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NOMENCLATURE 

D diffusion coefficient, m V 
D|. diffusion coefficient in direction parallel to 

crystallographic axis c, mV1 

Dj.0 diffusion coefficient in direction perpendicular 
to crystallographic axis c, mV1 

P0 oxygen partial pressure, Pa 
rcat radius of cation, run 
rchan radius of channel, nm 
Meri impurity cation in a normal lattice site 
V'o oxygen vacancy 
Oxo oxygen atoms in a normal lattice site 
Tix

Tj titanium cation in a normal lattice site 
ΤΓ" interstitial titanium cation 
AG Gibbs free energy, kJ/mol 
e' electrons in the conduction band 

ABSTRACT 

The. distribution and redistribution of impurities, 
alloying elements and components of binders in the 
rutile (TiC>2.x) scales during high-temperature oxidation 
of titanium, titanium alloys, refractory compounds of 
titanium (carbide and diboride) and materials based on 
them have been studied by SEM, ΕΡΜΑ and XRD 
methods. The correlation between defect and 
crystallographic structures of rutile with diffusion 
processes in the scales and redistribution of elements at 
the matrix/scale, scale/scale and scale/gas interfaces is 
ascertained. Mechanisms of diffusion processes in 
scales during high-temperature oxidation are discussed. 

Key words: diffusion, rutile, scale, oxidation, 
distribution of elements, titanium 

1. INTRODUCTION 

The mechanism of interaction of metals, alloys and 
refractory compounds with gaseous atmospheres 
determines their heat and oxidation resistance. High-
temperature oxidation of materials has been the subject 
of numerous investigations of chemical, physical and 
structural aspects. Impurities and alloying elements 
have a pronounced effect on the structure and phase 
composition of both scales and starting materials, and 
the oxidation kinetics are different. The behaviour of 
these processes has been studied to a limited extent 
only. Oxidation is a complex and manifold process III. 
In studies of diffusion processes in scales it is necessary 
to take into account such factors as oxidation kinetics, 
thermodynamics, phase compositions and structures 
both of starting materials and scales, morphology and 
crystallographic structure of oxides, sintering of scales, 
stresses in the scale, etc. 

Study of the high-temperature oxidation of 
titanium-based alloys and refractory compounds of 
titanium is of specific interest due to their wide applica-
tion in industry. Titanium dioxide, Ti02.x, (rutile 
modification) forms a bulk of scales at temperatures 
above 700°C 111. The defect and crystallographic struc-
tures of rutile establish specific peculiarities of 
diffusion processes both in the scales and at the matrix/ 
scale or scale/gas interfaces. A study of these regulari-
ties is the main objective of the present investigation. 
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2. EXPERIMENTAL 

The alloy compositions were evaluated by wet 
chemical analysis. The samples of the alloys were 
oxidized in the temperature range of 600-1200°C in air. 
The structure of the oxidized samples and distribution 
of the elements were investigated on the cross-sections, 
prepared by the conventional metallographic technique. 
The brittle scales were blocked up by an acryl 
monomer. The scale morphology and structure of the 
oxidized samples were studied by scanning electron 
microscopy (SEM) with a microanalyzer JCXA-733. 
Both the secondary electron image (SEI) and the back-
scattered electron image (BEI) were used. Specimens 
were gold-sputtered for SEM and ΕΡΜΑ investigations 
by cathode sputtering with a JFC-1100 unit. The phase 
composition of the oxidized products was examined by 
X-Ray diffraction (XRD). An X-Ray diffractometer 
DRON-3 with a CuK« source was used. Chemical 
heterogeneities and the distribution of some elements 
both in the scales and in the alloy matrix were 
investigated by electron probe microanalysis (ΕΡΜΑ) 
with a microanalyzer JCXA-733. Microhardness was 
measured with a PMT-3 unit, the indenter loading 
being 0.2N. 

3. MATERIALS 

Ti-2% Fe ingots were produced in a vacuum-arc 
furnace and annealed at 1000°C for 50 hr under 
vacuum. The specimens for TGA measurements were 5 
mm in diameter and 10 mm in length. Refractory 
materials (TiC, TiB2) and hard metals were 
manufactured by the powder metallurgy route. 
Chemical compositions are listed in Table 1. 
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Specimens were 7 x 7 x 7 mm in size. All sides were 
preliminarily ground. Starting structures were con-
trolled by ΕΡΜΑ and SEM methods. 

4. RESULTS AND DISCUSSION 

4.1. Defect and Crystallographic Structures of 
Rutile (TiOjJ 

Crystallographic and defect structures of oxides 
establish both protective properties of scales and the 
mechanism of diffusion of impurities and alloying 
elements in scales since diffusion is controlled by point 
defects. 

Rutile (Ti02-x) has a tetragonal lattice with 
parameters a = 0.4593 nm and c = 0.2959 nm /3/. The 
structure of rutile has been adequately described /3-6/. 
Channels with low values of electron density are the 
main specific feature of the rutile structure. These 
channels are formed by Ti06 octahedra in a Ti02 lattice 
(Fig. 1). The distribution of potential energy in rutile 
lattice was determined and calculated by Yagi et al. 161. 
This investigation lends support to the validity of the 
initial assumptions /4/ as to low values of electron 
energy density. The radius of the channels is 0.077 nm 
on average /7,8/. This makes diffusion of cations along 
channels theoretically feasible, provided that cation 
radii are less than 0.077 nm. Values of the cation radii 
in oxides are associated with the nature of "metal-
oxygen" chemical bonds and the value of the 
coordination number 191. 

Rutile (Ti02.x) is a η-type semiconductor with 
oxygen deficiency /4,5/. Anionic vacancies V"0 and 
interstitial cations (Ti3*, Ti4+) /4,5/ are the main point 
defects of rutile lattice. There are at least three models 

Table 1 
Chemical Composition of the Alloys 

Alloy Content of Elements, wt % Alloy 
C Ν Ο Β Cu Mg C« Al Sl Cr Mo W Co Fe Ni Ti 

Tl -2%Fe 0.05 0.03 0.12 - 0.01 0.02 - 0.13 0.02 0.05 - - - 2.08 0.02 97.49 
TIC-NhMO* 13.8 0.3 7 0.82 - 0.04 - 0.02 0.01 0.01 0.05 5.31 1.90 0.20 0.73 15.90 60.67 
TiBj (impure) 0.28 0.10 0.31 30.4 0.01 0.27 0.03 0.08 0.05 0.02 0.72 0.11 0.04 1.78 1.37 64.43 
(Ti,Cr)BrCu-Mi 0.35 0.08 

~ 0 . 2 Γ 

0.45 18.80 24.35 0.08 0.05 • 0.08 . 6.04 - 0.12 0.03 0.85 12.20 36.54 

TiC-Hf-Cr** 13.9 

0.08 

~ 0 . 2 Γ 1.1» - 0.03 - 0.01, - 0.02 4.18 - 1.30 0.22 0.85 14.85 63.47 

* - 0 .08% of free carbon; 
· * - 0 .05% of free carbon. 
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Me203-type oxide dissolves in Ti02 lattice with substi-
tution of titanium cations in the lattice site, and 
provided that oxygen vacancies are dominant defects, 
the dissolution will be described by the equation (1) 

Me203 <=> 2 Μβγ; + V „ + 30o
x (1) 

In this case, dissolution of impurity cations increases 
the concentration of anion vacancies. If titanium inter-
stitial cations are dominant defects, dissolution will be 
described by the equations (2) and (3) 

2Me20j + Ti02 < = > 4Μβγ·, + Ti " + 80x
o (2) 

e' + 2Me20, + Ti02 < = > 4Mer, + Ti " + 80x
o (3) 

In such a manner, the concentration of interstitial 
titanium cations will be increased. Electroneutrality 
/14/ requires that: 

[Men ] + [e'] = 4[Ti " ] + 3[TT ] + 2 [VJ (4) 

Cations of impurities with a valency higher than +4 
have the opposite effect /3,4,13,20/. 

A concentration of defects in rutile lattice influences 
the diffusion coefficients. It has an appreciable effect on 
the oxidation of titanium-based materials, when scale 
consists of rutile. The diffusion of titanium cations in 
rutile is accelerated in the presence of impure cations 
with a low valency I 111. 

An intensive sintering of scale starts at temperatures 
above 1000°C /21-24/ and the density of rutile may be 
as much as 94-99% compared with the theoretical one. 
The grain size of rutile is increased with temperature 
rise. Diflusion processes and grain-boundary diffusion 
play a dominant role at temperatures for grains with 
size exceeding 1 μπι /24-26Λ Grain-boundary diffusion 
increases the rate of rutile sintering /25,26/. Impurities 
promote sintering of rutile /21/ as a result of intensi-
fication of rutile crystallite growth preceding sintering 
(NiO, Fe203), increasing of concentration of anion 
vacancies and formation of liquid phase. Diffusion of 
oxygen is a rate-controlling stage of rutile sintering 
1211. Formation of the liquid phase in scale during 
oxidation of titanium alloys, refractory compounds and 
hard metals is unlikely. 

High Temperature Materials and Processes 

Diffusion of oxygen in the polycrystalline rutile has 
not yet been studied. Results of investigations of oxygen 
diffusion in Ti02 single crystals are in close agreement 
and their values are D = 10'18 m V at 1000°C /28/. 
Bagshaw and Hyde /29/ pointed out the possibility of an 
accelerated diflusion of oxygen along the grain boun-
daries. Circumstantial evidence /3,27/ indicates that the 
rate of oxygen diffusion in a scale is less than for 
titanium. 

4.2. Redistribution of Elements in Ti02 Scales 

The values of the Gibbs free energy (AG) of 
oxidation reactions of the majority of metals, except for 
Zr, Al, Ca and Mg, are lower than for titanium /30/. 
Rutile (TiC .̂x) is the most stable titanium oxide and 
forms a base of scales. It specifies the formation of 
different oxides and the possibility of their 
redistribution both in the scale and of the matrix/scale 
and scale/gas interfaces during oxidation. 

In parallel with the general regularities, governed 
by thermodynamics and rutile structure, there are 
specific features, defined by oxidation mechanisms and 
the structure of individual materials. The oxidation 
behaviour of some of these materials will be discussed 
in the following sections. Only diflusion processes in 
the scales and at the interfaces will be discussed. 
Diflusion processes in the matrix of materials will not 
be discussed here, because they are not the subject of 
the present investigation. 

4.2.1. Oxidation of titanium and its alloys 

Oxidation of titanium and titanium-based alloys 
shows some peculiarities, such as a significant 
solubility of oxygen, (a + ß) - binary phase structure 
placed under the scale at temperatures above 900°C, 
and the formation of multilayered scale 121. Oxygen 
stabilizes the α-phase and increases its electron concen-
tration /31/. This phenomenon along with a low 
solubility of impurities and alloying elements in the a -
phase with HCP lattice facilitates their diflusion into 
the metallic matrix during oxidation. In the binary 
phase (a + ß)-region the majority of alloying elements 
are concentrated mainly in the ß-phase with BCC-
lattice. A high rate of diflusion of alloying elements 
and impurities causes the high concentration of oxygen 
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in α-phase wedges /32/. 
Impurities in titanium or alloying elements in alloys 

/33,34/ may diffuse into both the inner and the outer 
scales and into the metallic matrix from the zone of 
oxygen solid solution in α-titanium. 

The basic diffusion processes are: 
a) Enrichment of the metal/scale interface in alloying 

elements due to preferred diffusion of titanium 
cations into the scale during oxidation; 

b) Diffusion of some impurity cations into the scale at 
high temperatures (above 1000°C), and variation in 
the concentration of point defects in rutile lattice 
and possible enrichment of scale/gas interface in 
some impurities and alloying elements; 

c) Diffusion of elements from the HCP-lattice of an a -
solid solution of oxygen in titanium into grains of 
the β-phase with BCC-lattice at temperatures above 
900°C. 
Peculiarities of a redistribution of elements are 

determined by the rate of impurity diffusion both in the 
titanium /35/ and in the rutile /15/, Ti-Me binary alloy 
phase diagrams /36/, values of the free energy of MexOy 

formation /2,30/, effect of impurities on the electron 
concentration of the alloys /31,37/, solubility of 
elements in the a - and ß-titanium /2,36/ and sintering 
of scale 111. 

Regularities of these processes have been demon-
strated with Ti-2% Fe alloy oxidized at 1000°C for 7 
hr. The structure of the oxidized alloy is shown in Fig. 
2. The scale consists of two layers of rutile (Fig. 2b). 
The outer layer is more sintering in comparison with 
the inner one. The smooth layer (Fig. 2c) with a 
microhardness value close to 1 GPa at the matrix/scale 
interface is a solid solution of oxygen in the α-titanium. 
Distribution of iron Fe K^ (Fig. 2d) is not coincident 
with this layer. Iron forms a diffusion barrier immedi-
ately ahead of the zone of a solid solution. Enrichment 
of these regions in iron is caused by its diffusion from 
the α-solid solution of oxygen into the matrix of the 
alloy during oxidation due to an increased electron 
concentration in the α-phase /37/. There are no visible 
changes in the distribution of iron at the inner 
scale/outer scale interface (Fig. 2e,f). The peak + 
background/background ratio for the Fe K^-radiation 
averages between 4 and 9 and the distribution of iron is 
homogeneous. Later, a certain part of the iron cations 
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diffuses from the inner scale into the outer scale in 
combination with titanium and promotes the sintering 
of scales, and the outer layer is essentially sintered. The 
regularities of diffusion of some impurity cations /15/ 
facilitate their fast diffusion in rutile. This determines 
the formation of the diffusion barrier at the scale/gas 
interface (Fig. 2h) with time, although values of Gibbs 
energy for iron oxidation are lower than for titanium 
/30/. Iron cations form an irregular zone at the scale/ 
gas interface (Fig. 2b). These regularities are also valid 
for other Ti-Me systems (Me = Co, Si, Ni, Cu, Cr, Μη) 
12,3,321. This is determined by preferential oxidation of 
titanium 111 and by mechanisms of diffusion of 
transition metal cations in rutile /15/. 

During oxidation of titanium-aluminum alloys the 
scale consists of both Ti02 and A1203 oxides /38-40/. 
Initial formation of an internal AI2O3 layer takes place 
at high temperatures and at a sufficient concentration 
of aluminum in the starting alloy. 

4.2.2. Oxidation of titanium carbide cermets 

Cubic carbides of transition metals with the NaCl-
type structure are characterized by a wide region of 
homogeneity. These carbides have filled-up sites only 
in the carbon sublattice /41/. 

The substitution of carbon by oxygen during 
oxidation of carbides leads to the formation of an inter-
mediate oxycarbide solution with a cubic lattice and 
vacancies in both sublattices /42,43/ due to a reinforce-
ment of the oxygen screening action on the metal/metal 
interaction in comparison with the carbon /44/. 
Formation of vacancies in the metallic sublattice is 
determined by the tendency to conserve a constant 
value of valence electrons accounted for by a pair of 
sites of elementary cells in consistent phases of 
intermediate compositions /45/. These features deter-
mine the significant role of titanium cations in the 
formation of a two-layered scale /42,46,47/. The outer 
layer is formed over the original surface of titanium 
carbide /46/. The inner layer is formed due to the 
dissolution of oxygen /42/. At temperatures above 
800°C, part of the oxide layer, which is formed as a 
result of oxygen ion diffusion, is reduced. Simul-
taneously with this process the thickness of a layer, 
formed due to diffusion of titanium cations, is increased 
/46/. 

290 



V.B. Voitovich High Temperature Materials and Processes 

Fig. 2: Structure of the oxidized alloy Ti-2%Fe (1000°C, 7 hr); a - starting alloy; b - structure of scale, general 
view; c - matrix/inner scale interface; d - Fe K« radiation; e - inner scale/outer scale interface; f - Fe K« 
radiation; g - outer scale/gas interface; h -FeK^ -radiation. 
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The general regularities of distribution of elements 
were investigated for oxidation of the TiC-Ni-Mo alloy, 
and similar regularities were established during 
oxidation of the TiC-Ni-Cr alloy as well /48/. These 
alloys have a specific structure of carbide grains /49/. 
There are three main structural components in these 
alloys. They are TiC-core, (Ti,Mo)C or (Ti,Cr)C-rim 
and Ni-Mo or Ni-Cr binder which also contains such 
elements as Fe, Co, Cr, Si (Fig. 3b). The structure of 
the scale on TiC-Ni-Mo alloy oxidized at 1200°C for 6 
hr is shown in Fig. 3. A two-layered scale is formed 
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(Fig. 3a,c-e). The structures and phase compositions of 
the outer and the inner layers are different. 

The inner layer, like the outer one, consists of rutile. 
There are fine-grained (0.5-10 μτη in size), uniformly 
distributed inclusions of oxidized binders in the inner 
layer (Fig. 3d). They were identified as NiO, NiMo04, 
NiCr03, NixTij.xO phases. This type of structure of the 
inner layer is determined by an oxygen solution in the 
carbide during oxidation. 

This process is shown schematically in Fig. 4. 
Inclusions of oxidized binder coarsen and coagulate 

Fig. 3: Structure of the oxidized alloy TiC-Ni-Mo (1000°C, 56 hr); a - general view of the two-layered scale; b -
matrix of the alloy; c - matrix/inner scale interface; d - inner scale; e - inner scale/outer scale interface; f -
outer layer. 
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Fig. 4: 
Α Β 

Fig. 4: Scheme of mechanism of formation of the inner scale in TiC-Ni-Mo alloy; a - starting alloy; b - inner layer 
of scale. 

with time. The titanium content in the oxidized binder 
(approximately 1.5%) differs from that of the binder of 
starting hard metals (up to 9%). The titanium content 
in the binder decreases through its diffusion into the 
adjacent scale and subsequent diffusion into the outer 
scale. Molybdenum diffuses from the (Ti,Mo)C-rim 
into inclusions of the oxidized Ni-Mo binder and is 
content in the scale is low. These inclusions are not 
present in the outer scale. 

The formation of two-layered scale determines the 
redistribution of basic components of hard metals, i.e., 
titanium, nickel and molybdenum, at the matrix/scale, 
inner scale/outer scale and scale/gas interfaces. There 
are no pronounced variations of redistribution at the 
matrix/scale interface. This is determined by features of 
the oxidation mechanism as a result of oxygen 
dissolution. 

The distribution of Ti, Ni, and Mo at the inner 
scale/outer scale interfaces is shown in Fig. 5. Nickel 
forms a virtually solid chain of inclusions (Fig. 5c), 
whereas the Mo La intensity in this inclusion is low 
(Fig. 5d). The intensity of Mo La radiation in the scale, 
except for inclusions of the oxidized binder, is close to 
that of the background. The distribution of impurities 
of binder (Fe, Co, Cr) at this interface is similar to that 

for nickel. However, their content in both the starting 
hard metal and in the scale is insignificant. 

Some of the cations of impurities and alloying 
elements diffuse into the outer scale (Fig. 6) in com-
bination with titanium cations. In accordance with 
ΕΡΜΑ, a 7 μιη thick diffusion barrier (Fig. 6a,c) is 
formed by nickel, iron and cobalt. The distribution of 
iron and nickel is shown in Fig. 6b,c. Iron is an 
impurity in the Ni-Mo binder and its distribution is 
identical. The values of the peak+background/ 
background ratio for Ni K^ and Fe K« - radiation at a 
distance of 5 μιη from this diffusion barrier exceed the 
background values insignificantly. 

The formation of diffusion barriers at the scale/gas 
interface is determined by both the chemical affinity of 
the elements to oxygen 111 and the diffusion mobility of 
their cations in rutile /15/. The first factor determines 
preferential formation of some oxides in scale. The 
diffusion mobility determines the rate of diffusion of 
cations in rutile and the likelihood of a later 
redistribution of elements. Such elements as cobalt, 
nickel and iron with the lowest values of chemical 
affinity to oxygen among the elements of hard metal 
(Ti, Mo, Ni, Si, Fe, Co, Cr), and with a high diffusion 
mobility in rutile /15/, diffused into the scale/ gas 
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Fig. 5: Redistribution of Ti, Ni and Mo at the inner scale/outer scale interface in the TiC-Ni-Mo alloy; a -
backscattered electrons; b - Ti K„; c - Ni K^ d - Mo K« -radiation. 

interface since higher values of oxygen partial pressure 
are necessary for its oxidation. Molybdenum and silicon 
with higher values of (AG) as compared to nickel, iron 
and cobalt, but with a lower diffusion mobility, were 
not found in the rutile of the outer scale. 

Defects of the scale form a diffusion barrier (Fig. 
6d-f), hindering the diffusion of impurity elements into 
rutile Π, 16/. 

The regularities of oxidation of titanium nitride /47/ 
are similar to titanium carbide oxidation. Therefore, the 
foregoing regularities must be correct for TiN-based 
alloys. 

4.2.3. Oxidation of titanium diboride 

The distribution of alloying elements and impurities 
during titanium diboride oxidation has· not been 
adequately studied /50,51/. The formation of a two-
layered scale, in accordance with the above-mentioned 
regularities for titanium carbide oxidation, has not 
occurred. An inner layer of scale has not been formed. 

In the Ti-B-0 system /52/, rutile (Ti02) is stable at 
partial pressures of oxygen close to atmospheric ones 

and the partial pressure of B203 above 10"9 Pa. Other 
oxides of titanium are stable only at a low partial 
pressure of oxygen 1521. The main products of 
oxidation of titanium diboride are Ti02 and B203. At 
temperatures above 700-800°C, titanium dioxide 
presents only a high-temperature modification, i.e., 
rutile is formed. 

With a temperature rise above 950°C, a fraction of 
B203 decreases as a result of intensive evaporation 1531, 
and B203 concentrates in the outer layers 1521. 

The distribution of elements at the matrix/scale 
interface in the impure (Fe, Ni, Mo, Mg, Cr) titanium 
diboride oxidized at 1200°C during 5 hr is shown in 
Fig. 7. The distribution of both titanium, boron (Fig. 
7b,c) and impurities (Fig. 7e-h) occurs during 
oxidation. Impurities are concentrated at the boride/ 
scale interface and diffuse into the scale. Titanium, as 
an element with a higher chemical affinity to oxygen, is 
the bulk of the Scale. Other elements (Ni, Mo, Fe) are 
concentrated mainly at the boride/scale interface (Fig. 
7e-h). The chemical affinity of magnesium to oxygen is 
higher than for titanium, and magnesium does not 
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Fig. 6: Difiiision barrier (a-c) at the scale/gas interface and defects in the scale (d-f) on the TiC-Ni-Mo alloy 
(1000°C, 56 hr); a - backscattered electrons; b - Ni K«; c - Fe K«; d - backscattered electrons; e - Ni K«; f 
- Fe - radiation. 

enrich this interface. Magnesium forms scale either 
with titanium (Fig. 7f) or, at a sufficient concentration, 
it forms primarily scale /30/. A light band (Fig. 7a) 
between the diboride and the scale is a diffusion 
barrier. It is composed of impurity elements (Fe, Ni, 
Mo, etc.). Elements with high diffusion mobility in 
rutile diffuse into the outer layers of scale with time. 

By this means, diffusion processes at the boride/ 
scale interface are determined by values of the Gibbs 
energy /30/ of the more preferable oxidation reactions 
of TiB2 and impurities. 

Diffusion of elements in the scale on titanium 
diboride is determined by values of Gibbs energy, ionic 
radii and valence of impurity cations /15/. The mech-
anism for diffusion of impurity cations determines a 
homogeneity of their distribution in the scale and the 
possibility of their diffusion in the scale. ΕΡΜΑ inves-
tigations of the scale reveal that the concentration of 
nickel and iron in the 3-5 μιη thick outer layers at the 
scale/gas interface increases. The intensities of X-ray 
characteristic radiation of these elements sharply 
increase in this layer while the corresponding values in 
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Fig. 7: The matrix scale interface in the titanium diboride with high impurity content (1200°C, 5 hr); a -
backscattered electrons; b - Ti K„; c - Β K«; d - Ο K^ e - Mo La; f - Mg K^ g - Fe K«; h - Ni I r -
radiation. 
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the scale are close to those of the background /54/. 
Molybdenum was not found in the outer layers of the 
scale. The intensity of Mo La radiation decreases away 
from the boride/scale interface (Fig. 7e). This is related 
to the evaporation of Mo03 at temperatures above 
1000°C and a low diffusion mobility of molybdenum 
cations in rutile. 

The foregoing regularities are also true for the 
distribution of binder during oxidation of TiB2-based 
alloys. The distribution of copper, nickel, chromium 
and titanium in the (Ti, Cr)B2-Cu-Ni alloy oxidized at 
1200°C for 6 hr is shown in Figs. 8 and 9. These 

High Temperature'Materials and Processes 

elements form a diffusion barrier at the alloy/scale 
interface. The first one is predominantly formed by 
copper and nickel (Fig. 8c,d). The intensity of Ti K^ -
irradiation is close to background values, except for 
some inclusions (Fig. 8e). Chromium is distributed as 
some inclusions of chromium diboride (Fig. 8f) and 
does not take part in the formation of this barrier. 
Nickel, copper and, to some extent, chromium, difluse 
in the scale and form a second diffusion barrier at the 
scale/gas interface with time (Fig. 9). In accordance 
with the ΕΡΜΑ data, these light crystallites (Fig. 9a,b) 
are comprised of nickel, copper and chromium (Fig. 9c-

Fig. 8: The matrix/scale interface in the (Ti, Cr)B2-Cu-Ni alloy (1200°C, 6 hr); a - structure (secondary electrons) 
b - structure (backscattered electrons); c - Cu K ;̂ d - Ni K^; e - Ti K«; f - Cr Κα-radiation. 
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Fig. 9: The scale/gas interface in the (Ti, Cr)B2-Cu-Ni alloy (1200°C, 6 hr); a - structure (secondary electrons); b -
structure (backscattered electrons); c - C u K«; d - Ni K«; e - Cr K^; f - Ti K^-radiation. 

e). The intensity of Ti Κα-irradiation in these 
crystallites is close to that of the background (Fig. 9f). 
In accordance with the XRD and ΕΡΜΑ data, the 
inclusions with a higher copper content are Cu20 
oxide, light coloured crystallites are complex CuCr204 

and NiCr204 oxides. Both the identical distribution of 
these elements and the similarity of CuCr204 and 
NiCr204 crystallographic structures lead to the 
conclusion that the formation of a (Ni, Cu)Cr204 solid 
Solution takes place. 

In this manner, impurities and alloying elements in 
both titanium diboride and in TiB2-based alloys 

initially produce a diffusion barrier at the boride/scale 
interface. The formation of the first barrier is governed 
by values of Gibbs free energy for the appropriate 
oxides, whereas the formation of the second barrier is 
controlled mainly by the diffusion mechanisms for 
impurity cations. Impurities promote sintering of the 
scale. These factors increase the oxidation-resistance of 
titanium diboride with high impurity content and TiB2-
based alloys. 

4.2.4. General regularities 

By this means, during high-temperature oxidation 
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of titanium-based materials, the diffusion barrier is 
formed primarily at the matrix/scale (Fig. 10a). The 
diffusion barrier at the scale/gas is formed with time 
(Fig. 10b). The formation of the first diffusion barrier is 
determined principally by thermodynamics, i.e., by the 
initial formation of Ti02 (rutile) scales. The formation 
of the second barrier is mainly determined by 

High Temperature-Materials and Processes 

abnormally high diffusion rates of some impurity 
cations in rutile. There is no visible redistribution at the 
scale/scale interface in the two-layered scale (Fig. 10c). 
In such specific cases as the oxidation of titanium 
carbide and materials based on them, there are 
dispersed inclusions of oxidized binders or alloying 
elements in the inner scale (Fig. lOd). The distribution 

D 

Έ 

[ • f f ^ - m a t r i x ; 

f - Ξ ^ - Ι - d i f f u s i o n b a r r i e r a t t h e m a t r i x / s c a l e i n t e r f a c e ; 

• — s c a l e ( i n n e r s c a l e ) ; 

- d i f f u s i o n b a r r i e r a t t h e s c a l e / g a s i n t e r f a c e : 

- o u t e r s c a l e : 

Fig. 10: Scheme of diffusion barriers formation in the T1O2 (rutile) scales. 
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of elements is determined, in this case, by the features 
of the oxidation mechanism of these materials. The 
diffusion barrier at the outer scale/gas interface is 
formed with time, in accordance with the above 
mentioned regularities (Fig. lOe). 

5. CONCLUSIONS 

1. Mechanisms of distribution of elements both in the 
Ti02 (rutile) scales and at the matrix/scale, scale/ 
scale and scale/gas interfaces during high 
temperature oxidation of titanium-based materials, 
refractory compounds of titanium (carbide, 
diboride) and hard metals were investigated. 

2. The diffusion processes of distribution of impurities 
and alloying elements in scales and at the interfaces 
are determined by the thermodynamics, oxidation 
mechanism, defect and crystallographic structure of 
rutile. 

3. The distribution of elements and formation of 
diffusion barriers at the matrix/scale interfaces are 
determined by values of the Gibbs energy for oxide 
formation and oxidation mechanisms of metals, 
alloys and refractories. These factors determine the 
sequence of formation of appropriate oxides and the 
disposition of diffusion barriers in the subscale 
layers. 

4. The distribution of elements at the inner scale and 
at the inner scale/outer scale interfaces is 
determined by the oxidation mechanism of the 
materials. 

5. The distribution of elements in the outer scale and 
the formation of diffusion barriers at the scale/gas 
interface are determined by the peculiarities of 
defect and crystallographic structures of rutile. 
These factors cause fast diffusion of some impurity 
cations (Fe, Ni, Cr, Co, Cu) along channels of the 
rutile into the outer layers of the scale. 
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