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The effect of heat treatment on the microstructures and tensile properties of a powder metallurgical
(PM) TiAl based alloy has been investigated in this paper. The near gamma (NG) microstructure
is transformed to a full lamellar (FL) microstructure with an average grain size of 100 um by heat
treatments. The lamellar spacing of FL structure decreases with the increase of cooling rate. For
cooling rates of 5, 10 and 50 °C/min, the lamellar spacing is 1.9, 1.0 and 0.8 um respectively. The
room temperature tensile properties exhibit an increasing trend with decrease of lamellar spacing.
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1. Introduction

TiAl alloys are attractive for aerospace and automobile
applications because of their low density, good high-
temperature strength and acceptable oxidation resistance.
Intensive research on the technology and applications of
TiAl intermetallic alloys has been conducted for many
years'%. However, the inherent poor ductility of TiAl alloys
at ambient temperatures has limited their applications. Alloy
design and development to improve their low-temperature
ductility have become the major challenge for this alloy
system. Depending on the composition and heat-treatment
procedure, four microstructures of y-TiAl, i.e., near y (NG),
duplex (DP), near lamellar (NL) and fully lamellar (FL),
can be obtained. It has been established that those alloys
with a fine fully lamellar (FL) microstructure possess
good balanced mechanical properties™. Actually, the
mechanical behavior of these alloys strongly depends on
their crystallographic texture and microstructure, evolve
during the fabrication processes’. The TiAl alloys can be
fabricated by traditional casting and ingot metallurgy,
but the process may cause of coarse-grained lamellar, a
sharp casting texture, and chemical inhomogeneity in the
microstructure'®. A potential method of overcoming these
problems is to use the powder metallurgy (PM) route. In
compared of common ingot metallurgy, PM have advantage
in eliminating compositional segregation, realizing the
macro net-shape forming, and can effectively solve the TiAl
intermetallic shaping of difficulty'"'3. It is one of the main
preparations for TiAl alloys. Recently, PM technique has
attracted more and more interest due to the improvement
in powder production and consolidation techniques such
as hot isostatic pressing and current auxiliary sintering'*'>.

Recently, numerous works have been conducted on the
PM TiAl alloys. But only a limited amount of microstructure
control work by heat treatment has been reported on
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PM TiAl alloys when compared to IM-processed alloys.
The objective of this paper is to study the effects of heat
treatment on the phase transformation and microstructural
development in a PM TiAl alloy. The room temperature
tensile properties of full lamellar microstructures after heat
treatment are also studied.

2. Experimental

The alloy used in this study has a nominal composition
of PM Ti-46A1-2Cr-2Nb-(W, B) (at. %) and provided by
Aerospace Research Institute of Materials & Processing
Technology (ARIMT). The specimens of @15 x 80 mm were
cut by electro-discharge machining (EDM) and subsequently
heat treated in a box furnace in an argon atmosphere.

The heat treatment route is illustrated in Figure 1. The
specimens were treated in o phase field (1340 °C) for 1 hour
followed by cooling to 900 °C with different cooling rates
(5, 10, 50 °C/min), and finally cooled in air (AC) to RT.
After first heat treatment, the specimens were again heated
to a temperature in the o, + 'y phase region at 1000 °C for
4 hours, followed by AC. Metallographic specimens were
prepared by standard mechanical polishing method and then
etched in a mixed solution of 90 mL H,O, 30 mL HNO3 and
10 mL HF. The microstructures were studied by an Olympus
BX51M optical microscope, a JSM-5800 and a CS-3400
scanning electron microscope (SEM).

The room temperature tensile properties were tested
using flat samples. In order to avoid the random and
systematic error the mechanical properties measurements,
at least three tensile specimens were prepared for each
material condition. Figure 2 indicates the size and section
shape of the room temperature tensile specimen which was
fabricated by electric discharge cutting and polished before
test. Tensile tests were carried out using an Instron5565 at
room temperature.
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3. Results

3.1. Microstructure

The primary specimens have a NG structure with an
average colony size of ~5 um. The microstructure looks
compact and uniform, neither porosity nor micro-cracks
are found (Figure 3).

Figure 3 Primary microstructure of PM Ti-46Al-2Cr-
2Nb-(B, W) alloy To obtain a FL structure, the samples were
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Figure 1. Schematic of heat treatment routes (FC: furnace cooling;
AC: air cooling; Te: eutectoid temperature; Ta: o transformation
temperature).
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Figure 2. Geometric shape and size of room temperature tensile
specimen in mm.

Materials Research

subjected to heat treatment at 1340 °C for 1 hour followed by
FC to 900 °C and then AC to RT. Figure 4 shows the optical
micrographs of the PM Ti-46A1-2Cr-2Nb-(W, B) alloy after
heat treatment at different cooling rates. It can be seen that
the primary NG microstructure has been replaced by new FL.
microstructure. The formation of lamellar structure after heat
treatment indicates that NG microstructure is transformed
into single o phase during holding at 1340 °C, and lamellar
structure is formed during cooling via the precipitation of y
plates in the o grains during cooling after heat treatment'®.
When three different cooling rates are compared, it is evident
that cooling rate has no marked influence on the optical
microstructure morphology; fully lamellar structures with
the same average grain size of about 100 pm are produced by
heat treatments. However some large lamellar colonies with
grain size more than 200 um are found in the structure, while
the small-sized grains are below 50 um (Figure 4a, b and c).

Figure 5 shows the BSE image of the lamellar
morphology of structures obtained at different cooling
rates. It is apparent that cooling rate has an effect on
lamellar spacing. As seen in Figure 5a, lamellar spacing
is 1.9 um for this slow cooling rate of 5 °C/min compared
to 0.8 um lamellar spacing for the fast cooling rate of
50 °C/min (Figure 5c). Heat treatment followed by a cooling
rate of 10 °C/min results in a lamellar spacing of 1.0 pm
(Figure 5b). It is quite obvious that spacing is reduced with
increasing cooling rate. The relationship between cooling
rate and lamellar spacing is schematically illustrated in
Figure 6.

Figure 6 Variation of lamellar spacing with cooling rate
3.2 Room temperature tensile properties Tensile properties
of materials with different heat treatment processing
conditions were measured at room temperature. Table 1
shows the results. It is clear that a faster cooling rate yields
enhanced room temperature properties. The samples
with the cooling rate of 5 °C/min show a mean tensile
elongation of 0.54% and fracture strength of 422 MPa.
As the cooling rate increases from 5 °C/min to 10 °C/min,
the RT elongation increases from 0.54 to 0.70%, while
fracture strength also increases from 422 to 467 MPa. The

Figure 3. Primary microstructure of PM Ti-46Al-2Cr-2Nb-(B, W) alloy.
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Figure 4. Microstructures of the alloy after different cooling rate a) 5 °C/min; b) 10 °C/min; ¢) 50 °C/min.
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Figure 5. BSE images of lamellar morphology after different cooling rate a) 5 °C/min; b) 10 °C/min; ¢) 50 °C/min.
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Figure 6. Variation of lamellar spacing with cooling rate.

Table 1. Room temperature tensile properties of PM alloys after
heat treatment Cooling rate (°C/min)Elongation (%)Fracture
strength (MPa).

Max Min Max Min  Mean
5 0.59 0.45 0.54 443 406 422
10 0.82 0.57 0.70 500 434 467
50 1.0 0.56 0.78 484 467 475

Mean

samples cooled at 50 °C/min have the best ductility with
elongation of 0.78% and fracture strength of 475 MPa. The
relationship between cooling rate and room temperature
tensile properties is schematically illustrated in Figure 7.
The fracture surfaces of the tensile samples are shown
in Figure 8. The fracture morphologies after the tensile tests
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Figure 7. Variation of room temperature tensile properties with
cooling rate.

are quite similar for the three microstructures with different
cooling rates (Figure 8a,c and e). The fracture surfaces of
the samples show predominantly transgranular cleavage
fracture over the entire fracture surface. In all cases, the
fracture modes are brittle fracture, no dimples are observed.
In addition, all the fracture surfaces samples show some
large regions as shown in Figure 8b,d and f, marked by the
white arrows. It seems reasonable to deduce that the fracture
path tends to pass through the large lamellae grains.

4. Discussion

Mechanical properties of TiAl alloys have been proved
to depend strongly on microstructure and hence considerable
changes in these properties can be brought about by
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microstructural modifications. It is established that TiAl
alloys with a predominant lamellar microstructure have
good comprehensive performance!’. In this study, using the
NG as a starting structure, every Y grain would be divided to
four new o grains by the process of heating in the single o
region. This is because y phase in TiAl alloys has four habit
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planes for the precipitation of o phase. In order to eliminate
the y grain completely and to achieve full transformation to
o phase, the specimen should be heated to o phase field. FL
structure forms by precipitation of v laths on the o matrix
with an orientation relationship of {111}y/(0001)c.,, <110>
¥//<1120>0,, during cooling'®.

Figure 8. SEM photographs of the fracture surfaces (a), (b) 5 °C/min; (c), (d) 10 °C/min; (e), (f) 50 °C/min.
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Thus, FL structure can be obtained from initial y
structure. However, several parameters must be strictly
controlled. The holding temperature should not be too high
and the hold time should not be too long. If the holding time
is too short, the resultant microstructure is DP or nearly FL
at best. On contrary, if the hold time is too long, o grain
growth becomes very fast. The relationship between grain
growth and parameters can be given as':

(10; D, J: logk — 2" (1)

23RT

Where Df, and D2, are the mean grain sizes before and
after holding at a temperature T for a period of time t, Qm is
the activation energy for the movement of grain boundaries,
and K and R are constants. Obviously, a higher T will results
in a larger grain size. Usually, in most cast TiAl alloys the
alph agrains can grow to about 1000 mm in diameter in a
few minutes when treated in o phase field”’. The present
study shows that a FL. microstructure with a colony size of
below 100 um can be obtained in PM TiAl after 1340 °C/1h
heat treatment processing. Two reasons may be considered:
1) The initial grain size of this PM TiAl alloy is especial
fine compared to the casting structure. 2) Minor addition
of boron prevents the grains from growing rapidly during
holding in the single o phase field?'.

During cooling from o phase field, the longitudinal and
lateral growth of the lamellar precipitates occurs through
the “terrace-ledge-kink” mechanism??. This mechanism
can be described as a lateral growth of the lamellae through
the movement of Shockley partials on the habit plane,
leading to the formation of ledges on the phase-interfaces.
The composition change of the growing lamella is ensured
by the transfer of atoms onto kinks which provide sites to
the atomic attachment’. For faster cooling rate, the greater
driving accelerates the speed of the atoms.

And the lamellar spacing of FL structure decreases with
the increase of cooling rate in the heat treatment process.
This is consistent with the previous results®.
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