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Abstract. The effect of thealloying elements of Cr and Mo on the
microstructureand mechanical propert of as-cast TiAl alloys produced by a
locally made arewneltingfurnace was studied. X-ray diffraction (XRD) wa®ds
to identify the phases present in the samples. mfweostructure of the TiAl
samples wagharacterized using scanning electron microy combined with
energy dispersive spectroscopy (EDS). Compressets twere carried out
room temperature usinan Instron servohydraulic testing machine. The Itesu
show that the T#8AI alloy exhibiteda duplex microstructure, whereas with the
addition of Cr anearly lamellar microstructure was observed -48AI-2Cr and
with the additionof both Cr and M also in Ti-48Al-2Cr-2Mo. The hardness
values increased slightas compared to the Ti-48Al alloy with the additioh
the alloying elements. The presence of Cr i-48Al-2Cr resulted in a slight
increase in compressive fracture streThe as-cast Ti-48Al-2Cr-2Mo alloy
produced a higheyield strength and fracture ain in compression as compared
to the other asast TiAl alloys.On the fracture surfaces of the as-cast TiAl
alloys, mixed brittle transgranular and interlaraellfracture modes we
predominantly observed.

Keywords: alloying elements; as-cast TiAl alloys, fracture behavior; mechanical
properties, microstructure.

1 Introduction

Currently, thereis an increase in deme for the development of enen
conversion systemsvith improved efficiency and ecological compatityili
Higher operating temperatis, lighterweight and higher operation speeds
required for advanced design concs. Presently, the limits of materi
capability ofconventional metallic systems such as titaniumyallI834 are
reported to have reachdueir maximum height [1,2]. New classef materials
will be requiredif further advancement is to be made. Intermetey-TiAl-
based alloys are widely recognized as having thenpial to meet the desi¢
requirements mentioned above becaustheir low possible density (341
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gr/cn?), high specific yield strength, high specific Sté#ss, low diffusion

coefficient, good structural stability, good creegsistance, and excellent
oxidation resistance at high temperatures [3-5]seBaon these attractive
properties,y-TiAl-based alloys can be considered for use inidewange of

components in the automotive industry, power plambines and aircraft
turbine engines. Ultimately, the expectation is tieavier nickel or iron-based
superalloys in these applications to be substituted

The constituent phases wiTiAl alloys always consist of-TiAl (ordered face-
centered tetragonal blIstructure) as the matrix phase amdTisAl (ordered
hexagonal D@ structure) as the major second phase [4,6]. Tildys without
0,-TisAl phase, even with low interstitial impurity lege(< 1000 wt. ppm),
tend to fracture at room temperature before regchib-1.0% plastic strain in
tension. Engineering alloys based on thdiAl phase usually have Al
concentrations of 45-48 at.% and thus solidify teetically according to the
phase diagram shown in Figure 1 [1,7]. After sdilidiion, binaryy-TiAl alloys
pass through the single-phase fieldookolid solution, which decomposes on
further cooling according to the reactiams- o +y - 0, +yora - 0, — 0>

+ Y.

The mechanical behavior of TiAl alloys strongly deds on their composition
and in particular there is a considerable diffeeebetween single-phase and
two-phase alloys [8,9]. The two-phase TiAl with righ compositions (Ti-48
at.% Al) shows higher strength and better ductilitgn the single-phase TiAl.
The Al-rich single-phase TiAl has few deformatiovirts at room temperature.
At elevated temperatures, where the ductility ipidly improved with
decreasing strength, the formation of twins ancémcéd faults on the {111}
plane becomes more frequent. Twinning deformateromes dominant in Ti-
rich two-phase alloys, even at room temperaturechSdifferent twinning
activity in Ti-rich and Al-rich alloys is one of &reasons why the former alloys
are more ductile than the latter.

Although a lot of progress has been made in theareb and development pf
TiAl-based alloys, the low room-temperature dugtiliestricts the use of these
materials as a new class of engineering materilis. well known that the
microstructure and mechanical properties of TiAdyd are strongly influenced
by the alloy composition. The presence of 3 at.%irCii-45AI-3Cr (at.%)
produces B2 phase and thus improves the tensildigudut lowers the yield
strength [10]. The former effect may be attributedhe more uniform plastic
deformation in the Cr-modified lamellar microsturet, while the latter could
be caused by the thickening of théamellae. In another study, B2 phase was
introduced to the TiAl alloy by adding 2 at.% MoT44Al-2Mo (at.%), hence
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improving room-temperature tensile ductility andesgth [11]. However,
according to the study carried out by Sanal. [11], presence of B2 phase in
TiAl alloys does not improve strength and ductildly room temperature, but
decreases them [12]. Moreover, the appearance gbHa®e also deteriorates
creep resistance and high-temperature strength.
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Figurel A typical section of Binary Ti-Al Phase diagram kwithe arrows
demonstrating the movement of the phase boundddesernary alloying
additions and their length representing the sttenfieach element [7].
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The presence of Cr and Mn in TiAl alloys could emtetheir ductility. This is
caused by the ability of these elements to stabiliermal twins, which are
nucleation sites for twinning dislocations, andais decrease the Ti 3p and Al
3p binding energies in Ti-Ti, Ti-Al, and Al-Al bosd13,14]. If a small amount
of W (up to 0.4 at.%) is added to TiAl-Nb-W-B allgytheir grain sizes will
refine and the lamellar spacing will be reducedwadl [15]. Grain size
refinement and solution strengthening through Witamd contribute to an
increased hardness of TiAl alloys. Alloying elengersguch as Mo and Nb, can
improve tensile strength at room and elevated teatpees, buthave little
effect on improving room-temperature ductility [8]1 The strength of TiAl
alloys can also be enhanced by adding Ru (up t@tl%4). For the heat-treated
samples, TiAlI-Ru exhibits a better strengtheninigatfthan TiAI-Nb [17]. In
room-temperature flexural tests, the ductility ®AFRu is also better than that
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of TiAl-Nb. TiAl-Ru indicates much larger flexuraltrain and fracture energy
than TiAl-Nb.

Only a very limited number of studies associatethlie effect of a combined
addition of Cr and Mo on room-temperature fractat@in and strength has
been conducted. This study was aimed at resolvingesof the lack of

information about this subject. It will be reporttdht the addition of both Cr
and Mo to the as-cast Ti-48Al alloy produced inoaally made arc-melting

furnace showed better mechanical properties in deofyield strength and
fracture strain in compression.

2 Experimental Set-up

The raw materials used in this study were powdétgamium (average size of
83.81um and purity of 99.7%, STREM Chemicals), aluminwavefage size of
72.53 um and purity of 95.7%, BDH Laboratory supplies), lybodenum
(average size of 122m and purity of 99.96%, STREM Chemicals), and
chromium (average size of 50.92n and purity of 99%, STREM Chemicals).
The powders were weighted to the desired compasitad Ti-48Al, Ti-48Al-
2Cr and Ti-48Al-2Cr-2Mo (all in at.%). The compdaits were thoroughly
mixed in a plastic PE bottle for 5 hours. The migtwas then compacted in a
die by applying a hydraulic press with a presstire0® MPa. The size of pellet
was 25 mm in diameter. The pellets were then meiging a locally made arc-
melting furnace as shown in Figure 2 [18,19]. Tingois were re-melted eight
times to ensure good homogeneity. The resultingokestwill be referred to as
as-cast TiAl alloys.

Figure2 Photograph of locally made arc-melting furnace.
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A diamond-coated blade cutting tool was used tdloeiias-cast TiAl alloys into
metallographic and compressive samples. The mgtajhic samples were
polished and then etched in a solution of 10 vdHB&Os, 5 vol.% HF, and 85
vol.% water [20]. X-ray diffraction (XRD) using aiffftactometer (Siemens
D5000) with Cu Ki anode X = 1.54056A) was used to identify the phases
present in the samples. A SEM back-scattered segnelectron microscope
(model SUPRA 35VP) combined with energy dispergspectroscopy (EDS)
was used to predict the phases formed and to abs$kevmicrostructure. SEM
micrographs were also used to analyze the fracuriaces of the compressed
alloys.

A Rockwell hardness test was performed in accorglavith ASTM standard E
18-98 [21] using a Rockwell type hardness test&GD). A Rockwell C scale
with a load of 150 kg that employed a diamond p@male indenter) was used.
In this study, the samples produced were smallzig and therefore tensile tests
could not be performed. However, compression tegt® many similarities to
tension tests in the manner of conducting theaedtthe analysis, as well as in
the interpretation of the results [22-24]. TiAl gales with a small size can be
employed appropriately in compression tests. Spaginmeasuring 7 X 7 X 14
mm were cut and used for the compression testsspdtimens were polished
before testing. The compression tests were caotg@t room temperature with
an Instron servohydraulic testing machine with asshead speed of 0.07
mm/min, in accordance with ASTM E9-89a [25]. Alsosecondary scanning
electron microscope was used to observe the fasuwnfaces of the samples.

3 Resultsand Discussion

3.1 X-Ray Diffraction Patterns

Figure 3 shows the XRD patterns of the as-cast Gildys produced by arc-
melting. It can be seen from the diffraction resuhat Ti-48Al predominantly
containsy phase and a minor amount af phase (Figure 3(a)). This was
expected, as discussed previously, since the lbquiti Ti-Al binary phase
diagram (see Figure 1) indicates the presence of glaases for the nominal
composition of Ti-48Al. Similarlyy-TiAl as the main phase amgd-TisAl as the
secondary phase were also identified in the otiwer ds-cast alloys with the
addition of alloying elements Cr and Mo (Figure)3hd 3(c)).

Figure 3(b) shows that with the addition of 2 alC the XRD profile of Ti-

48Al-2Cr exhibited a significant decrease in intgnsf the first and strongest
peak, which belongs to thephase. This indicates that the addition of Cr &ad
effect on the XRD profile of the Ti-48Al alloy. the other hand, a combined
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addition of Cr and Mo to Ti-48Al indicated a velight decrease in intensity of
the first and strongest peak, belonging toytbbase (Figure 3(c)). This result was
expected, as the addition of alloying elementsoup &t.% does not significantly
change the constitution of TiAl alloys in whighs the major phase and is the
minor phase and no brittle and hard phase, for pkaB2 phase, was identified
[1,12].
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Figure3 XRD patterns of as-cast alloys (a) Ti-48Al, (b)4BAI-2Cr, and (c)
Ti-48Al-2Cr-2Mo.
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3.2  Microstructure of As-Cast TiAl Alloys

Figure 4 shows the back-scattered scanning eleatiorographs that represent
the microstructures of the as-cast TiAl samplesipred by arc-melting. Based
on the EDS analysis (Table 1), primgrghase was identified, as well as lamellar
colonies consisting of alternatg andy phases. The microstructure of the as-cast
Ti-48Al exhibited a duplex microstructure, congigtiof a small amount of

primaryy phase, andu;, +y) lamellar colonies (Figure 4(a)).

—

(az

Figure4 The back-scattered SEM micrographs showing theasisctures of
the as-cast TiAl alloys: (a) Ti-48Al, (b) Ti-48Al2 and (c) Ti-48Al-2Cr-2Mo.
Note (a): duplex microstructure, (b) and (c): ng#mellar microstructure

With the presence of Cr in Ti-48Al-2Cr, it can kadsthat the microstructure
reveals a nearly lamellar microstructure consistihglternaten, andy phases
(Figure 4(b)). On the basis of the EDS analysis,|fmellar regions marked as
lamellae 2 are believed to be lamellar phases #siwéhis study, even though
a strong etching solution has been applied, asioreat in the experimental
set-up section, it was hard to reveal complete llamstructures in the lamellae-
2 regions. The addition of Cr and Mo to Ti-48Al mlgesulted in a nearly
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lamellar microstructure comprising of alternateandy phases (Figure 4(c)). It
was found that complete lamellar structures cowt be revealed in regions
marked as lamellae 2 in the microstructure of TA43Cr-2Mo.

Tablel Results of EDS analysis for as-cast TiAl alloys.

TiAl alloys Phases Ti Al Cr Mo ¢
(at.%) (at.%) (at.%) (at.%) (at.%)
y 45.98 54.02 - - -
Ti-48Al (0+y)  54.63 45.37 - - -
Ti-rich 68.01 - - - 31.99
(o+y) 1 49.86 48.23 1.91
Ti-48Al-2Cr (ax+y) 2 50.23 48.08 1.69 - -
Ti-rich 69.97 - 30.03
(o,ty) 1 4891 45.74 2.91 2.44
Ti-48Al-2Cr-2Mo  (a,+y) 2 51.61 44.85 1.4 2.13
Ti-rich 69.5 - - - 30.85

In addition, it can also be observed that the l@anealolonies were randomly

oriented in all the samples. Some Ti-rich precipgan the phases and at grain
boundaries were also apparent, which consiste®.6fl6at.% Ti and 31.99 at.%

C based on the EDS analysis (Table 1). It is stiegehat the carbon most likely

came from the tungsten-carbide electrode used [@§ element has a strong
tendency to react with Ti at melting temperatur271

3.3 Hardnessof TiAl Alloys

The average hardness results of the as-cast Tidlsadire shown in Figure 5. It
can be seen that the hardness of the as-cast Todlsaare relatively high,
exceeding 50 HRC. The hardness values of the eiftealloys exhibited little
variation. With the addition of alloying elements, ®1o, or a combination of
both, the hardness values increased slightly apawed to the Ti-48Al alloy. In
this case, the hardness of the TiAl alloys showedeak sensitivity to the
presence of a small amount of the alloying elements

3.4  Effect of Cr and Mo on Compressive Yield Strength and
Fracture Strain

The yield strength results obtained from the cosgiom tests for the as-cast TiAl
alloys are shown in Figure 6. It can be seen thaptresence of Mo in Ti-48Al-
2Cr-2Mo alloy resulted in an increase in yield sgth. The as-cast TiAl alloys
show the dependence of yield strength on the pteseh Mo. Solid solution

strengthening due to the addition of Mo most likebntributed to the increased
yield strength of Ti-48Al-2Cr-2Mo. Even though tpessence of Cr in the Ti-
48Al-2Cr alloy showed a slightly increased yieldesgth in compression, its
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effect was insignificant in this case, and it iidved that it did not play a role in
the solid solution strengthening of the alloys.
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0O Ti-48Al-2Cr-2Mo
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Figure5 Rockwell hardness values of Ti-48Al, Ti-48Al-2CncaTi-48Al-2Cr-
2Mo.
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Figure6 Compressive yield strength of Ti-48Al, Ti-48Al-2Gmd Ti-48Al-
2Cr-2Mo alloys.

Strain to fracture in compression of the differagicast TiAl alloys is shown in
Figure 7. With the addition of Cr, the fractureastr of as-cast Ti-48Al-2Cr
slightly increased, to 10.1. The presence of CTi#8Al-2Cr-2Mo gave the
highest fracture strain (up to 15.4%). Thereforesan be said that the as-cast
Ti-48Al-2Cr-2Mo alloy exhibited a higher yield stgth and fracture strain in
compression as compared to the other as-cast Tidddsa



The Effects of Cr and Mo on the Microstructure 303

17
154

15 4

13

W Ti-48Al
11 4 101 @ Ti-48A2Cr
O Ti-48A1-2Cr-2Mo

Fracture strain (%)

As cast alloys

Figure7 Compressive fracture strain of as-cast Ti-48AIA8AIl-2Cr, and Ti-
48Al-2Cr-2Mo.

3.5 Fracture Behavior

Figure 8 shows SEM micrographs of the fractureaa@$ of the as-cast TiAl
alloys after the compression test at room tempegafthe fracture surfaces of the
as-cast TiAl alloys were mixed transgranular aridriamellar fracture modes in
which cleavage facets were dominant. Due to theréad structure of the
lamellae, a step-like transgranular fracture of maellae was also apparent,
particularly in the fracture surfaces of Ti-48AlH28Mo (see the enlarged
micrograph of Figure 8(c)). The typical cleavageeta observed were without the
appearance of flat and featureless facets.

4  Conclusions

Ti-48Al exhibited a duplex microstructure. The Enese of 2 at.% Cr in Ti-48Al-
2Cr and the presence of both Cr and Mo in Ti-48B8t-2Mo produced a nearly
lamellar microstructure. The hardness values isg@alightly as compared to
the Ti-48Al alloy after addition of Cr and Mo. Itas found that the fracture
strain of the as-cast TiAl alloy slightly increaseih the addition of Cr. In this
study, the as-cast Ti-48AI-2Cr-2Mo alloy exhibitedbetter strength and fracture
strain as compared to the other as-cast TiAl alloyee mixed brittle
transgranular and interlamellar fracture modes vpeeglominantly observed on
the fracture surfaces of the as-cast TiAl alloys.
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Figure8 SEM micrographs showing fracture surfaces of as-tidd alloys (a)
Ti-48Al, (b) Ti-48AI-2Cr, and (c) Ti-48AI-2Cr-2Mo lbys after compression
testing.
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