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Abstract: X-ray diffraction analysis studies the formation of a stress-strain state of single-crystal composites LaB6-TiB2 obtained under 
identical conditions by crucible-free float zone melting (FZM). The composites were obtained using monocrystalline LaB6 substrate seeds 
with <100>, <110> and <111> orientations. It is shown that indentation-induced deformation in the composite materials obtained by FZM 
is distinct from the deformation expected in their equilibrium state. This difference arises in part from residual thermal strains in both phases 
of the composites in a FZM -grown state. Interplay between residual thermal deformations and external mechanical deformation results in a 
complex distribution of dilatational strain in the LaB6 matrix and TiB2 fibers and differs in composites of different orientations. Reversal sign 
of the stress-strain state (e.g., alternating tensile/compressive/tensile in central part of the cross-section area) is observed predominantly in 
the matrix LAB6 and the TiB2 fibers of the composite with the orientation <111>. In the composite with the orientation <100>, this change in 
the deformation sign was not observed. The size and spread of cracks after indentation-induced deformation shows a decrease in 
microhardness in FZM -grown composites of <111> significantly more (40%) than in composites with a orientation of <100> (10%) 
compared with an equilibrium state. 
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1.  Introduction 
 

Progress of the technologies for receiving composite materials 
by directionally solidification including floating zone method 
(FZM) allowed significantly improved the mechanical properties of 
single crystals and composites [1-4]. The FZM process are 
characterized by significant temperature gradients along and 
perpendicular to the direction of movement of the melting zone and 
cause residual stresses (RS) in the matrix and fibers of composite. 
Previous studies [4,8 -10] also show that the strength and plasticity 
of the directionally solidified LaB6–MeB2 (Me–Ti, Zr, Hf) eutectics 
depends on the crystallographic orientation of the matrix phase 
(LaB6). On the mechanical characteristics of composites with a 
reinforcing phase in the form of fibers, the decisive influence is the 
interface boundary, that is, the strength of the adhesion of fibers 
with the matrix. Under the interface boundary in this case, it is 
understood not only the geometric [5] surface of the separation 
between fibers and the matrix, but also adjacent to it areas, which 
are affected by the influence of physicochemical and 
thermomechanical processes occurring in the stages of formation of 
the composite. 

It is believed [11] that for the mechanical characteristics of 
composites with a reinforcing phase in the form of fibers, the 
decisive influence is the interface boundary, that is, the strength of 
the adhesion of fibers with the matrix. Under the interface boundary 
in this case, it is understood not only the geometric surface of the 
separation between fibers and the matrix, but also adjacent to it 
areas, which are affected by the physicochemical and 
thermomechanical processes occurring at the composites stages 
formation. The morphology of the phases formed during the FZM 
depends on a number of factors, but the most important is the ratio 
of the rate of their origin and growth, which in turn depends to a 
large extent on the thermal conditions and the supercooling at the 
crystallization front. Under the interface boundary in this case, it is 
understood not only the geometric surface of the separation between 
fibers and the matrix, but also adjacent to it areas, which are 
affected by the physicochemical and thermomechanical processes 
occurring at the composites stages formation.  

The technological experimental parameters of the FZM process: 
the velocity of the melting zone, the temperature gradient values, 
the shape of the crystallization front provides conditions for the 
formation of nucleus (nucleation) of different orientations. Growth 
of grains with crystallographic orientation [001] according to the 
model [12] there is an advantage, since they occur at the slightest 

supercooling. Under the same conditions of crystallization, 
composites with different orientations of the seeds will have 
different conditions in terms of the competitive growth of the 
nucleus at the crystallization front. As a result of the directionally 
FZM method the thermal RS occur in both phases and are described 
by the stress tensor [13]. With a uniform action of external forces, 
internal stresses are described by a symmetrical stress tensor with 
only diagonal terms. The non-coincidence of the directions of 
preferential growth and the maximum temperature gradient leads to 
the fact that the stress tensor becomes asymmetric, i.e. shear, 
tangential stresses are present in the material. The sign of the acting 
force (RS) on the environment on the composite side is opposite to 
the sign of the external force (temperature gradient) acting on the 
composite. 

The RS sign determines their effect on fracture propagation 
with an additional mechanical effect on the composite. Investigation 
the crack spread under the indent is the main testing in LaB6-based 
ceramics to characterize a stress-strain state [9, 14-17]. Internal RS 
measurements have already been performed in ceramic eutectics 
using either X-ray or neutron [9, 17–21] diffraction techniques.  

The aim of the experiment was to establish the interrelation 
between cracks propagation and stress-strain state of LaB6-TiB2 
composites obtained on the seeds with different orientations by the 
FZM method. 

 
2. Experimental procedure  
 
The LaB6 and TiB2 powders (purity 98 wt. % , average grain 

size 1 μm, Reaktiv Co Donetsk, Ukraine) were mixed in the 
eutectic, 89 wt. % LaB6 and 11 wt. % TiB2, composition. In order to 
assist the purification of the starting powder mixture during 
crucible-free FZM, 2 vol. % amorphous boron (purity 99.8 wt%, 
particle size 0.5 μm, Reaktiv Co Donetsk, Ukraine) powders was 
admixed. 15 ml of a 2.5 wt% polyvinyl alcohol aqueous solution 
was used as binder per 100 g of powder mixture. After mixing by 
10 times manual wet sieving through a 100 μm mesh sieve, the 
dried powder mixture was sieve granulated (1000 mm mesh) and 
uniaxial pressed in a hydraulic press at 100 MPa in a steel 
cylindrical mold with a working cavity diameter of 10 mm and 
length of 145 mm. Directionally reinforced LaB6–TiB2 composites 
were obtained by the original floating zone method, developed at 
the National Technical University of Ukraine (NTUU “Igor 
Sikorsky KPI”). FZM was performed at a speed of 3 mm/min in the 
"Crystal 206"(Russia) induction equipment in a 0.1 MPa helium 
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environment using single crystal LaB6 substrate seeds with <100>, 
<110> and <111> orientations. 5-6 samples for studies were cut 
perpendicular to the axis of the central part of each cylindrical 
crystal. The disks (d = 8 mm, h = 6-8 mm) were polished with 
diamond suspensions of 15 and 3 µm. Microstructure investigation 
of the composites was performed by scanning electron microscopy 
(PEM 106I). X-ray diffraction investigations were produced on a 
XRD diffractometer (Ultima IV, Rigaku, Japan) using CuKα 
radiation, a 2Θ step size of 0.02° and measuring time of 2s/step. The 
RS in different planes were determined by the sin2Θ method. To 
reduce the error in the determination of RS (up to <20-25%) 
measurements were made on ~10 different sample regions and with 
their inclination in opposite directions. The microhardness was 
measured by Vickers pyramidal indentation (MHV-1000 
microhardness tester with time exposure 15 s, and averaging 7 
measurements under a load of 30N. The fracture toughness on the 
transverse cross-section was computed from the Vickers hardness, 
using the expression proposed by Evans and Charles for Palmqvist 
cracks [22]. 

 
3. Results and discussion  
 
The distribution of intensity on “Θ-2Θ” X-ray diffraction 

patterns and pole figures for different LaB6-TiB2 composites is 
shown on fig 1. For composites of all orientations there are reflexes 
for the matrix phase (LaB6) and fibers (TiB2) (Fig 1 a, c, e). The 
content of the matrix phase is ~ 87-89 wt.% and the fibers are ~ 11-
13 wt.%. A significant number of reflexes are observed on the pole 
figures (Fig. 1 b, d, f) of samples for all orientations. Reflexes with 
a high intensity in accordance with their positions allow one to 
determine the preferential orientation of the samples, which repeats 
the orientation of the substrates. The symmetry of fourth-order for 
the high intensity reflexes is observed in composite produced on a 
substrate <100>, and for composites on substrates <110> and 
<111> there are the second and third orders, respectively. The total 
intensity of polycrystalline reflexes at the pole figures FZM-grown 
composites allow us to estimate their volume in ~8-20%. The 
volume of polycrystalline components of composites depends on 
the orientation of the substrate and can be reduced during annealing 
of composites [21]. Polycrystalline constituents of composites are 
represented on “Θ-2Θ” diffraction patterns (Fig. 1a, c, e) as 
additional to single-crystal reflexes. 
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a,b – <100>; c, d – <110>; e, f – <111> 
Fig 1. «θ−2θ» X-ray diffractograms and pole figures 

matrix components LaB6 of composite LaB6-TiB2 

The significant temperature gradients and difference in the 
coefficients of thermal expansion leads to the fact that when cooled 
sintered by FZM composites from temperatures below which the 
phases cannot be plastically deformed, there is the formation of 
internal stresses around not only a fibers interface with a larger 
coefficient of thermal expansion (CTE) compared with the matrix 
but in the matrix and the fibers. The coefficient of thermal 
expansion matrix phase LaB6 is ~6 10-6 K-1 [23] and for TiB2 in c-
axis is ~ 9.3 10-6 K-1 and in a-axis is ~ 6.35 10-6 K-1 [24]. In the 
equilibrium state LaB6-TiB2 composites have only interfacial 
stresses to which at FZM in conditions of significant temperature 
gradients added residual macrostresses in the composites 
components. 

The orientation of the seed during the formation of composite 
materials is also main key factors shaping the residual stresses after 
FZM. On the Fig. 2 [6] shown the distribution of residual stresses in 
cross-sections of crystals obtained with different moving speed with 
orientations of the axes <111> and <100> having symmetries of 3 
and 4 orders respectively. 

 
Fig. 2. Cylindrical stress components σrr (middle) and σrφ 

(bottom) on the crystallization interface of FZM crystals with 
<100> (a, c) and <111> (b, d) orientation and a growth rate of 2.5 
mm/min  

 
For the orientation of crystals <100>, the lateral surface of the 

cross sections is in a tensile state while the central part is 
compressed, which corresponds to a negative value of the shift on 
the X-ray diffraction patterns. As the crystallization rate decreases, 
absolute values of residual stresses decrease. The change in the sign 
of the stresses from the center to the lateral surface is symmetrical 
and occurs uniformly for any radial direction. In crystals with 
orientation <111>, a change in the sign of RS along the 
circumference is observed. As the rate of crystallization decreases, 
the absolute values of the residual stresses decrease, but the change 
in the stress sign remains, albeit in a smaller region of the material. 
The distribution of RS (Fig. 2) in the cross section of single crystals 
is related to the mutual position of the sliding planes, the direction 
of preferential growth and the temperature gradient at the 
crystallization front. 

 On the X-ray diffraction patterns, this is manifested in a change 
in the displacement of the reflexes when the slope of the sample is 
changed, which is used in the “sin2ψ” method (Fig.3). The leading 
parameter in analyzing the characteristics of growth is the growth 
rate. Each type of plane grows at a certain speed. The growth rate is 
directly proportional to the number of atoms forming the plane, and 
is calculated as the ratio of the number of atoms entering the plane 
to the area of the plane, that is, determined by the reticular density. 
For La atoms, the relative reticular density of the different planes is: 
{100}: {110}: {111} as 1: 0.707: 0.650. 

In Fig.3, for disk samples of composites {100} (Fig.3a) and 
{111} (Fig.3b), the change of the RS in different planes is shown. 
Differences in the RS values significantly exceed the measurement 
error. In composites {100} a different level of compressing RS is 
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observed in different planes and for all planes in the cross-section 
are dominated by compression stresses. In the composite {111}, not 
only different levels of RS are observed in the planes, but also 
different signs of these RS. It is very important to note that in the 
matrix phase of the composite in different directions, a different 
sign is formed. The complex-stress state is characteristic for 
composites obtained by FZM process. 

 

 
a                                                                 

 
b 
 

Fig 3. The residual macrostresses in various planes of the 
matrix phase of the composites <100> (a) and <111> (b), which 
are determined by the sin2ψ method on the transverse sections of 
the samples 

 
The residual stresses significantly affect the mechanical 

behavior of the material. Concerning the crack propagation modes, 
tensile stresses within a phase will act in favor of transverse crack 
propagation in this phase, whereas a normal tensile stress on the 
phase boundaries will help the interface crack propagation [9, 14-
17]. Interplay between RS and external mechanical deformation 
(indentation of a pyramid) results in a complex distribution of 
dilatational strain in the LaB6 matrix and TiB2 fibers and differs in 
composites of different orientations. This interaction is manifested 
in the peculiarities of the propagation of cracks. In Fig.4 shows the 
microstructures of composites with pyramid indentation obtained on 
substrates with orientations of {100}, {110} and {111}. Common 
for cracks in composites of all orientations due to the indentation of 
the pyramid is their formation and stopping in the matrix phase, 
enveloping the reinforcing fibers and not penetrating the matrix-
fiber interface. The peculiarities of the appearance of cracks in 
composites of different orientations are the regions of generation 
and the directions of their propagation relative to the diagonals of 
the indentation. In the {100} composites cracks originate from the 
tops of indentation area and extend in the direction of their 
diagonals, corresponding to the places and directions of the 
maximum load (Fig.4a). The microstructure of the {111} composite 
in the region of the indentation with cracks is shown in Fig.4b. In 
the area of indentation, we can distinguish several grains that easily 
differ in the position of the fibers in them (Fig.4c). Cracks are 

generated and propagated in any direction relative to the maximum 
load (diagonals of the indentation) and the melting direction of the 
zone.  

  
a b 

 

 
c d 

 
Fig 4. Typical microstructures indentations (a, b, d) in 

composites with orientations <111> (a), <110> (b), <100> (d) and 
scheme grains structure in composite <111> (c); directions of 
cracks propagation (blue lines) and diagonals indentations (green 
lines), AB - direction of the maximum temperature gradient 

The distribution of cracks indicates the existence of regions 
with a lighter and more difficult motion in the matrix phase. In 
composites with these orientations, RS of different signs were 
found, which leads to the formation of a complex stress state. The 
measurement of the crack length after Vickers indentation (tab. 1) 
shows very strong anisotropy for single crystals with different 
direction of crystallization.  

Table 1 – Anisotropy crack length in the single crystals LaB6-
TiB2 composite after FZM 

Direction of crystallization <100> <110> <111> 

Anisotropy of crack length, % 7.8 29.7 41.5 

 

To the anisotropy of the coupling of the atoms of lanthanum and 
boron in the matrix LaB6 and taking the interaction between the 
matrix and the fibers is added to the complex stress-strain state 
arising as a result of FZM process. 

 
4. Conclusions  
 
In ceramic composites produced by FZM, residual stresses are 

formed, which determine their crack resistance. In the cross sections 
of composites obtained in seedlings with different reticular 
densities, different residual stresses are observed not only in 
magnitude but also in sign. When using the seed {111}, the matrix 
phase of the composite is in a complex stressed state with an 
inhomogeneous distribution of residual compressive and tensile 
stresses. The larger the reticular density, the greater the rate of 
equilibrium crystallization and the more homogeneous RS are 
observed. Conversely, the smaller the reticular density, the lower 
the rate of equilibrium crystallization and the more complex the 
stress state is formed in the composites. The same rate of 
crystallization of composites of different orientations occurs with 
different supercooling and bending at the crystallization front. The 
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deviation of the direction of the preferential growth of the crystal 
from the maximum temperature gradient leads to additional 
deformations of the composites. 
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