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Fatigue Crack Propagation Behaviour of a TiAl-based Alloy

G. Hénaff, C. Mabru and J. Petit

Laboratoire de Mécanique et de Physique des Matériaux, URA 863 du CNRS, ENSMA, Site du
Futuroscope, BP. 109, Chasseneuil du Poitou, 86960 Futuroscope cedex, France

Abstract: In the present study the fatigue crack propagation resistance of a nearly fully lamellar quaternary TiAl
based is investigated at room-temperature. The fatigue crack growth rates material are shown to be highly sensitive
on the applied stress intensity factor amplitude. A special attention is also paid to the influence of extrinsic factors.
Thus crack-closure is proved to strongly influence the propagation. As regards environmental effects , ambient air
induces fatigue crack growth rates two orders of magnitude higher than those measured in vacuum. The role of
moisture in this deleterious effect is discussed.

1. INTRODUCTION

TiAl-based intermetallic compounds are currently extensively studied due to their potential in high
temperature structural applications. Indeed, they exhibit attractive properties: low density, good oxidation
resistance, excellent modulus retention, reasonable fracture toughness and good elevated temperature
strength[1,2]. However, their poor room-temperature ductility and fracture toughness, and their sensitivity
to environment restrict any industrial application. In addition, for some specific applications like rotating
machines, the damage tolerance assessment might constitute a key issue for material development as for
structural design. With this respect, it is necessary to investigate the fatigue crack growth behaviour over
a wide range of temperatures including temperatures below the ductile-brittle transition. However, the
fatigue crack propagation (FCP) behaviour of such brittle materials is still ill-known. In particular, a
critical point is to determine whether some of the mechanisms which have been identified in the FCP
behaviour of ductile alloys still applies in this case.

In FCP studies the fatigue crack growth rates (FCGRs) noticed da/dN are commonly determined with
respect to the stress intensity factor amplitude AK. Nevertheless several factors have been shown to affect
the FCGRs. These factors might be classified as intrinsic parameters {microstructure, elastic constants,

Kmin

plastic behaviour, etc.) and extrinsic parameters (load ratio R defined as: R= , environment,
max

temperature). As regards the latter class and more particularly the influence of the R ratio, experimental
results bring out that , for a given AK value, the lower the R value, the slower the FCGR. Actually it has
been proved that this influence is related to the crack closure phenomenon. Indeed, for low R values, a
premature re-contact of the crack lips is observed at low loading levels[3]. Therefore the lower part of the
loading cycle does no longer contribute to the fatigue damage at the crack tip. That means that the
effective stress intensity factor amplitude AKeff at the crack tip is lower than the applied nominal value
AK. The use of AKeff has been proved to successfully account for the observed R influence but almost is
the only way to determine the intrinsic FCP behaviour of a given material. However, in this aim, one must
also get free from the influence of the environment. Indeed, FCGR measured in ambient air are generally
much higher than those obtained in an inert atmosphere like vacuum[4]. The observed FCP enhancement
is assumed to result from a complex interaction between the cyclically strained material at the crack tip
and moisture present in the test environment. This interaction has recently been analysed according t6 two
distinct processes|[5,6]:

- the adsorption of water vapour molecules onto freshly created surfaces which does not alter the
basic FCP mechanism,

- a FCP regime assisted by the hydrogen released by the dissociative surface reaction of the
adsorbed molecules and subsequently swept by the mobile dislocations.
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The applicability of these concepts to the FCP behaviour of intermetallics at room temperature is however
under question.

Hence, the present study has a double purpose:
i) to investigate the FCP resistance of a quaternary TiAl-based alloy at room temperature,

i) to get a first insight into the fatigue mechanism, the role of crack closure and the environmental
contribution to the damage process in such a brittle material.

2. TEST MATERIAL AND EXPERIMENTAL PROCEDURE

The material is a quaternary alloy Ti-48 Al-2Mn-2Nb provided by the IRC in Birmingham. It is a part of
an ingot produced in a large-scale plasma furnace and cooled relatively slowly in air. Details are available
elsewhere[7,8]. The microstructure consists of coarse alternating y and a7 plates grains. The plates are
perpendicular to the grain longitudinal axis. The size of these grains is approximately 300-400 um. Some
sparse equiaxe gamma-grains can be found between the lamellar colonies. The colonies are elongated in
the longitudinal direction near the centre part of the ingot while they exhibit a radial elongation near the
edge.

Fatigue crack growth experiments were carried out using CT type specimens (W=22mm, B=5mm)
taken with different orientations within the ingot. The conventional notch was prolonged by short slit (=
0.05 mm) performed by electrodischarge machine. Two types of specimen with notch planes globally
perpendicular to the lamellae planes were considered. In the first orientation, designed as notch "A"[7,8]

or as "crack arrester” by Chan [9], the alternate plates of y and o2 are stacked at high angles with respect
to the notch plane and the propagation direction. The second orientation, noticed notch "B"{7,8] or "crack
divider"[9] is characterised by a stacking mode still almost perpendicular to the crack plane but nearly
parallel to the crack direction.

The fatigue crack growth tests were conducted at room temperature in tension-tension loading with a
load ratio R=0,1 on a servohydraulic machine at 35 Hz. Since this procedure might result in a premature
catastrophic failure of the specimen, it requires a highly time-consuming care. However it allows to avoid
changes in the R values, and especially a change from a compression/compression loading to a
tension/tension, which might induce transient effect on the closure behaviour.

The crack length was optically determined on the polished side of the specimens with a travelling
microscope. Crack closure measurements were performed by the unloading compliance method using a
strain gauge bonded on the back face of the specimens at test frequency. The U parameter (U=AKgff/AK)
is computed for each data point on the basis these compliance plots [7].

3. RESULTS AND DISCUSSION
3.1. Fatigue crack propagation

The results obtained in air and in vacuum are presented on figures 1 and 2 respectively. The crack growth
rates have been determined over nearly five decades, namely from 10-19 to 10-5 m/cycle. The salient
feature of these curves consists in the high Paris law exponent exhibited. In other words, crack growth
rates are extremely sensitive to the applied AK value. The apparent m exponents, although sometimes
hard to estimate, are much higher than those encountered for ductile alloys but are closer to these
encountered in ceramics. Whatever the environmental conditions and the lamellae orientations, the crack
propagation process was intermittent as noticed by Davidson and Campbell in a similar titanium
aluminide[10]. While the crack remained dormant, features similar to slip bands appeared and developed,
even far ahead of the crack tip. These bands were parallel to the lamellae (figure 3). Numerous crack
branching, bridging and secondary cracking were also observed. This spasmodic growth process and this
diffuse damage in the crack wake might explain the scatter on crack growth rates.

The examination of fracture surfaces in SEM does not bring out any significant difference between air
and vacuum. The main distinction comes from the different orientation of the lamellae. For the notch "A"
samples, the crack propagation was essentially translamellar, characterised by a "fibre-like" aspect as seen
in figure 4. However, the crack sometimes followed an interlamellar boundary, at high angle with respect
to the notch plane and then, propagated again in a translamellar manner. Interlamellar decohesion is
observed, mostly at high AK values. Figure 5 presents an evidence of interlamellar secondary cracking. It
can be seen that microcracks formed along a lamellar interface, even far below the main crack surface and
linked to the next interface by translamellar microcracking. For the notch "B" specimens, the "fibre-like"
features are not the main features presented on the surface but they alternate with interlamellar features.
The interlamellar microcracking process is closely related to the slip-bands mentioned above. It is
noteworthy that during fracture testing of a lamellar TiAl alloy, Chan and Kim [11] have observed similar
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slip lines. According to these authors, interlamellar slip is linked to the easy slip system on the (111)
plane, parallel to the interface. Subsequent interface debonding or microcracking is linked to the
respective crystallographic orientations at the plates interface. Using a micromechanical model, Chan [12]
has shown that in this case the maximum stress is redistributed far ahead of the crack tip, inducing an

enhanced damage process in this region.
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These observations combined all together suggest that the fatigue damage is not confined to a small
process zone at the crack tip. In particular, the observed diffuse damage process consisting in
microcracking, crack branching, crack deflection, and crack bridging is expected to induce a significant
crack-tip shielding, improving the crack growth resistance. However, shielding might also depend on the
notch orientation. For example, in notch "B" orientation, lamellae boundary debonding is assumed to be
less operative than in the notch "A" orientation. This is not clear when considering the effective curves in
air and in vacuum, for the two orientations. It is rather suggested that the basic fatigue mechanism is
fundamentally the same and is not deeply influenced by toughening mechanisms.

—
125pum

figure 3: Slip-band like features at the crack tip ( notch "B", vacuum).
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Figure 4: Fibre-like features (notch "A", air,

da/dN=10"7 m/cycle)

Figure 5: Interlamellar and translamellar microcracking (no A", air, da/dN=10-9 m/cycle)

3.2. Crack closure

The comparison of nominal (i. e. da/dN vs. AK) and effective (i. e. da/dN vs. AKesf) curves brings out
a significant contribution of closure in the slow growth rate regime for both environments (figures 1&2).
The validity of the crack closure measurements method has been demonstrated by previous testing carried

out on another TiAl-based alloy with a nearly fully y microstructure. FCGRs were determined in air for
different R values. Actually, the minimum load was higher than the opening load, calculated on the basis
of the closure measurements performed at R=0.1. These closure-free data provide an effective curve in
perfect agreement with the effective curve obtained for R=0.1 after crack-closure corrections[13]. In
these materials crack-closure is thought to result from surface mismatch and subsequent wedging[14].
The U ratios in air and in vacuum are presented in figures 6 and 7 respectively. In air closure
progressively developed as the crack grew, inducing a FCGR decrease. The load amplitude was then
periodically increased in order to complete the test. Conversely, the closure effects tends to disappear at
higher growth rates. In vacuum, the U ratio decreased rapidly after initiation to stabilise at a value of
U=0,67, even for the high growth rates. Data represented in figure 4 for testing in vacuum have been
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collected for two different notch "B" specimens. Cracks have been initiated for two different AK values:
AK=8.9MPavm for the first one and AK=14.2MPaVm for the second one. The general behaviour is the
same, but for the second sample, the minimum U value is reached at a much higher value of AK. As a
consequence, if the two nominal curves (da/dN vs. AK) do not perfectly match the agreement between the
two effective curves (da/dN vs. AK) is fairly nice (figure 8). When the initial AK value is high enough, it
enables to overcome the development of closure and prevent any slowing down of the propagation. These
observations highlight the need to clearly define the precracking procedure which can influence the FCP.
From a similar point of view, it is worth noticing that the differences exhibited on the nominal curves for
the two different lamellae orientation tend to disappear when considering effective curves. (cf. figure 9).
This suggests that the basic fatigue mechanisms is not strongly dependent on the lamellar orientation.
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figure 8: Stress intensity factor range and
effective stress intensity factor range vs.
crack growth rate for two notch B
specimens in vacuum

3.3. Environmental effects

figure 9: Effective stress intensity factor
range vs. crack growth rate in air and in
vacuum for both orientation.

The FCP behaviours exhibited in air and in vacuum are compared on figure 6, taking into account the
crack-closure effects. The crack growth in air is enhanced by about two orders of magnitude for both
orientations. The enhancement is of the same order in the case of a nearly fully y microstructure[13].

As discussed in section 1 the slow FCP regime of conventional engineering alloys is known to be strongly
influenced by a moist environment. Besides many intermetallics are prone to environmental
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embrittlement[15-19]. This embrittlement is characterised by a loss of ductility without concomitant
change on yield stress. In the case of aluminides it is suggested that this phenomenon results from a kind
of hydrogen embrittlement. The sequential process would be as follows: surface reaction between water
vapour and aluminium[15], hydrogen release and subsequent embrittiement.

However in the case of titanium aluminides titanium might be reactive as well. In addition the precise
nature of the embrittling process is not clear. Nevertheless all these remarks suggest that FCP in titanium
aluminides might be significantly enhanced by a moist environment. Balsone et al.[20] have noticed an
influence of frequency on FCGR in presence of traces of moisture in the case of a Ti3Al. Similarly
Aswath and Suresh[21] have noticed an increase in FCGR when the water vapour pressure is increased.
These results suggest that the FCP enhancement might be controlled by the exposure (pressure x time). It
can be legitimately assumed that the same processes still applied for TiAl alloys. However on-going work
will aim to assess this point.

4. CONCLUSION

The conclusions drawn out from the present investigation might be summarised as follows:

1. The fatigue crack growth is intermittent and results from a diffuse damage process encompassing the
crack wake and a large region ahead of the crack tip.

2. Crack closure plays a significant role in fatigue crack propagation in air as in vacuum, especially at
slow growth rates. In addition, the closure evolution seems closely related to experimental procedure, in
particular crack initiation and precracking.

3. Fatigue cracks propagate much faster in air than in vacuum. This enhancement is assumed to be mainly
due to a crack tip reaction with moisture present in the test environment.
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