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Abstract

Creep of a TiAl alloy, having a composition of Ti-47A1-2Cr-2Nb (in atom %) and a fine-
grained, fully-lamellar structure, was carried out at 760°C and stresses between 69723 MPa.
It was found that, in addition to having a good room temperature properties, the alloy exhibits
higher creep resistance than other TiAl alloys with a similar composition. Both the creep data
and microstructures of the alloy suggest that there exists a change in deformation mechanism
from a glide-controlled process at high stresses to a recovery-controlled process at low stresses.
Also, microstructural evidence indicates that the rate-controlling recovery mechanism is the
climb of dislocation segments pinned by ledges at /o, interfacial boundaries.

Introduction

Current research efforts on y-TiAl are primarily made to improve the room-temperature
strength, toughness, and ductility, and to increase the high-temperature creep resistance. It is
well known that the mechanical properties of y-TiAl based two-phase alloys are strongly
dependent upon microstructure [1]. By controlling thermomechanical processing, and
subsequent heat treatment and cooling rate, three major types of microstructure can be
produced: fully-lamellar, duplex, and equiaxed. The fully-lamellar structure consists of
colonies of twin-related y-TiAl lamellae interspersed with 05-Ti3Al laths. The duplex
structure is composed of a mixture of equiaxed ¥ grains and fine lamellar grains, and the
equiaxed structure is made up of equiaxed ¥ grains with ¢, particles at grain boundaries and
triple junctions. The fully-lamellar structure has been found to have high creep strength but
poor room-temperature ductility [2, 3], whereas the duplex microstructure gives high room-
temperature ductility but poor high-temperature creep resistance (~two orders of magnitude
lower than the fully-lamellar structure) [2]. In the fully-lamellar case, the mechanical
properties are further dependent on the interlamellar spacing and the colony size in a
polycrystal [1-6] and the lamellar orientation relative to the applied stress in a single crystal [7,
g].

Previously, y-TiAl alloys were prepared mainly by casting methods. Only limited studies
have been carried out on materials produced by powder metallurgy (PM) methods. The
objective of this study is to report the high-temperature creep properties of a fully-lamellar
TiAl alloy produced by a P/M technique. The room temperature as well as elevated
temperature properties of the alloy were reported elsewhere [9].




Experimental

TiAl alloy used in this stady was made by rapid solidification and powder extrusion. The
as-extruded rods were stress relieved at 900°C in a vacuum of ~10-4 Pa for 2h. Sheet
specimens were fabricated from the annealed material by means of electrical discharge
machining. They have a gage length of 25.4 mm, a thickness of 1.52 mm and a width of 5.08
mm. Creep experiments were conducted in a dead-load creep machine having a lever arm ratio
of 16:1. Due to small strains (< 5%) involved, load was not reduced as strain accrued.
Samples were tested in air in a split furnace with three zones. Temperature in each zone was
controlled by individual thermocouples. The controlled temperature was within 21°C of the
required temperature along the whole gage length. Tests reported here were performed at a
single temperature of 760°C and at a single stress or multiple stresses over a range of 69-723
MPa. Creep strains were measured using a dual dial gage average type extensometer having a
strain resolution of 10-3, and were recorded on a chart recorder.

Slices of the alloy were cut to 0.5 mm thickness followed by spark cutting of 3-mm discs.
The discs were mechanically thinned to about 140 mm before electropolishing in a solution of

90% methanol, 9% sulfuric acid and 1% HF at 25V and 0°C. Conventional transmission _

electron microscopy and electron diffraction were performed on a JEOL 200CX microscope at.
High resolution transmission electron microscopy was performed on a JEOL 4000EX system.

Results

Generally, the creep curve of TiAl exhibits three stages. After transient creep, a steady
state was achieved in a single-stress test. As expected, the steady-state strain rate increases
progressively with stress, which is shown in Fig. 1. If the creep strain rate £ is related to the
stress o by a power law: £ ~ o™, where n is the stress exponent, then, n tends to decrease
from > 7 in the high stress region to ~1.6 in the low stress region.
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Fig. 1 Steady-state creep rate as a function of applied stress at 760°C.

To study the creep mechanism, stress reduction tests were performed. The transient creep
behavior observed after a stress reduction apparently depends on the stress level before and
_after reduction. In the high-stress region (=~ 400MPa), there is an immediate positive creep
even after a stress reduction (e.g., 723 to 586 MPa in Fig. 2a). In contrast, in the low-stress
region, when the stress is reduced from high to low stresses, in addition to the initial elastic
contraction, there exists a period of negative creep, followed by an apparent zero creep (> S0
hours) and, then, an acceleration of creep (Fig. 2b) It is noted that the above transient creep
behavior occurs at stress ¢ ~ 240 MPa.
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Fig_. 2 Stress reduction tests in a) (top) the high-stress region, and b) (bottom) low-stress
region.

The microstructure of the heat-treated sample exhibits a fully-lamellar structure with a
colony size of ~65 um and a nearly theoretical density. The lamellar grains consist of regular
alternating ¥ and o, laths (Fig. 3a), which resulted from the solid state phase transformation
of the primary disordered a dendrites [10]. The orientation relationship between ¥ and
can be expressed as: (111)y //(0001) ¢, 5 <110> /I<1120> ¢, which is consistent with
previously results [11]. The a5 platele%s (20-76 nm wide) are long and straight, and quite
regularly spaced between ¥ lamellae (~0.1-0.5 pm wide). The average interlamellar spacing
‘is extremely fine (~0.1 pm). At many interfacial boundaries the ¥/, laths interlock with
ledges as they meet (Fig. 3b). This irregular or serrated boundary inhibits interfacial sliding
[12, 13]. Equiaxed ¥ grains of < 1 pm are occasionally observed along colony boundaries.
Dislocations are rarely observed in both colony and ¥ grains. .
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Fig. 3 TiggAls;CryNb, alloy. (a) <110> zone axis bright-field image, and (b) <110> zone
axis bright-field image.

Microstructures developed in samples crept to ~4% strain at high stresses (=241 MPa) are
inhomogeneous, varying from grain to grain and dependent upon their orientations relative to
applied stress. Twins, tangled dislocations and long dislocation segments propagating across
lamellar boundaries constitute the main feature of the microstructure of the ¥ lamellae (Fig.
4a). Also, twinning (i.e., probably the ordered (111)[112] type) occurs primarily across the
lamellae, as shown in Ref. [11]. Although most twin boundaries show continuity across o
platelets, slight boundary offset is also observed (Fig. 4b), suggesting different shear
deformation in adjacent ¥ lamellae as a result of twinning. Another structural feature is
stacking faults. Partial dislocations are mainly located within interfacial boundaries.
Randomly distributed dislocations spread within many ¥ lamellae. Tangling occurs mainly at
the o5/y boundaries as well as twin boundaries. These observations indicate that deformation
of both easy-type and hard-type had taken place [11].

Microstructures developed in samples creep deformed in the low-stress region (< 300
MPa) and low strains are significantly different from those seen in the high-stress samples.
While secondary twins are well developed at high stresses, they are rarely observed in low-
stress specimens. Also, although dislocation tangling and long dislocation segments
propagating across lamellae are prominent features at high stresses, dislocations are only
sporadically observed in low-stress specimens (Fig. 5). The observed dislocations are
primarily within ¥ lamellae, and tend to be inclined at the same angle to the lamellar

boundary.
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Fig. 4. Alloy crept at 760°C in the high-stress region (a) dislocation configuration and (b)
twinning,

100 nm
Fig. 5 Microstructure of sample crept at 760°C and 525 MPa.

In a specimen initially deformed at a high stress and, then, a lower stress, (e.g., in Fig. 3b),
microstructure appears to be inhomogeneous, similar to those deformed at a single, high stress.
Some grains show twins as well as a high density of free or tangled dislocations propagating
across lamellar boundaries (Fig. 6). Since these microstructural features were not observed in




specimen deformed at a single, low stress, they were probably generated when the specimen
was deformed at the higher stress; the microstructure persists in the subsequent lower-stress
deformation. In contrast, some grains may show only a few dislocations in ¥ lamellae,
resulting probably from an unfavorable orientation for dislocation slip. Well defined subgrain
boundaries are scarcely observed.

100 nm

Fig. 6 Microstructure of sample crept at 760°C, at an initial stress of 140 MPa, increased to
525 MPa and, then, reduced to the initial 140 MPa.

Discussion

A comparison of the creep resistance at 760°C among the presently-studied material and
other TiAl alloys is given in Fig. 7 [14-24]. It is readily seen that the creep resistance of the
present material is distinctively better than others. The improved creep property is believed to
be resulted from the refined microstructure of the alloy.

It is known that mechanical properties of -TiAl with a fully-lamellar structure strongly
depend on the interlamellar spacing, L [1-6]. This is because L determines the volume
fraction of the hard-phase (i.e., o) which, in turn, determines the characteristic slip distance
during dislocation-controlled creep. The maximum L value between the larnellae that are most
favorably inclined for slip represents the minimum conditions for the onset of plastic
deformation by dislocation slip [25].

The interlamellar spacing L in the present material is 0.1 pm [9]. This L is of several
times smaller than those in typical cast alloys (e.g. L =0.4-0.48 um [26, 27]). Furthermore,
the o, platelets in the present TiAl are long, straight, and quite regularly spaced within the
fine lamellar structure, with the ¢, to ¥ lamella ratio close to 1:1. In contrast, the o,
platelets in fine lamellar structures produced by fast cooling of cast TiAl contain many
irregular and short segments [26]. Such microstructural imperfections reduce the load-bearing
capability of the material. Therefore, the better creep resistance shown by the present alloy
may be attributed to a combination of fine lamellar spacing and the unique morphology of the
long, straight, and regularly-spaced o, platelets.

In the present study, twinning appears to have an insignificant contribution to the creep
deformation of the alloy at low stresses (< 241 MPa). This is consistent with the previous
observation that twinning is less important during high temperature deformation of lamellar
TiAl [13]. Dislocations are observed within ¥ lamellae, and tend to be inclined at the same
angle to the lamellar boundary. This observation is quite different from that on single crystals
deformed at room temperature and at the same stress level [28]. In the latter case, many
dislocations and twins are observed to run parallel to the lamellar boundaries (so called easy
mode). Apparently, there is a change of dislocation slip from room to high temperatures. It is
particularly pointed out that a thin layer of equiaxed ¥ grains (~1 pm) are present at colony
boundaries. The role of these ¥ grains on the creep properties is unclear and needs further
investigation.

The present experiments show that the deformation mechanism may be significantly
different between high and low stresses, as evidenced by the facts that the stress exponent and




microstructure change drastically from high to low stresses. Stress reduction tests show that
creep at high stress may be glide-controlled as a positive creep rate is observed immediately
after a stress reduction [29] (Fig. 2a). The observation of presence of dislocations both within
and across ¥ lamellae supports such inference. If this is the case, then the high stress exponent
and its decrease with stress is a result of control of dislocation glide whose velocity has an
exponential dependence [30].
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Fig. 7 A comparison of the creep resistance at 760°C among the presently-studied material
and other TiAl alloys

In the low stress region (< 241 MPa), however, stress reduction tests show that, creep may
be recovery-controlled as a zero creep is observed even after a small reduction [28].
Nevertheless, recovery processes such as dislocation climb and cross slip leading to curved
dislocations and dislocation arrays or networks found in metals and disordered alloys were not
observed in the present specimens. Instead, most dislocations are observed to intersect with
0p/ ¥ boundaries. The possible recovery process is the climb of both ends of a dislocation
line trapped in the boundaries (Fig. 5). It is known that the ¢/,/¥ boundaries act as barriers to
dislocation motion [31, 32]. In the case that a dislocation is pinned at the interfacial
boundaries, the shear Orowan stress, 7,, required to bow the dislocation out at the orientation
parallel to the interfacial boundary is given by [25]. :

Gb L

n— 1
2L " 2b° )

To =

where G is the shear modulus, b is the Burger's vector, and L is the width of y lamellae.
Taking G = 6 x 104 MPa for 760°C [31], b=4 x 104 yum, and L = 0.3 jum, the average width
of y lamellae, 7, is obtained to be 75.5 MPa. The present stress level at which recovery-
controlled creep is observed is < 137.8 MPa, which corresponds to a shear stress level of <
79.6 MPa. This stress is close to the estimated Orowan stress (75.5 MPa). Thus, bowing of




dislocations at the orientation parallel to the interfacial boundary may be impossible under the
condition of o < 137.8 MPa in the present alloy. It may be concluded,that in order for
dislocation motion to proceed, climb of the segments trapped in the boundary must take place.

It is interesting to note that n = ~1.6 at low stress. Deformation studies on a near y Ti-
Al+W with a lamellar structure showed that the strain rate was independent of the colony grain
size at 760°C and 276 MPa [33]. Thus, the low n behavior may be induced by an intragranular
process. This is possible because creep strains achieved at low stress are very low (< 0.5%)
and a true steady state microstructure might not be achieved; deformation may take place at a
dislocation density or at a dislocation structure insensitive to the applied low stress.

Conclusion

The presently-studied TiAl alloy with a fine, fully-lamellar structure shows a better creep
resistance than those previously reported for other TiAl alloys. This improved property is
attributed to the combined effects of the fine lamellar structure and the unique, regular
morphology of the «, platelets interspersed between ¥ lamellae. Creep data and
microstructural characteristics suggest that deformation of the present alloy at 760°C may be
glide-controlled at high stresses (2 241 MPa) but recovery-controlled at low stresses
(£ 241 MPa). Creep at low stresses is insensitive to dislocation structure, and the rate is
controlled by the climb of dislocation segments trapped in ¢/ ¥ interfacial boundaries.
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