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Abstract

Effects of W on the creep resistance of two nearly fully lamellar TiAl alloys with 1.0 and 2.0 at.% W have been investigated. In the
low stress regime (LS) a nearly quadratic (1.5 < n < 2) creep behavior was observed. It is found that the addition of W can improve
the creep resistance; however, the addition of excess W can result in the formation of B phase, which produces an adverse effect on

the creep strength.
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1. Introduction

Two-phase [TiAl (y-Lly) and Ti;Al (0p-DOy)]
nanoscale nearly lamellar TiAl-based alloys have po-
tential as high-temperature components in turbine and
combustion engines as they have good creep perfor-
mance and oxidation resistance [1,2]. However, the
balance between the tensile behavior of duplex struc-
tures and the creep strength of nearly and fully lamellar
structures is a work in progress. It has been suggested
that further microstructure refinement will lead to a
better performing alloy by improving both room tem-
perature toughness and elevated temperature creep
resistance [2-4].

Improvements in the room temperature and high
temperature behavior of duplex, nearly lamellar and
fully lamellar TiAl-based alloys have been made by
additions of multiple elements such as Si, Cr, Nb, and B,
which have shown great potential in controlling and
stabilizing the microstructure. For example, W addi-
tions stabilize the o, phase [5] and improve creep resis-
tance [6], while B additions affect the initial lamellar
spacing [7]. Other elements, such as Nb, improve oxi-
dation resistance as well as creep properties [8,9].
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Currently, most research on creep of highly engineered
duplex and lamellar structures (containing more than five
elements), with few exceptions [10], has focused on alloys
containing Cr, since it was believed that Cr would in-
crease room temperature ductility; however, since Cr is a
B phase stabilizer and reduces the creep resistance, op-
tions to exclude Cr have sparked interest [11,12].

It was previously suggested that additions of W could
impede interface sliding and thus improve the overall
creep resistance of TiAl [13,14]. However, W is also a
beta stabilizer and it is known that the presence of beta
phase can weaken the creep strength of TiAl [4,12].
Thus, excessive amount of W is expected to produce
adverse effects on the creep resistance.

This study presents a comparison of the creep
behavior on the low stress regime of two finely tuned,
nearly lamellar microstructures containing relatively
high amounts of W (1.0 and 2.0 at.%). Previous publi-
cations by Liu et al. [11], Kim and Hong [15] and Zhou
et al. [16] presented studies on the microstructure with
compositions of similar alloys with 0.5 to 2.0 at.% W but
included no creep studies.

2. Experimental procedures

Cast materials with compositions Ti—46.5A1-3.0Nb-
2.0W-0.10B and Ti-46.5A1-3.0Nb-1.0W-0.10B (at.%),
were hot-extruded near the alpha-transus temperature
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(1345 °C) at Oak Ridge National Laboratory. Detailed
procedures have been described elsewhere [11]. The
materials are, herein, denoted as 1W and 2W alloys. The
as-extruded samples were additionally heat treated in air
at 900 °C for 2 h before creep testing to relieve residual
stresses. Tensile samples were cut by electrical discharge
machining (EDM) with a gauge dimension of
20.0%x3.0x 2.0 mm.

Creep tests were performed in air on a dead-load
creep tester with a lever arm ratio of 16:1 (Satec Sys-
tems, Groove City, Pa). A linear voltage displacement
transducer (which was calibrated before each experi-
ment) was attached to the lower end of the longitudinal
extensometer to measure the relative displacement of the
sample. The furnace was brought to within £2.5 °C of
the test temperature and equilibrated for over 1 h before
applying load. The test temperature spanned a range
from 650 to 815 °C. At a given temperature, a series of
incremental loads were applied to a test specimen,
yielding up to 3 strain rate measurements, with no more
than 5% total strain accumulated in the specimen. Loads
ranged from 50 to 500 MPa.

Grain size measurements and microstructure studies
were performed using optical microscopy, scanning
electron microscope (SEM) and transmission electron
microscope (TEM). Samples for optical metallography
were etched using a solution of 98.5 ml H,O, 1 ml HNO;
and 0.5 ml HF. TEM samples were prepared by a twin-
jet electropolishing technique.

3. Results and discussion

The overall microstructures for the etched 1W and
2W alloys are presented in Fig. la and b. The lamellar
grains are in the range 15-50 pm and make up =80%
vol. fraction. This type of large lamellar volume in a Ti-
46.5A1-2Cr-2Nb alloy has been shown to improve the
overall fracture toughness when compared to structures
with less than 80% volume of lamellar grains [3].

The typical microstructure of the 2W alloy observed
by TEM is shown in Fig. 2. The microstructure mainly
consists of y/a, lamellar colonies (the width of y lamellae
varies between 100 and 200 nm, and the width of o,
lamellae varies between 10 and 50 nm) associated with
some single-phase v grains located at colony boundaries.
The widths of o, and y lamellae within the lamellar
colonies are considered to be ultrafine compared with
those in lamellar TiAl alloys fabricated by conventional
processing techniques [17,18].

Close examination of the microstructure in Fig. 3
shown in the longitudinal direction reveals that the 2W
alloy actually consists of an appreciable amount of B
phase, which has an elongated needle like shape. Note
that the lamellar grains are not elongated; only the beta
phase is elongated, since it is softer. In contrast, no B

Fig. 1. Cross-sectional optical micrographs of etched TiAl alloys: (a)
1.0W and (b) 2.0W.

phase was observed in the 1W alloy. This result is con-
sistent with previous microstructural studies by Yin
et al. [19] on a Ti-47A1-(1.5-2.1)W-0.5Si (at.%) alloy
in which small increments of W increase the amount of
B phase, i.e., at 1.5W there was only small amount of f
phase, while at 2.1W there was a significant amount of
B phase in the form of block, rod-like and needle-like
shapes.

Creep curves (i.e. strain versus time curves) at 760 °C
and at an applied stress of 208 MPa for both alloys are
shown in Fig. 4. The 1W alloy is apparently stronger
than the 2W alloy. Note that the primary creep is within
previously reported values for nearly fully lamellar sys-
tems [4,8,9,12,20,21]. It is also noted that when strain
rate versus strain is plotted at different stresses, the tests
showed a behavior more typical of fully lamellar struc-
tures, i.e., there was not a pronounced dip followed by
an increase in the strain rate, as shown by Oikawa and
Maruyama [22]. Rather, after a minimum strain rate is
reached, it remains “steady’, suggesting that the overall
microstructure is stable.

To compare the overall creep behavior, the relation-
ship between strain rate and stress (o) is established
using the power-law equation:
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Fig. 3. Optical micrograph of 2.0W alloy observed parallel to the
extrusion direction.

émin:A'O-neXp<;_?)a (1)

where A4 is a constant, n is the stress exponent, Q is the
activation energy, R is the gas constant and T is the
absolute temperature.

The double logarithm of the minimum strain rate
versus stress for both alloys at 760 °C is plotted in Fig. 5.
Note that at LS, there is a creep exponent () of 1.8 and
1.7 for the 1.0W and 2.0W respectively, which indicates
a transition region of diffusional creep showing a nearly
quadratic creep exponent. These values suggest that the
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Fig. 4. Stress vs. time curves for 1.0 and 2.0 at.% W alloys at ¢ = 208
MPa and T = 760 °C.

mechanisms in the two alloys are similar and the pres-
ence of beta phase weakens the 2W alloy, thus causing a
downward shift in the curve.

It is worth noting that several creep studies have been
performed with alloys consisting of over 1 at.% W, such
as Ti-46A1-2W-0.5Si and other ABB type alloys [23],
fully lamellar Ti-48A1-2W [14] and nearly lamellar
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Fig. 5. Strain rate vs. stress curves for 1.0 and 2.0 at.% W alloys at
760 °C.

(CTI-8)Ti-47Al-(2-4)Nb—(0.5-1.0)W—(0.08-0.18)B [10].
These samples were crept at 760 °C and did not show a
clear effect on the creep behavior because of a low W
content. It has been suggested by Yu et al. [24,25] that
when a critical W solubility in TiAl (y) and TizAl (o) is
reached the B phase becomes more stable and precipi-
tates into P particles. According to previous studies [19],
the critical solubility value at which there is formation of
B precipitates seems to be around 1.0-1.5W. At values of
1.5W or less, W does improve the creep resistance by
acting as a pinning point for interfacial dislocations;
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however, excessive W leads to the formation of B pre-
cipitates, which produces a detrimental effect (since the
B phase is softer than y and o, phases) on the creep
strength [12]. It should also be note that Nb is also a
stabilizer [26], however, since the amount of Nb is
identical in both the 1W and 2W alloys the occurrence
of the B phase in this case is solely associated with the W
content.

In the LS regime, values of the creep exponent of near
quadratic behavior have been observed in nearly and
fully lamellar alloys [12,27], which are comparable to the
present study reported here. This near quadratic creep
behavior in the LS regime is due to interface sliding
mechanisms as proposed by Hsiung and Nieh [20]; at
higher stresses, the lattice dislocations are activated
and become dominant, thus changing the deformation
mechanism. At the high stress regime (above 300 MPa),
there is a change in slope to power law creep, demon-
strating a change in mechanisms from diffusional/glide
to power law breakdown (n > 5) and showing creep
exponents greater than 5 for both alloys. This is con-
sistent with previously reported trends in similar alloys
with duplex, nearly lamellar or fully lamellar TiAl based
alloys [13,21,28,29].

To further elucidate on the creep mechanism in the
LS regime, additional tests at various temperatures were
conducted, as shown in Fig. 6a. These data were used to
obtain the activation energy in the LS regime for the 2.0
at.% W alloy. The value of the activation energy was
found to be 145.2 kJ/mole as shown in Fig. 6b. This
value is noted to be similar to those found elsewhere for
nearly lamellar and fully lamellar alloys containing Cr.
It is close to that of the activation energy for boundary
diffusion [20,21,28], thus further validating the notion of
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Fig. 6. (a) Strain rate vs. stress curve at the LS regime for 2.0 at.% W between 650 and 815 °C. (b) Strain rate vs. the inverse of absolute temperature

at the LS regime for 2.0 at.% W alloy.



A.M. Hodge et al. | Scripta Materialia 51 (2004) 411-415 415

the interface sliding mechanism being dominant in this
regime.

It has been shown that fully lamellar structures have
better creep resistance than nearly lamellar alloys, but
by comparing the alloys in this study to other alloys with
similar lamellar spacing, the overall minimum strain rate
in the LS regime is comparable to fully lamellar systems
[21,28]. This indicates that W does improve the creep
behavior. However, when an alloy has an over 1.0 at.%
W the overall creep performance degrades due to the
presence of B stringers. Overall, the creep behavior of
both alloys was as good as those of nearly lamellar
alloys for similar structures.

4. Conclusions

The nearly lamellar TiAl alloys with 1.0 and 2.0 at.%
W performed comparably to fully lamellar alloys of
similar compositions processed by powder metallurgy
[13,21,28,29]. The 1.0 at.% W alloy performed better
than the 2.0 at.% W. Microstructural examination
showed the presence of soft B phase in the 2 at.% W-
alloy. Note that the creep mechanism of these alloys in
the low stress regime is believed to be dominated by
interface sliding, as suggested by a nearly quadratic
creep exponent for both alloys and an activation of
energy of 145.2 kJ/mole for the 2.0 at.% W.

The addition of W does seem to improve the overall
creep performance of the nearly lamellar alloys. How-
ever, the excessive addition of W causes a degradation of
creep strength because of the presence of soft B phase.
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