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CHEMISTRY

The oxidation behaviour of several TiB, cermets has been studied in air in a range of temperatures between 700 and 1000 °C for up
to 70 h. The oxidation resistance of these materials has been characterised through measurements of mass gain as a function of
time and temperature. The oxidation kinetics of these cermets was observed to change from a parabolic to a linear type at
temperatures between 750 and 775 °C. Activation energies were observed to be 170-185 and 109-123 kJ mol ™! for the parabolic
and linear ranges, respectively. The oxidation products and the microstructure of the oxide scales formed after these oxidation

treatments were characterised by XRD and SEM.

Introduction

As reported before,!> TiB, has been used as a base material
for the development of a new family of hard and tough
cemented borides for application as cutting and mining tools,
wire and tube drawing dies and wear components. These
cemented borides are constituted by a major hard dispersed
phase (TiB,) bonded by minor amounts of (Fe—Ni—Al)-based
metallic alloys. Sintering of these materials to full density was
carried out by several routes and the details are reported
elsewhere.!®* The mechanical properties of these cermets, par-
ticularly hardness and toughness, are very similar to those
found among the best grades of WC—Co hard metals, with the
additional advantage of being much lighter (theoretical density
~52gcm3).

Since these cermets have been recently developed, several of
their properties are still under current research.* The present
paper reports on their oxidation resistance at temperatures
between 700 and 1000 °C. The results of this research work
will be compared to those reported in the literature>® for TiB,
ceramics which constitute the only data available on oxidation
for this type of boride.

Additionally, as reported for other ceramic materials,®® the
microstructure and chemical composition of the oxide layer
vary with depth from its surface to the vicinity of the substrate
as a function of the time and the temperature of the oxidation
treatment. Consequently, a full microstructural characteris-
ation of the oxide scales obtained after oxidation of these
cermets is also included in this work.

Experimental procedure

Powder mixtures shown in Table 1 were prepared in a turbula
mixer during 6 h. Green compacts 16 mm in diameter and
5 mm in height were obtained by uniaxial pressing to blended
powders and subsequently sintered to full density at 1500°C
and 100 MPa using a holding period of 1 h. After sintering,
the specimens were mechanically ground and polished to 1 pm
finish and weighed to an accuracy of 10™*g. The oxidation
experiments were performed in the temperature range between
700 and 1000 °C for up to 70 h in air. In order to record the
mass gains during the oxidation treatments, the specimens
were withdrawn from the furnace at fixed time intervals. After
oxidation, the mass gained by each specimen was measured
several times and the result expressed as an average. These
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Table 1 Chemical composition (Wt%) of the experimental cermets
subjected to the oxidation treatment

cermet TiB, Fe Ni Ti Al
S20 71.60 14.30 6.10 2.96 5.04
S30 64.30 18.00 7.70 3.70 6.30

specimens were also used for XRD microstructural characteris-
ation. Areas under some selected peaks for each phase were
used to qualitatively compare the changes in concentration on
the surface of the oxide scale according to expression (1).

P—A" 100 1
E_ZAiX (1)

where A; is the area under the following peaks: {101} for
TiO,, {112} for Fe,Ti,O, and {230} for Fe;Ti;O,q; X A4; is the
sum of the areas under the aforementioned peaks, and P; is
the relative peak area for the aforementioned specimens.

Although P; values do not represent any real concentrations,
they can be used to graphically describe the tendencies corre-
sponding to the changes of concentration on the surface of the
oxide scale which have been also observed by SEM analysis
as the scale gets thicker.

At the end of the oxidation treatments, a selection of
specimens were used for SEM in order to characterise the
microstructure of the oxide scales (Fig. 1) following a procedure
reported elsewhere.!%!

Results

The oxidation behaviour of TiB, cermets, whose chemical
compositions are summarised in Table 1, was characterised in
terms of their oxidation kinetics through measurements of
their mass change per surface area (Am/s) at various tempera-
tures and times. These results are reported in Fig. 2 and 3. In
both cases a change in the oxidation kinetics is observed as a
function of temperature, being of a parabolic type at tempera-
tures up to 750 °C and of a linear type at temperatures above
775 °C. Expressions (2) [for the parabolic range (t <750°C)]
and (3) [for the linear range (t>775 °C)] represent the corre-
sponding mathematical equations for the oxidation kinetics of
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Fig. 1 Schematic representation of the procedure followed for the
preparation of SEM samples. (Top) Detaching of an area of the oxide
scale using an adhesive and (bottom) the subsequent erosion of the
resulting fracture surface by argon ions.
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Fig. 2 Oxidation kinetics for specimen S20 indicating (top) a parabolic
type and (bottom) a linear type of kinetics for temperature ranges of
700-750 and 775-1000 °C, respectively
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Fig. 3 Oxidation kinetics for specimen S30 indicating (top) a parabolic
type and (bottom) a linear type of kinetics for temperature ranges of
700-750 and 775-1000 °C, respectively

where t is the oxidation time and 4, K,, 4, and K, represent
the oxidation Kkinetics constants, whose values for all the
experimental oxidation temperatures and compositions are
summarised in Table 2.

On these bases, considering the Arrhenius type of plots
(Fig.4) for each range, the values of the corresponding
activation energies for each composition are reported in
Table 3. As observed in Table 3, the activation energies, Q,
turned out to be very similar for both cermets, their values
being between 170 and 185 kJ mol ! for the parabolic range
and 109-123 kJ mol ! for the linear range.

XRD and SEM microstructural characterisation of the oxide
scales showed that several oxides were present: rutile-type
TiO,, Nd,**Ti,**O;-type Fe,Ti,0,, Fe,>"*Mg?*Tiz** Oy

Table 2 Kinetic constants for oxidation of the experimental materials
[4, (kg m™), 4, (kg m™?), K, (kg m™*s7") and K; (kg m~?s7")]

S20 S30
parabolic range K, x 10 A, x 104 K, x10® A, x 10
700 °C 1.012 2.71 1.276 236
725°C 1.526 231 1.710 219
750°C 2.802 3.58 3.892 455
S20 S30
linear range K;x 107 Ay x 10? K, x 107 A x 10%
775°C 0.862 7.8 0.945 9.2
800°C 1.001 14.4 1.084 15.1
825°C 1.557 154 1.501 13.2
850°C 2.252 19.8 2.280 22.1
1000°C 7.506 75.2 10.564 79.7
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Fig. 4 Arrhenius plots for specimens S20 and S30 corresponding to
the parabolic range and the linear range of oxidation kinetics

Table 3 Oxidation kinetics constants obtained from Arrhenius plots
for both experimental materials, [K =K, exp(—Q/RT)]

parabolic range linear range

K,/ o/ K, x10%/ Q/
kg?m st kJ mol ! cermet kgm 2s7! kJ mol ™!
12.47 170 S20 23.69 109
97.03 185 S30 121.27 123

(kennedyite)-type Fe;Ti;O;, and Fe,NiTi;O,,. These oxides
have been identified by TEM in similar oxidised specimens.'*
Some Al-oxides have also been observed which, according to
SEM analysis and on the basis of the aforementioned TEM*4
characterisation, are corundum-type Al,O5;. Complex oxides
Fe,Ti,0,, Fe;TizO,, and Fe,NiTi;O;, contain small amounts
of Al (<2 atom%). Additionally, in Fe;Ti;O,, oxides, nickel
can be found in low proportions (<6 atom%). In contrast, no
Ni has been found in Fe,Ti,O, oxides. TiO, (in both ranges)
and complex oxides Fe,Ti,O, (in the parabolic range) and
Fe;TizO4, (in the linear range) are the major phases on the
surface of the oxide scales of the oxidised specimens. Complex
oxides Fe,NiTi;O,, have only been found in specimens oxi-
dised in the parabolic range in very low proportions (2 vol%).
In Fig. 5, several XRD traces are shown in which progression
in time and temperature of the composition of the oxide scale
for specimen S30 can be seen.

Fig. 6 represents a summary of the information gathered
through XRD after various oxidation times for specimens cut
from material S30. This information is also representative for
the material S20. It can be seen that the relative peak area of
TiO, on the surface of the oxide scale continuously decreases
with oxidation time (i.e. with the thickness of the scale) at
temperatures corresponding to both ranges, while relative peak
areas of Fe,Ti,O-, in the parabolic range, and Fe;Tiz;O,,, in
the linear range, increase.

As reported before,® !> the oxidation behaviour of
multiphase materials is closely related to the microstructural
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Fig. 5 XRD traces corresponding to the surface of the oxide scale for
S30 specimens after the following oxidation treatments: 3 h at 775°C,
70 h at 775°C and 70 h at 800°C
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Fig. 6 Progression in time of the relative areas of the XRD peaks
{101}-TiO,, {112}-Fe,Ti,O, and {230}-Fe;Ti;O,, on the surface of
the oxide scales corresponding to S30 specimens oxidised at different
temperatures
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Fig. 7 (Top) Micrograph corresponding to a fracture surface of the
oxide scale of a S30 specimen after 70 h oxidation treatment at 850 °C
and (bottom) a X-ray mapping of the same fracture surface illustrating
the distribution of oxygen (white) and boron (dark)

development of the oxide scale. In materials S20 and S30 the
microstructure of the oxide scales has also been observed to
vary in depth from their surface to the vicinity of the substrate.
This is illustrated in Fig. 7 for specimen S30 after 70 h oxidation
treatment. In the same figure, an X-ray mapping of boron and
oxygen clearly reveals the limits between the substrate and the
oxide scale. A careful analysis of all the oxidised specimens
corresponding to both cermets (S20 and S30) showed that the
oxide scales exhibit at least four distinguishable sublayers
(micrographs in Fig. 8 and 9). These micrographs are represen-
tative for the specimens oxidised at temperatures corresponding
to the parabolic (Fig. 8) and linear range (Fig. 9). In relation
to the phases present in each sublayer, it must be pointed out
that, since TiO, and the Fe,Ti complex oxides form a continu-
ous bumpy matrix, the differentiation between these phases by
their morphology is rather difficult. Then, the identification of
the phases (described below) has been done by combining
XRD and EDS information.

Parabolic range

Fig. 8A—first sublayer. A substrate area can be seen in
which grey grains of TiB, are surrounded by the metallic
Fe,Ni,Al binder phase. An area corresponding to the first oxide
sublayer can also be seen in which TiO, is the major constituent
(grey contrast). The white grains correspond to Fe and Ni
oxides while the black ones are Al,O;.

Fig. 8B—second sublayer. TiO, is also the major constituent
but Fe,Ti complex oxides (lighter contrast) can also be
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distinguished. White and dark grains correspond to Ni oxides
and Al,Oj, respectively.

Fig. 8C—third sublayer. Three types of oxides can be seen:
TiO, (grey), Al,O; (dark) and, Fe,Ti complex oxides (light).

Fig. 8D—fourth sublayer. Larger grains of TiO, (grey), and
Fe,Ti complex oxides (lighter) can be distinguished.

Linear range

Fig. 9A—first sublayer. Grains of TiO, (3—9 pm) can be seen
surrounded by a continuous (Fe,Ni),B phase containing no
oxygen at all. Black grains are Al,Oj.

Fig. 9B—second sublayer. Grains of TiO, (grey) and Fe,Ti
complex oxides (lighter) can be observed. Dark areas
correspond to Al,Oj.

Fig. 9C—third sublayer. Most of the grains correspond to
Fe,Ti complex oxides while the proportion of TiO, is lower.

Fig. 9D—fourth sublayer. Grains of Fe,Ti complex oxides
are forming a continuous scale. A very low proportion of TiO,
(grey) is present.

The gradient of the complex oxides Fe,Ti,0, and Fe;Ti;O,,
was confirmed by SEM to follow the profiles described in
Fig. 6 for both temperature ranges. It is also worth mentioning
that Fe:Ti atomic ratios determined by SEM analysis on the
surface of the oxide scales of specimens oxidised at different
temperatures corresponding to the parabolic range are very
similar to the values in the substrate (ca. 1:6 and ca. 1:4 for
S20 and S30, respectively). On the surface of the oxide scales
of the specimens oxidised at different temperatures correspond-
ing to the linear range, in contrast, SEM analysis revealed that
Fe:Ti atomic ratios tend to 1:1 for increasing temperatures
and times.

Discussion

Considering the type of oxidation kinetics for TiB, ceramics®8
which is parabolic below 900 °C, cubic between 900 and 950 °C
and parabolic again above 950 °C, it may be realised that TiB,
cermets exhibit worse oxidation resistance than TiB, ceramics.
This behaviour must be related to the existence of a metallic
binder phase in TiB, cermets as described below.

In general, it may be understood that TiO, is the main
oxidation product formed. The formation of TiO, in both
temperature ranges (parabolic and linear) is due to the oxi-
dation of TiB, through the following reaction:

TiB, +3 0,—~TiO, + B,0; (4)

Since no crystalline B,O; has been found by XRD analysis of
the oxides scales, the following has been considered. Boric
oxide B,0; could be present as a glassy phase which is not
detected by EDS analysis. The crystalline material melts at
450 °C whereas the glassy one softens over a wide temperature
range. Although the boiling point lies above 1500 °C, liquid
B,O; exhibits noticeable volatility.!® Therefore, a fraction of
B,0; could have disappeared from the oxide scales during the
oxidation treatments.

The formation of Al,O; is clearly understood in terms of
the oxidation of aluminium from the binder phase.
Additionally, aluminium and nickel must be expected to be
partially occupying the M** and M?"* sites in the complex
oxides (as AI’* and Ni?’*). No nickel has been found in
Fe, Ti,O; as this oxide does not have any sites for M?* cations.
Therefore, Ni oxides which were found in the first and second
sublayers (Fig. 8A and B) are thought to be NiO.



Fig. 8 Micrographs corresponding to the oxide sublayers for specimen S20 after 70 h oxidation treatment at 700°C. The sequence of the
micrographs goes from (A) the vicinity of the substrate to (D) the surface of the oxide scale. The magnification is the same for the four

micrographs.

In order to explain the formation of the complex oxides
Fe,Ti,0,, the following reaction is proposed:

F6203 + 2Ti02—>F62Ti207 (5)

Progression of reaction (5) in time could explain the decrease
of TiO, and the increase of Fe,Ti,O, on the surface of the
oxide scale in specimens oxidised in the parabolic range
(Fig. 6). Differences in relative peak areas for TiO, and
Fe,Ti,0, corresponding to different temperatures cannot be
directly interpreted due to the increasing thickness of the oxide
scales for increasing temperatures.

In specimens oxidised in the parabolic range, a low amount
of Fe,NiTi;Oy, has also been observed whose formation can
be described as follows:

Fe, 05 + NiO + 3TiO,—Fe,NiTi; Oy, (6)

Obviously, Fe,O3 should be the product of the oxidation of
iron which is the major constituent of the metallic binder
phase. This oxide has not been identified by XRD, as it is
supposed to form and immediately disappear to form the
complex oxides. Only in the vicinity of the substrate (Fig. 9A),
some of the small white grains could be thought to be Fe,O;
(according to SEM analysis).

In relation to the experimental results corresponding to the
linear range, data in Fig. 6 suggest that the formation of
Fe;Ti;0,, takes place, somehow, at the expense of the forma-

tion of Fe,Ti,0,, as expressed by reaction (7).
3Fe,Ti,0,—2Fe;Tiy040+5 O, (7)

Reaction (7) represents the reduction of a fraction of Fe**
(in Fe,**Ti,**0O;) to Fe** giving Fe,**Fe?*Tiz**O,, and
liberating oxygen. This reaction could be expressed as a
combination of reactions (8) and (9), as follows.

3Fe,0;2Fe;0,+5 O, (T =777 °C) (8)
2Fe;0,+ 6TiO,—2Fe;Ti;0, 9)
3Fe,05+6Ti0,—(3Fe, Ti,0,)—2Fe; Tiz0,0+5 O, (10)

Thus, reaction (7) could be understood as the decomposition
of Fe,O; (an equilibrium which according to thermodynamic
datal>1® takes place at temperatures above 777°C) and the
subsequent formation of Fe;Ti;O,, by direct reaction of Fe;O,
and TiO,.

Taking into account the conditions of the oxidation treat-
ments, the occurrence of reaction (7) should be interpreted to
take place along with the oxidation of the rest of the specimens,
as expressed by reaction (11). Therefore, combination of reac-
tions (7) and (11) results in the redox reaction (12) which
could describe the global process corresponding to the linear
range.
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Fig. 9 Micrographs corresponding to the oxide sublayers for specimen S30 after 70 h oxidation treatment at 850 °C. The sequence of the
micrographs goes from (A) the vicinity of the substrate to (D) the surface of the oxide scale.The magnification is the same for the four micrographs.

An area of the phase (Fe,Ni),B is marked with the arrow.

3Fe,Ti,0,—2Fe; Tiz0y0+5 O, (7)
A+3 0, (2)—AO (11)
3Fe,Ti,0, + A,—2Fe;Ti;0;0+AO (12)

where A, represents the specimens in their reduced forms
(TiB,, Ni, Al) and AO represents the oxidised specimens
(TiO,, B,0;, Al,O5, NiO).

A scheme of the reactions involved in each kinetic range
can be seen in Fig. 10.

Microstructural analysis of the specimens oxidised in the
linear range shows that the Fe;Ti;O,,/TiO, volumetric ratio
in the surface of the oxide scale at the end of the oxidation
treatment is much higher than that expected by considering
the relative amounts of iron and titanium in the substrate. In
particular, as mentioned before, while in the specimens oxidised
in the parabolic range the Fe:Ti atomic ratio keeps constant
along the oxide scale, in the specimens oxidised in the linear
range this ratio changes from 1:6 and 1:4 (for specimens S20
and S30, respectively) in the substrate to values close to 1:1.
This fact can be related to the presence of secondary borides
in the vicinity of the substrate of specimens oxidised in the
linear range (Fig. 9A) as well as to the reduction of Fe,O;
[reaction (8)].

Firstly, as iron is more concentrated in the outer part of the
oxide scale, the concentration of the rest of the elements must
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be relatively higher in the vicinity of the substrate. Thus, as
titanium, boron, aluminium and nickel are more concentrated
in relation to iron, greater competition for the oxygen is
established in the vicinity of the substrate which results in the
fact that there is not as much oxygen as required for iron,
nickel and boron to form oxides (aluminium and titanium
have higher affinities for oxygen). Therefore, iron and nickel
achieve a higher oxidation state by forming (Fe,Ni),B second-
ary borides. This chemical behaviour has been positively
identified in several TiB,-Fe and TiB,-Fe,Ni cermets in which
oxygen is present as an impurity.!-1718

On the other hand, the condition of equilibrium of reaction
(8) could influence the composition of the oxide scale as
follows. According to Le Chatelier’s law, when at a particular
moment and place oxygen vapour has been consumed by
reaction (11), the relative amount of Fe,Ti,O, should decom-
pose. Obviously, there is a finite amount of Fe,Ti,O, at that
particular moment and place, but also a certain amount of
TiO, left [i.e. which has not taken part in reaction (5)]. Then,
Fe,O; [the limiting reactant for reaction (5)] should be
provided at this particular moment and place, in order to form
the required amount of Fe,Ti,O,. This is in accordance with
the fact that, in the linear range, a constant oxidation of iron
(from Fe® in the substrate to Fe** in the oxide scale) is taking
place. This way, as reactions (5) and (7) continuously progress
in time, the composition of the surface of the scales tend to
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Fig. 10 Simple scheme of the most important reactions taking place
in both kinetic ranges. (Top) In the parabolic range, the formation of
the TiO, and Fe,O5 oxides (P1) is followed by the formation of the
stoichiometric amount of Fe,Ti,O, (P2). As Fe,O; is the limiting
reactant, there is TiO, left. (Bottom) In the linear range, the formation
of Fe,Oj5 is due to the incorporation of oxygen from the atmosphere
(L1) while the formation of TiO, (L2) is mainly due to the oxygen
liberated by the reduction of Fe,Ti,O, (L4). As this reduction in
equilibrium continuously progresses in time, the oxygen gain (due to
reaction L1) is constant in time. For this to occur, a constant oxidation
of iron is taking place which provides the required amount of Fe,O5
to react with TiO, giving Fe,Ti,O, (L3).

Fe;Ti3O4, (in agreement with values of Fe:Ti atomic ratios
tending to 1:1).

Since the decomposition of Fe,O5 [reaction (8)] takes place
at temperatures above 777 °C,'>16 this reaction must be related
to the change in kinetics from parabolic to linear (which
according to experimental results takes place at a temperature
between 750 and 775°C). This small disparity between tem-
peratures can be explained by considering that Fe,Ti,O, and
Fe;Ti3;0,, oxides contain small amounts of Al (and Ni in
Fe;Ti;O,,). Then, the presence of these elements could cause
the reduction of Fe,O; to start at a slightly lower temperature.

The change in kinetics from parabolic to linear can be
caused by either a change in the mechanism of oxidation or,
alternatively, by a second mechanism in the linear range in
addition to the one operating in the parabolic range. Even if
a discussion of this latest point should be rather tentative, the
following argument could be considered. It may be thought
that, in the parabolic range, mass gain (i.e. oxygen gain)
becomes slower as the oxidation goes on because of a slower
diffusion of oxygen to the vicinity of the substrate as the
distance from the atmosphere is longer. In contrast, at tempera-
tures above 777 °C, the gain of oxygen with time is constant.
At these temperatures, the rate of incorporation of oxygen
from the atmosphere to the scale should be controlled by the
necessity of a constant oxidation of Fe in time and its sub-
sequent reduction (Fig. 10). This reduction represents a new

way of transporting oxygen to the substrate which does not
take place in the parabolic range. Then, in the linear range of
temperatures, the oxygen gain does not depend on the thickness
of the scale but on the constant progression in time of the
equilibrium of reduction.

Concluding remarks

The oxidation of TiB, cermets containing a Fe-rich binder
phase in air is observed to present two oxidation ranges, of
parabolic type below 750 °C and linear type above 775 °C.

The two types of oxidation kinetics are accompanied by the
formation of oxide scales with different chemical compositions
and microstructures. It is common to both oxidation ranges
that the oxide scales formed are constituted by at least four
distinguishable oxide sublayers having a distinct microstruc-
ture from the surface to the vicinity of the substrate.

The microstructural development of the oxides scales can
be explained in terms of the formation of Fe,Ti complex oxides
in specimens oxidised at temperatures corresponding to both
parabolic and linear ranges.

The transition in kinetics from parabolic to linear has been
proposed to be related to the reduction in equilibrium of a
fraction of Fe3* to Fe*" (at temperatures above 777 °C) and
the subsequent oxidation of the rest of the specimens.
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