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Thermo-mechanical fatigue behavior of Ti-6-22-22 alloy
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Thermo-mechanical fatigue (TMF) results from the si-
multaneous effects of cyclic variations in load, strain
and temperature. Its greater detrimental damage effect
has been recognized. TMF may involve mechanical fa-
tigue damage, creep damage and environmental dam-
age, and the fatigue life of materials under TMF test is
found to depend in a complex manner on strain ranges,
temperature cycles, phase relationships, dwell periods,
and frequencies. As TMF tests are time consuming and
quite expensive, the life time of components usually is
predicted based on isothermal fatigue (IF) data only.
This can sometimes lead to nonconservative results,
if stress-strain response, crack initiation behavior, or
crack growth rate under TMF conditions are differ-
ent from those under isothermal conditions. It is well
known that most often the fatigue life of materials under
TMF test is shorter than that under IF test at the max-
imum temperature of TMF temperature cycle, thus it
may take a risk to use IF data to predict TMF behaviors
of materials [1–7].

Many studies of TMF behaviors have concerned
steels, nickel-base superalloys, or fiber reinforced high
temperature titanium alloys. Most conventional tita-
nium alloys do not have a temperature potential high
enough, so that TMF loading was of no concern earlier.
However, due to the application of high temperature ti-
tanium alloy up to 600 ◦C, the TMF behavior has drawn
much attention recently. Ti-6-22-22 alloy is a α-β tita-
nium alloy devised to use at medium temperature [8, 9].
Though its operating temperature is not very high, its
operating condition in aircraft involves thermal tran-
sients in combination with mechanical strain cycles
simultaneously, especially during the aircraft take-off
prior to normal flying. It is necessary to investigate the
TMF behavior of Ti-6-22-22 alloy.

The α-β titanium alloy Ti-6-22-22 (nominal chemi-
cal compositions Ti-6Al-2Sn-2Zr-2Cr-2Mo, in wt. pct)
used in this investigation was received in the form of
hot forged rod. Before fatigue tests, the alloy was heat
treated following the triplex heat treatment schedule:
(1) 980 ◦C for 0.5 h, air cooling; (2) 925 ◦C for 1 h, air
cooling; (3) aging at 540 ◦C for 8 h and then air cooling.
The typical bi-lamellar microstructure was obtained.
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For the fatigue tests, the specimens with a cylindrical
gage length of 18 mm and diameter of 6 mm were
machined. The TMF tests, as well as IF tests at the
maximum and minimum temperatures of the temper-
ature cycle, were conducted under mechanical strain
control, using an MTS810 servohydraulic test sys-
tem. The cyclic wave forms were triangular for both
loading and temperature, and the period was 200 s.
The cyclic mechanical strain amplitudes were 1.1, 1.2,
1.5 and 1.8%, and the cyclic temperature range was
200–400 ◦C. In phase TMF (TMF-IP, i.e. the highest
temperature vs. the maximum tensile stress) and out
of phase TMF (TMF-OP, i.e. the highest temperature
vs. the maximum compressive stress) tests were per-
formed for this alloy. The TMF tests run from 200 to
520 ◦C as well as corresponding IF tests at the max-
imum and minimum temperatures of the temperature
cycle under a 1.1% mechanical strain amplitude control
were also performed. The fractography of the fracture
surfaces and metallography of longitudinal sections
were analyzed by a SEM-S360 and light microscopy,
respectively.

Fig. 1 shows the cyclic strain-life curves of IF tests
at 200 ◦C and 400 ◦C, and of TMF tests run from

Figure 1 Cyclic strain-life curves of IF at 200 and 400 ◦C, and of TMF
run from 200 to 400 ◦C.
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Figure 2 Cyclic stress response curves of IF at 200 and 400 ◦C, and of TMF run from 200 to 400 ◦C (a) IF at 200 ◦C, (b) IF at 400 ◦C, (c) TMF-IP,
(d) TMF-OP.

Figure 3 Cyclic stress response curves of Ti-6-22-22 for (a) IF at 200 and 400 ◦C, and TMF run from 200 to 400 ◦C, (b) IF at 200 and 520 ◦C, and
TMF run from 200 to 520 ◦C under a mechanical strain amplitude of 1.1%.

200 to 400 ◦C under different strain amplitudes con-
trol. At all strain amplitudes tested, the fatigue lives
(Nf) of Ti-6-22-22 for IF tests at 200 ◦C are greater
than that at 400 ◦C, this indicates that the fatigue life
decreases with increasing temperature. At all strain
amplitudes applied, the fatigue lives, Nf , of TMF-IP
are greater than those of TMF-OP, which indicates that
the phase relationship affects fatigue life obviously. For

each strain amplitude applied, the fatigue lives are dif-
ferent depending on the specific testing conditions. We
can see that the maximum fatigue life for this alloy can
be achieved by TMF-IP test, and in contrast, the mini-
mum fatigue life can be achieved by IF test at 400 ◦C.
For example, at strain amplitude of 1.1%, the maximum
fatigue life is 870 cycles obtained by TMF IP test, while
the minimum fatigue life is 620 cycles obtained by IF
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Figure 4 SEM fractography of IF specimens (a) at 400 ◦C and (b) at 520 ◦C.

Figure 5 Metallography of longitudinal section of IF specimens (a) at 400 ◦C and (b) 520 ◦C.

test at 400 ◦C. This effect becomes more obvious when
the mechanical strain amplitude decreases (see Fig. 1).

The maximum fatigue lives Nf achieved for Ti-6-22-
22 by TMF IP test can be explained as follows. It is
known for Ti-6Al-4V alloy, which is similar to Ti-6-
22-22 alloy, that the deformation mechanism transition
from planar slip to wavy slip occurs at about 300 ◦C.
The deformation is more homogeneous after transition,
and Nf for IF test at 300 ◦C is the greatest both in air
and in vacuum. Below 300 ◦C Nf will decrease due
to severe localized plastic deformation caused by pla-
nar slip [10], and above 300 ◦C an Nf decrease may
be due to increased mobility of wavy slip dislocations
and hence enhanced severe localized plastic deforma-
tion again at higher temperatures. At the same time the
environmental effects at high temperature should be
taken into account. Because of varying temperature for
TMF-IP, the low temperature dislocation structure is
different from the high temperature dislocation struc-
ture, and the low temperature dislocation structure in-
teracts with the high temperature dislocations during
every cycle [11], leading to a final dislocation struc-
ture similar to the structure at the mean temperature of
temperature cycle, which is similar to the dislocation
structure of Ti-6Al-4V at 300 ◦C. Therefore the Nf of
Ti-6-22-22 for TMF-IP test is the greatest among the
four testing conditions.

Fig. 2 shows the cyclic stress response curves of IF
and TMF, which were obtained from the maximum
tensile stress and compressive stress of every cyclic
hysteresis loop. All the curves under different fatigue
testing conditions are characterized with cyclic stress
softening drastically at the first 10 cycles. For example,
Fig. 1(a) shows that at strain amplitude of 1.1% (solid

line) the maximum tensile stress varies from about 850
to 800 MPa within the first 30 cycles for IF test at
200 ◦C. When the mechanical strain amplitudes are
smaller, say 1.1%, after initial cyclic softening at the
first 10 cycles, the slight cyclic hardening and then
cyclic stress saturation stage can be observed as shown
in Fig. 2(a) to (c). However, when the mechanical strain
amplitude is as large as 1.8%, the cyclic stress softening
occurs during entire test for all fatigue tests.

Because the obvious oxidation of titanium alloys oc-
curs above 500 ◦C [12], the environmental effects on
Nf should be slight for IF tests at 200 and 400 ◦C and
TMF tests run from 200 to 400 ◦C, even if it cannot
be neglected entirely. In the temperature range of 200–
520 ◦C, the effects of oxidation are more detrimental
for Ti-6-22-22 alloy. To investigate this effect, the IF
tests at 200 and 520 ◦C, and TMF tests run from 200 to
520 ◦C under a constant mechanical strain amplitude
of 1.1% control were conducted, and the cyclic stress
response curves are shown in Fig. 3(b). For compar-
ison, the cyclic stress response curves for IF tests at
200 and 400 ◦C, and for TMF tests run from 200 to
400 ◦C under a constant mechanical strain amplitude
of 1.1% control were shown in Fig. 3(a). It shows that
the fatigue life of Ti-6-22-22 for TMF-OP run from
200 to 520 ◦C (about 150 cycles, see Fig. 3(b)) is much
lower than that run from 200 to 400 ◦C (about 670
cycles, see Fig. 3(a)), and it is also lower than that
for IF test at 520 ◦C (about 400 cycles, see Fig. 3(b)).
It is well known that TMF-OP is in tensile stress at
minimum temperature, the obvious oxidation at max-
imum temperature causes the plasticity loss at lower
temperature, thus the Nf for TMF-OP test decreases
drastically.
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SEM fractography and longitudinal section metal-
lography indicate that the fatigue cracks initiate at the
specimen surface by multiple sources, then propagate
transgranularly into the matrix of the alloy (see Figs 4
and 5). The fatigue cracks are basically caused by
machining trances on the specimen surface. The fa-
tigue cracks grow either parallel or perpendicular to
the α/β interfaces. Similar to the Ti alloy of IMI834,
the extensive metallographic examination has indicated
that the conventional creep damage, i.e., void forma-
tion, is negligible in all fatigue tests. There is nearly
no difference among the metallographies of specimens
under different testing conditions.

In summary, for Ti-6-22-22 alloy, the detrimental
effects of TMF run from 200 to 400 ◦C are not ob-
vious, in other words, the alloy is suitable for service
in this temperature range. However, when the maxi-
mum cyclic temperature increases to 520 ◦C, the effect
of oxidation on fatigue life is substantial, leading to
the fatigue life for TMF-OP tests much lower, and the
detrimental effects for TMF tests are more pronounced
than those for IF test at the maximum temperature of
TMF temperature cycle.
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