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High temperature fatigue behavior in tensile hold
LCF of near-alpha Ti-1100 with lamellar structure
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The effect of various tensile hold times on high temperature LCF behavior of Ti-1100 with a
lamellar structure was investigated at 600 °C. It was found that fatigue lives for 10 and

30 min hold times were lower than those in continuous cycle fatigue due to additional
creep resulting from stress relaxation during the tensile hold. Creep deformation during
hold time resulted in a change of dislocation structure from a planar form to an
homogeneous distribution within the o lamellae. An apparent activation energy for creep
deformation of about 520 kJ/mol was obtained from the stress relaxation curve and was
consistent with results of other near-« titanium alloys. In all cases failures were
fatigue-dominated, although creep cavity formation was observed in hold time spcimens.
© 1999 Kluwer Academic Publishers

1. Introduction For the sake of safety and better performance, eval-
Ti-1100, near titanium alloy, was recently developed uation of the mechanical properties of materials under
for applications in disks and blades in the compressothe real application conditions is very valuable and nec-
sections of advanced gas turbine engines for an imessary. In this study the effect of various tensile hold
provement of about 50C in operating temperature over times on HTLCF behavior of Ti-1100 with fine lamel-
older conventionaltitanium alloys such as Ti-6242S andar structure is investigated, and the damage mechanism
IMI829 [1-3]. Compressor parts in gas turbine enginesunder these conditions will be also discussed.
are subjected to simultaneous cyclic and static load-
ing at high temperatures, and may be degraded by this
creep-fatigue interaction. In order to get these materi2. Experimental
als into practical service, the mechanism by which thisThe chemical composition angttransus temperature
degradation occurs must be investigated. However, thef Ti-1100 are shown in Table |. Thgtransus temper-
effects of creep-fatigue interaction on high temperatureature was measured by a combination of DTA analysis
low cycle fatigue (HTLCF) behavior in this newly de- and optical microscope observation. To make the prior
veloped titanium alloy, and the damage mechanismg grain size as small as possible, the as-received alloy
under these complicated loading conditions are not yetvas solution-treated at just above gwransus temper-
clearly understood. ature, 1020C, for 30 min, and then air cooled. Aging
Several investigators [2, 3] have studied the ef-treatmentfor8hours at60C was conducted, followed
fect of microstructure on the mechanical propertiesby air cooling.
of this alloy and proposed an optimum microstructure Low cycle fatigue tests were performed at 6@)
having high fatigue and creep resistance. A lamellawhich is near the operating temperature in real applica-
structure containing the transformgdphase is sug- tions, on uniform-gauge specimens with a gauge length
gested as the optimum microstructure in the case obf4.2 mm and a diameter of 3.2 mm. Fully reversed ax-
Ti-1100. This optimum microstructure has been deterial strain controlled low cycle fatigue tests were carried
mined by independently considering some mechaniout in an air atmosphere using an Instron 1380 with a
cal properties, including creep and fatigue resistance atrain rate of 4103 s,
hightemperature, without considering the interactionof For high temperature fatigue tests, a dual elliptical
them [2, 3]. radiant heater was used to heat the specimen and the
Some investigators [4—7] have also conducted fatiguéemperature was maintained within the accura@K
tests with only a relatively short hold time to investigate as measured on the top and bottom of the gauge section.
the effect of creep on fatigue crack growth behavior.The axial strain was measured using an extensometer
However, the interaction of creep and fatigue is notattached at the specimen holder situated outside the ra-
clearly understood. diant heater, because the gauge section was surrounded
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TABLE | Chemical composition (wt %) angltransus temperature of Ti-1100 alloy

Alloy Al Sn Zr Mo Si Ti T(°C)

Ti-1100 6.0 2.7 4.0 0.4 0.45 Bal. 1015

by the heating chamber. For the strain calibration apositively affected by a decrease in priprgrain size
room temperature, two extensometers are used; or{8]. On the other hand, according to Styczynskial.

is installed at the specimen holder for strain control[9], decreasing the prigs grain size does not diminish
and the second one is attached within the gauge lengtime excellent creep properties of fully lamellar struc-
to measure the strain. In this calibration the measuretures. The prior8 grain size and lamellar spacing of
strain is found to be similar to the controlled strain. At the investigated alloy are about 180 and 0.5, re-
high temperature, however, because of the furnace thgpectively. Tensile properties at 600 are also shown
measurement of the strain in the gauge length is noin Table II.

possible. However, it is thought that, since the speci-

men gauge length is heated to the highest temperature

and has the smallest cross-section, the validity of th@.2. Continuous low cycle fatigue behavior

strain measurement at room temperature is reliable aontinuous low cycle fatigue data are plotted in Fig. 2
the test temperature. as a function of total strain rangé ;). The results of
Creep-fatigue tests were also conducted with varnearg titanium alloys (Ti-6242, IMI829), superalloy
ious tensile hold times at the maximum strain of fully (1N718) and TiAl alloys [10-13], which are compet-
reversed strain-controlled fatigue CyCIeS. Hold tlmeﬁng a”oys for h|gh temperature app”cationsl are also
given at tensile peak strain were 2, 10 and 30 min. Th&hown. Ti-1100 is considered one of the strongest can-
fatigue life Ny was defined as the number of cycles didate materials for high temperature components of
which produce a 20% drop in the saturated tensile loadyas turbine engines. From the results in Fig. 2, it can
In this study, all fatigue test data reported from thepe deduced that fine grained Ti-1100 alloy has a clear
Instron 1380 system output signal were automaticallyadvantage in low cycle fatigue life over currently used
stored by a computer program. A transmission electrofgounterparts at an operating temperature near600

microscope (Philips CM 20), scanning electron mi-though the testing temperatures of each alloy were
croscope (JEOL JSM 840A) and optical microscopeSsomewhat different.

were used to observe crack paths, fractured surfaces
and damage sustained during the creep-fatigue test.
TABLE Il Tensile properties at 60€ and other physical parameters

Prior B Lamellar
3. Results and discussion YS (MPa) UTS(MPa) EL (%) grainsizeun) spacing m)
3.1. Microstructure
The microstructure for near-Ti-1100 alloy is shown 535 644 23 180 0.5
in Fig. 1. The microstructure consists of fine lamellae
of transformed, which is a mixture of aciculaz type
phase,8 matrix and grain boundary. To maximize ® [ Ti-1100,600°C
fatigue and creep resistance in this alloy, solution hez O :Ti6242,500°C(12)
treatment was conducted at 10Z1) just above thes m :IMI829, 600°C(13)
transus temperature and below the silicide solvus terr 0.1 & :IN718,650°C
perature. It is well-known that fatigue properties are [ A Ti-46A1-2Nb-2Cr, 650°C(10)
v : Ti-46Al-2Nb-2Cr, 800°C(10)
A Ti-48Al, 600°C(11)
[ ] O Ti-48Al, 800°C(11)
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Figure 1 Lamellar microstructure in Ti-1100, solution heat treated for
30 min at 1020C. Figure 2 Total strain range plotted against cycles to failure.
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Figure 4 Stress response as a function of strain range and test type.

Figure 3 Relationship between plastic strain range and fatigue life,
Coffin-Manson plot. ing the tensile hold. The life reduction facték (=

Nt hold time/ N continuoug, defined as the ratio of fatigue

life with hold time to that without hold time, is intro-
3.3. Effect of tensile hold time on LCF duced and it is found that the life reduction factors of
The fatigue life data at 60@C with or without hold  Ti-1100 decrease as the hold time increases. For 10 and
time are plotted in Fig. 3 in terms of plastic strain range30 min tensile hold, the reduction factors of Ti-1100
(Aep) against the number of cycles to failufsqf. The  with lamellar structure at a total strain rangedeff.5%
values of plastic strain range for the Coffin-Mansonwere about 0.6 and 0.4, respectively.
plot were taken from hysteresis loops corresponding to To understand the cyclic response of Ti-1100 alloy,
half fatigue life (Nt/2). In Fig. 3, it can be seen that the total stress range is plotted in Fig. 4 agaMgt;,
the Coffin-Manson plots are classified into two groups.whereN represents the cycle number aNgthe cycles
One group is for continuous and 2 minute hold timeto failure. After a slight degree of instability (up to 4%)
fatigue, and the other group is the test results for 1t the early fatigue life, the overall cyclic stability of
and 30 min hold time. It seems likely that in compari- Ti-1100 alloy, which differs from other titanium alloys,
son to the longer hold times (10 and 30 min), a tensilayas generally exhibited during continuous cycling and
hold time of 2 min is too short to cause a genuine effecthe hold time tests, as shown in Fig. 4. With this find-
on creep-fatigue interaction. The data points for 2 mining, it has been observed that extreme cyclic stability is
hold time lie on the plot for continuous fatigue. Holding exhibited in neaer Ti alloys such as IMI829 [14, 15]
the strain, stress relaxation occurs. In general, the stresgd IMI834 alloy [16]. Plumbridge and Stanley [14,
relaxes rapidly fronopeakat the early part of hold time  15] have reported that cyclic stability of IMI829 al-
and then gradually decreases. Also, it has been noticeldy appears insensitive to either strain range, test tem-
that the strain rate associated with the rapid stress rgperature (room temperature and 6@), microstruc-
laxation is very fast (about I8 s71) during the early ture (basketweave and aligned structure) or hold time.
part of relaxation and continuously decreases with in-They suggested that it is attributable to the ability of the
creasing hold time (about 18s~1 in a 10 min tensile  aligned« colonies to accommodate plasticity. There-
hold test). So, as the hold time increases, the dominarbre, it seems that the cyclic stability is characteristic
damage mechanism related with stress relaxation (asf this kind of near Ti alloys.
strain rate) changes from a time independent process Depending on the damaging mechanism under creep-
(dislocation glide) to a time dependent process (creefatigue conditions, many high temperature materials
damage). Thereforereax Occurring during the first have been classified into two different failure modes
2min has little effect on creep damage, and only lead$17-22]. One such mode is grain boundary cavitation
to an increase in the amount of plastic strain mainly[17—-20], and the other is crack-tip deformation which is
by dislocation glide. In other words, it appears that inproposed in terms of concentrated strain within the pro-
2min hold time fatigue, stress relaxation during holdcess zone under creep-fatigue interaction [21]. The for-
results in increase of plastic strain which is unrelatedner is the group of austenitic stainless steels, while the
with creep damage. Therefore, 2min hold is not re-latter is that of Cr-Mo(-V)-type steels and superalloys.
lated for the reduction of fatigue life to bring all the da- However, there have been no reports on damage mecha-
tum points on the Coffin-Manson plot of the continuousnisms under creep-fatigue condition in Ti-based alloys.
fatigue. So, attempts have been made to understand the dam-

However, we consider that the reduction in fatigueage mechanism in creep-fatigue interaction of Ti-1100

life from 10 and 30min hold times is due to ad- through TEM examination and the analysis of stress
ditional creep resulting from stress relaxation dur-relaxation curves.
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Figure 5 TEM micrographs showing dislocation structure of Ti-1100 alloy with lamellar structure cyclically deformeg-at+1.5%: (a) Continuous
fatigue, B = [1213]; (b) 2 min tensile holdB =[1213]; (c) 10 min tensile holdB = [1213]; (d) 30 min tensile holdB = [0111]. Arrows identify the
silicide particles

In specimens which were cyclically deformed until at room temperature produced long planar slip bands
failure (N¢), the distribution of glide dislocations in the which are extended across several laths and sometimes
lamellar structure was studied by TEM on thin foils an entirea colony. But, as the test temperature is in-
normal to the stress axis (shown in Fig. 5). Inhomoge-creased up to 600, the extended planar slip bands ex-
neous dislocation distribution was dominant in the con-hibited at room temperature during continuous cycling
tinuously cyclically deformed specimen. Dislocationsare changed to an homogeneous dislocation distribu-
were arranged in a planar form acrossdfig lamellar  tion. This finding has been explained to be attributed to
interface. Since there was a Burgers orientation relathe greater ease of cross slip and climb of dislocations
tionship (110}4//(0001),, (111)4//(1120),) atthe arising from the higher temperature. However, in this
alB lamellar interface [23], the/g lamellar interface  present study, even at 600, planar slip is observed
did not act as an effective barrier to dislocation motionto be the predominant deformation mode (see Fig. 5a)
and no dislocation pile-ups were observed atdf¢  during continuous cycling.
interface. Analysis of the Burgers vectors, usingb Also, silicide particles were found to be precipitated
criteria, indicates that the dislocation arrays, shown iralong the phase and on dislocations within the
Fig. 5a, mainly consist of (1/3(1120)) andéc+a lamellae in the specimens tested with hold time. It has
(1/3(1123)) type dislocations. been reported that the nucleation and growth of these

Deformation modes of Ti-1100 alloy were also stud-silicide precipitates are accelerated by cyclic strain-
ied for conditions of cyclical deformation with tensile ing with hold time. However, in the case of continu-
hold time. However, it was found that the deforma- ous cycling at 600C, since the test time was not long
tion structures in these creep-fatigue interaction conenough it was reported to be insufficient for any visible
ditions differed from those observed in only cyclically precipitation to occur [24]. This interaction between
deformed specimens. That is, no planar slip across theilicide and dislocations appears to obstruct disloca-
a/B lamellar interface was observed, but dislocationgion movement during the creep deformation related to
appeared to be homogeneously distributed as showstress relaxation in this present investigation.
in Fig. 5b—d. Considering hold time, slip was deter- Several researchers [25, 26] have reported that in
mined to be random, and occurring within thhéamel-  creep tests, deformation occurs by dislocation move-
lae. We consider these phenomena to be responsibteent withine lamellae of the fully lamellar microstruc-
for the creep deformation during hold time. According tures; this is also observed in the hold time specimens
to the previous study [24], continuous cyclic fatigue inthe present study. Itis considered that during the hold
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time, creep damage related to stress relaxation occudifferent temperatures (600, 605 and 60), with
through the generation and annihilation of dislocationsl0 min tensile hold. Using the relaxation curve, appar-
at thea/g lamellar interface. Therefore, it is thought ent activation energy for creep deformation was calcu-
that this creep damage accelerates crack initiation dated as a function oftensile hold time (shown in Fig. 6).
the «/B lamellar interface and colony boundary and As relaxed stress (or hold time) was increased, the ap-
thus reduces fatigue life.
In order to identify the characteristics of creep de-saturated at about 520 kJ/mol. This saturated value is
formation during stress relaxation in tensile hold, highconsistent with the results of other researchers. Previous
temperature low cycle fatigue was conducted at threstudies have reported that activation energies for creep

700
©
£
S 600
x
>
3 -
5 500} a w
c
w
E 400 | o
-~ m]
g
2
2 3001 - Ti-1100 (lamellar)
“dc'; Ag=+1.5%
g 200} 10min T-hold
2. at N/2

100 L e~

0 5 10 15 20 25

Amount of Stress Relaxation (MPa)

parent activation energy gradually increased and then

of neare titanium alloys such as IMI685 and IMI834
are about 250-500 kJ/mol [25, 27, 28], values which
are considerably larger than the activation energies for
self diffusion (150 kJ/mol) or solute atom diffusiondan
titanium (85 to 127 kJ/mol) [28]. This means that creep
deformation during hold time in fine lamellar Ti-1100
alloy must be controlled by a mechanism different from
that in diffusion-controlled behavior; more detailed in-
vestigation related to this finding is necessary.

Fig. 7 shows SEM micrographs of fracture surfaces
corresponding to different hold times at tensile peak
strain. No noticeable difference is found in fracture
mode, irrespective of superposition of hold time. Frac-
ture surfaces clearly indicate closely spaced fatigue
striations which is a typical ductile fracture mode. It
suggests that in all specimens, fatigue cracks initiate at
the surface and propagate slowly to considerable depth
before final failure occurs.

Optical micrographs in Fig. 8 illustrate the form and
overall distribution of damage produced by continu-
ous and hold time fatigue. In both cases, the major fa-

Figure 6 Activation energy for the creep deformation during the hold tigue crack path is similarly transgranular. However,
time, calculated from the stress relaxation curve.
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as shown in Fig. 8c and d, it was found that internal

Figure 7 SEM micrographs of the fatigue fractured surface in Ti-1100 alloy with lamellar structure cyclically deformad; at+1.5%:
(a) Continuous fatigue; (b) 2 min tensile hold: (c) 10 min tensile hold; (d) 30 min tensile hold.
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Figure 8 Optical micrographs showing fatigue crack propagation mode of Ti-1100: (a) Continuous fatigee;£1.25%; (b,c) 10 min tensile hold,
Agy = £1.25%,; (d) 30 min tensile hold\e; = £1.25%.

Figure 9 SEM micrographs showing cavities on fracture surface by impact at LNT after creep-fatigue test: (a) ContinuousAagigue].25%;
(b) 10 min tensile holdAs; = +1.25%; (c) 30 min tensile holdye; = +1.25%.
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cracks regarded as creep damage were produced Bjaterials Engineering at Korea Institute of Machinery
cycles containing 10 and 30 min tensile hold. These inand Materials, who donated the alloy.

ternal cracks were formed mainly at colony and prior
B grain boundaries. In addition to internal cracks in the

hold time specimen, the trend of formation of creep cavReferences

ities is shown in Fig. 9, compared with continuously cy- 1.
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