in the [100], [010],
and [001] (x, y, and z) directions, respectively. The model is periodic in
the x and y directions and nonperiodic in the z direction. The other
simulation parameters are the same as in the previous model.

4.2. Cohesive zone model parameters of OR1 and OR2 at 300 K

Fig. 17 shows the traction-separation (T-S) curve of OR1 at 300 K
under tension. The blue curve is the result obtained from the MD
simulation, and the red bilinear curve is the idealized model. The first
red line is obtained using the slope of the curve at the initial stages of
deformation, and it is extended up to the maximum tensile stress. Then,
the second line is determined such that the area under the bilinear graph
would be equal to the area under the actual curve obtained from the MD
simulation. The resulted T-S parameters 2,52, and &, are 13.6 GPa,
1.13 A, and 10.39 A, respectively.

Fig. 18 shows the T-S curve of OR1 at 300 K under shearing in the
[010] direction. As can be seen from the curve, after the first peak, the
titanium layer starts to slip up to the point where the whole layer falls
into the next potential well. This pattern repeats, with every peak being
lower than the previous peak. Due to the limitations in the simulation

10
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Fig. 16. Molecular dynamics model used for the simulations of OR1.
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Fig. 17. Mode I traction-separation curve for OR1 at 300 K.

(b)

Fig. 15. The simulated models of (a) OR1 and (b) OR2 for tensile and shear tests.
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Fig. 18. Mode II traction-separation curve for OR1 at 300 K.

time, we let the simulation proceed up to the third peak. For the bilinear
approximation of this behavior, we draw the first line based on the
initial slope of the curve and extend the line up to the maximum shear
stress. Then for the second line, we used the second peak of the curve
and assumed a linear degradation of the shear strength. In the discussion
section, we will discuss why such idealization of the second line does not
impact the overall results of the simulation. From this curve, the values
for 2,87, and 55 are 1.53 GPa, 0.7 zgx, and 16.58 f\, respectively.

The traction-separation curves of OR2 are provided in the supple-
mentary material (Figures A5 and A.6). The CZM values of OR2 in mode
I are 8.1 GPa, 0.92 A, and 13.32 A for 2,82, and &, respectively; in
mode II, they are 1.17 GPa, 0.28 A, and 22.18 A for 2,82, and 4,
respectively. Overall, the results show that the OR1 interface has higher
strength than the OR2 interface in both tensile and shear deformations.

5. FEM modeling the Ti/TiB interfaces with CZM
5.1. Modeling a single TiB whisker within the Ti matrix

To study the effects of the parametrized CZM on the mechanies of
Ti-TiB via FEM simulations, we generated an RVE in which a single TiB
whisker aligned in the applied uniaxial tension direction is placed in the
Ti matrix.

In the first model (Fig. 19(a)), referred to as Model A, the TiB whisker
is embedded completely inside the Ti matrix. One end of the model is
fixed, and a displacement is applied to the other end of the model. In

Ceramics International xxx (xxxx) xxx

another scenario (Fig. 19(b)), the TiB whisker is brought to the front of
the Ti matrix. Three different loading conditions were considered: (1)
the displacement is applied to both the matrix and the whisker, (2) the
displacement is applied only to the matrix, and (3) the displacement is
applied only to the whisker. These models are referred to as Models B, C,
and D, respectively.

Three different interface interactions were tested on these models:
(1) the CZM for the OR1 interface (CZM1), (2) the CZM for the OR2
interface (CZM2), and (3) the tie constraint (i.e., the nodes of the matrix
and the whisker at the interface are tied and move together during the
FEM simulations). The commercial software ABAQUS/Explicit [69] was
used for FEM simulations in our work. The size of all models is 5 x 5 x
20 pm. The whisker is 16 pm long with a radius of 0.6 pn1. The selected
whisker length, radius, and cylindrical shape are similar to what was
observed in the experiment [70]. Therefore, the failure stress of the
whiskers in our FEM simulations would be valid.

Each model contains about 560,000 linear hexahedral elements of
type C3D8R for both the matrix and the whisker. The seed size for
meshing was chosen by starting from a large one and gradually reducing
it while comparing the results (stress distribution, the overall elongation
of the model before failure, etc.). We found that the results would
converge when seed sizes were smaller than 0.1 pni. Therefore, we kept
the seed size at 0.1 pm in all FEM models. In addition, during meshing,
the software automatically decides the appropriate size of the elements
based on the geometry of the region being meshed. For the Ti matrix, we
used an elastic-perfectly plastic behavior with Young’s modulus E =
110Gpa, Poisson’s ratiov = 0.33, yield strength &, = 937MPa, ultimate
strength 6, = 1062MPa, and elongation to failure of 16.5% obtained
from Gaisin et al. [71]. For TiB, we used E = 410.6GPa and v = 0.166,
which we obtained using MD simulation at 300 K (room temperature).
The failure stress of TiB whiskers was set to 8 GPa [70]. For the matrix,
ductile damage was considered, with element removal after an element
passes the maximum elongation. For TiB whiskers, brittle damage was
assumed, with element removal if an element exceeds the assigned
failure stress.

In FEM simulations via ABAQUS, contact between two surfaces can
be modeled by providing interface properties or introducing a cohesive
material between the surfaces. In the studies of Ti/TiB, we adopted the
direct definition of contact and used the derived CZM parameters as the
interface properties. We used a ‘hard’ pressure-overclosure option in
ABAQUS to prevent the nodes of Ti and TiB from passing through each
other if there was pressure at the interface. In addition, the interface was
assumed to be frictionless. It is also common to use a very small viscosity
term to maintain the stability of the numerical solution during the
interface debonding [72], for which we used 107° [73].

Fig. 19. FEM models used to test the CZM model.
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5.2. Results

In all the models that we simulated, the interface tolerated the shear
stress until either the matrix or the whisker failed. As an example, Fig. 20
shows the model where the whisker is completely inside the matrix and
the displacement is applied directly to the matrix. The figure shows that
the elements of the matrix on the left side of Fig. 20(a) (where the
displacement has been applied) have failed. The whiskers in Fig. 20(b)
and (c) show that no damage has occurred at the interfaces of CZM1 (b)
and CZM2 (c). (The blue color indicates no damage, and red indicates
complete debonding). The relevant figures for the rest of the models are
provided in the supplementary material (Figures A7 to A.9).

Fig. 21 compares the stress-strain curves up to the failure points
using the tie constraints, CZM1, and CZM2, in each of the four models
described above. As a result of the strong interface, the curves almost
completely fall on top of each other.

6. Discussion

In the previous sections, we studied the mechanical behavior of Ti/
TiB interfaces under tensile and shear deformations at three different
length scales with different assumptions. At the atomic scale using the
DFT method, we assumed that there was no defect in any part of the
model. Based on this assumption, our simulations showed that the in-
terfaces between Ti and TiB (the LO levels in Figs. 2 and 3) are stronger
than the titanium layers close to the interfaces when subject to either
tensile or shear deformation. This phenomenon was also observed for
OR1 in another DFT study conducted by Zhang et al. [36]. In addition,
OR2 is noticeably weaker than OR1 and has much lower adhesion than
the titanium layers away from the interface. This weakness may be
because of the formation process of the interface. During the production
of o-Ti/TiB composites, if the temperature is kept below 910 °C, tita-
nium remains in the a phase, and OR1 is the main interface observed
[22]. If the temperature exceeds 910 °C, there exists an a—p phase
transformation in Ti. In the B phase, another orientation relationship is
observed in experimental works [22]: (001)gy | (110), 5 with
[010] 55 || [T11] i After the temperature drops and titanium changes
its phase back to «, the mentioned interface turns into OR2. This
back-and-forth phase change limits the paossible options of forming an
interface between Ti and TiB, affecting the strength of the final OR2.
More about the experimental observations of the orientation relation-
ships of Ti/TiB can be found in the work of Ozerov et al. [22] and the
references therein.

A
®) ©

Fig. 20. Results of the first simulation set: the first FEM model with three
different interface interactions.
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The 2NN-MEAM potential function used in this study was developed
in our previous work [49] and has been validated by comparing mate-
rials properties obtained from MD simulations with the experimental
measurements. Using MD simulations in this study, we constructed a
larger model of the interface and conducted the simulations at 300 K. Tt
is assumed that the Ti and TiB layers are defect-free, while the interface
has defects due to the misfit dislocation network. The misfit dislocation
networks were commonly observed in the experiments [46] if the lattice
constants of two materials do not match each other at the interface. The
shear deformation tests for these models showed that the slip happens
not exactly at the interface bur at the levels in Ti close to the interface. It
was also observed that the layers where the slip started in both the OR1
and OR2 models coincided with the weakest levels obtained from DFT
simulations, although the different assumptions were applied at
different length scales.

When reaching the largest length scale at the continuum level, the
definition of “interface” becomes slightly different. All the layers in the
vicinity of the LO level of Ti/TiB could be called interface regions when
looking from the perspective of the whole composite. To parametrize the
CZM, we took a region within £15 A of the LO level as the interface
region and showed that the slip happens in the interface region when the
shear stress reaches 1.53 and 1.17 GPa for OR1 and OR2, respectively.

Using these values in the finite element model with actual failure
strengths of Ti and TiB, we observed that the interface region could
transfer the load between Ti and TiB without losing its load-bearing
capacity until either Ti or TiB failed. This could also be shown analyti-
cally by considering the failure shear stress of the titanium alloy used in
this work, 7, = % =03
shear stress of both OR1 and OR2 (1.53 and 1.17 GPa). Hence, we
conclude that in o-Ti/TiB composites, as long as OR1 and OR2 are the
dominant interfaces, the failure of the composite is not initiated by
interfacial debonding. This phenomenon has also been observed in the
experimental tensile tests, indicating that Ti/TiB composite at room
temperature did not have any signs of debonding between the whisker
and the matrix [71,74,75]. In addition, the interface may have debonded
only after the whisker fracture [76]. On the other hand, in their work
[70], Boehlert et al. assumed that the interface should be intact during
the tensile failure to measure the failure stress of TiB whiskers, which to
date is the only experimentally reported failure stress for TiB.

It is worth mentioning two points here related to the CZM model. The
first is that the bilinear model could be a good approximation for the
tensile T-S curve, but it does not represent the oscillatory behavior of the
shear T-S curve in Fig. 18 and A6 well. This is not an issue in our sim-
ulations since the traction at the interface never passes the peak point
and always remains in the first idealized line. The second point is that
the length scales of T-S curves are in the nm range, which is typical for
metal/ceramic interfaces [77], but the whisker model is in the pm length
scale. Therefore, such FEM modeling needs a very fine mesh to perform
an accurate simulation. Also, to account for the brittle damage for TiB in
ABAQUS, one needs to perform a dynamic analysis that requires
considering the density of each material. Due to the extremely low mass
of each element, a large number of time steps are required to perform an
accurate simulation, even with a mass scaling factor of 10°. This is why
we limited our FEM model to a single whisker with about 500,000 ele-
ments. To ensure that the selected mass scaling does not affect the re-
sults, we also tried running one of the simulations with mass scaling of
10°, giving the same results but with a much longer run time. Our final
comparison in Fig. 21 shows that modeling Ti/TiB composites with the
tie constraint yields the same results as modeling with CZM but was five
times faster in computation time.

= (.562 GPa, which is lower than the failure

7. Conclusions

This work investigates two experimentally verified interfaces be-
tween a-Ti and TiB through different numerical methods at different
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Fig. 21. Stress-strain curves of the four simulation sets.

length scales. Using DFT, we showed that the interface level is stronger
in both the OR1 and OR2 interfaces than in any layers within Ti. We also
showed that ORI1 is stronger than the OR2 interface formed from the
back-and-forth phase transformation during the production of Ti/TiB
composites. We assessed the effects of misfit dislocation networks on the
behavior of the interfaces during shear deformation using MD simula-
tions. The obtained results were consistent with the results from DFT,
which predicted that the gliding planes during shear deformation were
in the Ti matrix and close to the interface. We parametrized a CZM
model and performed FEM simulations using the developed model at
room temperature. Our results showed that both OR1 and OR2 in-
terfaces could transfer shear load from Ti to TiB without failure, and this
was supported by experimental results. It is suggested that Ti/TiB
composites can be modeled in FEM by assuming the tie constraints be-
tween the nodes of the matrix and the whisker at their interface and can
save considerable simulation time. Future works could be focused on
measuring the failure strength of TiB whiskers using the results of ten-
sion tests by assuming a perfect cohesion between Ti and TiB.
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