ECF 11 - MECHANISMS AND MECHANICS OF DAMAGE AND FAILURE

FRACTURE TOUGHNESS OF
GAMMA-BASED TITANIUM ALUMINIDES

Brigitte BITTAR* and Paul BOWEN*

This paper considers the effects of microstructure and testpiece
size on fracture toughness values at room temperature of a
gamma-based titanium aluminide. The alloy under investigation
is of nominal composition Ti-47Al-1Cr-1Mn-0.2Si-2Ta (at%)
with lat% addition of boron. Nearly fully lamellar
microstructures of different lath thickness have been
considered. Microstructure is found to have a significant
influence on fracture toughness values. Conversely, the
difference in the mean Kq values between small and larger
specimens does not prove to be significant at the 95%
confidence level but the range in the toughness values is
reduced for the larger specimens.

INTRODUCTION

TiAl (gamma)-based aluminides combine good modulus and good oxidation
resistance at temperatures of up to 800°C. Combined with a density that is twice
lower than that of nickel-based superalloys, they are good candidate materials for
application in aircraft engines. However, problems such as low fracture
toughness and low ductility must still be considered carefully [1].

It is now well established that the fracture resistance of gamma based aluminides
strongly depends on microstructure: fully gamma microstuctures with an average
gamma grain size of 90 pm typically yield low fracture toughness values of the
order of 8-10MPaVm; duplex microstructures exhibit higher values of typically
15-18MPaVm; and fully lamellar microstructures can give values of 25-
30MPavm when the crack is forced to traverse the thin weakly bonded lamellae
[2]. Although the fully lamellar microstructure clearly can give high values of
fracture toughness, mechanisms of fracture remain brittle and are strongly
dependent on the angle between the lamellae orientation to the mode I direction
[3].Care must also be taken when an average fracture toughness is given for large
grained microstructures. As shown elsewhere [5] the process zone of importance
when performing a fracture toughness test often extends only to 250pm from the
precrack tip. Therefore, the number of colonies usually sampled during a fracture
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described in the literature is boron. For example the addition of more than 0.5at%
boron in a Ti-47Al-1Cr-1Mn-0.2Si-2Ta alloy decreases the lamellar colony size
in the as-cast ingot from more than 2000pm to 100um and randomises the
lamellar orientation in the ingot [4].

The present study deals with the fracture toughness at room temperature of a
grain refined Ti-47Al-ICr-1Mn—0.2$i-2Ta+lB(at%) alloy in the as-cast condition
and after heat-treatment to produce a near fully lamellar structure. The cooling
rate was controlled in order to produce a variation of lamellar lath thickness compared
with the as-cast condition. The influence of testpiece size has also been examined.

EXPERIMENTAL DETAILS

The material under investigation is a grain refined gamma-based titanium
aluminide with the nominal composition Ti-47Al-1Cr-1Mn—O.2$i-2Ta+1B(at%).
The ingot was produced by plasma arc-cold hearth melting at the IRC. The ingot
was cast with a diameter of 100mm, a height of 1.4 m and weighed
approximately 17 kg. Slices of 110 mm height were cut from the ingot and
samples of 6x12x55mm (hereafter referred to as small specimens) and
12x24x110mm (hereafter referred to as large specimens) were prepared using
electrodischarge machining. These samples were subsequently polished to 1 Hm
diamond paste and notched to an a/W=0.25 ratio, where a is the notch length and
W is the sample width. A quarter slice was heat-treated in a furnace under a
vacuum of approximately 10e-4 torr at a temperature of 1360°C for 60 minutes
and then furnace cooled under vacuum at 1°C/min.

Fracture toughness tests were carried out on an ESH servo-hydraulic machine in
four-point bending at a nominal crosshead speed of 0.5Smm/min. A fatigue pre-
crack was first grown to an a/W ratio of about 0.5 using a stress ratio, R, (ratio of
minimum stress intensity factor to maximum stress intensity factor) of 0.1. Crack
growth was monitored using potential drop technique. Fracture toughness
specimens were fitted with clip-gauges to measure local displacements and charts
of load versus clip-gauge displacement were recorded. The fracture toughness
was determined using the 5% offset method in all cases and the value of the
stress intensity factor at the peak load was also calculated. The fracture surfaces
were examined using a JEOL 6300 and 5410 SEMs both operating at 0" tilt and 20kV .

RESULTS AND DISCUSSION
MICROSTRUCTURE

The microstructures of the material are shown in Figl. The as-cast microstructure
is near fully lamellar with an average grain size of 180um, and with
approximately 5% gamma grains localised at grain boundaries and these have an
average grain size of 50um. Lamellar laths are approximately 1.4pum thickness
and the lamellar colonies have interlocking boundaries. The héat-treated material
also possesses a near-fully lamellar microstructure. Due to the very slow cooling
rate of 1°C/min, growth of the gamma grains localised at boundaries in the as.
cast microstructure occurred during the time spent in the (alpha+gamma)-phase
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field. This phenomenom has also been seen elsewhere following similar heat-
treatments [5]. This results in the presence of blocky gamma grains with an
approximate grain size of 80pum. The lamellar colony size is measured at 150pm,
and the lamellar lath thickness is significantly larger with an average thickness of
3um. In both microstructures, an inhomogeneous distribution of boron during
casting induced an inhomogeneous distribution of boride particles in the material.
These particles, identified as TiB and TaB [4], can also form elongated or circular
“islands” of co-operative particles. These islands may have an average size of
400pm although occasionally, sizes of up to 1100um in length and 300pum in
width have been observed.

FRACTURE TOUGHNESS

EFFECTS OF TESTPIECE SIZE. Fracture toughness values and Kmax, stress
intensity factor values calculated at peak load, are presented graphically in Fig2.
Twenty four specimens were tested. K¢ values were calculated from load/clip-
gauge displacement charts using the 5% offset procedure as required in British
Standard BS7448. Out of 24 charts, 19 exhibited “pop-ins”, and only 2 were
completely linear to failure. None of the "pop-ins" are significant based on the
5% offset procedure. All specimens satisfied the testpiece size conditions
required by the standard for plane strain fracture toughness testing. However, due
to the high value of the m exponent of the Paris law for this material, the
maximum stress intensity factor during fatigue cycle did not meet the
requirements of BS7448. In addition the traces, in general, contained too much
non linearity to allow Kyax not to exceed 1.1 Kq. For these reasons, Kq values
may not be quoted stricly as K¢ values. The average values of Kq, Kmax and the
standard deviations are presented in table1. For both microstructures, the average
Kq and Kymax values are actually higher for the larger specimens. For the as-cast
microstructure, Kq and Kyax values are respectively 16 and 19.3MPavVm for the
large specimens comparing with 13.5 and 16.2MPaVm for the smaller specimens.
Moreover, the standard deviations calculated for the large as-cast specimens are
lower (O.9MPa\/m) than those of the small specimens (2.1MPa\/m). This
illustrates the decrease in the range of values when the testpiece size is increased.
Several of the above observations are noteworthy. First, the small scale of the
colonies (<180pm) results in "pop-in" values in the load-displacement traces that
may be ignored (according to the procedures of BS7448). This is in sharp
contrast to the behaviour of larger colonies, where premature interlamellar failure
must be taken as the onset of catastrophic failure [5]. Second, although the
testpiece size conditions for plain strain fracture toughness testing have been met,
a substantial amount of non-linearity is seen in the load-displacement traces (such
that the Kpax values usually exceed 1.1 times the Kq values). In conventional
structural metals this would lead to concern that this excessive amount of
plasticity could have raised the value of Kq measured above a minimum value
(and hence K cannot be defined as Ky for this reason), but for titanium
aluminides such concerns are probably inappropriate (and indeed the modest
increase in Kmax values seen for the larger testpieces would tend to support this
particular viewpoint). Third, the trend in Kqg andKpax values obtained for the
larger testpieces compared with the smaller testpieces is somewhat unusual.
Indeed, in conventional metals although the range in such values can often be
reduced for larger testpieces, the expectation would be that values obtained from
large testpieces would tend to lie towards the minimum values obtained from
smaller testpieces. In the present work this remains an interesting observation
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only, because the difference in average values is not statistically significant, and
the difference in sampling volume is a modest factor of two. However, this will
be an area of interest for future studies.

2 For these as-cast near fully lamellar microstructures of fine colony size
(<180um) although no statistically significant effect of testpiece size is seen on
fracture toughness values, larger testpieces tend to produce higher toughness
values and exhibit a reduced range in fracture toughness values.

3 A lamellar lath thickness of 3um and/or the presence of gamma grains of
increased size at lamellar colony boundaries decrease the fracture toughness from
14.5 to 10.7MPaVm if compared to an as-cast microstructure of 1.4pm lamellar
lath thickness.
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a) as-cast microstructure

STRESS SPECIMENS SIZE AVERAGE STANDARD MAXIMUM MINMUM
INTENSITY TESTED MPdmy | DEVIATION | (MPam) (MPaNm)
FACTOR
Q\/IPa.\/m)
Kq 9 small 13.5 2.1 16.9 10.6
Kmax 9 small 16.2 33 20.9 12.3
Ko 6 large 16.0 0.9 17.6 14.8
Kiuax 6 large i9.3 1.5 21.2 17.2
Ko 15 beth sizes 14.5 2.1 17.6 10.6
Kpmax 15 both sizes 17.4 3.1 21.2 12.3
b) heat-treated microstructure
Ko 7l small 9.5 1.9 12.2 7.3
Kmax 7 small 11.3 2.2 154 8.9
Kq 2 large 14.8 n.a 15.9 13.7
Kmax 2 large 16.2 n.a. 16.7 15.7
Kq 9 both sizes 10.7 29 15.9 7:3
Kmax 9 both sizes 12.4 2.9 16.7 8.9

Tablel: Fracture toughness results. The heat-treated (HT) microstructure
possesses a reduced fracture toughness. The variation in toughness values
decreases for the larger specimens. (.a.= not applicable)

(a) (b)
Figl: Microstructure a) as-cast b) HT=60 min. at 1360°C, cooling rate 1°C/min.
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Fig2: Fracture toughness and K., values plotted as a function of testpiece size and
microstructure

@ ' G
Fig3: Representative fractographs of (a) as-cast (b) heat-treated conditions. Failure
modes includes transgranular cleavage, interlamellar and translamellar fracture.
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