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Abstract: The relationship between microstructure characteristics and fatigue properties of Ti-6Al-2Sn-4Zr-2Mo-0.1Si (Ti6242s)
alloy was investigated. According to the microstructure quantitative analysis results, the solution treatments at different temperatures
have an obvious effect on the proportion and morphology of primary a-phase. The changes in microstructure characteristics slightly
influence the tensile property and low-cycle fatigue property of Ti6242s alloy at room temperature, whereas the dwell fatigue life and
the fatigue sensitivity index are sensitive to these changes. Additionally, it is verified that the relatively strong stress concentration and
inhomogeneous micro-area plastic deformation occur in the Ti6242s alloy under dwell fatigue load. Moreover, the characteristics of
small plane regions and the surrounding quasi-cleavage regions in the Ti6242s alloy under dwell fatigue load at room temperature are
formed through the analysis of fatigue failure fracture morphologies. The related experiment results are in good agreement with the
stress-strain distribution characterizations of microstructures of equiaxed primary o -phase and the surrounding soft phase/grain.
Accordingly, the relatively low inhomogeneous micro-area plastic deformation in the alloy with equiaxed primary a-phase of low
volume fraction is beneficial to reduce the probability of crack initiation and can delay crack propagation, thus improving the dwell
fatigue property.
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Titanium alloy is an important lightweight metal material,
which has been widely used in the aerospace, aviation,
military, shipping, and energy industries. The high-
temperature titanium alloys are mainly used to manufacture
discs and blades in the fan and compressor sections of aero-
engines. Several series of high-temperature titanium alloys
have been developed for the manufacture of advanced
aeroengines with higher, more diverse, and more complex
performance requirements, such as IMI550, IMI685, IMI834,
Til7, and Ti-6Al-2Sn-4Zr-2Mo-0.1Si  (Ti6242s)

Ti6242s alloy is a typical high-temperature titanium alloy with

alloys.

high specific strength, excellent creep resistance, and good
toughness, which usually serves at 500—550 °C. Similar to that
of other near-a or a+pf high-temperature titanium alloys, the
dwell fatigue property of Ti6242s alloy requires thorough
assessment before its application in aeroengines! >,
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Dwell fatigue failure of near- o or a+/ high-temperature
titanium alloys differs from other conventional low-cycle and
high-cycle fatigue failure modes. This premature fail behavior
usually occurs under periodic dwell load. Since, the
magnitude of dwell fatigue life of titanium alloys is increased
with decreasing the temperature, this special failure mode is
called as the cold-dwell fatigue. It is believed that many

internal material factors®™

[9-13]

, external testing, and environ-
mental factors can affect the cold-dwell fatigue property.
Moreover, the cold-dwell fatigue failure of near-a or a+/f
titanium alloys is mainly related to the variety of alloys and
the type of microstructures. The inhomogeneous plastic
deformation and local stress concentration within the titanium
alloy under dwell fatigue load are considered as the internal
mechanism of the premature failure behavior*'Y. The

external test and environmental factors, including fatigue
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stress, stress ratio, temperature, waveform, and atmosphere,
may enhance or weaken the dwell fatigue sensitivity of tita-
nium alloy by affecting the internal mechanism. Hence, se-
lecting an appropriate alloy or microstructure type is a simple
but effective way to alleviate dwell fatigue. The dwell fatigue
performance of different titanium alloys and microstructure
types has been widely researched. Qiu et al” compared the
dwell fatigue properties of Ti-6Al-2Sn-4Zr-xMo (x=2 — 6)
alloys based on the microstructure-normalized basis. It is
found that with increasing the Mo content, the dwell fatigue
life is rapidly reduced, and the dwell fatigue fractures appear
on surface instead of subsurface. Zeng et al”’ discussed the
influence of microstructures on dwell fatigue sensitivity of Ti-
6.5A1-3.5Mo-1.5Zr-0.3Si alloy. Among the equiaxed, trimo-
dal, and basketweave microstructures, the equiaxed microstruc-
ture has the strongest fatigue life reduction effect. Basket-
weave microstructure possesses a slightly higher dwell fatigue
life, compared with that of tri-modal microstructure at low ma-
ximum stress. McBagonluri® and Shen™ et al demonstrated
that the equiaxed and elongated microstructures have shorter
fatigue life and faster crack growth rate than the colony
microstructure does. Woodfield et al” introduced the effect of
microstructure on dwell fatigue behavior of f -heat-treated
Ti6242 alloy. The neighboring primary a colony orientations
possess important effects on the dwell fatigue crack initiation
in a colony. Chandravanshi et al™* found that the fine micro-
structures obtained by hot deformation usually have long
fatigue life and long dwell fatigue life. The large reduction in
o+ phase region can also be observed during the final hot
deformation stages, which leads to the microstructure refine-
ment and the formation of a large number of hard-orientated
grains, thereby improving the dwell fatigue life. The effects of
titanium alloys or their microstructure types on dwell fatigue
property have been extensively researched. Usually, the low-
cycle fatigue life and dwell fatigue properties of different
titanium alloys with different microstructure types are quite dif-
ferent. Therefore, the preparation process need optimization.

This research investigated the effect of primary a-phase on
the micro-area plastic deformation of Ti6242s alloy under low-
cycle fatigue and dwell fatigue. Accordingly, the disc forgings
of Ti6242s alloy with primary o -phase of different volume
fractions and morphology characteristics were obtained via
heat treatment at different temperatures. The microstructures
of these forgings were observed and quantitatively analyzed.
The mechanical properties, including tensile properties, low-
cycle fatigue property, and dwell fatigue property at room
temperature, were tested. The analysis of micro-area plastic
deformation and failure fracture evaluation provided the effect
mechanism of primary o-phase on dwell fatigue behavior of
Ti6242s alloy.

1 Experiment

Four pieces of Ti6242s disc forgings were treated by solid
solution at 970, 985, 995, and 1003 °C for 1 h, then aged at
595 °C for 8 h, and finally air cooled. Subsequently, the
specimens for analysis of microstructure and mechanical

properties were machined from the key center position of
lengthwise section in these disc forgings, which were
considered as the most sensitive position to dwell fatigue
behavior in this research. The microstructures of Ti6242s
alloy were then observed via optical microscope (OM, CARL
ZEISS Axio Vert. Al) and scanning electron microscope
(SEM, FEI Nova Nano SEM). The Kroll’s reagent (2vol% HF
and 10vol% HNO, in H,0) was used to etch the specimens.
The volume fraction and the average size of the equiaxed pri-
mary a-phase were measured. Every equiaxed primary a-grain
could be identified by Image-Pro Plus analysis software. The
volume fraction of the equiaxed primary a-phase was calcu-
lated by the ratio of the total area of the primary a-grain to the
total measured area; the average grain size and average cross-
section area of the primary o -phase were measured
automatically according to the reference size. The tensile
specimens and fatigue specimens were cut along the
circumferential direction. The gage and grip diameters of the
tensile specimen were 6 and 12 mm, respectively. The gage
and grip diameters of the fatigue specimen were 6 and 14 mm,
respectively. Room-temperature tensile tests were conducted
according to ASTM-E8/E8M standard, and the room-
temperature load-controlled fatigue tests were conducted
according to ASTM-E466 standard. The low-cycle fatigue
tests were conducted by triangular waveform with the maxi-
mum stress of 869 MPa and rise/down time of 1 s. The dwell
fatigue tests were conducted by trapezoidal waveform with
rise/down time of 1 s, and the dwell time was 120 s under the
maximum stress of 869 MPa. The applied load was unidirec-
tional tension, and the stress ratio of the low-cycle fatigue
tests and dwell fatigue tests was 0. Three specimens for low-
cycle fatigue tests and three specimens for dwell fatigue tests
were tested until the fracture failure. Other fatigue specimens
were tested after fatigue cycle of 200 times for the microstruc-
ture analysis. For microstructure analysis, the specimens were
cut along the midline of the fatigue specimens. The electron
backscattered diffractometer (EBSD) data were acquired by
HKL Channel EBSD system, and the data were processed
through Channel 5 software, presenting the grain boundary
images and intragranular-local-misorientation maps. The anal-
ysis areas of the EBSD test were designed as 400 pmx300
um, and the analysis step was 0.5 pm. Additionally, the intra-
granular-local-misorientation could be expressed by the kernel
average misorientation (KAM) parameter. Therefore, KAM
parameter was discussed. Afterwards, the average misorienta-
tion between the data point and its neighbors was calculated.
The filter size of the intragranular-local-misorientation anal-
ysis in this study was 5x5. The characteristic morphologies of
failure fracture in low-cycle fatigue specimens and dwell
fatigue specimens were observed by SEM and analyzed.

2 Results and Discussion

2.1 Microstructure

Fig.1 shows OM original microstructures of Ti6242s alloys
before fatigue tests. The microstructure consists of equiaxed
primary a-phase (light phase) and transformed f-phase matrix
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Fig.1 SEM original microstructures of Ti6242s alloys after solid-solution heat treatment at 970 °C (a), 985 °C (b), 995 °C (c), and 1003 °C (d)

(dark phase). The transformed f-phase matrix is composed of
p colonies, and the o, and f laths with the similar arraying
directions in local areas are alternately arranged. It can be
seen that the proportion of transformed f-phase matrix and the
size of § colonies are increased with increasing the solution
heat treatment temperature.

SEM microstructures of the transformed f-phase matrix are

shown in Fig. 2. The size of a, laths in the transformed f

colonies is between 0.1 and 2.0 pm. Moreover, the f laths in
the transformed § colonies are much thinner than those in the
a, laths. The heat treatment process has no obvious effect on
the morphology of the transformed f-phase matrix, which is
mainly due to the transformation of S -phase matrix during
aging treatment at the same temperature. Both the equiaxed
primary o -phase and o, laths have close-packed hexagonal

(hcp) crystal structure with strong anisotropy, whereas the

Fig.2 SEM microstructures of transformed f-phase matrix in Ti6242s alloys after solid-solution heat treatment at 970 °C (a), 985 °C (b),

995 °C (c), and 1003 °C (d)
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laths in the transformed S colonies have body-centered cubic
(bee) crystal structure.

As shown in OM and SEM morphologies of Ti6242s alloy,
different  solution the
microstructure characteristics of the primary a-phase, such as
its proportion and morphology. The volume fraction, average
grain size, and average sectional area of the primary a-phase

treatments mainly  influence

are analyzed, as shown in Table 1. It can be seen that
approximately 9.2vol% primary a-phase exists in the Ti6242s
alloy after solution heat treatment at 1003 °C, and 37.1vol%
primary a-phase exist in the alloy after solution heat treatment
at 970 °C. Simultaneously, the distribution density, average
grain size, and average sectional area of the primary a-phase
are decreased with increasing the solution heat treatment
temperature. At a certain temperature range below the a <> f
phase transition temperature, the volume fraction of the
primary o -phase is gradually decreased with increasing the
solution temperature in traditional titanium alloy. In this
research, the o <> f phase transformation temperature of
Ti6242s alloy is between 1010 and 1015 °C, and the final
forging temperature before heat treatment is lower than
970 °C. The solid solution process causes the phase transition
from a -phase to f-phase, particularly at high solid solution
temperatures, which results in the transformation from large
primary a -grains into small primary o -grains. Some small
primary a -grains even disappear completely. Therefore, the
average primary « -grain size decreases, and the number of
primary a-grains also reduces. In addition, the distribution of
o -grains is dispersed and independent in the Ti6242s alloy
after solid-solution heat treatment at 1003 °C.

Fig. 3 shows the contents of primary a -phase and the

distribution of primary a-phase in the cross section of Ti6242s
alloys different
temperatures. The volume fraction of the primary a-phase is
decreased with
temperature. The f—> o transition temperature of the Ti6242s
alloy reaches nearly 1010 °C, as shown in Fig.3a. When the
solution heat treatment temperature approaches the phase
transition temperature, the reduction in the volume fraction of
primary a-phase becomes more obvious. Moreover, it can be
seen that the area of primary a-phase in the cross section area
is mainly 50—150 pm*. Evidently, the solution heat treatment
has a great influence on the content of primary a-phase, and
the solution heat treatment at high temperatures results in the
obvious reduction in primary a-grains.

after solid-solution heat treatment at

increasing the solution heat treatment

2.2 Tensile and fatigue properties at room temperature

The tensile and fatigue tests were conducted at room
temperature on the Ti6242s alloys after solid-solution heat
treatment at different temperatures, and their results are shown
in Fig.4 and Fig. 5, respectively. The Ti6242s alloy has the
ultimate tensile strength of 960—980 MPa, yield strength of
870-900 MPa, total elongation of 16%—21%, and the area
reduction of 32% — 39%. The ultimate tensile strength is
increased slightly, whereas the yield strength, the total
elongation, and the area reduction are decreased slightly with
increasing the
conclusion, the microstructure characteristics present the
marginal effect on tensile property and low-cycle fatigue
property at room temperature.

The average cycle number of low-cycle fatigue test of
different Ti6242s alloys is 12 000—18 000, demonstrating no
significant correlation between the low-cycle fatigue property

solution heat treatment temperature. In

Table 1 Analysis results of primary a-phase in Ti6242s alloy specimens after solid-solution heat treatment at different temperatures

) Volume Distribution Average grain Average sectional
Specimen Heat treatment . . , ) )
fraction/vol% density/mm size/pm area/pum
1# 970 °C/1 h+595 °C/8 h 37.1 1219 16.95 317.78
21 985 °C/1 h+595 °C/8 h 28.2 1041 16.44 283.08
3# 995 °C/1 h+595 °C/8 h 19.1 931 15.00 214.31
4 1003 °C/1 h+595 °C/8 h 9.2 520 14.19 184.59
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Fig.3 Contents of primary a-phase (a) and distribution of primary a-phase in cross section (b) of Ti6242s alloys after solid-solution heat

treatment at different temperatures
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Fig.4 Room-temperature tensile properties of Ti6242s alloys after

solid-solution heat treatment at different temperatures

and the microstructure characteristics. However, the average
failure cycle number of dwell fatigue test is increased from
1750 to 3250 with increasing the solid-solution heat treatment
temperature. Accordingly, the fatigue sensitivity index and the
ratio of low-cycle fatigue failure cycle to the dwell fatigue
failure cycle are decreased with increasing the solution heat
treatment temperature. Furthermore, the regular changes in
dwell fatigue life confirm that the dwell fatigue performance
of titanium alloy is sensitive to the characteristics of
microstructures, as shown in Fig.5.

2.3 Microstructure evolution after dwell fatigue load

Dwell fatigue load at room temperature has no obvious
effect on the morphology characteristics of the equiaxed
primary o -phase and transformed S -phase matrix. However,
according to the corrosion features under the same corrosion
conditions, the stress concentration may occur in the phase
interface between the equiaxed primary o -phase and trans-
formed f-phase, as shown in Fig.6. The stress usually accel-
erates the corrosion of metallic materials"”'®. The internal
stress in the material can also cause the difference in corrosion
degree of microstructures. Many gullies and pits forming at
the phase interface can be observed during the corrosion
process, and the more the equiaxed primary « -phase, the
easier the cessation occurrence in the specimens.
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Fig.5 Room-temperature low-cycle fatigue life, dwell fatigue life,
and dwell fatigue sensitivity index of Ti6242s alloys after

solid-solution heat treatment at different temperatures

The stress concentration and inhomogeneous micro-area
plastic deformation have been validated in the intragranular-
local-misorientation analysis. Fig. 7 shows the intragranular-
local-misorientation maps of Ti6242s alloys after solid-
solution heat treatment at different temperatures followed by
dwell fatigue of 200 cycles. The intragranular-local-
misorientation is expressed by KAM in EBSD analysis, which
usually represents the plastic strain level in the local area. In
this research, the angle range of the intragranular-local-
misorientation is defined as 0°-3°, and the intragranular-local-
misorientation is inhomogeneously distributed in local areas.
The high intragranular-local-misorientation areas are mainly
concentrated in the transformed /S colonies and some
equiaxed primary « -grains, whereas the low intragranular-
local-misorientation areas consisting of equiaxed primary
o-grains exist as isolated islands. The inhomogeneous degree
of intragranular-local-misorientation is equivalent to the inho-
mogeneous plastic deformation in the local area. According to
Fig.7, the great deformation degree and the large difference in
micro-area plastic deformation behavior can be observed in
the Ti6242s alloy with the primary a-phase of high contents.

Fig.8 provides the distributions of KAM parameters of the

Fig.6 SEM microstructures of Ti6242s alloys after solid-solution heat treatment at 970 °C (a—b), 985 °C (c—d), 995 °C (e—f), and 1003 °C (g-h)

followed by dwell fatigue of 200 cycles
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Fig.7
1003 °C (d) followed by dwell fatigue of 200 cycles

primary o-phase and transformed f-phase in Ti6242s alloys
after solid-solution heat treatment at different temperatures
followed by dwell fatigue of 200 cycles. The peak position of
f -phase misorientation is at approximately 0.75°, which is
higher than that of the primary a-phase (0.5°), indicating that
the f-phase is prone to plastic deformation, compared with the
primary a-phase in the Ti6242s alloy. The large amount of low
KAM misorientation demonstrates that the micro-area plastic
deformation of the microstructure obtained via high-
temperature solution treatment is relatively lower and more
uniform.

The inhomogeneous plastic deformation behavior of the
Ti6242s alloy under dwell fatigue load can also be reflected
by the fatigue failure fracture morphologies. The low-cycle
fatigue load at room temperature can cause crack initiation
failure on the surface of Ti6242s alloy specimens, as shown in
Fig. 9. The characteristics of crack initiation source, fatigue

Intragranular-local-misorientation maps of Ti6242s alloys after solid-solution heat treatment at 970 °C (a), 985 °C (b), 995 °C (c), and

strip, and transient fracture dimple can be easily identified. A
completely different failure mode occurs in the Ti6242 alloy
under dwell fatigue load at room temperature, as shown in
Fig.10. The dwell fatigue failure fractures present the internal
crack of fracture

characteristics can be observed in the inner area of fracture,

initiation. A large number source
presenting numerous bright white spots. Moreover, these
internal crack source areas are composed of a small plane
region and surrounding quasi-cleavage regions, as shown in
Fig.10. The central small plane region is flat and smooth, and
its size is similar to that of the primary a-grain. Meanwhile,
the small plane region is approximately perpendicular to the
applied load direction. Furthermore, the quasi-cleavage
regions originating from the central small plane region
gradually expand to the dimple tearing region, and the quasi-
cleavage expansion region also has the small stepped regions

of different angles.
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Fig.8 KAM parameter distributions of hcp primary a-phase (a) and bee f-phase (b) in Ti6242s alloys after solid-solution heat treatment
at different temperatures followed by dwell fatigue of 200 cycles



Zhang Mingda et al. / Rare Metal Materials and Engineering, 2023, 52(7):2317-2325

2323

Fig.9 Fracture morphologies of Ti6242s alloys after low-cycle fatigue

source; (c) fatigue strip; (d) transient fracture dimple

Fig.10 Fracture morphologies of Ti6242s alloys after dwell fatigue load of 869 MPa at room temperature: (a) overall fracture morphology;

(b) transient fracture dimple; (c) internal crack initiation source+tsurrounding quasi-cleavage region; (d) internal crack initiation source

According to the inhomogeneous plastic deformation at the
local area in EBSD test and the central small plane region
surrounded by the quasi-cleavage regions in the fracture test,
the dwell fatigue failure mechanism is closely related to the
microstructure of Ti6242s alloy. During the dwell fatigue test,
different levels of micro-area plastic deformation occur in the
Ti6242s alloy, and a small number of equiaxed a-phase grains
are not prone to deformation. The difference in micro-area
plastic deformation between these hard-to-be-deformed

equiaxed a -phase grains and the surrounding easy-to-be-
deformed microstructure gradually accumulates under the
dwell fatigue load. Moreover, the internal stress between them
initially breaks the equiaxed a-phase grain, forming the small
plane regions. Then, the crack source gradually grows to the
surrounding transformed f-phase matrix under periodic loads,
forming the quasi-cleavage regions of the crack morphology.
More cracks are continuously formed, propagated, and
merged, eventually leading to the failure and fracture of
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Fig.11 Fracture morphologies of Ti6242s alloys after solid-solution heat treatment at 970 °C (a), 985 °C (b), 995 °C (c), and 1003 °C (d)

followed by dwell fatigue

Ti6242s alloys. These results are all related to the hard-
orientated equiaxed primary «-phase with low plastic defor-
mation and soft phase/grain with high plastic deformation.

The fracture morphologies of Ti6242s alloys after solid-
solution heat treatment at different temperatures followed by
dwell fatigue treatment are shown in Fig.11. The areas of the
central small plane region range from tens of square microns
to nearly one hundred square microns, which overlaps with
the area of the equiaxed primary o -phase. No obvious
difference in the small plane regions of the Ti6242s alloy with
different microstructures can be observed. The areas of quasi-
cleavage regions are between thousands of square microns and
tens of thousands of square microns, which are ten times
larger than those of the small plane regions. The relatively
large quasi-cleavage areas can be observed after solution heat
treatments at high temperatures. Additionally, the alloys after
solution heat treatment at high temperatures have relatively
low inhomogeneous plastic deformation degree at the local
area, which reduces the probability of crack initiation.
Furthermore, the f -phase matrix of high volume fraction
increases the difficulty in crack propagation and reduces the
probability of crack combination, thus improving the fatigue
life of the Ti6242s alloy under dwell fatigue load.

3 Conclusions

1) The solution treatment process mainly changes the
volume fraction, distribution density, average grain size, and
average sectional area of the primary o-phase in the Ti-6Al-
2Sn-4Zr-2Mo-0.1Si (Ti6242s) alloys. These microstructure
characteristics present the marginal effect on tensile property
and low-cycle fatigue property at room temperature.
Meanwhile, the dwell fatigue life and the fatigue sensitivity

index are highly sensitive to the microstructure characteristics,
which are increased and decreased with increasing the
solution treatment temperature, respectively.

2) The stress concentration and inhomogeneous micro-area
plastic deformation are formed dramatically in the Ti6242s
alloy under dwell fatigue load. The great deformation degree
and the large difference in micro-area plastic deformation
behavior can be observed in the Ti6242s alloy with the
primary a-phase of high contents.

3) The inhomogeneous micro-area plastic deformation
occurs in the Ti6242s alloys during fatigue failure fracture.
The entirely different mode of internal crack initiation failure
causes the small plane region and the surrounding quasi-
cleavage regions in the Ti6242s alloy under dwell fatigue load
at room temperature. This phenomenon is related to the hard
equiaxed primary a -grains with low plastic deformation
ability and nearby soft phase/grain with high plastic
deformation ability.

4) The relatively low difference in inhomogeneous plastic
deformation degree at the local area reduces the probability of
crack initiation and hinders the crack propagation in the
Ti6242s alloy with equiaxed primary a-phase of low content,
thereby improving the fatigue property of the Ti6242s alloy
under dwell fatigue load.
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