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ABSTRACT The push pull low eycle fatigue ( LCF) behaviors of Tr48AF2M r 2Nb( mole fraction, %),

which was formed by centrifugal spray deposition ( CSD) under a low pressure vacuum condition, were investi-

gated under the control of total eyelic strain amplitude at ambient temperature. The resulis show that the

available cyclic strain amplitude regions of TiAl alloy are very narrow, A&/ 2 equals 0. 1% ~ 0.25%, and no

cyclic hardening or softening are observed during low cycle fatigue processes. The fatigue lives of CSD samples

can be improved by hot isostatic pressing { HIP). The characteristics of dislocation configurations of samples

experienced different strain amplitudes have been analyzed by means of transmission electron microscopy

(TEM) .
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1 INTRODUCTION

As a result of low density, high strength,
good oxide resistance and excellent creep resis-
tance, titanium aluminum alloys based on ¥
T1iAl are currently considered as one of the most
prospective structural materials for elevated tem-
perature applications in the future ™. Tt is
well known that fatigue of structural materials is
an important field, which should be highlighted
and studied deeply. However, as its low plasticr
ty of TiAl alloy at ambient temperature, the re
search works about low cycle fatigue tests have

]

. 4,5
less been studied and reported'® 1. Moreover,

it 1s very difficult to conduct LCF under cyclic
strain control. One of the authors'® investigated

some mechanical properties of Tr48AF2M m-2Nb
alloy produced by centrifugal spray deposition

(CSD) under vacuum condition. His results
show that the elongation of CSD TiAl alloy is
about 3% 1in tensile test at ambient temperature,
while 38% compressed ratio is obtained in com-
pression test at ambient temperature. So it indr
cates that this new forming process can improve
the plasticity of intermetallics and presents a pos-
sibility of carrying out cyclic strain fatigue. The
present work tries to study deeply the effect of
CSD processing on the low cycle fatigue ( LCF)
of the TiAl alloy. Obviously, this work has the
significance and applicant value to understand
the behavior of TiAl intermetallics.

2 EXPERIMENTAL

2.1 Preparation of TiAl alloy
The nominal composition of ¥TiAl alloy
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was Tr48AF2Mm2Nb ( mole fraction, %).
The alloy was produced by centrifugal spray de
position ( CSD) at Interdisciplinary Research
Centre (IRC) in Materials for High Performance
Applications, University of Birmingham, UK.
The alloy was first melted by a plasma torch,
and then remelted and sprayed under a low vacu-
um pressure condition' . The spray forming fa-
cilities were housed in a subsidiary chamber that
was mounted underneath the induction crucible.
The normal procedure, prior to spraying, is to e
vacuate the forming chamber and then back-fill
with argon and then re-evacuated to a low vacu-
um pressure of 3 Pa. During spray forming, the
melt was bottom poured through a graphite noz
zle under a positive pressure of 170kPa, and fell
freely onto a water-cooled copper disc which was
positioned 250 mm below the graphite nozzle and
rotated at 3 000 r/ min. Centrifugal forces broke
up the stream into droplets, which were sprayed
approximately horizontally onto the inside sur-
face of a preset steel substrate. As a result, a
ring preform was obtained with 400 mm diame-
ter, about 150mm axial height and 10mm thick-
ness.

The assprayed alloy showed a typical
lamellar structure with some small pores, and
the porosity levels were related to the spraying
distance! ®'. In order to close the porosity of CSD
blank, a hot isostatic pressing ( HIP) process,
1250 C, 150 MPa, 4 h in argon atmosphere,

has been used.

2.2 Low cycle fatigue tests

For convenience, the samples which under-
goes centrifugal spray deposition or hot isostatic
pressing are called CSD or HIP respectively. The
samples for low cycle fatigue were machined
from the CSD and HIP blanks respectively into
gauge dimensions of Smm X 6mm X 15mm using
The surfaces of LCF

samples were ground and well polished for the

spark-erosion machine.

purpose of surface appearance ohservation.

LCF tests were carried out on an electro-
servo-hydraulic Sehnck ( 100 kN) testing ma-
chine, in State Key Laboratory for Fatigue and
Fracture of Materials, IMR, Chinese Academy
of Science. A push-pull test was performed un-

der total cyclic strain control at ambient tempera
ture, with the stress ratio R= — 1, the frequen-
cy f= 0. 1Hz and a triangular waveform. During
testing, the cyclic stressstrain curves were

recorded on an X-Y plotter.

2.3 Microstructure observation

Thin foils cut from the uniform strain re
gions of deformed LCF samples were prepared by
twirrjet electropolishing. Microstructure of the
samples was examined on a transmission electron
microscope ( TEM 2000EX) operating at 160
kV.

3 RESULTS AND DISCUSSION

3.1 Properties of LCF

The low cycle fatigue lifetime N and the
total cyclic strain amplitude A& of the CSD and
HIP samples are listed in Table 1. Furthermore,
it can be clearly seen from Fig. 1 the relationship
of LCF lifetime and the total cyclic strain amplr
tude. The LCF life is obviously prolonged with
the decreasing of cyclic amplitude. Comparing
with the LCF properties of CSD and HIP sam-
ples, it can be found that HIP samples show bet-
ter properties than that of CSD samples within
the tested cyclic strain amplitudes. It indicates
from Fig. 1, generally speaking, that the lg A&
— lgN curve of HIP is above that of CSD sam-
ples so that the lifetime of the HIP samples could
be longer than that of CSD samples under the
same cyclic strain amplitude. Obviously, their
microstructure and plasticity affect the LCF
properties of the CSD and HIP. The reason is
that the assprayed samples exist unavoidably
pores, where 2. 2% porosity of CSD is detected
[9], so that
the micro-voids could become a source of fatigue

by means of an image analysis system

crack initiation during the push-pull cyclic pro-
cesses. However, the LCF lifetime of HIP sam-
ples increases because hot isostatic pressing pro-
cess closes efficiently the porosity produced by
CSD, in which the porosity is only 0. 03%.
Therefore, the fatigue crack initiation sources
decrease and the local stress concentration is re-
lieved. On the other hand, microstructures of

CSD and HIP are quite different. The mi
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crostructure of CSD revealed lamellar colonies,
But a
which was consisted of

whose size was about 100 Hm in diameter.
duplex microstructure,
lamellar structures and gamma equraxed grains,
was obtained in HIP sample, as shown in Fig. 2.
The results of tensile and compressive test' "
show that the plasticity of HIP with a duplex
microstructure is better than that of CSD with a

T his

gamma equiaxed grain is of benefical to plastic

lamellar microstructure. indicates that
deformation. The ability of homogeneous plastic
deformation of samples increases because gamma
equiaxed grain in duplex structure is beneficial to

improve the uneven deformation in the lamellar

Table 1 Data of LCF of CSD
and HIP samples
A AE
Procedure 781/ Y _29/ % AplkN N/ cycles
0.10 0.0012 9.6 10474
0.15 0.0049 14. 9 501
0.175 0.0106 15.8 325
CSD
0.20 0.0167 19. 8 50
0.225 0.0287 20.8 44
0.25 0.0390 22.0 30
0.15 0.0060 13.1 2350
0.175 0.0142 17.4 457
HIP 0.20 0.0200 18.3 155
0.225 0.0281 20. 8 43
0.25 0.0367 20. 8 28
0.3
0.2
®
g
;17 ~
0.1
0 10! 107 10° 10*
Ny
Fig. 1 A& vs N¢relationship of

CSD TiAl and HIP samples

2, 11
structure[' ],

and then to increase the LCF
properties of TiAl alloy.

During the push-pull fatigue test under
cyclic strain control, the cyclic stressstrain pro-
cess has been successfully conducted, but the
cyclic strain is limited at narrow strain ranges,
that is A&/2= 0.1% ~ 0.25% . When the half
cyclic strain amplitude A&/2 is larger than
0.3%,

cycle life is less one cycle, which means it could

the sample fractures rapidly so that its

not form a whole cyclic hysteresis loop. It can be
seen from Table 1 that the cycle life is very sen-
sitive to cyclic strain amplitude, that is, when
AE/2=0.2% ( Ag/2= 0.0167%), cycle life s
no more than 50 cycles. But when A&/2=

0.1% ( Ag,/2= 0. 0012%),

4 . .o e
over 10" cycles. This characteristic sensitivity to

cycle life is more

the cyclic strain amplitude is obviously related to

fdl

I

Fig. 2 Microstructures of CSD and HIP samples
{a) —Lamellar microstructure of CSD samples;

{b) —Duplex microstructure of HIP samples
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the low plasticity and high elastic module of TiAl
alloys.

Another behavior should be here noted that
no matter under which state —CSD or HIP, the
cyclic hardening or softening bhehavior has not
been displayed obviously. The testing observa
tion shows that from the first cycle to fracture
cyclic hystersis loops trend towards steady, and
cyclic strain amplitude is almost not changed
too. The results indicate that, on one hand, this
alloy is a cyclically stable material under the LCF
condition, on the other hand, it is because that
during the LCF process the sample only under-
takes lower cyclic strain amplitude as the low
plasticity and high elastic module of T1Al alloys.
From Table 1, it is found that HIP can prolong
the LCF life, and affect the stress as well as
cyclic strain amplitude, but it does not obviously
affect the cyclic hardening and softening hehav-
ior and the stability of cyclic hysteresis loops.

3.2 Coffir Manson relationship

During LCF process, the cyclic strain am-
plitude is an important factor. The results of the
LCF lifetime N and cyclic strain amplitude AE,
were calculated and it is found that they are cor-
responding to the following relationships

CSD: Ag(Np*%=3.6x10"°

HIP: Ag(Np)»P= 1.1x107"°

Fig. 3 plots the two curves, and it can be
seen that the cyclic strain amplitude of HIP sam-
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Fig.3 lg Ag, —1gN¢ curves of

CSD TiAl and HIP samples

ples is higher than that of CSD samples under
given cycles. The result means that HIP samples
could endure longer LCF lives than CSD samples
could do at the same cyclic strain amplitudes, or
it means that they could undertake larger cyclic
strain amplitude than CSD samples could do at
the same lifetime. It shows the same change
rules as mentioned above.

3.3 Dislocation configuration of deformation
after LCF

As well known, the main reason of low
plasticity of TiAl alloy is lack of enough slip sys
tems. Therefore, dislocations are difficult to set
in motion during deformation. However, dislo-
cation may be easier to move under the cycling
load than in uniaxial tensile or under compression
loads. The dislocation configuration observation
of samples after LCF deformation shows that
there is a great effect of the cyclic strain amplr
tudes and cycle numbers on the dislocation con-
figuration. Fig. 4(a) shows that the dislocation
configuration is composed of stacking faults or
twinning under high stress and low cycles. This
kind of configuration is related to decreasing of
stacking fault energy after adding alloying ele
ments. With the decreasing of cyclic strain am-
plitude and the increasing of cycle numbers, the
super-dislocation is made to set in motion, which
can be decomposed locally into dislocation loops
or ridge dislocations as shown in Fig. 4(b).
While in the process of low stress and high cycle
numbers, the dislocation configuration shows a
fine, linear, straight dislocation and then forms
a tangle dislocation, as shown in Fig.4(c¢). This
kind of structure is similar to the dislocation
structure formed in those typical face central cu-
bic alloys during the early fatigue deformation.
The formation of tangle dislocations indicates
that the crossslip occurs in the fatigue process.
The dislocation configurations are obviously re
lated to the cyclic strain amplitude and cycle
numbers. However, it is a complex problem so
far, especially in the aspects of the dislocation
evolution and the directional arrangement of dis
location during LCF process, which needs de
tailed and deep study in future.
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Fig. 4 Dislocation configuration of CSD samples under different cyclic strain amplitudes
(a) —A&/2=0.2%, N¢= 50 cycles; (b) —A&/2= 0.175%, N= 230 cycles;
(¢) —A&/2=0.1%, N= 501 cycles;

4 CONCLUSIONS

The low cycle fatigue of Tr48AF2M ~2Nb
(mole fraction, %), formed by CSD and treated
by HIP, has been well conducted under the con-
trol of total cyclic strain amplitude at ambient
temperature. The following main results are ob-
tained:

(1) Compared with the CSD states, HIP
can improve the low cycle fatigue life. It is be
cause HIP closes the porosity formed by CSD
process, and forms a duplex structure that im-
proves the plasticity of T1Al alloy.

(2) The cyclic stress-strain of LCF is limit-
ed at narrow strain amplitudes regions of A&/2
= 0.1% ~ 0.25%, and no cyclic hardening or
softening are observed during LCF process no
matter CSD or HIP is.

(3) The relationship of LCF lifetime N and
cyclic strain amplitude A€, tends to follow the
welFknown CoffirmManson relationship. It can
be written as follows:

CSD: Ag(Np*%=3.6x10"°

HIP: Ag(N)»P= 1.1x107°
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