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Abstract

Titanium diboride (TiB;) is regarded as the most promising material to be used as inert cathodes in the
electrochemical reduction of alumina to aluminium metal. TiB; is well known as a ceramic material
with high strength and durability characterized by a high melting point, high hardness, and excellent
mechanical and chemical wear resistances. However, one concern with this material is the variability
of its properties, depending on the processing procedures and the obtained microstructure (e.g. bulk
density, secondary phases, grain size). In this work, a multiscale framework is used to evaluate the
degradation of the TiB; as a function of its microstructure. The mechanical and fracture parameters of
TiB, and its secondary phases were determined by the density functional theory and were
implemented in a crystal elasticity-finite elements model. The influence of TiB, grain size and the
properties of the secondary phase on the mechanical properties and degradation mechanisms were
predicted and discussed regarding the effects of material parameters identified at different scales.
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1 Introduction

An inert cathode material must satisfy several requirements such as electronic conductivity, wettability
by aluminium, low solubility, and high mechanical and thermal resistance. Titanium diboride (TiB;) is a
ceramic material with high melting point, high hardness, high strength, and good mechanical and
chemical wear resistance. Despite having a useful combination of properties, the concern with TiB; is
the variability of the properties depending on the processing procedures and the obtained
microstructure. Munro [1] showed that the elastic modulus at room temperature increases with TiB>
bulk density. The average grain size of TiB, was found to affect fracture toughness and flexural strength
[1, 2]. Jensen et al [3] emphasised large differences in TiB, resistance towards aluminium penetration
depending on the secondary phases. They observed grain boundary penetration in TiB, material
containing an oxycarbide secondary phase while they could not detect Al infiltration in a material with
apparently no secondary phases after 100 h.

Understanding the influence of microstructure on the mechanical and physical properties of TiB; is
critical for tailoring microstructures for an industrial application such as the primary production of



aluminium. Knowing that the optimization of TiB, processing is difficult and expensive, modelling tools
can save a lot of experimental efforts. A multiscale optimization procedure which combines
experimental tests with numerical simulations is well suited.

In this paper, a multiscale modelling approach [4, 5] is used to investigate the influences of
microstructure of TiB, on the elastic properties and degradation mechanisms. A sequential method is
proposed to investigate the influence of the material parameters identified at different scales (atomic,
grains and phase) on elastic and fracture properties. The representative volume element (RVE)
approach [6] is used to explicitly account for TiB, microstructure in a finite element (FE) model
incorporating the anisotropic elastic response of the constitute grains. The fundamental theory of the
multi-scale model and the identification procedure of the model parameters are described in the first
section. In the second section, the numerical results are discussed and evaluated with respect to the
available experimental results.

2 Material and Microstructure

A TiB; specimen was examined by scanning electron microscope (SEM) and transmission electron
microscopy (TEM) to define microstructural characteristics of TiB; and the properties of the secondary
phases. The backscattered electron image in Fig. 1 shows the size and the morphology of the TiB;
grains. The secondary phases show up as small, bright contrast grains in this image. From X-ray
diffraction (XRD) a preferred orientation of the TiB, grains along the [0001] direction was observed.
Furthermore, electron backscatter diffraction (EBSD) was used to map the crystalline grain
orientations, and the distribution of mis-orientations between grains is shown in Fig. 2. More than
75 % of all grain boundaries are qualified as high-angle grain boundaries with a mis-orientation larger
than 15°.

The SEM micrograph (Fig. 1) further shows that the secondary phase (white spots) is mainly located at
the grain boundaries. The surface fraction of the secondary phase (fp = 1.014 %) was determined by
an in-house code based on processing of SEM images. The composition of the secondary phase was
defined by high angle annular dark field scanning TEM (HAADF STEM) (Fig. 3). Spectrum imaging by
electron energy loss spectroscopy (EELS) and X-ray energy dispersive spectroscopy (EDS) showed that
the secondary phase consisted of Ti, N and C. Further quantifications of the spectroscopy data
indicated that the secondary phase is Ti2NC. An electron diffraction pattern from a region covering
both TiB; and the secondary phase is shown in Fig. 3a. TiB, reflections are indexed by red Miller-Bravais
indices, while the face centred cubic (fcc) secondary phase is indexed by white Miller indices. The high-
resolution STEM image in Fig. 3b shows the orientational relationship between the TiB; and the
secondary phase. At the imaged interface, the [0001] and [10-10] directions of TiB, are parallel to the
[111] and [11-2] directions of the secondary phase. At the grain boundary interface, the (0001) plane
of TiB, faces the (111) plane of the secondary phase.
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Fig. 1 SEM image of TiB, microstructure showing the distribution of the secondary phase
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Fig. 2 Mis-orientation angles measured by EBSD for TiB, grains
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Fig. 3 (a) Electron diffraction pattern from a region covering both the TiB; and the secondary
phase. In (b) a high resolution HAADF STEM image from the interface between the TiB; and
the Ti2CN secondary phase are shown

Experimental observations related to diffusion mechanisms in TiB; reported a high fraction of oxygen
(0.8 wt%) in specimens exposed to sodium. The oxygen content was expected to be related to a
secondary titanium monoxide (TiO) phase, which also has a FCC crystal structure. It is hard to detect
such secondary phases by microscopy analysis. The multiscale model however, is well suited to
investigate the influence of such secondary phase.

From this analysis, two sets of simulations were defined. The first investigates the influence of TiB,
grains, and the second investigates the influence of secondary phases properties. We restrict these
simulations to dense material to exclude the influence of density. Ledbetter and Tanaka [7] estimated
the values of elastic modulus for full dense polycrystalline TiB, from the elastic constants of TiB; single
crystal measured by resonance ultrasound spectroscopy. The value of E=584.7 GPa obtained by
Ledbetter and Tanaka was higher than the value reported by Spoor et al. [8] (E=579 GPa) and the value
defined by Munro [1] for dense TiB, material (E=565 GPa). The increasing mass fraction of TiB; in the
specimen was found to increase the elastic modulus as reported by Munro [1] and Bucher et al [2].

3 Multiscale modelling

The multiscale modelling approach used here involves the finite elements model, crystal elasticity (CE)
model, and the density functional theory (DFT). Different RVEs representing different average grain



size and different properties of the secondary phase (treated here as grains with different orientations)
were generated and implemented in a FE model incorporating the anisotropic elastic response of the
constitute grains. The elastic constants of TiB, grains and the secondary phase grains were identified
by DFT. Brittle fracture is assumed in TiB; grains and in the secondary phase. An energy-based failure
criterion using the work of separation for the material interfaces has been identified using DFT [4, 9].
This criterion was implemented in the finite element model to determine tensile strength of the RVE.

3.1 Finite Element Model

Fig. 4 illustrates the finite element model of TiB, RVE and the periodic boundary conditions
representing tensile load. The FE model consists of a periodic RVE with 800 grains discretized by FE
method to account for the gradient of deformation in the grains. Each grain in the RVE was divided
into two sub-sets: the first contains the elements on the grain boundary, called "grain interface set",
while the second excludes the grain boundary elements from the grain set, called "inside grain set".
The grain interface set and the inside grain set have the same elastic properties and different fracture
properties. The secondary phase is represented by a set of elements randomly distributed on the grain
interfaces. Each element in the secondary phase set represents a grain randomly oriented. Tensile load
is applied on the RVE with respect to the periodicity conditions as illustrated in Fig. 4. The RVE has four
master nodes, which are referred to by full black circles. The master node 0 is fixed, the master node
1is subjected to a constant velocity in the tensile direction (x) and the master node 2 and 3 are free to
move in y direction and z direction respectively. The displacements of the nodes 1, 2 and 3 are zeroed
in'Y direction, Z direction and X direction respectively.

Periodic boundary conditions are applied to the nodes located on the faces of the RVE to ensure
periodicity in displacements and minimize constraint effects. The periodicity equations read:
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where a is a node located on a reference side of the RVE, b is a node located on the opposite side, v{*
and vib are the velocities of nodes a and b, respectively, le is the velocity of the reference node (1, 2
or 3) located on the same side as b, and vl-o is the velocity of the master node 0.
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Fig. 4 Representative volume element of TiB, microstructure used in the FE simulations



3.2 Material models

The response of TiB; grains and the response of the secondary phase are assumed to be elastic with
linear stress-strain relationship. The overall, or average, tensile stress state of the RVE is obtained by a
volume average of all stresses over all individual grains within the RVE:
ng
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The superscript T refers to TiB, grains and P refers to the secondary phase, f, is the volume fractions
of a grain g, n, is the number of grains, and g, is the Cauchy stress tensor. Cauchy stress tensor for
the individual grains is given:
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0y, is Cauchy stress for the integration points ip, fig = Vip/Vj are the volume fractions of integration
point ip in grain g, n;, is the number of integration point in the element e, and nf are the numbers of
elements in the grain g.

The Cauchy stress for each integration point is computed using hyper-elasticity model with polar
decomposition of the gradient of deformation: F¢ = R- U , where R is the initial crystallographic
orientation of the grain and U is the right elastic stretch tensor. The elastic deformation of each grain
is described in the local reference of the grain by the generated Hooke's law which accounts for the
three-dimensional anisotropic linear response to the applied stresses:

gy = Cljgj (1,] = 1, 2,3, ,6) (4)

a; and ¢; are the independent components of stress and strain and Cj; is the stiffness tensor. For the
hexagonal crystal system, five independent components (elastic constants) are needed to describe the
stiffness tensor:
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For the FCC crystal system, three independent components are needed:

Cii Cz Gy 0 0 0
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A fracture model derived from Griffith-like criterion for brittle materials [4, 9] is utilized in the FE
simulations to predict fracture initiation in the RVE. It assumes that fracture is initiated in an element
when the supplied stored energy of the element exceeds a critical threshold:

1
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The left-hand side is the elastic energy per unit length in which g;; and siej are the components of stress
and strain tensors, respectively, and A is the element area. The right-hand side is the critical threshold
representing the energy needed to separate a material interface into two free surfaces, where Wg,,, is

the work of separation [J/m?], and AL is the length of the element edge.

4 |dentification of material parameters

The values of single crystal elastic constants (SCEC) for TiB, and secondary phases, and the work of
separation W, are determined by DFT computation constructed using microscopic observations of
material microstructure (Section 2). The DFT calculations were performed using the Vienna Ab initio
simulation package (VASP) [10, 11]. The exchange-correlation contribution to the total energy was
approximated within the generalized gradient approximation (GGA) formalism using the Predew-
Burke-Ernzerhof (PBE) functional [12]. The energy cutoff was set to 415 eV, and the ion-electron was
described using the projector-augmented wave (PAW) method [13]. The Brillouin zone was sampled
by 2 X 6 X 1I' centred grid for TiB; grain boundaries and similar k-points density for the other
geometries.

The microscopic observations in Section 2 were used to construct the interface models and to select
the face direction of the interfaces. Three material interfaces were considered: TiB,-TiB, grain
interfaces, TiB,-TiO interface and TiB,-Ti,CN interface (see Fig. 5). For the TiB,-TiB; grain boundary, two
twin boundaries were constructed with 27.8° and 81.8° mis-orientation, respectively. The TiB,-TiO
interface was constructed such that the misfit between different materials systems was minimised,
while the TiB,-Ti,CN interface was constructed directly from the experimental observations in Fig. 3.
All atoms in the supercell could relax during structural optimization.
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Fig. 5 The interface models for TiB,-TiB; grain interfaces (with low and high boundary angles),
TiB,-TiO interface and TiB,-Ti>CN interface

SCEC determined by DFT are given in



. The values of SCEC obtained in the present work have higher value of C,, compared to value obtained
by Milman and Warren [14] (C;; = 656 GPa, C;, = 66 GPa, C;3 =98 GPa, C3;3 = 461GPa, and
C4s = 259 GPa). The SCEC measured by Ledbetter and Tanaka [7] (C;; = 645.4 GPa, C;, =
48.98 GPa, Ci3 = 95.25 GPa, C33 = 458.1GPa, and C,, = 262.6 GPa) have lower values of SCEC, in
particularly C;,, compared to both DFT in the present work and Milman and Warren [14].

Table 1 Single crystal elastic constants in [GPa] for TiB,, Ti,CN and TiO

Cl 1 C12 Cl 3 C3 3 C4-4

TiB> 656.9 65.8 102.5 453.4 261.2

Ti,CN 577.5 111.9 111.9 577.5 194.0

TiO 598.2 93.5 93.5 598.2 27.9

Error! Reference source not found. gives the values of W, determined by the DFT in the present
work. As can be observed, the initiation of microcrack inside the grain requires more energy compared
to the grain boundary. The low angle grain boundary has slightly lower W,,,, than the high angle grain
boundary. The W, for high angle grain boundary will be implemented in the FE simulations since the
mis-orientations in Fig. 2 are dominated by high-angle grain boundaries. The TiB,-TiO interface has
higher W, than the TiB>-Ti,CN interface.

Table 2 The work of separation W, [J/m?] obtained by DFT for the microstructure interfaces

TiB,-TiO TiB,-Ti,CN | TiB; high-angle TiB, low-angle | inside TiB;
grain boundary | grain boundary grains
8.03 7.40 6.26 6.20 8.75
5 Results

5.1 Influence of average grain size

Four RVEs representing 4 virtual TiB, specimens with different average grain sizes (d;5,=2, 7, 10, and
15 um) were generated. Each RVE consists of 800 grains having random orientations. The same set of
random orientations was used in all RVEs. The size of the different RVEs were adjusted to obtain the
same number of grains with respect to the associated grain size. The boundary conditions described in
Fig. 4 were applied to all RVEs.

Two series of CE-FE simulations were performed to evaluate the effect of the SCEC on elastic modulus
and tensile strength. The first serial implements the SCEC identified in the present work, while the
second serial implements the SCEC by Milman and Warren [14]. The elastic modulus (E) and tensile
strength (o) for the different RVEs were extracted. As expected, the grain size of TiB; has negligible
effect on E. The elastic modulus obtained by CE-FE simulations with the SCEC of the present work is
619 + 1.4 GPa, where the standard deviation (+1.4) represents the effect of the grain size. The elastic
modulus obtained by CE-FEM with the SCEC of Milman and Warren was 595.6 + 1.4 GPa. The
difference between the two values of E represent the sensitivity of E to the SCEC. Ledbetter et Tanaka
[7] found lower value of E ( 584.7 GPa) determined from SCEC using a Voigt-Reuss-Hill approach [15].
It should be noticed here that Ledbetter and Tanaka has lower values of SCEC compared to SCEC
obtained by DFT computations (see Section 4).

Tensile strength for the different RVEs is given in



. As can be observed, FE simulations with DFT identification of W, overestimate the tensile strength
compared to tensile strength typically used for TiB,. This can be explained by the fact that DFT
calculations are performed on idealised atomistic models without microstructural defects, while such
defects are highly present in reality and reduces the energy required for fracture initiation. CE-FE
simulations however predict the increase of o with the decrease of average grain size. A similar
influence of the grain size on flexural fracture was reported in the review of Munro [1].

Table 3 Tensile strength by CE-FE simulations with the DFT identification of W,

driga (M) 2.0 7.0 100 150
or[MPa] 3381 1930 1617 1305

The CE-FE simulations predict the initiation of the microcrack in the elements on TiB; grain boundary.
This can be explained by the energy based criterion (Equation (1)). As illustrated in Fig. 6,
heterogeneous distribution of the elastic energy densities (left-hand side of Equation (1)) is obtained
by CE-FE simulations due to the gradient of deformation related to the differences between
neighbouring grain orientations. The element on TiB; grains interface emit higher energy density than
the elements inside the grains. In the case of the RVE with 2um grain size, the energy required to
initiate microcrack in an element inside the grain (right hand side of Equation (1)) is 3.5 X 1073 J/m,
while the energy density requested to initiate microcrack in an element on the grain boundary is
2.5 X 1073 J/m. As can be observed in Fig. 6, the fracture criterion is shown in the most deformed
elements on the grain boundary.

SDV1 x 10° J/m SDV1 x 10% J/m

+ - +1.907a-06
+2.2828 +1.7320-06
+1,9666-06 +1.557e-06
+1.6490- 06 +1.382a-06
+1.333e- +1.207e-06
+1. +

Fig. 6 Distribution of elastic energy densities inside the grains (right) and on the grain interfaces
(left)

5.2 Influence of the properties of the secondary phases

CE-FE simulations were performed on three RVEs. The first RVE contains 800 TiB, grains with average
grain size of 2 um. The second RVE contains 800 TiB; grains with average grain size of 2 um and 1 % of
secondary phase Ti>CN, randomly distributed on TiB; grain boundaries. The third contains 800 TiB;
grains with an average grain size of 2 um and 1 % of the secondary phase TiO randomly distributed on
TiB; grain boundaries. Random orientations are associated to the TiB,, Ti,CN and TiO grains. The same
set of random orientations were used in all RVEs. The SCEC and W,,,, identified by DFT for TiB,, Ti.CN
and TiO have been implemented.

The elastic modulus and tensile strength were extracted for all RVEs and represented in Error!
Reference source not found.. As can be observed, both secondary phases reduce the elastic modulus
and tensile strength. This is consistent with the experimental observation in the review of Munro [1].



However, the reduction of the elastic modulus is found to be dependent on the properties of the
secondary phases. The lowest elastic modulus is associated to TiB,-TiO RVE. CE-FEM with DFT
identification of W, overestimates the tensile strength for the different RVEs. As explained above,
this results from the assumption of perfect interface in the DFT calculations.

Table 4 The elastic modulus (E) and tensile strength (o) predicted by CE-FE simulations

RVE TiB, TiB,-TiO  TiB,-TixCN
E (GPa) 619 612.2 614.3
o (MPa) 3381 2750 3300

The distribution of the elastic energy densities (left-hand side of Equation (7)) in the TiB,-TiO RVE is
given in Fig. 7 at the moment of microcrack initiation. The energy density required to initiate a
microcrack inside a TiB; grain (right hand side of Equation (1)) is 3.5 X 1073 J/m, while the energy
densities required for crack initiation in TiB, grain boundary and TiB,-TiO interface are respectively
2.5 x 1073 J/mand 3.3 x 1073 J/m. CE-FEM predicts the initiation of the microcrack in elements on
TiB; grain boundary close to TiO. The TiO increases the gradient of deformation in the elements on the
grain boundary where highest energy density is observed. The fracture is initiated in TiB,-TiO RVE at
lower tensile stress than TiB,-TiCN RVE (Error! Reference source not found.). This is explained by the
difference between the material properties of TiO and the material properties of Ti,CN (see

and Error! Reference source not found.).

Fig. 7

SDV1 SDVL 3 SDV1
x 10% J/m X107 J/m X 103 J/m
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+1.023e-06 +9.415e-07 +5.704e-07
+6.499e-07 +7.243e-07 +4'227E'07
+2.762e-07 +5.070e-07 +2.751e-07

Distribution of elastic energy densities on the TiB, grain interfaces (left), inside TiB, grains

(middle) and in the secondary phase TiO (right)

6 Discussion and Conclusion

A sequential method was used to investigate the influences of material parameters identified at
different scales (atomic, grain and phase) on elastic and fracture properties of titanium diboride. FE
simulations incorporating CE model were performed on different RVEs of TiB, material. Single crystal
elastic constants and fracture parameters were identified by DFT computations.



The DFT calculations in the present work predicted higher values of SCEC than the values measured by
Ledbetter and Tanaka (2009). This increased the value of elastic modulus compared to the value
estimated by Ledbetter and Tanaka. The fracture parameters identified by DFT overestimated the
fracture strength. The work of separation is determined by DFT assuming perfect interface while the
real material includes microstructural defects that reduce the energy necessary for initiation and
propagation of microcrack. These defects should be considered in the calibration procedure of the
work of separation.

CE-FE simulations of TiB, RVE with 1 % of secondary phase TiO indicate a reduction in the elastic
modulus and tensile strength compared to full dense TiB; material. The elastic modulus and fracture
strength predicated by CE-FE simulations depend on the properties of the secondary phase. Elastic
modulus and tensile strength for TiB,-TiO RVE are lower than elastic modulus and tensile strength for
TiB,-Ti,CN RVE. The microcracks in the CE-FE simulations are initiated in the elements on the TiB; grain
interface due to the gradient of deformation. The secondary phase TiO increased the gradient of
deformation in the elements on the grain boundary due to the difference between TiB, properties and
TiO secondary phase properties.

Based on CE-FE simulations, TiB, material with refined grain size is recommended for increased
fracture strength. It is also suggested to consider the properties of the secondary phase during the
assessment of mechanical properties of TiB,. With enhanced identification of fracture parameters, the
CE-FE simulations can be recommended as an optimization tool to define the tolerance range of
microstructure features such as fraction and properties of secondary phase, grain size, crystallographic
texture and TiB; bulk density.
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