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MICROSTRUCTURAL FACTORSAFFECTING
CREEP-FATIGUE BEHAVIOUR
OF TWO-PHASE TITANIUM ALLOYS

Waldemar Ziaja

Summary

In the paper the dwell fatigue behaviour of two-phase Ti-6Al-2Mo-2Cr alloy (VT3-1) at elevated
temperature was investigated. The reasons of high sensitivity of titanium alloys to dwell periods at high
stress level during cyclic loading were summarized. The relations between morphology of the alloy
microstructure and the effect of dwell periods at peak stress was established. The microstructure of the
alloy was varied by means of changing conditions of heat-treatment. Dwell fatigue tests were carried out
at the temperature of 400°C. Relative contributions of cyclic and creep processes to the overall damage
were evaluated as a function of stress level.
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Rola mikrostruktury w procesie pelzania dwufazowych stopow tytanu

Streszczenie

W pracy przedstawiono wyniki badan wtasciwosci dwufazowego stopu tytanu Ti-6Al-2Mo-2Cr (WT3-1)
w warunkach petzania-zmeczenia. Przedstawiono Zrodta duzej wrazliwosci stopdw tytanu na okresy
przestojow przy wysokim poziomie naprezenia w warunkach obciazenia cyklicznie zmiennego.
Okre$lono zalezno$¢ miedzy morfologia mikrostruktury stopu a wplywem okreséw przestojow przy
maksymalnym naprezeniu w cyklu obciazenia na trwato$¢ materiatu. Mikrostrukture stopu ksztattowano
metodami obrobki cieplnej. Prébe zmeczeniowa bez i z okresami przestojow przy maksymalnym
naprezeniu prowadzono w temperaturze 400°C. Oszacowano wzgledny udziat zjawisk towarzyszacych
zmeczeniu i petzaniu w procesie niszczenia materiatu.

Stowa kluczowe: dwufazowy stop tytanu, petzanie-zmeczenie, mikrostruktura

1. Introduction

There has been still growing demand for titaniuloyal over the last decades.
It stems from the combination of their advantaggmaperties like high specific
strength at room and elevated temperature, fradtbwghness and corrosion
resistance which makes them the important struatusgerial in chemical, energy
and aerospace industries [1-3]. These propertasaganied by biocompatibility
of titanium are also the reasons for growing numbérapplications in
biotechnology [4].
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In the case of discs and blades in compressoroseofi the turbine aero
engines neawr and two-phas&+3 alloys are predominantly used, for which
maximum operational temperature reaches about 18&@20°C respectively. In
this kind of applications fatigue and creep strrgiteria at room and elevated
temperature are of primary importance in the malteselection process [5].
Operation of cyclic loads at elevated temperataeal$ to synergetic effect of
fatigue and creep phenomena leading to incread@nmage accumulation rate [6].

Titanium and its alloys are prone to developmenlkaafe time dependent
strains even for stresses significantly lower thisid strength and temperature
below 0,25 Tm. It some cases transient creep stra@re observed at room
temperature both in CP titanium and titanium allpg®]. This phenomenon is
disadvantageous in the case of elements operatithgr wlwell fatigue conditions
when it can lead to premature failure. Sensitiafytitanium alloys to dwell
periods at peak stresses was reported both for @mmelevated temperature
fatigue regime [10-12].

Mechanical properties of titanium alloys can bdrojted by control of the
morphological parameters of microstructure like siee, shape and distribution
of the grains of various phases, texture, stru@aurcestrength of grain boundaries
and others. Fatigue and creep properties of twegtienium alloys show strong
dependence on microstructure, especially morpholufigthe a and 3 phases
which is usually developed in the processes ofwmking and heat treatment.
Important issue is the extent to which the micrasgtire of two-phase titanium
alloys affects the creep-fatigue interaction. Adiog to several studies aligned
alpha microstructure formed by slow cooling fronoedf3 transus temperature is
particularly susceptible to dwell sensitive fatigdigee to propagation of small
cracks through the alpha phase [13-15].

One of the possible reasons of dwell sensitivityitahium alloys is stress
redistribution between relatively week and strorajrts in the alloy which occurs
in the case of rate dependence of the materiah avéemperatures considered
low for creep. Weak grains are these with basal@hkt an angle to the tensile
axis and strong areas include those in which tkalljlanes are perpendicular to
the tensile axis. The slip on weak grains piles aipthe boundary with
a neighboring strong grain. The pile-up generdatesréquired combination of
shear and tensile stresses on the unfavorablyteddrasal plane, which induces
facet formation in alliance with the applied pripai stress [13]. The magnitude
of the induced stress is proportional to the leraftthe dislocation pile-up and
hence the grain size. The alloys in which the prinflaphase grains are broken
up by heat treatment are usually less dwell seesi€leavage or quasi-cleavage
facets are typical features of the fracture surfaicalpha-beta titanium alloys
in the creep-fatigue regime. The facets typicathydna basal plane orientation
[16, 17].
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2. Experimental

The material studied was two-phase titanium alloy6Al-2Mo-2Cr,
developed in Russia and known under the designafi@il, having following
chemical composition (wt.%): Al — 6.2, Mo — 1.96,€2.07, Fe — 0.12, C — 0.08,
Ti —balance. This is martensitie-3 alloy which is characterized by high strength
at room and elevated temperature and high fradtwghness. As a result of
careful selection of heat treatment conditions higkep resistance of the alloy
can also be obtained at the temperature up t6C1%D, 18]. The alloy was
delivered in the form of rolled bars, 16 mm in d&ter in mill-annealed condition.
In order to determine the influence of basic motpbical features of the
microstructure on the high temperature propertieghe alloy two distinct
schemes of heat treatment process were applied.

As a result of annealing at the temperature aBdxa@nsus (100TC) followed
by controlled cooling at the rate of 0%@5s™* typical lamellar microstructure was
developed, consisting ofphase plates layered wiBhiphase (Fig. 1a). Annealing
at the temperature in+f3 - 3 phase transformation range (989 followed by
air cooling led to formation of globular morphology stablea and3 phases
(Fig. 1b).

Microstructure of the alloy was examined using fighicroscope Nikon
Epiphot 3 equipped with DS-1 camera. Average vabfeselected quantitative
parameters of the microstructure were determinawusiage analysis software
Aphelion v.2.3. For the lamellar microstructure rdeer of primaryp-phase
grains (g), diameter of the colonies ofphase lamellaedf) and thickness ak
lamellae t.) were measured while for globular microstructur@rysize ¢.) and
volume fraction Y.) of a phase were determined.

a) b)
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In order to define cyclic stress ranges in fatitpsts static tensile tests were
carried out at the temperature of 400°C using rapetimens 6 mm in diameter
on universal machine Instron 5982 at the const#matins rate of 0.005%
The strain was measured during the test by extestgwrwith 1um resolution.

The stress controlled fatigue and dwell-fatiguéstegere carried out at the
temperature of 400°C on Instron 8801 servohydraabting machine, in tensile
mode at the load ratR = 0.1. Smooth, cylindrical specimens with initimeter
of 6 mm were tested. Loading and unloading ramp neaBsed at the constant
time of 4.5 s (in both cases). Holding time at psta&ss equal to 1 and 120 s was
applied in fatigue and dwell fatigue tests respetyi (Fig. 2).
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Fig. 2. Loading waveforms applied in fatigue (ajl ahwell-fatigue (b) tests

3. Resaults and discussion

As a result of the annealing aboferansus significant grain growth of
primary B-phase took placedf{ = 430um). During slow, controlled cooling-
phase was formed in the primgyphase grains in the shape of parallel lamellae
of the average thickness= 2.1um arranged in colonies having average diameter
dc = 48um.

For the globular microstructure obtained by airlicmpfrom the temperature
in a+B - B phase transformation range insignificant graimghowas noticed
comparing to initial state of the alloy, and thesigage values of stereological
parameters afi-phase were equdh = 3.5um, Vq = 62%.

Two variants of the alloy tested showed importaffeences in the low-
cycle fatigue behaviour with respect to their sévigi to dwell loading. In the
case of the alloy with globular microstructure dvpariods only slightly reduced
the life compared to the cyclic data. This reduti® more evident at relatively
high stresses (Fig. 3a). The alloy with lamellacnmstructure showed more
pronounced dwell effect at all values of cyclicess amplitude (Fig. 3b). This
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different dwell sensitivity is more clearly notid#a when the dwell fatigue data
are plotted against normalized stress value (themuam applied cyclic stress
divided by tensile strength) to allow for relatigdiéferences in tensile strength of
the two variants of the alloy (Fig. 4). It was faluthat fatigue life data for lamellar
and globular microstructure superimpose when glaitgainst normalized stress.
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Fig. 3. Fatigue life of Ti-6Al-2Mo-2Cr alloy at 400° a) globular, b) lamellar microstructure
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Fig. 4. Fatigue life of Ti-6Al-2Mo-2Cr alloy at 400°against normalised stress

Some evidences suggest that in the case of dwirgjuéatest creep was the
dominant mode of failure leading to life reductiémacture surfaces appearance
was similar to that obtained in creep tests. Cragk® found to initiate internally
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which is characteristic of creep failure as oppdsddtigue cracks which usually
initiate at the surface.

In the case of specimens tested with load dwellsigclieavage facets were
identified on the fracture surfaces. They are nliksdy to nucleate in cycles with
stress hold rather than strain hold due to thecefiéload shedding, when the
stresses redistribute from soft, creeping grairteédard grains to maintain force
equilibrium. The facets were found predominanthsamples of the alloy with
lamellar microstructure (Fig. 5). Although the thiess of the individuat-phase
lamellae is comparable with grain size of globulaphase, the factor facilitating
the facets formation is the common crystallogragiientation ofa-lamellae
within the colonies as the facets nucleate alongalbaplanes orientated
approximately perpendicularly to the loading diieat
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Fig. 5. Fracture surface of Ti-6Al-2Mo-2Cr alloy tvilamellar microstructure
after dwell fatigue test — quasi-cleavage facets

4. Conclusions

Two-phase titanium alloy Ti-6Al-2Mo-2Cr with lamall and globular
microstructure was examined in low-cycle and dvatigue tests at 400°C. On
the basis of the analysis of the test resultsfotig findings were formulated:

* Fatigue life data for lamellar and globular midrosture superimposed
when plotted against normalized cyclic stress, shgwo significant dependence
on the microstructure.

» Dwell periods (120 s) in cyclic loading resultedsignificant decrease in
fatigue life of the alloy.

 The alloy with lamellar microstructure showed hglsensitivity to dwell
periods especially for lower range of applied stres
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* Fatigue fracture surfaces had mixed character.arbas of ductile type
fracture were separated by facets characteristicqt@si-cleavage fracture.
Secondary cracks were also observed which is deaistec for fatigue cracking
of titanium alloys.

* Facets formation was facilitated in the alloy witfcrostructure consisting
of aligneda-lamellae sharing common crystallographic orieotatiT his resulted
in more pronounced dwell sensitivity of that vatiahthe alloy.

» The voids and wedge cracks were not observedamtuiie surfaces after
dwell fatigue test indicating that dislocation ggemechanism was a dominant
mode of deformation at dwell periods.
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