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Creep Behavior of Nonburning Ti-35V-15Cr-xC Alloys
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A comparison is made between the creep behavior of the Ti-35V-15Cr and Ti-35V-15Cr-0.2C alloys at 500
to 580 °C within the stress range of 200 to 300 MPa. The creep resistance of Ti-35V-15Cr-0.2C is consid-
erably improved by the incorporation of Ti,C particulates into the Ti-35V-15Cr-0.2C matrix.
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1. Introduction

There is an interest in developing nonburning titanium al-
loys for aerospace applications. In 1985, Pratt & Whitney ac-
celerated the development of a unique titanium alloy that
would not burn under the operating condition present in an
aeroengine to meet increasing demands in their industry sector.
From this investigation, a commercial alloy, Ti-35V-15Cer, des-
ignated as alloy C, was developed that has high burn resistance
up to 600 °C (Ref 1-3). Recently, an alloy development pro-
gram was undertaken jointly by the Interdisciplinary Research
Centre (IRC) at the University of Birmingham and Rolls-Royce
that aimed to identify a low-cost nonburning titanium alloy by
introducing Al into the Ti-V-Cr system; hence, an alloy of
Ti-25V-15Cr-2Al was developed (Ref 4-6). In addition to the
burn-resistant properties, there is great interest in optimizing
the mechanical properties, such as creep resistance, of non-
burning titanium alloys by investigating alloying effects. The
objective of this research was thus to provide information on
the significance of creep strengthening in carbon-bearing, non-
burning titanium alloys.

2. Experimental

The alloys studied in this investigation were Ti-35wt.%V-
15wt.%Cr and Ti-35wt.%V-15wt.%Cr-0.2wt.%C. Ten kilo-
gram ingots of each alloy were melted using a consumable-
electrode-arc-remelting furnace with a combination of master
alloys and pure elemental materials. The ingots were forged
into rods at 1000 °C and subjected to a heat treatment of
950 °C air-cooled (AC) and 1 h/700 °C AC for 4 h. Samples
with a gage length of 50 mm and a diameter of 5 mm were used
for creep testing. The experiments were performed on a vertical
load frame with a 20:1 lever-to-arm ratio in air at 500, 540, and
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Fig. 1 Optical micrographs of (a) the Ti-35V-15Cr and (b) the Ti-
35V-15Cr-0.2C alloys

580 °C, and 200 to 300 MPa. The testing temperature was
measured using a thermocouple placed near the sample, and the
variation of the temperature was within +5 °C. Creep defor-
mation was recorded across the shoulders of the samples using
a dial gage and a linear variable differential transducer. Engi-
neering creep strain versus time curve was developed for each
test, and the minimum creep rates were calculated from these
curves. Microstructural characterization was conducted on the
creep samples using an optical microscope. The deformation
behavior was characterized using a transmission electron mi-
croscope (TEM).
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Fig. 2 Creep curves of the Ti-35V-15Cr alloy
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Fig. 3 Creep curves of the Ti-35V-15Cr-0.2C alloy

3. Results and Discussion

Optical micrographs of the heat-treated microstructures of
the Ti-35V-15Cr and Ti-35V-15Cr-0.2C alloys are shown in
Fig. 1. The microstructure of the Ti-35V-15Cr alloy consisted
of a coarse B phase equiaxed structure with a grain size of
approximately 108 wm, with some « phase in the matrix and
the grain boundaries (Fig. 1a). The microstructure of the Ti-
35V-15Cr-0.2C alloy consisted of a coarse 3-phase matrix with
Ti,C particles randomly distributed in the matrix and the grain
boundaries (Fig. 1b). The grain size was about 112 pm, and the
average particulate size was determined to be 9.8 pm. Energy
dispersive spectrometry (EDS) revealed that these Ti,C par-
ticles consisted of 24.9 at.% C, 16.5 at.% O, and 58.6 at.% Ti.

Figures 2 and 3 show typical creep strain versus time curves
for the Ti-35V-15Cr-xC (x = 0, 0.2%) alloys, which were
obtained at temperatures of 500, 540, and 580 °C, and applied
stresses of 200, 250, and 280 MPa, demonstrating the three
stages of the creep behavior: primary, secondary, and tertiary
creep. It is clear that higher temperatures or higher stresses lead
to a shorter secondary creep stage. The creep test results are
presented in Table 1, which includes the creep deformation, the
minimum creep rate, and the corresponding testing conditions
for the heat-treated Ti-35V-15Cr-xC (x = 0, 0.2%) creep
specimens. The data indicate that adding 0.2% C to the non-
burning titanium alloys leads to greater creep resistance. For
example, the creep deformation and minimum creep rate were
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Fig. 4 Comparison of minimum creep rates of Ti-35V-15Cr-xC (x =
0, 0.2) at 540 °C
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Fig. 5 Dependence of minimum creep rates on temperatures of Ti-
35V-15Cr-xC (x = 0, 0.2)

Table 1 Creep properties of the Ti-35V-15Cr-xC alloys
X=0,02%)

o, MPa/ Creep
Temperature, deformation Minimum creep
Alloy °C €, % rate €., 1/s
Ti-35V-15Cr 250/500 0.051 6.79 x 107®
200/540 0.081 1.32x 1077
230/540 0.148 3.79x 1077
250/540 0.220 6.11 x 1077
280/540 0.541 7.38 x 1077
300/540 0.982 1.41x107°
250/580 8.91 1.91x107°
Ti-35V-15Cr-0.2C 250/500 0.034 3.97x 1078
200/540 0.011 234 x107®
230/540 0.022 7.81x 1078
250/540 0.087 1.45x 1077
280/540 0.093 223 x 1077
300/540 0.372 5.89x 1077
250/580 8.82 8.81 x 1077

more than three times greater for the Ti-35V-15Cr alloy than
for the Ti-35V-15Cr-0.2C alloy at 540 °C/250 MPa.
The creep resistance is increased by incorporating Ti,C par-
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Fig. 6 Dislocation substructures observed in the Ti-35V-15Cr-0.2C alloy crept at 540 °C under 250 MPa

ticulates into the Ti-35V-15Cr-0.2C matrix and by solid-
solution-strengthening of C in the matrix over the entire range
of the applied stress from 200 to 300 MPa (Table 1). The creep
parameters (n and Q,) were calculated from the power-law
creep equation from minimum creep rate:
Emin = Ao-n €xXp (_QA/RT) (Eq 1)
where ¢ is the minimum creep rate, A is a constant, o is the
applied stress, n is the stress exponent, Q, is the apparent
activation energy for creep, R is the gas constant, and T is the
absolute temperature. Figures 4 and 5 show plots of log &,
versus log o at T = 540 °C and In g, versus (1/T) at ¢ = 250
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MPa, respectively, for the heat-treated Ti-35V-15Cr-xC
(X = 0, 0.2%) alloys. The strain-rate dependence on tempera-
ture exhibited classic creep behavior, where the slope, taken
from the linear relationship between In ¢,;, and (1/7), yields
Q4. The Q4 values obtained for Ti-35V-15Cr and Ti-35V-
15Cr-0.2C are 291 and 256 kJ/mol, respectively, for an applied
stress of 250 MPa (Fig. 5). As shown in Fig. 4, the creep
exponents of 5.8 and 5.1, respectively, for the Ti-35V-15Cr and
Ti-35V-15Cr-0.2C alloys were obtained for the stress range of
200 to 300 MPa. These creep exponents were constant, which
suggests that a single mechanism was operating over the entire
range of the applied stress.

Figure 6(a) to (f) shows dislocation substructures of the
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Fig. 7 Dislocation substructures observed in the Ti-35V-15Cr alloy
crept at 540 °C under 250 MPa

Ti-35V-15Cr-0.2C alloy crept at 540 °C under 250 MPa pres-
sure. The TEM investigations revealed that the slip of the dis-
locations was planar within [3 grains, while other straight dis-
locations were inclined to the slip plane, suggesting that
secondary slip had occurred (Fig. 6a). Some dislocations oc-
curred in pileup configurations at Ti,C particle/ phase bound-
aries, as shown in Fig. 6(b), suggesting that the large Ti,C
particles acted as obstacles to the motion of creep dislocations.
The Ti-35V-15Cr-0.2C alloy (Fig. 6¢) reveals prominent
strengthening due to precipitated Ti,C particles, showing dis-
location pileup at the interfaces of Ti,C precipitates. A differ-
ent dislocation substructure was observed for the Ti-35V-15Cr-
0.2C alloy (Fig. 6d), where bowed-out dislocations were
moving on two slip systems. An unexpected but important
aspect of the creep deformation structure in the Ti-35V-15Cr-
0.2C alloy is the occurrence of loops in the 3 grains, as shown
in Fig. 6(e) and (f), suggesting the presence of a dislocation
climb/slip control mechanism for the creep deformation in the
Ti-35V-15Cr-0.2C alloy. These loops may be directly related
to dislocation climb and the result of vacancy or self-interstitial
condensation. Different dislocation configurations were ob-
served for Ti-35V-15Cr, which underwent creep at 540 °C with
an applied load of 250 MPa, as shown in Fig. 7, with planar slip
of dislocations and dislocation networks in the 3 matrix.

The presence of Ti,C precipitates in the Ti-35V-15Cr-0.2C
alloy remarkably improves the creep resistance, especially at
540 °C: the creep deformation and creep rate are reduced by a
factor of three. The secondary creep behavior was character-
ized by stress exponent values greater than 5. It was therefore
suggested that the creep deformation of the Ti-35V-15Cr-xC
(X = 0, 0.2%) alloys at 500 to 580 °C within an applied stress
range of 200 to 300 MPa was dominated by a dislocation-
controlled creep process, and this conclusion is supported by
the observation of dislocation configurations. Dislocations and
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loops were extensively observed in the matrix of the crept
Ti-35V-15Cr-0.2C samples (Fig. 6a-f), indicating that the
creep rate is controlled by a glide and/or climb mechanism. The
secondary creep dislocation structure associated within this
regimen indicated that dislocation pileup was occurring at the
Ti,C-B phase interfaces (Fig. 6b and c). If the glide and/or
climb mechanism of the leading dislocations at the head of the
pileup constitutes the rate-controlling mechanism, grain size
and/or Ti,C particle spacing with regard to the mean free-slip
path would be important to the creep rate. The precipitation of
Ti,C particles in the Ti-35V-15Cr-0.2C alloy resulted in a de-
crease in the mean free-slip path, thus enhancing the creep
resistance. This explains the lower creep deformation and mini-
mum creep rates exhibited in the Ti-35V-15Cr-0.2C alloy com-
pared with that of the Ti-35V-15Cr alloy. These results indicate
that creep strengthening of the Ti-35V-15Cr-0.2C alloy occurs
by second particle strengthening. The second particle-
strengthening mechanism controls the creep behavior of the
Ti-35V-15Cr-0.2C alloy when the matrix microstructure is
constant and stable, and this alloy has good Ti,C-matrix inter-
face bonding (Fig. 6b), thus improving the creep resistance of
the Ti-35V-15Cr-0.2C alloy.

4. Conclusions

The creep deformation and minimum creep rate of Ti-35V-
15Cr-0.2C at 500 to 580 °C within the applied stress range of
200 to 300 MPa decreases significantly compared with that of
Ti-35V-15Cr. The creep deformation of the Ti-35V-15Cr-xC
(x = 0, 0.2%) alloys was dominated by a dislocation-controlled
creep process. The improved creep resistance of Ti-35V-15Cr-
0.2C is attributed to second particle strengthening of Ti,C par-
ticles by inhibiting the dislocation motion in the matrix.
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