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Abstract: Significant temperature and stress dependent creep behavior of commercial pure titanium TA2 was observed at low and
intermediate temperature. According to the variation of creep strain with applied stress level, the relationship between threshold
stress level and the corresponding creep temperature was determined. Based on short time creep tests, the constitutive equation
containing steady state creep strain rate was used to extrapolate the minimum creep rate. The existence of steady state creep of
commercial pure titanium TA2 was confirmed by subsequent long time creep experiments. Through the minimum creep strain rates,
creep stress exponent was obtained which also indicates the accuracy of the extrapolated minimum creep strain rates. The activation
energy of primary creep (approximately 60 kJ/mol) at different creep strains level was higher than the activation energy for slip
controlled creep, which demonstrates the importance of twinning for the development of creep behavior of TA2 at low temperature.
Moreover, according to the variation of twinning structure with deformed temperature in creep tested specimens, the temperature
dependent creep behavior was interpreted and the importance of twinning for creep behavior of TA2 was confirmed.
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Low temperature creep can be understood as
time-dependent plasticity that occurs at T<0.3T,and at stresses
below the macroscopic yield stress. Compared to high
temperature creep, materials generally neither fail nor
experience significant plasticity due to low temperature creep™,
and thus relatively less attention has been paid to low
temperature creep. It has been reported that low temperature
creep occurs in many materials, such as CP-Ti ¥, titanium
alloys™™ steel™ copper™™ magnesium alloys™, silver™.
Among them, CP-Ti, Ti-6Al-4V, pure magnesium and AZ31
display marked creep deformation. Oberson™ suggested that
slip and time-dependent twinning were active deformation
mechanisms for low temperature creep behavior of HCP
a-Ti-1.6wt%V. The mixed slip and twinning deformation
mechanisms which caused low temperature creep of a titanium
alloys was also proposed by Wyatt™. In low temperature
creep tests the steady creep rate stage and the third stage of
many materials were not observed, so low temperature creep is
a discussion of primary creep™. Since the steady-state creep
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strain rate is an important quantitative measure of creep
behavior, extrapolation is efficient to obtain the minimum
creep rate based on creep tests data in short timel*®*>%0]
However, Peng et al.® found that the steady state creep rates
extrapolated by different experimental times were different
and suggested that only primary creep stage exists in the low
temperature of CP-Ti during short experimental time.
Obviously, the apparent steady state creep stage of CP-Ti has
not been observed in previous work and whether the secondary
steady creep exists or not in the low temperature creep
behavior is worthy discussing. Thus, in the present paper the
creep behavior of CP-Ti at low and intermediate temperature
will be investigated.

1 Experiment

The material used in this investigation was TA2 and its
chemical composition is given in Table 1. Rectangular cross
sections specimens were used with 100 mm length, 10 mm
width and 3 mm depth. The detailed experimental scheme
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Table 1  Chemical composition of TA2 (wt%)
Ti Fe C N H (0]
>99 0.06 0.01 <0.01 0.001 0.12

Table 2 Experimental scheme

Stress level Temperature/K
(0/00.2) 573 498 423 388 353 293

1.2 x/

1.06 V V J
1.0 \/ \/ \/ \ \/ \
0.92 V V J
0.85 V 3 \
0.7 3 3 \

is listed in Table 2. Room temperature was adjusted by air
conditioning in the laboratory and creep test temperature was
controlled by high temperature furnace of creep testing
machine. The temperature controlled error was +1 K.

2 Results and Discussion

According to the experiment approach, these creep tests
were conducted to obtain the creep curves of CP-Ti at the
temperature of 293~573 K and under different stress levels,
as shown in Fig.1.

2.1 Significant temperature and stress dependent
creep behavior

temperature and stress. When creep temperature is
constant, creep strain increases with creep stress and creep
strain accumulates very slowly at a relatively lower stress
level. Thus, the creep behavior will not occur in case of
stress lower than the threshold stress. At 423 K, creep
strain increases quickly at the first 10 h, then the
phenomenon of creep saturation is observed and the time
to reach creep saturation shortens with stress decreasing.
Zhang et al.”®! suggested that creep saturation was related
to the rapid creep exhaustion rate at primary stage. Guo et
al.”® determined the threshold stress of Mg-2Nd-0.5Zn-
0.4Zr alloy in creep according to linear relationship
between creep strain and the applied stress level. Peng et
al.™ indicated the range of threshold stress of CP-Ti at
low and intermediate temperature, as shown in Table 3.
The value of creep strain after approximately 40, 80, 120,
160, 200 h, was plotted against various stress level as
shown in Fig.2. The relationship between creep strain and
the applied stress level is linear, expressed as:
£=0.171401(S — 0.765287) (1)
Similarly, threshold stress at other temperatures could be
obtained by this method, as shown in Table 4. Also threshold
stress in Table 4 is consistent with that in Table 3. According
to threshold stress level S in Table 4, threshold stress level
against the corresponding temperature is plotted in Fig.3.
It can be seen that the relationship between threshold
stress level S and creep temperature meets quadratic
equation, as follows:

Obviously from Fig.1, the creep behavior of TA2 at low S =0.000011T 2 —0.009673T +2.628306 2)
and intermediate temperature is closely related to
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Fig.1 Creep curves of TA2 under different deformation conditions: (a) 293 K, (b) 353 K, (c) 388 K, (d) 423 K, (e) 498 K, and (f) 573 K
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Table 3 Range of threshold stress level (S) of CP-Ti at

1465

where ¢ is total true strain, g is instantaneous loading strain,
t is the creep time, and & is the extrapolated minimum
creep rate. At 423~573 K, creep behavior is apparent in the
first few hours, and then creep strain accumulates slowly.
Thus, a logarithmic creep law is appropriate to extrapolate
& of TA2 at 423~573 K, as below:

e=¢g,+a In(l+a,t)+t 4)

However, according to creep data within 300 h, most of
the extrapolating & are negative values, meaning creep
behaviors do not show steady state characteristic in short
time tests. In order to verify the existence of steady state
creep, long time creep experiments were conducted.

2.3 Results analysis for long time creep experiment

In this section, two relatively long creep experiment were
conducted, including: (1) T=293 K, stress level S(o/0q,)=1,
t=2000 h. (2) T=353 K, stress level S(a/ay,) =1.06, t=1000
h. Two sets of relatively long time creep curves are shown
in Fig.4.

From Fig.4, it can be seen that at 293 K after
approximately 1000 h, creep strain rate fluctuates at the
value of 10°h™". At 353 K after 1000 h, proper steady state
creep has not appeared in the test, and the creep rate
keeps ever-reduced.

2.3.1 Discussion of steady state creep at 293 K

The constitutive model viz. Eq.(3) are used to extrapolate
the minimum creep rates of different creep times and the
parameters are listed in Table 5.

0.01¢ T=293K, ol =1 a

1E-3¢

1E-4|

293~423 K
Temperature/K 293 353 423
S (Stress level)  0.7~0.8500.2 0.6~0.7002 0.5~0.600.2

Table 4 Threshold stress level (S) of TA2 at 293~573 K
293 353 423

Temperature/K 573

S (Stress level, o/00.2) 0.765 0.684 0.568 0.864

2.2 Results analysis for short time creep experiment

At low creep stress and creep strains, the primary creep
deformation of many metals and alloys can be described by
a logarithmic creep law. In case where there is larger
accumulation of primary creep strains, the deformation
often can be described by a power law "%,

Therefore, at 293~353 K when low temperature creep
behavior is apparent, steady state creep strain rate can be
extrapolated by power law constitutive equation, as
follows:

e=¢gy+ pt" +ét

©)

Creep Strain Rate/h™

Creep Strain Rate/h™
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Fig.4 Creep strain rate versus time of long time creep tests:
(a) t=2000 h and (b) t=1000 h
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Table 5 Extrapolated steady state creep rates of different

creep times

t/h B n &1<10*h?

10 0.016540 0.164168 -0. 80
100 0.016319 0.15980 -0. 040
250 0.016374 0.155307 0. 060
500 0.016379 0.155044 0. 060
1000 0.016459 0.151616 0. 080
1500 0.016384 0.152410 0. 080
2000 0.016403 0.153672 0. 080

As can be seen from the above data in Table 5:

(1) The fitted power law parameters of # and n based on
different creep times are almost the same. The extrapolated
steady state creep strain rates are negative based on creep
data of 10 and 100 h, which means creep behavior is
primary creep in 100 h. Thus, with creep data within 100 h,
the primary creep can be described as follows:

£=0.016318t%1%9" (5)

(2) The extrapolated steady state creep strain rates based
on different creep time are different. Here, as shown in
Fig.5 and Fig.6, creep strain rate versus time are plotted.

Obviously, the overall trend of creep strain rate during
250~500 h is decreasing, while creep strain rate fluctuates
up and down after 1000 h, which is approximately equal to
10 h*. Therefore, initial 500 h creep is still in the first
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Fig.6 Creep strain rate during 1000~2000 h

stage and after 1000 h the steady state creep appears. If the
first creep stage is very short and the second stage is the
main part of creep curve, then the extrapolated steady state
creep strain rate will be a constant as the primary creep
strain item( gt") in Eq.(3) can be neglected. Thus, there is a
difference between the extrapolated creep strain rate before
500 h and that after 1000 h.

(3) In order to accurately calculate the steady state creep
rate after 1000 h, creep data during 1500 h to 2000 h is used.
As in this period creep behavior is the steady state creep, a
liner equation is used to obtain the minimum creep rate, as
follows:

= £(t-1500)+A &, (6)

gtotal

where Ag,,, is the creep strain before 1500 h. Fitting
results are as follows:

Em =1.2x107°(t -1500)+0.061627 @)

Therefore, the minimum creep rate is 1.2 X10°h™. On the
other hand, if creep behavior during 1000~2000 h is not the
second stage, then creep behavior can be described with
power law. With creep data during 1000~2000 h, the
primary creep is expressed as:

£ = 0.0066471°34% (8)
The parameters g and n are independent of time; however
the parameters £ and n in Eq.(8) are much different from
parameters in Eq.(5), and this also means after 1000h creep
reaches to the second stage.

2.3.2 Discussion of steady state creep at 353 K

From Fig.4b, it can be seen that creep strain rate has
dropped apparently before 300 h, power law is proper to
describe creep behavior. After 300 h, the power law
containing steady state creep rate is used to extrapolating
the minimum creep rate and the extrapolated results with
different time is listed in Table 6.

Based on creep data within 500, 800, 1000 h, all of the
extrapolated & are negative values, which means when
creep experiment up to 1000 h, creep behavior is still at the
primary stage. The extrapolated parameters of g and n
based on different time are same, which also means within
1000 h creep is primary creep.

From the discussion mentioned above, it is clear that at
293 K and stress level of 1, after 2000 h the minimum creep
rate was obtained. Thus, the secondary stage creep of TA2

Table 6 Extrapolated results with different time

t/h B n £/<10*ht
300 0.042302  0.249360 -

500 0.042543  0.250228 -0.47
800 0.042949  0.245450 -0.35
1000 0.043144 0.243371 -0.30
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at low and intermediate temperature will appear if creep
time is longer enough.
2.4 Creep deformation mechanism

According to the extrapolated minimum creep strain rate,
creep stress exponent n is calculated as 6.96, which is close
to the former researcher’s results™®. The activation energy
for the primary creep can be expressed as?:

_ ol Alng(e) 9)
Q)= R[ AT }

where R is the ideal gas constant. The curve of In¢-1/T was
plotted as shown in Fig.7, which has a slope that is
proportional (by a factor of R) to the activation energy at
that particular creep strain. The value of activation energy
for deformation of o titanium when slip is the rate-limiting
deformation mechanism is given in the range of 30~40
kd/mol™" ?4 while the activation energy for twin growth is
66 kJ/mol™" ' The low temperature primary creep
activation energy of TA2 at different strain level is always
higher than the activation energy for slip but lower than that
for twinning, and thus both slip and twinning are active
creep deformation mechanisms for TA2 at low temperature.
In order to support the importance of twinning for low
temperature creep behavior of TA2, microstructures were
investigated by the optical micrograph of specimens.

Based the on metallographic microstructures shown in
Fig.8, the density of twinning structure is connected with
creep temperature. Song et al.” found that as temperature

: Creep strain
_10 A 62.59 k/mol i,
o 4%
A 6%
. -12 63.19 k¥/mol v 8%
2 -14
k=1
-16+ 6259 ki/mol
R=0.974
_18 -
-20+ ) )
0.0024 0.0028 0.0032
1T

Fig.7 Curvesof Ing-1/T

increases, the stress required for the dislocation slip is
decreasing and the stress required for twinning
remain the same. Thus, as temperature increases, the
density of twinning in specimens becomes less and less. At
293 K, many twinning structures as shown in Fig.8a
provide sufficient source to activate the long time
continuous creep deformation. As the density of twinning
decreases with temperature as shown in Fig.8b and Fig.8c,
creep behavior of TA2 becomes less and less significant.
And this causes the creep saturation at 423 K. At 573 K,
twinning structures disappear; thus except the initial load
strain, creep strain hardly increases by time as shown in
Fig.1f.

Fig.8 Metallographic microstructures of creep specimens: (a, a’) 293 K, S=1; (b, b") 353 K, S=1; (c, ¢') 423 K, S=1; (d, d) 573 K, S=1

.3 Conclusions

1) According to the variation of creep strain with applied
stress level, the threshold stress of TA2 at low temperature
and intermediate temperature is obtained.

2) Based on results of long time creep experiments, the
steady state creep at low temperature for TA2 is confirmed.

3) According to the minimum creep rate, stress exponent
is calculated as 6.96. Both the activation energy for primary
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creep of TA2 and the metallographic images support the
importance of twinning for creep of TA2 at low and
intermediate temperature.
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