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Abstract

Self-diffusion studies of Ti and Cr were carried out in a two-phase ceramic compound with nominal composition

(Ti0.3W0.5Cr0.2)B2, which is a model system for the development of in situ reinforced boride ceramics, via precipitation of a super-
saturated host matrix. In the temperature interval 1000 �C4T41400 �C, the diffusivities were determined with secondary ion mass
spectrometry (SIMS) using co-implanted and simultaneously diffusing stable 49Ti and 54Cr isotopes. This procedure minimizes

systematic errors, reduces experimental time, and enables a direct comparison of the results. The two- phase nature of the material
is directly reflected in non-uniform Cr depth profiles, while for Ti, uniform depth profiles indicate nearly the same diffusivities in
both phases. The diffusivities of both elements obey an Arrhenius behaviour with activation enthalpies of �H Ti=3.1 eV and

�HCr=3.3 eV, respectively, and very low pre-exponential factors of about D0
Ti=1�10�9 m2/s and D0

Cr=6�10�8 m2/s, which is a
hint that no simple vacancy mechanism is operating in the material. The experimental results also suggest that the growth of the
precipitates at 1600 �C is controlled by the volume diffusion of Cr and Ti.
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1. Introduction

A variety of phases of the quasiternary system TiB2–
WB2–CrB2 are distinguished by large temperature
dependent homogeneity ranges which are bordered by
immiscibility gaps.1,2 This peculiarity enables the tai-
lored de-mixing of a supersaturated host matrix, leading
to the formation of tungsten rich precipitates embedded
in a (TiWCr)B2 matrix. Under certain conditions, the
precipitates may form elongated particles with a high
aspect ratio.1 These particles are well suited to improve
the toughness and the creep resistance of the ceramic by
in situ reinforcement of ceramic hard materials.1,3

For the production of reinforced ceramics it is of
importance to understand and to quantitatively describe

the diffusion controlled changes in the microstructure
occurring during precipitation and grain growth. The
knowledge of the material transport mechanisms offers
new ways to optimise microstructures and, consequently
materials properties. Up to now, almost nothing is
known on the atomic transport properties of these
materials.
Quantitative investigations of atomic transport prop-

erties are commonly carried out by measuring the tracer
diffusivities of the constituent elements. Because of the
relatively low diffusivities in these materials, high spatial
resolution in depth profiling is necessary. Thus, the dif-
fusion measurements were performed with ion implan-
ted stable isotopes as tracers and secondary ion mass
spectrometry (SIMS). To obtain the temperature
dependent diffusivities for all the elements which might
contribute to the kinetic behaviour of the system, a
large number of single diffusion experiments would be
necessary. Therefore, we chose to co-implant and
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simultaneously diffuse the respective isotopes in order to
determine diffusivities in the same sample in one
experiment only and in one SIMS analysis, as well. This
method has the advantage that the experimental errors
are minimized, that the experimental time is sig-
nificantly reduced, and that a direct comparison of the
results is possible.
As a starting point for first investigations, a ceramic

material with nominal composition (Ti0.3W0.5Cr0.2)B2
was used, showing good conditions for the growth of
reinforcing platelets,4 as only two phases are present,
making the system under investigation not too complex.

2. Experimental procedure

The samples were produced by reaction sintering of
high-energy milled powders of TiB2, ‘‘WB2’’, and CrB2
(H. C. STARCK, Germany) containing less than 1
wt.% of impurities. The reaction sintering process was
carried out in a uniaxial hot press (die material: gra-
phite) under a pressure of 60 MPa at 1800 �C for 30 min
under argon atmosphere. Afterwards, the specimens
were homogenized at 2000 �C for 8 h at ambient pres-
sure and subsequently annealed for 6 h at 1600 �C in
order to obtain de-mixing and precipitation. The sam-
ples were further examined by X-ray diffraction (XRD),
secondary electron microscopy (SEM) and electron
beam micro analysis (EPMA/EDX) in order to char-
acterize phase content and microstructure.
For the diffusion measurements small platelets (about

8�8�2 mm3) were cut from the interior of the hot
pressed samples, polished with diamond paste and
cleaned with ethanol. The so prepared samples were
implanted with a mass separated and scanned 54Cr+-ion
beam of 50 keV with a dose of 5�1015 ions/cm2 at room
temperature and afterwards with a 49Ti+-ion beam at
the same energy with a dose of 1�1016 ions/cm2. After
tracer deposition, the implanted samples were diffusion
annealed in the temperature range between 1000 and
1400 �C in argon atmosphere (1 bar) for times between
1 and 5 h. Tracer depth profiles (implantation and dif-
fusion profiles) were measured by secondary ion mass
spectrometry (VG SIMS-Lab), using a scanned O2

+-ion
primary beam (7 keV, 200 nA), detecting simulta-
neously 49Ti+ and 54Cr+ ions with a quadrupole mass
spectrometer. Depth calibration was obtained by mea-
suring the crater depth with a surface profilometer
(Alphastep 500, TENCOR), assuming a constant sput-
ter rate.

3. Results and discussion

XRD, REM and EDXmeasurements revealed that the
samples with nominal composition (Ti0.3W0.5Cr0.2)B2 are

separated into two phases (see Figs. 1 and 2). The matrix
phase has TiB2 structure (space group: P6/mmm) forming
Ti, Cr, W solid solutions with approximate composition
(Ti0.4W0.3Cr0.3)B2. The second phase is a W-rich pre-
cipitation phase with W2B5 structure (space group: P63/
mmc) showing a platelet-like habitus with a diameter of
5–10 mm and a thickness of only 0.5 mm. The precipitation
phase exhibits a composition of (Ti0.03W0.92Cr0.05)B2 with
a phase content of about 20–30%.
In Figs. 3 and 4 typical depth profiles of 49Ti and of

54Cr in (Ti0.3W0.5Cr0.2)B2 are displayed before and after
annealing for various times and temperatures. The dif-
fusion profiles of 49Ti show a uniform broadening of the
nearly Gaussian implantation profile. The diffusivities D
are obtained from the diffusion profiles by least-square

Fig. 1. SEM image of a two phase ceramic with nominal composition

(Ti0.3W0.5Cr0.2)B2, showing the solid solution matrix with an averaged

composition of (Ti0.4W0.3Cr0.3)B2 (grey) and the platelet-like pre-

cipitates with a composition of (Ti0.03W0.92Cr0.05)B2 (white). The black

regions are pores.

Fig. 2. X-ray diffractogram (CoKa radiation) of a (Ti0.3W0.5Cr0.2)B2
ceramic. The identified phases are: the matrix phase with TiB2 structure

(diamond) and the precipitation phase with W2B5 structure (circle).
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fitting the data to the following solution of Fick’s
second law5:

c x; tð Þ ¼
Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� �Rp 2 þ 2Dt
� �q exp �

x� Rp
� �2

2�Rp 2 þ 4Dt

 !
;

where c is the tracer concentration, t the diffusion time,
A the implanted dose, Rp the projected range and �Rp
the standard deviation of the implantation profile.
On the contrary, the 54Cr depth profiles show two

regions with different profile broadening (see Fig. 4).
For the determination of the diffusivities the 54Cr pro-
files were fitted in each region separately by a Gaussian
profile. In region A, no broadening of the diffusion
profiles is measurable with increasing temperature
within errors. A nearly constant value of about 20�4
nm is obtained for all annealed samples. In region B,
however, appreciable profile broadening occurs as a
function of temperature.

Since the microstructural analysis revealed that the
sample with nominal composition (Ti0.3W0.5Cr0.2)B2 is
separated in the two crystallographic phases with com-
position (Ti0.4W0.3Cr0.3)B2 and (Ti0.03W0.92Cr0.05)B2,
which might have different diffusivities, the obtained
isotope depth profiles have to be interpreted in that
context. For the case of Ti diffusion, the observed uni-
form depth profiles indicate a comparable size of the
diffusivities in both phases. This leads to an effective
diffusivity of the two-phase material describing the
overall diffusion behaviour. In contrast, the two regions
A and B observed for the Cr depth profiles can be
explained with the assumption that the two crystal-
lographic phases have different diffusivities at a given
temperature. Region B reflects the diffusion in the phase
with the higher diffusivity which is responsible for the
long range atomic transport in the material. Region A
represents the other phase whose diffusivities are con-
siderably lower, at least smaller than 1�10�20 m2/s at
1100 �C. A further analysis of region A is not possible
due to insufficient profile broadening and overlapping
with the profile of region B. From numerical integration
of the fitting profiles in each region we can approxi-
mately determine the amount of diffused tracer present
in each phase. A ratio of about 3:1 is obtained within
errors, which corresponds well to the phase content of
both phases in the sample (70–80% matrix phase and
20–30% precipitation phase), as determined by X-ray
diffractometry. From these findings we assume that the
phase with the lower diffusivities is the precipitation
phase (Ti0.03W0.92Cr0.05)B2 and that with the larger dif-
fusivities is the matrix phase (Ti0.4W0.3Cr0.3)B2. For a
better understanding, the diffusion process in the two-
phase material is illustrated schematically in Fig. 5.

Fig. 3. 49Ti isotope depth profiles for ion-implanted polycrystalline

(Ti0.3W0.5Cr0.2)B2 ceramics before and after annealing at different tem-

peratures. For the sake of clarity, the natural background is subtracted.

Fig. 4. 54Cr isotope depth profiles for ion-implanted polycrystalline

(Ti0.3W0.5Cr0.2)B2 ceramics before and after annealing at different tem-

peratures. For the sake of clarity, the natural background is subtracted.

Fig. 5. Schematic illustration of the diffusion process in the two-phase

ceramic (Ti0.3W0.5Cr0.2)B2 for the tracers a) Ti and b) Cr. The matrix

phase (Ti0.4W0.3Cr0.3)B2 is displayed in white, the precipitation phase

(Ti0.03W0.92Cr0.05)B2 in grey and the penetration of the diffusion front

is hatched. The isotope depth profiles are also sketched for illustration.
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Fig. 6 shows the self-diffusivities of 49Ti and 54Cr in
(Ti0.3W0.5Cr0.2)B2 as a function of reciprocal tempera-
ture as obtained from the depth profiles of Ti and from
the depth profiles of Cr in region B. The diffusivities for
both elements can be described by an Arrhenius relation
within the temperature range from 1100 �C to 1400 �C
according to

D ¼ D0exp �
�H

kT

� �	 


were D0 denotes the pre-exponential factor, �H the
activation enthalpy and k the Boltzmann constant. The
activation enthalpies are determined as �HTi=3.1�0.5
eV and �HCr=3.3�0.5 eV, respectively, and the pre-
exponential factors are D0

Ti=1.1�10�9 m2/s and
D0
Cr=6.4�10�8 m2/s. The Ti diffusivities are about 1
order of magnitude smaller than those of Cr in the
whole temperature range investigated.
The diffusion of both elements is relatively slow

considering the melting temperature Tm of the ceramic
material of about 2000–2100 �C.1 An extrapolation of
the data to Tm yields diffusivities of about 10

�15–10�16

m2/s, which is more typical for semiconductors than
for metals6 and reflects the influence of covalent
bonding in these materials. For the empirical ratio
�H/Tm we obtain values of 1.4�10

�3 eV/K which is,
however, in fair agreement with typical values of
1.5�10�3 eV/K obtained for metals.6 This shows that
the activation enthalpy is not anomalously low in
these materials. In contrast, the pre-exponential fac-
tors D0 in the order of 10

�9 – 0�8 m2/s are extremely
low as compared with those commonly found for
self-diffusion in metals (typically 10�4–10�6 m2/s)6.
Using the relation D0=fa

2 �0 exp(�S/k), where f	1
is the correlation factor, a	0.3 nm the jump distance,

and �o	10
13 1/s the effective attempt frequency, the

entropy of diffusion �S can be calculated. Hence a
negative entropy of diffusion of �S=�6.8 k for Ti
and of �S=�2.8 k for Cr is derived, which is the
reason for the small diffusivities. This might be a hint
that no simple vacancy mechanism is operating in the
material.
The diffusion lengths d ¼ 2

ffiffiffiffiffiffi
Dt

p
at 1600 �C, the tem-

perature where the de-mixing of the ceramic was carried
out, are determined by linear extrapolation of the mea-
sured diffusivities to about dTi=0.8 mm and dCr=2 mm,
respectively, for an annealing time of 6 h. This is in the
same order of magnitude as the radius of the pre-
cipitates of about 2–5 mm and the average distance
between the precipitates of about 5 mm (see Fig. 1).
Assuming a diffusion controlled growth of the pre-
cipitates, the volume diffusivities of Cr and Ti might be
the determining kinetic parameter for the formation of
the platelets.

4. Conclusion

From self-diffusion studies of the elements Ti and Cr
in a two-phase ceramic of nominal composition
(Ti0.3W0.5Cr0.2)B2 the following conclusions can be
drawn: the tracer depth profiles for the Cr isotope
showed that the presence of two crystallographic phases
is reflected directly in the diffusion behaviour. The
observed non-uniform depth profiles indicate that the
Cr diffusivities in the two phases are different by at least
a factor of 10. A quantitative analysis was possible only
for the fast diffusing phase, which is identified as the
matrix phase (Ti0.4W0.3Cr0.3)B2. In contrast, for Ti the
diffusivities of both phases are of comparable volume,
leading to uniformly distributed isotope profiles and an
effective mean diffusion coefficient. The obtained diffu-
sivities obey an Arrhenius behaviour with activation
enthalpies of �HTi=3.1 eV and �HCr=3.3 eV and
very low pre-exponential factors of about D0

Ti=1�10�9

m2/s and D0
Cr=6�10�8 m2/s, corresponding to a nega-

tive entropy of diffusion. This might be a hint that no
simple vacancy mechanism is operating in the material.
The experimental results are in agreement with a model
which describes the formation of the precipitates at
1600 �C as a growth process controlled by the diffusiv-
ities of Cr and Ti.
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Fig. 6. Diffusivities of 49Ti and 54Cr in polycrystalline

(Ti0.3W0.5Cr0.2)B2 as a function of reciprocal temperature.
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