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Non-isothermal oxidation and ignition prediction of Ti—Cr alloys
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Abstract: The non-isothermal oxidation behavior and oxide scale microstructure of Ti—Cr alloy (0<w(Cr)<25%) were studied from
room temperature to 1723 K by thermogravimetric analysis (TGA), X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The influencing mechanism of chromium on the oxidation resistance of Ti—Cr alloys was discussed. The results show that the
oxidation resistance of the alloys decreases with Cr below a critical chromium content w¢ and increases above wc; above 1000 K, the
oxidation kinetics obeys parabolic rule and titanium dominates the oxidation process; after oxidation, the oxygen-diffusing layer is
present in the alloy matrix, the oxide scale is mainly composed of rutile whose internal layer is rich in chromium, and chromium
oxides separated out from TiO, near the alloy-oxide interface improve the oxidation resistance. Ignition of metals and alloys is a fast
non-isothermal oxidation process and the oxidation mechanism of Ti—Cr alloys during ignition is predicted.
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1 Introduction

High thrust—weight ratio is required for next
generation of advanced aero-engine, which contradicts
the increasing tendency of “titanium fire” of titanium
components in compressor. New titanium alloys with
high temperature resistance and fire resistance are
urgently needed. Fireproof titanium alloys as new high
temperature titanium alloys with excellent creep
resistance and fire resistance are becoming a promising
and critical material for advanced aero-engine [1]. Alloy
C (Ti—35V—-15Cr) is a highly stable p-type fireproof
titanium alloy developed by America and has been used
in F119-PW—100 engine for F—22 fighter at the end of
last century [2,3]. Until now, “titanium fire” of this alloy
has not been reported. Chromium together with
vanadium stabilizes f phase, improves the strength and
fire resistance of Alloy C, which allows this alloy to
work above 800 K [4]. Thus, the effect of chromium on
oxidation resistance and fire resistance of titanium alloys
attracts attention.

The former researches showed that the oxidation
resistance of Ti—Cr alloys decreases below a critical
chromium content, while increases above the critical
content [4—7]. For example, the oxidation resistance of

Ti—Cr alloys at 773—973 K decreases with chromium of
0.5%—8.0% [5]. The oxidation resistance of Ti—Cr alloys
at 873—-1073 K increases with chromium of 11%—15%
[4]. To achieve high fire resistance for Ti—V—Cr alloys, it
was proposed by BERCZIK [8] that the chromium
content can be 13%—36%. For example, the fireproof
alloys Alloy C and Ti40 (Ti—25V—15Cr) contain 15%
chromium. LI et al [9] studied the combustion behavior
of Ti—35V—15Cr-0.05C, indicating that the glasslike
combustion products containing chromium oxides,
vanadium oxides and titanium oxides retard the diffusion
of species. ZHAO et al [10] studied the combustion
behavior of Ti—Cr alloys, concluding that the enrichment
of chromium near the interface between alloy and
burning products is the reason of improvement of fire
resistance, while chromium oxides retard the diffusion of
species.

However, most oxidation experiments of titanium
alloys containing chromium conducted under isothermal
condition and near the working temperature of alloys
(<1000 K), which cannot well reveal the effect of
chromium on oxidation of titanium alloys containing
chromium at higher temperature. Especially, the
oxidation mechanism during ignition is still unclear for
titanium alloys containing chromium, and effect of
chromium on combustion needs further study too. By
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TGA, the oxidation characteristics of metals under
non-isothermal condition can be obtained. Comparing
with combustion, by TGA the oxidation kinetics can be
measured precisely in a large temperature range.
Meanwhile, comparing with isothermal oxidation,
thermogravimetric measurement proceeds quickly,
continually and at a higher temperature much more close
to combustion temperature, which provides some
information about ignition and combustion, especially
considering that ignition is a fast non-isothermal
oxidation process. For example, TRUNOV et al [11,12]
studied the non-isothermal oxidation behavior of
aluminum powder, obtained the kinetics parameters and
well explained the changeful ignition temperature of
aluminum considering phase transformation of alumina.
Thus, the high temperature oxidation behavior of Ti—Cr
alloys was studied by TGA. Meanwhile, the ignition
characteristics were predicted.

2 Experimental

Ti—Cr alloys with chromium content of 0, 5%, 10%,
15%, 20% and 25% by mass were prepared by a 1 kg
non-consumable vacuum arc melting furnace. Small
pieces of high-purity titanium and chromium were mixed
by mass and held in the crucible which was placed in the
furnace. After closing the sealing cover of the furnace,
the furnace was heated for 20 min, refilled with argon to
1.01 X 10° Pa, then evacuated to 4.0 Pa, and finally
refilled with argon of 0.05 Pa. The tungsten electrode
was directed to the raw materials and after arc ignition
the melting started under the current of 700 A. The blank
was inverted after one melting and remelted five times.
The ingots were taken out after cooling by a water-cycle
system for 30 min. The specimens for oxidation
experiments were cut from the centre of the ingots. The
surfaces were grinded by 200” and 1000” abrasive papers,
then cleaned by acetone and ethanol and dried by
flowing air.

The non-isothermal oxidation experiments were
conducted on a thermogravimetric analyzer (METTLER
TOLEDO TGA/DSC1) with accuracy of 0.01 pg and
measuring range from room temperature to 1873 K. An
alumina crucible with the inner diameter of 7 mm was
used to carry the specimen, which was under a flowing
gas mixture of nitrogen (80 mL/min) and oxygen (20
mL/min) during heating. The specimens were heated
from room temperature to 1723 K at the heating rate of
20 K/min. Considering the heat release of oxidation, the
highest experimental temperature (1723 K) was lower
than the upper temperature limit of the
thermogravimetric analyzer (1873 K). However, the
mass gain after oxidation is enough to meet the demand
of research. For example, the maximum mass gains of

Ti—25Cr were 7.5% and 12% for Ti.

Phases of oxide scales were characterized by XRD
(Bruker D8 Advance) with scanning speed of 8 (°)/min
and step size of 0.02°. Prior to metallographic
preparation, the specimens were mounted by resin to
avoid the spalling of oxide scales. The specimens were
grinded by 200" and 1000" abrasive papers, and polished
by diamond paste. Acetone and ethanol were used to
clean the specimens, followed with drying by flowing air.
Cross-section microstructure was investigated by SEM
(JSM—-6460LV), coupled with energy dispersive
spectroscopy (EDS) for chemical analysis.

3 Results

3.1 Thermogravimetric curves

Figure 1 shows the mass gain curves of Ti—Cr
alloys (0<w<25%) due to oxidation, obtained after
processing the original TGA data. The curves with
different chromium contents proceed nearly identically
until 1000 K. Above 1100 K, the mass gains of alloys
show an obvious difference: the mass gains of Ti—5Cr
and Ti—10Cr increase at a similar rate, which is higher
than others; the mass gains of Ti and Ti—15Cr increase at
a similar rate, which is lower than that of Ti—5Cr or
Ti—10Cr; the mass gains of Ti—20Cr and Ti—25Cr are the
lowest, which can be obviously observed above 1300 K.
As temperature increases, the mass gains of Ti, Ti—5Cer,
Ti—10Cr and Ti—15Cr converge, which are respectively
22.95, 24.07, 22.11 and 21.38 mg/em® at 1723 K. At
1723 K, the mass gains of Ti—20Cr and Ti—25Cr are
17.63 and 16.73 mg/em® respectively, showing little
difference. As chromium content increases, the visible
mass gain starts at a higher temperature. For Ti-25Cr,
the starting temperature is 1450 K.
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Fig. 1 Mass gain curves of Ti—Cr alloys due to oxidation

In order to investigate the effect of chromium on the
non-isothermal oxidation behavior of Ti—Cr alloys
quantitively, the oxidation kinetics was processed
according to the method first developed for aluminum
oxidation [11,12]. The oxidation was assumed to be
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controlled by a single thermally activated diffusion of
one species in the scale. The mass gain rate can be
described by the following equation:

dAm 1

where Am is the mass gain per unit surface area; A4 is the
reaction constant; £ is the activation energy; R is the
mole gas constant. The heating rate is f in the
experiment and f=d7/ds.

The equation (1) can be transformed to

dam A 1

—— =—-exp[-E/(RT)]-— 2
a B p[—E£ /(RT)] o 2)
After logarithmic transformation, the equation is

obtained as:

dAm—lnAm :i—lné 3)
RT

B
The left side of Eq. (3) is defined as Y, which can be
calculated from TGA data. The relationship between Y
and 1000/7 is shown in Fig. 2. The regions where curves
are close to lines with positive slopes are considered
valid in terms of the assumption that the oxidation is
controlled by a single thermally activated diffusion of
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Fig. 2 Relationship between Y and 1000/7: (a) Ti, in whole
measuring temperature range; (b) At high temperature, to show
clearly Y of Ti—Cr

one species. For each alloy, the regions at low
temperature with negative slopes are considered invalid
(Fig. 2(a)). At low temperatures, the mass gain is slow
and easy to be disturbed by other factors, such as
evaporation of pollutants on the surface. Above 1000 K,
for each alloy most regions appear as lines with positive
slopes (Fig. 2(b)). Above 1000 K, the severe curve
fluctuations are possibly associated with the healing and
rupture of oxide scales, which are not considered (Fig.
2(b)). Table 1 shows the oxidation activation energies for
the regions considered valid above 1000 K, which are
calculated from the slopes of lines. The activation
energies for the alloys are 176—282 kJ/mol.

Table 1 Oxidation activation energies for regions considered
valid above 1000 K
Specimen  Temperature/K  Activation energy/(kJ-mol )

Ti 934-1223 176
Ti—5Cr 992-1260 265
Ti—10Cr 983—-1142 282
Ti—15Cr 973-1434 232
Ti—20Cr 1037—-1268 182
Ti—25Cr 1001-1307 202

3.2 Surface analysis

After oxidation, the rupture and breakdown of oxide
scales for some alloys were observed. The surface of Ti
appears golden red. As chromium content increases, the
golden red gradually weakens and the grey gradually
intensifies. The surface morphologies of Ti—Cr alloys
after oxidation are shown in Fig. 3. The golden red of the
oxide scales is obvious for Ti—10Cr, while it disappears
for Ti—25Cr, and is replaced with dark grey. The surface
of oxide scales is compact.

(@)

(b)
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Fig. 3 Surface morphologies of Ti—Cr alloys after oxidation:
(a) Ti—10Cr; (b) Ti—25Cr
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XRD results of the specimen surfaces after R Rutile
oxidation are shown in Fig. 4. The phases of Ti—Cr
alloys are all rutile, the same as the phase of Ti. The
chromium oxides are not observed. As the penetration
depth of X-ray in TiO; (~10 um) is much smaller than
the thickness of oxide scales (>50 um, see section 3.3),
the outer layer of oxide scales is mainly composed of
rutile and the inner layer needs further analysis.
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3.3 Cross-section analysis

SEM and EDS results of Ti—Cr alloys after 1
oxidation are shown in Fig. 5. The oxide scales break
away from the alloy (Fig. 5). This is mainly caused by Fig. 4 XRD results of specimen surfaces after oxidation
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Fig. 5 SEM images and EDS results of Ti—Cr alloys after oxidation: (a), (b) Ti; (c), (d) Ti—15Cr; (e), (f) Ti—20Cr; (g), (h) Ti—25Cr



MI Guang-bao, et al/Trans. Nonferrous Met. Soc. China 22(2012) 2409-2415 2413

the thermal stress at the alloy-oxide interface arising
during cooling because of the thermal expansion
coefficient difference between the alloy and oxide. The
oxide scales of Ti are composed of two layers, thick
outer layer and thin inner layer closely adhering to the
matrix (Fig. 5(a)). For other specimens, the duplex oxide
scales are not observed. For Ti—15Cr, Ti—20Cr and
Ti—25Cr, the oxygen-diffusing layer is clearly observed,
which has a visible borderline compared with the alloy
matrix (Figs. 5(c), (e) and (g)). Though the oxide scales
contain a large amount of oxygen, the oxygen peaks are
weak due to the unsuitability to detect light elements by
EDS (Fig. 5(b)). The chromium distributions after
oxidation are similar. This characteristic can be
represented by Ti—20Cr, with the lowest chromium peaks
in the scale, higher peaks in the oxygen-diffusing layer
and the highest peaks in the matrix (Fig. 5(f)). The
chromium distribution in the scale is also uneven. For
Ti—20Cr, dense chromium peaks appear near the
alloy-oxide interface (Fig. 5(f)). For Ti—15Cr and
Ti—25Cr, the internal layer of the oxide shows higher
peaks than the outside layer (Figs. 5(d), (e)).

4 Discussion

According to the thermogravimetric curves, the
chromium content has a marked effect on the oxidation
resistance of Ti—Cr alloys. The oxidation resistance of
Ti—Cr alloys decreases with chromium below a critical
chromium content wc, while increases with chromium
above wc. The critical content in this study is 10%—15%.
The changing characteristics of the oxidation resistance
with chromium in this study are consistent with the
isothermal oxidation results of Ti—Cr alloys at low
temperatures, and the critical contents are close. For
example, the critical content is around 10% near 873 K
by isothermal oxidation experiments [4,5].

Above 1000 K, most regions of curves appear as
lines with positive slopes, which indicates that the
oxidation kinetics obeys parabolic rule (Fig. 2). The
oxidation activation energies for the regions considered
valid above 1000 K is 176—282 kJ/mol, close to that of
titanium at 873—1123 K (167 kJ/mol [13]) and that of
titanium particles obtained by non-isothermal oxidation
from 323 to 1473 K (201 kJ/mol [14]). The activation
energy is smaller than that of anion diffusion in a-Cr,0;
(423 kJ/mol) and larger than that of cation diffusion in
0-Cry;0; (92 kJ/mol [15]). In addition, standard free
energy of formation of TiO, is smaller than that of Cr,O;,
indicating a higher affinity between titanium and oxygen.
The above discussion indicates that titanium dominates
the oxidation process and titanium is oxidized first. Two
titanium oxides with stable structures can form, which
are TiO, and TiO. However, the coordination of oxygen

close to TiO can only be formed by introducing titanium
cation into TiO, [16]. Thus, TiO, tends to form during
oxidation, consistent with the result that phases of oxide
scales are mainly rutile by XRD analysis.

Generally, rutile is a n-type semiconductor with
high ionic character. In TiO,, each titanium cation (Ti*")
belongs to six oxygen anions (O%), constructing
TiO¢-octahedron. The Coulomb binding force between
anion and cation and the arrange style of TiOg-octahera
determine the stability of the structure [16]. With
enrichment of titanium, the coordination number of
interstitial titanium cation (Ti*") is also six. The titanium
cations are easy to form at the interstitial sites due to a
small cation size, and meanwhile the structure of
titanium oxides is stable without large lattice distortion.
Thus, a large number of interstitial titanium cation point
defects appear in TiO, [17-19]. Tii"" together with
oxygen vacancy defect (V) forms Schottky defect and a
large number of V, defects exist in the TiO, lattice,
which is supported by the oxidation results including
formation of oxygen-diffusing layer and location of
platinum marker [20-23]. As the sizes of Cr’" and Ti*"
are close (0.069 and 0.068 nm respectively), Cr’* will
replace Tii4+, leading to existence of Cr;*" in TiO,. During
oxidation of Ti—Cr alloys, Ti;'" diffuses outwards
through TiO, and captures the inwards diffusing O°,
making the scales grow outwards continually. As a result,
the internal layer of oxide scales is rich in chromium,
which is consistent with the EDS analysis for oxide
scales of Ti—15Cr, Ti—20Cr and Ti—25Cr. Meanwhile,
Cry" diffuses outwards and combines with inwards
diffusing O*", forming chromium oxides. However, the
diffusing rate of chromium is smaller than that of
titanium. In addition, the oxygen-diffusing layer after
oxidation indicates the existence of Vy defects and
diffusion of O”" through TiO,. It can be explained as
follows. Oxygen diffuses into alloy, forming oxygen-rich
area which stabilizes a phase. Compared with the matrix,
the phase of oxygen-diffusing layer will not change even
the o—f transformation temperature for pure Ti has been
reached. Borderline exists between the matrix and the
oxygen-diffusing layer.

Based on the above discussion, the model of
microscopic mechanism of oxidation of Ti—Cr alloys
above 1000 K was established, as shown in Fig. 6. Three
defects Vo, Ti*" and Cr;?" exist in the TiO, scales. Ti;*"
has priority over Cr;" to diffuse outwards and combines
with inwards diffusing O*" forming TiO,, while Cr;**
mainly combines with O near the alloy-oxide interface
to form chromium oxides. The further inward diffusion
of oxygen into alloy leads to the oxygen-diffusing layer.
At a low chromium content, after Cr;’" replacing Ti;*"
more Vo defects appear, whose diffusion promotes
oxidation. In this range of chromium content, chromium
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lowers oxidation resistance, corresponding to the
oxidation results of Ti—Cr alloys with chromium content
lower than 10%. Cri3+ has a solution limit in TiO,. For
example, at 1673—1923 K, the solution limit of Cr,O; in
TiO, is 7.5% [24]. Thus, after reaching the solution limit,
chromium oxides will separate out from TiO,, which
retard the diffusion of species. In this range of chromium
content, chromium improves oxidation resistance,
corresponding to the oxidation results of Ti—Cr alloys
with chromium content more than 15%.

TiO,

Chromium
oxides

Oxygen- Tift  Cri*

diffusing layer\"

Matrix—

Fig. 6 Microscopic mechanism of oxidation of Ti—Cr alloys

Ignition resistance is a special example of oxidation
resistance [25]. Ignition is defined as a chemical reaction
under  self-accelerated rate and  self-increased
temperature, accompanied by the production of heat and
light. In other words, ignition is a fast self-accelerated
non-isothermal oxidation process. Based on this study, it
can be predicted that during ignition the alloy-oxide
interface of Ti—Cr alloys containing high chromium will
be rich in chromium and chromium oxides near the
interface will retard the diffusion of species and improve
the ignition resistance. The same conclusions can be
drawn for other titanium alloys containing chromium.
The combustion experiments of Ti—Cr alloys show that
the interface between alloy and burning products is also
rich in chromium, while no burning resistance shows
with chromium lower than 10% [10]. The mechanism of
chromium effect on burning resistance of Ti—Cr alloys is
similar to that of non-isothermal oxidation. Thus, to
some extent, ignition behavior can be predicted by
non-isothermal oxidation analysis.

5 Conclusions

1) From room temperature to 1723 K, the oxidation
resistance of Ti—Cr alloys is lower than that of Ti below
a critical chromium content wc and increases with
chromium content above we. The content we is
10%—15%. Above 1000 K, the oxidation kinetics obeys
parabolic rule.

2) During the non-isothermal oxidation, titanium
dominates the process. The oxide scales are mainly
composed of rutile. The internal layer of oxide scales is
rich in chromium, and oxygen-diffusing layer appears in
the matrix.

3) Ti;*" has priority over Cr;’" to diffuse outwards,
leading to enrichment of chromium in the internal layer
of oxide scales. Existence of Vg defects and diffusion of
O” in TiO, result in the formation of oxygen-diffusing
layer. Vo defects and the oxidation rate of Ti—Cr alloys
with a low chromium content increase after Cri3+
replacing Ti;*". With a high chromium content, the
separated-out chromium oxides increase the oxidation
resistance. The mechanism of the effect of chromium on
non-isothermal oxidation of Ti—Cr alloys helps to predict
the ignition characteristics of Ti—Cr alloys to some
extent.
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