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ABSTRACT

The present work considers environmental Fatigue Crack Propagation in a Ti6246 alloy at
500°C. The environments are normal air, humidified argon, low vacuum and high vacuum.
There is a general trend of higher crack growth rates in the order : humidified argon, air, low

vacuum and high vacuum. This corresponds to increase crack growth rates at a given AK when
the partial pressure of water vapor is increased and the frequency decreased. A fatigue-
corrosion mechanism is identified in the three tested environments and the active specie
determined as water vapour. Microfractographic observations show that cracked surfaces
aspect depends on the nature of the tested environment. A mechanism involving a humidity
dependent resistance of Titanium alloys by water vapour adsorption is found to be plausible.
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INTRODUCTION

Titanium alloys are interesting to aerospace structural designers because of their corrosion
resistance, high specific strengh and low density. They are often used under cyclic loading
conditions in aggressive environments such as humid air and at high temperature (up to 600°C).

Consequently, attention is concentrated on the Ti6246 at 500°C specifically on the influence of

environment. Fatigue in Titanium alloys at high temperature in air is believed to be controlled
by oxygen action by many authors (Ruppen, 1983; Foerch, 1993). In this study, considering
environments "free” of oxygen with various partial pressures of water vapour at different
frequencies, makes the distinction between these two gaseous species. Results of this
investigation deal with the effects of environment at 500°C, on the near-threshold and the mid-

rate Fatigue Crack Propagation (FCP) behaviour of a Ti6246 alloy.

MATERIAL CHARACTERIZATION

The Ti-6%Al-2%Sn-4%Zr-6%Mo (in wt%) used in this inveétigation is B-forged at 950°C. The
specimen was subjected to heat treatment consisting of 930°C for two hours, followed by water
quenching, 900°C for one hour and air cooled, held at 595°C for a total aging time of eight

hours and air cooled.
It displays a Widmanstitten structure consisting of aligned alpha platelets and basketweaved

structure contained in large prior beta-grains (200 um-300 pm). The size of o grains does not

exeed 50 pm. An illustration of the microstructure is presented in figure 1 and the mechanical
properties are listed in Tablel.
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50 um

Fig.1 : Optical microfractography of the Ti6246 alloy

Table 1 : Mechanical properties of the Ti6246

20°C 300°C 425°C 465°C 500°C

E(GPa) 125 112 106 104

A% 10.7 0 10851 o dditin o
Ge (MPa) 985 753 727 : -
Gmax (MPay 1098 901 859 : :

EXPERIMENTAL PROCEDURE

FCP tests are performed using CT 40 compact tension specimens = =
demg?ed in accczirdar;ce with ASTM recommandations, %standard g47,41091§161;1.,i3 sinluosé?crireg
wavetorm is used at frequencies varying from 35 Hz to 10-3 i i
at variable R. Some additional dwellr\{/avgefonns are used at SOé{Z(ZinE?hall(;)zgcgaﬁ:iz lrzis(c):fa(r)l.d1 fi\rllld
time and hold periods of 90 seconds and 180 seconds or no hold time (triangular signal of 10s-
10s). Precracking for all specimens is carried out at room temperature at R = 0.1. Crack lengths
are tracked using a DC (electrical) potential drop technique. Crack closure is detected usir% a
capacitive displacement gauge and determined by means of the compliance variation methgod
(Elber, 1970; Kllgul(_awa, 1977). In addition, some tests are performed at variable R (constant
Kmax) so as to eliminate any closure contribution in the near threshold range.
The environmental effect at 500°C is studied with complementary experiments performed in
various gaseous atmospheres controlled by a mass spectrometer and by hygrometers. On one
hand, the partial pressure of waper vapour can be lowered by reducing the total pressﬁre : high
z;;nglénlc(i“v‘:' i;/;lc;uum; ;)n the other ?and, an atmospheric environment saturated with water
very low amount of ox i i i idifi
;.rgonll(SO s re]ativer%])umidity). oxygen is obtained with a controlled leak on humidified
or all the tested frequencies conditions, the threshold is determined usi i
procedure down to the threshold. The load was then progressively increaslgg t?yl(;?gps(})? g%“%

%, to determine the crack growth data at increasing AK.
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RESULTS AND DISCUSSION
Air and high vacuum

The FCP determined in high vacuum, supposed to be representative of the intrinsic behaviour
of the Ti6246 at 500°C, is compared to air environment in figure 2a) and b) with and without
closure correction.
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Fig.2 d) and b) : Influence of environment, R =0.1,35 Hz.

For rates higher than 4x10-8 m/cycle, similar behaviour is revealed for the nominal curves and a
little difference appears on the effective curves due to the influence of environment. But the
most significant effect of environment is obtained for lower rates with nominal and effective
thresholds respectively at 7 MPavm in air and 4 MPavm in high vacuum, 1 MPavVm in air and
6 MPaVm in high vacuum. An enhanced crack propagation is encountered at 500°C in air after
crack closure correction due to a well defined plateau at 3x10-8 m/cycle. At this growth rate, the
propagation is quite independent of the applied stress, suggesting that the controlling parameter
is mostly governed by the time. This result indicates a great sensitivity to environment of the
material at 500°C. The FCP behaviour of the Ti6246 alloy at temperatures ranging from RT to
500°C in laboratory air described elsewhere (Lesterlin, 1994), shows that the Crack Growth

(CG) rate at a given AK range increases with increasing temperature specially at 500°C.
Microfractographic observations of the cracked surfaces of the specimen tested at 500°C show
yellow and purple oxide bands corresponding to the different steps of crack propagation. By
mean of RBS analyser (Lesterlin, PHD-1996), coloration of oxidized fracture surfaces has
been related to the oxide thickness and the oxide has been identified as TiO, (rutile) whatever the
coloration. Any direct correlation can not be etablished between the surface oxidation and the
embrittling mechanism. These observations do not support any oxygen embrittling role.

Influence of test frequency in air

In a previous paper (Lesterlin, 1996) it has been shown that the influence of frequency
increases with temperature and appears to be much more pronounced at 500°C. This result
supports the existence of an enhanced effect of environment which becomes more accentuated at
500°C. Such influence of frequency is consistent with a time dependent mechanism and to
identify such a synergical effect between a time dependent environmental process and the
mechanical loading, three tests were performed at 500°C at constant Kmax, respectively at 3.5
Hz, 0.5 Hz and 0.1 Hz (Fig.4) and compared to the effective measurements obtained at 35 Hz.
Complementary growth rate data were performed with dwell waveforms (10s-90s-10s, 10s-
180s-10s) and a triangular waveform without hold time (10s-10s).
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Fig.4 : Effect of loading frequency on FCP at 500°C in ambient air, R = var.

For rates lower than 3x10-6 m/cycle, lowering frequency from 35 Hz to 0.1 Hz induces an

increase in FCP which becomes more pronounced as the frequency decreases. At a given AKefr
the growth rate at 0.1 Hz can be ten times higher than at 35 Hz.

Even if at 0.1 Hz and 35 Hz, the fracture surfaces present a yellow coloration, a substantial
increase of the growth rates is observed when the frequency is lowered : i.e. 106 m/cycle at 0.1

Hg and 107 m/cycle at 35 Hz, at a fixed AK of 10 MPaVm. Such observations support the
existence at low frequency of a more embrittling mechanism which is not related to significant
chang.e in surface oxidation (Lesterlin, 1996). i

The triangular and dwell loadings give growth rates comparable to that of the sinusoidal loading
at 0.5 Hz and 0.1 Hz supporting a saturation in the environmental influence at very low
frequencies. These results suggest that a creep-fatigue type of damage does not seem to be
operative at 500°C. Therefore, the loss in the FCP resistance of the material at this temperature
rllae}\)/el can be pfrlrganly attributed to a corrosion-fatigue mechanism.

e nature of the active species, which is suspected to be oxygen in the literature (R :
1983; Foerch, 1993). has to be determined. Furthemore, on they %asis of previous expfer?rlr)lg?lrtls’
conducted at 300°C in various environments with controlled partial pressures of water vapour
and oxygen, the detrimental influence of ambient environment at this temperature has been
attributed to an embrittling effect of water vapour particularly enhanced in the near threshold
domain (Sarrazin, 1995).

ENVIRONMENTAL ASSISTED FATIGUE

To get more informations on the behaviour of Titanium alloys at 500°C and on the related
mechanisms, tests were carried out in selected controlled environments ; i.e. humidified Argon
containing the same amount of water vapour as in ambient air but with a partial pressure of
oxygen 104 times lower, and low vacuum, containing a very low partial pressure of water
vapour. Results are compared to the above presented data in air and high vacuum.
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@ Humidified argon : Ppo = 1.3 kPa; Poa < 1 Pa
O Air : Pgpo = 1.3 kPa; Poy = 2x104 Pa

B Low vacuum : Poo = 1 Pa; Poj < 4x104 Pa

+ High vacuum : Pppo = 2x104 Pa; Pgy < 106 Pa

Fig.5 : CG rates in humidified argon, air, low vacuum and high vacuum, 35 Hz.

The corresponding nominal and effective crack propagation data obtained at 35 Hz for the
different environments are presented in figure 5 a and b. The propagation curves in humidified

argon are characterized by a plateau, like in air, at AKpom ranging from 4 MPaVm to 8 MPavm

and AKcfs from 2 MPavm to 7 MPavVm. This plateau phenomenom in the mid-rate range is
particulary pronounced and occurs at higher rates in humidified argon (about 5x10-8 m/cycle)
than in air (about 2x10-8 m/cycle) in both diagrams. This result supports that at 500°C, water
vapour constitutes the active specie responsible of the great enhancement observed in the mid-
rate range compared to high vacuum or to low vacuum which both presents the same behaviour.
Indeed, different rates of FCP for the humidified argon and air emphasize that oxygen has no
embrittling effect on crack tip fatigue damage and at least presents a protective role (Sankaran,
1994). The behaviour in low vacuum, comparable to that in high vacuum shows, that a partial
pressure of water vapour of 1 Pa at 35 Hz is not sufficient to embrittle the material. Finally, all
these results indicate the predominant importance of moisture in air.

Water vapor partial pressure and test frequency interaction

Frequency can have a great influence in air predicting a direct relation between frequency and
the partial pressure of water vapor, as previously observed (Gao, 1984; Sarrazin, 1996) : high
frequencies allow less time for HyO interaction in the crack tip, requiring a greater
environmental pressure to produce a given growth rate. What appears to be a behaviour
corresponding to a saturation effect of environment has been determined in low vacuum and in
humidified argon, like in air, at fixed frequencies respectively of 0.1 Hz in argon and 0.01 Hz
in low vacuum (fig.6). The dashed line faired through the data in high vacuum is used as a
reference to evaluate the environment effect.
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Fig.6 : Influence of frequency at 500°C in the four tested middles.

The most demonstrative result is the very large difference in FCP rates between high vacuum
and low vacuum when the frequency is lowered. In high vacuum, lowering the frequency at
0.1 Hz leads to the same rates than at 35 Hz, and confirms that this environment is
representative of the intrinsic behaviour of the Ti6246 at 500°C. But in low vacuum, when the

frequency is decreased from 35 Hz to 0.01 Hz, FCP rates like in air are obtained, showing that
a partial pressure of 1 Pa of water vapour is sufficient to cause accelerated cracking at a such
low frequency, while at 35 Hz, the same curves are obtained in high and low vacuum. Similar
result has been reported by other authors for Titanium alloys, but only at room temperature
(Wanhill, 1976; Gao, 1984). The low pressure of water vapour in low vacuum is sufficient to
induce a crack acceleration. It only needs more time than in air. In humidified argon at 0.1 Hz,
rates are slightly higher than in air in a similar way as at 35 Hz.

The comparison of the propagation data for different partial pressures of water vapour and
different frequencies suggests an embrittling process controlled by the exposure of the fresh
surfaces at the crack tip as suggested by Wei (Gao, 1984), and support the existence of a
fatigue-corrosion mechanism in air which is also operative in low vacuum and in humidified
argon. In the cases the active specie appears to be water vapour. The substantial enhancement
of the saturated regime can be attributed to the adsorption (Langmuir, 1918; Achter, 1966;
Rehbinder, 1971; Piascik, 1991) of water vapour on freshly created cracked surfaces at the
crack tip and subsequent hydrogen assistance. The saturated regime for the three active
environments, illustrated on the figure 6 by a dashed line, can be described by the model
proposed by Mc Clintock (Mc Clintock, 1968) :

da/dN = 0.5 ACTOD
The microfractographies given in figure 7 are representative of the features found on the Ti6246
fractures surfaces in humidified argon, air and low vacuum at low frequencies. For the three
environments, FCP produces highly faceted and flat surfaces, corresponding to a transgranular
stage II propagation. The high density of faceted areas and the flat surfaces support a
mechanism mainly insensitive to microstructure. Microcracks, which are present in all the cases,
seem associated to the coupled action of temperature (Foerch, 1993) and water vapour. The
most significant feature is the difference of the microcracks morphology with respect to
environment. In low vacuum, the microcracks are parallel to the propagation direction while
they are perpendicular in humidified argon and in air. Specimen have been sectionned, in the
direction parallel to the propagation to reveal the correlation between the microstructural features
and the subsurface microcracks, fig.7. In air, the section plane shows that microcracking
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with some specific characteristics.
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Fig.7 : SEM images showing both microstructure and fracture surfaces for t.he saturated regime
o at 500°C, 10-7-106 m/cycle. (Propagation : left - right)
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CONCLUSION

The study of the Fatigue Crack Propagation behaviour in the Ti6246 alloy at 500°C in various
gaseous environmental conditions leads to the following conclusions :

- A substantial Crack Growth rates enhancement is obtained in air at 500°C on the Ti6246
attributed to a temperature-environment interaction.,

- By mean of tests at various frequencies and in different partial pressures of water vapour, a
saturated environment effect is determined supporting a fatigue-corrosion mechanism. The
active specie is identified as water vapour, but the fracture surfaces reveal a different action of
environment in each case. Oxygen mainly adds a protective role.

- This mechanism appears to be controlled by the exposure which depends on the partial
pressure of water vapour and on the time to achieve surface coverage by adsorbed molecules.
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