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Abstract The effects of Mo additions on the microstructure and the room temperature deformation be-
havior of polysynthetically twinned (PST) crystals of TiAl were studied in order to get a basic concep-
tion for alloying additions on the two-phase TiAl empounds with the lamellar structure. It was found
that the Mo additions in TiAl PPST crystals increase both the yield stress and tensile elongation to frac-
ture but the increase in yield stress depend on the angle ¢ at which the lamellar boundaries lie from the
loading axis. The large difference in yield stress between specimens deformed parallel (¢=0") or per-
pendicular(¢=90°) to the loading axis and those deformed in intermediate orientations could be ex
plained by the difference in Mo content between the TiAl and the Ti;Al phases. It was also found that
the Mo-doped specimens with intermediate orientation fail by cracking zigzag across to the lamellar
boundaries, which Is the same fracture mode as that of binary specimens with intermediate orientations

tested in vacuum. This suggests that Mo atoms are thought to play a role to reduce the environmental

embrittlement of binary PST crystals, resulting in increasing the tensile ductility.

1. INTRODUCTION

Intermetallic compounds based on TiAl/Ti;
Al two-phase alloys have been expected to be
one of the most promising candidates for light-
welight high-temperature structural materials
to replace conventional Ti alloys and some
classes of nickel-based superalloys' *'. This is
because the two-phase TiAl has a attractive
properties such as high melting point, high
strength-to-weight ratio and excellent oxygen
and creep resistance relative to conventional
superalloys and titanium-based alloys. One of
the major limitations for practical use of this
compounds is the poor ductility at ambient
temperatures. In the last few years, therefore,
a great number of alloying studies have been
made on TiAl intermetallic compounds in
order to improve its ductility at ambient tem-

peratures (for reviews, see 5). As a results,
alloying additions of V, Mn and Cr have been
found to raise the room temperature ductility
of two-phase TiAl compounds with the duplex
structure, while no significant effects on not
only single-phase Al-rich TiAl but also two-
phase TiAl with the fully lamellar structure® *
. It was also proposed that the effect of
alloying additions on the room temperature
ductility of two-phase TiAl compounds with
the duplex form would be explained in terms

of changes in tetragonality and unit cell vol-

411 RN
’ )

ume slte  occupation decreasing
stacking fault energy and promoting twinning

deformation " and changes in electronic

structure'’. However, it 1s very difficult to sep-
arate the effect of alloying additions from ef-
fects resulted from changes in the phase equi-

libria of the system caused by the alloying
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additions. In fact, for example, the grain size
of two-phase TiAl compounds has been found
to decrease with decreasing aluminium content
and with additions of V, Mn and Cr®!", Since
the room temperature ductility of two-phase
TiAl compounds is sensitive to Ti/Al ratio and
the associated microstructure type and grain

78 careful studies are necessary in order

size
to interpret the effect of alloying additions.
Recently, we have succeeded in growing ter-
nary polysynthetically twinned (PST) crystals’
of TiAl with a small content of molybdenum,
in which only a single grain with the two-
phase TiAl/Ti;Al lamellar structure is con-
tained, by floating zone melting method. With
the use of these crystals, we have made a
systematic study on the microstructural fea-
tures and room temperature deformation be-
havior of Mo-doped ternary PST crystals of
TiAl both in tension and compression. The pur-
pose of this paper is to report the effects of Mo
additions on the microstructure and room tem-
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perature deformation behavior of PST crystals
of TiAl in order to get a basic conception for
alloying additions on the two-phase TiAl com-

pounds with the lamellar structure.
2. EXPERIMENTAL

The composition of the master ingots used in
the present study was Ti-48.4 at.%Al-0.6 at.
%Mo. Mo-doped PST crystals, 10 mm in diam-
eter and 70 mm long, were grown from the
master ingots using as ASGAL FZ-SS35W op-
tical floating zone furnace at a growth rate of
5 mm/hr under the Ar gas flow. The micro-
structures of as-grown crystals were studied
by optical microscopy and transmission elec-
tron microscopy (TEM). Additionally, atom lo-
cation by channeling enhanced microanalysis
(ALCHEMI) experiments were carried out in
order to determine the Mo atom sites.

Oriented compression specimens with five
different orientations (A,-D, and N in Fig. 1
(a)) and oriented tensile specimens with two
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Fig. 1. (a) Stereographic projection of compression and tension axis orentations and (b), (¢) geometry and
dimensions of compression and tensile specimens, respectively.

¥ Since numerous thin twin lamellae are contained in the major constituent TiAl phase, we call these crystals polysynthetically
twinned ( PST) crystals by analogy with the phenonenon polysynthetic twinning which is often in mineral crystals®.
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different orientations (A, and B, in Fig. 1(a)),
were cut from as-grwon crystals by spark ma-
chining. The geometry and dimensions of com-
pression and tensile specimens are shown in
Fig. 1 (b) and 1(c), respectively (for details,
see 18 and 19). Such specimens were polished
first mechanically and then electrolytically in a
solution of perchloric acid, n-butanol and
methanol to remove surface damage. Compres-
sion and tensile tests were carried out on an
Instron-type testing machine at a strain rate
of 2.0x107* s"!' at room temperature. Defor-
mation structures of compression and tensile
specimens were examined by optical microsco-
py and TEM. Optical microscope observations
were made using Nomarski interference con-

trast.
3. RESULTS

3.1 The composition and microstructures of
as-grown crystals

A typical microstructure of as-grown Mo-
doped TiAl PST crystals revealed by TEM is
shown in Fig. 2. The thin foil was cut parallel
to the {110} planes which are perpendicular to
the (111) lamellar boundary planes. The la-
mellar boundaries are seen to be flat and par-
allel to both the (111)ra and (0001)y;a
planes. Each TiAl lamella has a thickness in
the ranges of 0.5-2.0 um, and Ti;A] lamellae
with a thickness of about 0.5 um are separated
by some TiAl lamellae and exist every about
10um, which are almost same as those of bina-
ry TiAl PST crystals®’’. Therefore, any signifi-
cant difference in thickness of TiAl and Ti;Al
lamellae is not observed for Mo-doped TiAl
PST crystals.

To determine the composition of as-grown
Mo-doped TiAl crystals, energy dispersive X-
ray spectrometer (EDX) analysis using analyti-
cal electron microscopy (AEM) was made on
TiAl lamellae (marked by A) and Ti;Al lamellae
(marked by B), and the results are presented in
the bottom of Fig. 2. As seen in the figure, the
concentration of molybdenum in Ti;Al phase is

TiAl(a) | TizAl(b)
Ti 49 .87 61.24
Al 49.39 37.59
Mo 0.74 1.17
(at%)

Fig. 2. EDX analysis of chemical composition in a Mo-
doped TiAl PST crystals.

higher than that in TiAl phase. This might he
due to the difference in solubility of Mo be-
tween the TiAl phase and the Ti;Al phase.
However, the solubility of Mo in the TiAl and
the Ti;Al phases is not clear at present be-
cause no detailed Ti- Al-Mo ternary phase dia-
gram is available, especially at ambient tem-
peratures.

Typical microstructures of as-grown binary
and Mo-doped PST crystals revealed by opti-
cal microscopy observations are shown in Fig.
3(a) and 3(b), respectively. The optical micro-
scope observations were made on the {112}
planes, which are perpendicular to the lamellar
boundary planes. The specimens were chemi-
cally etched after electropolishing to reveal the
domain structure of the TiAl phase in the la-
mellar structure. It has been reported in the
previous paper that the dark regions in the fig-
ure have a plane normal of [112] while the
bright regions have a plane normal of either [ 1
217 or [ 211], so that the contrast corresponds
to the difference between the crystallographic
orientations of the TiAl domains®". As seen in
the figure, the size of dark regions in Fig. 3
(b) seems to be smaller than that in Fig. 3
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Fig. 3. The domain structure of (a) binary and (b) Mo- doped PST crystals.

(a). In fact, the average size of the dark re-
gions in Fig. 3(b) is about 25 um in the direc-
tion parallel to the lamellar boundaries, while
that in Fig. 3 (a) is about 60 um. The effects of
domain size on deformation behavior of TiAl
PST crystals will be discussed later in section
4.1.

3.2 ALCHEMI experiments

The ALCHEMI(Atom Location by Channel-
ing Enhanced Microanalysis) technique is a
useful method to determine impurity atom
sites in a host compounds with a known struc-
ture??’, The basic principle of ALCHEMI is as
follows: when a electron beam forms a stand-
ing wave inside a crystal, characteristic X-
rays are emitted from the crystal, then the lo-
cation of impurity atoms can be determined by
utilizing the emitted X-ray spectra (for details,
see 22). Recently, it has been well demonstrat-
ed that the atom site of ternary elements in
TiAl compounds could be determined by using
this ALCHEMI technique' '**%.

In the present study, ALCHEMI experiments

were carried out to determine the Mo atom
sites, and the X-ray spectira and intensities ob-
tained are presented in Fig. 4. The character s
in the figure is the deviation parameter from
Bragg angle, which indicates that the reflect-
ing angle is deviated from Bragg angle at posi-
tive (s>0) and at negative (s<0), respec-
tively. As seen in Fig. 4, the X-ray intensity
from Al for s>0 is higher than that for s<0.
The X-ray intensity from Mo is also higher for
s>0 than s<0 like Al. Accordingly, the ratio
of the Mo intensity to the Ti intensity Iu,/Ir in-
creases with increasing the la/Ir and vise
versa. Therefore, from these results, it could
be found that Mo atoms are mainly located on
the Al sites.

3.3 Deformation behavior in compression

Fig. 5. shows stress-strain curves obtained
for specimens with orientations A,-D, (group-
1) and N in compression. The yield stress ex-
hibited by these specimens is also strikingly de-
pendent on the angle ¢ at which the lamellar

boundaries lie from the compression axis, as
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Fig. 4. X-ray spectra and experimental results obtained
for Mo-doped TiAl PST crystals by ALCHEMI tech-
nique.

the case of binary TiAl PST crystals"'®. It is
high when the lamellar boundaries are parallel
(¢=0") or perpendicular (¢ =90°) to the com-
pression axis and low for intermediate angles.
The values of yield stress obtained for Mo~
doped specimens with five different orienta-
tions are plotted in Fig. 6 as a function of the
angle ¢. The values of yield stress in Fig. 6 are
average of three different specimens tested in
compression. The values of yield stress ob-
tained for binary specimens, which were
already reported in the previous paper®”, are
also presented in the figure for comparison. As
seen in Fig. 6, Mo-doped specimens show larg-
er values of yield stress than those of binary
specimens in all test orientations, although the
general trend of orientation(¢) dependence of
vield stress is almost same in both specimens.
It is noteworthy that the ratio of the values of

vield stresses obtained for Mo-doped speci-
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Fig. 5. Typical stress-sirain curves obtained for Mo-
doped specimens with group-1 otientations in compres-

Strain (%) 5%,

sion,
1000F o group® (C binary) N
@ group-2 (T,binary}
0 group-1 (C,Mo-doped)
W group-2 (T,Mo-doped)
800
g
= 600
17}
@
2
»
o 400
o
=
200

o (degree)

Fig. 6. Yield stress of binary and Mo-doped TiAl PST
crystals in compression as a function of the angle ¢.

mens to those of binary specimens is found to
be about two times in all test orientations.
Deformation structures revealed by optical
microscopy on Mo-doped specimens in com-
pression were found to be very similar to those
observed on binary specimens, as shown in
Fig. 7. In specimens with orientations A; and
N, the hard type of deformation, i.e. shear de-
formation across the lamellar boundaries oc-
curs in both binary and Mo-doped specimens
(Fig. 7(a)-(d)), while the easy type of defor-

mation, lL.e. shear deformation parallel to the
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Fig. 7. Deformation markings on the surfaces of binary (a,c,e) and Mo-doped (b,d,f) TiAl PST crystals de-
formed in compression: (a), (b); A, [110]; (¢), (d) N, [111]; (e), (f) C, [0211.

lamellar boundaries occurs when tested in ori-
entations with intermediate angles (Fig. 7(e)
and (£))'®?. Therefore, as far as optical mi-
croscope observations are concerned, any sig-
nificant difference in deformation structures
between binary and Mo-doped specimens does
not exist.

3.4 Deformation behavior in tension

To examine the effects of Mo addition on
the tensile ductility of TiAl PST crystals, the

tensile deformation behavior was investigated
for specimens with two different orientations
A, and B, in which the hard and the easy
types of deformation occur, respectively. All
the specimens were deformed to fracture at
room temperature in air at a strain rate of 2.0
x107* s7". The obtained values of yield stress
in tension are plotted in Fig. 8 as a function of
the angle ¢ together with those in compression.
The values of yield stress obtained for
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Fig. 8. Yield siress of binary and Mo-doped TiAl PST
crystals in tension and compression as a function of the
angle ¢.

Mo-doped specimens are average of three dif-
The

average values of yield stress for binary speci-

ferent specimens tested in tension.

mens in tension and compression are also pre-
19.24)

sented for comparison . As seen in Fig. 8,
the average values of yield stress in tension
are almost two times higher than those of bina-
ry specimens both in orientations A, and B.,.
Moreover, as seen in Fig. 8, any particularly
significant difference in yield siress between
tension and compression does not exist. The
same results were also observed in the binary
TiAl PST crystals'®. Deformation structures
revealed by optical microscopy on the speci-
men deformed in tension were found to be
very similar to those observed on the speci-
mens deformed in compression (Fig. 7). In
specimens with orientation A,, shear deforma-
tion occurs across the lamellar boundaries,
while shear deformation parallel to the lamel-
lar boundaries occurs in specimens with orien-
tation B,'®.

The obtained values of tensile elongation for
Mo-doped specimens with two different orien-
tations are shown in Fig. 9, together with
those for binary specimens. As seen in Fig. 9,

Mo-doped specimens with orientations A, and

Tensile Elongation (%)

163
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Fig. 9. Elongation to fracture of binary and Mo-doped
TiAl PST crystals as a function of the angle ¢.

B, generally show larger values of elongation
than those of binary specimens. The maximum
values of elongation in orientation A, and B;
are as large as 9.5% and 18.4% in Mo-doped
specimens, respectively, while those in binary
specimens are 4.3% and 13.3%, respectively'®,
In case of B, orientation, tensile elongation ob-
tained for Mo-doped specimens were always
larger than those for binary specimens. How-
ever, in case of A, orientation, a tensile elon-
gation smaller than that of binary specimens
was also observed, as shown in Fig. 9. This
suggests that the effect of Mo additions is
clearly appeared in B, orientation rather than
in A, orientation.

The fracture mode of Mo-doped specimens
with orientation A, is essentially similar to
that of binary specimens, i.e. by cracking in a
zigzag across the lamellar boundaries'. How-
ever, side views of fracture surfaces of speci-
mens with orientation B, show that fracture
occurs across to the lamellar boundaries in
Mo-doped specimens, while fracture occurs in
a cleavage-like mode with a habit plane parallel
to the lamellar boundaries in binary specimens,
as shown in Fig 10 (a) and (b), respectively.
Such a mode as that observed in Mo-doped
specimens with orientation B, are also found
to occur when binary specimens with B, orien-

tation are tested in vacuum?®®’. The environ-
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Fig. 10. Side views of fracture su:

mental loss in tensile elongation of binary PST
crystals is very large in this orientation. There-
fore, it can be supposed that the increase in
tensile ductility of Mo-doped specimens with o-
rientation B, is related to the change in frac-

ture mode.
4. DISCUSSION

Recently, Huang and Hall have reported
that the yield stress of binary two-phase TiAl
compounds decreases by as large as 50 MPa
when the aluminium content increases from 48
at.% to 49 at.%, and the tensile elongation of
binary two-phase TiAl compounds is almost
the same in the range of 48-50 at.% Al*. This
feature is now commonly accepted. In the pres-
ent study, however, both the yield stress and
tensile elongation of Mo-doped TiAl PST crys-
tals have been found to increase, even when
the net aluminium content decreases from 49.3
at.% Al to 48.4 at.% Al. This suggests that the
results obtained are mainly caused by Mo
additions. Therefore, in the present section, the
effects of Al content are not discussed.

4.1 Yield strength

In the present study, it is obvious that the

2s of 9a) binary and (b) Mo-dloped specimens with orientation B, tested in air.

vield stress of Mo-doped TiAl PST crystals is
higher than that of binary TiAl PST crystals
in all test orientations, although the general
trend of orientation (¢) dependence is almost
the same in both crystals. If the increased yield
stress obtained for Mo-doped TiAl PST crys-
tals is entirely caused by the solid solution
hardening of Mo additions, the increasing val-
ues of yield stress must be the same in all test
orientations. However, this does not seem to be
the case. As seen in Fig. 6, the increasing val-
ues of yield stress in orientations A, and N are
203 MPa and 336 MPa, respectively, while
those in intermediate orientations are 57 MPa
(B), 69 MPa (C), and 99 MPa (D)),
respectively. Therefore, the increasing values
of yield stress in orientations A; and N are
much higher than those in intermediate orien-
tations. This suggests that the difference in the
increase in yield stress is related with its defor-
mation type. It is high in orientations deformed
by the hard type of deformation (A, and N)
while it is low in orientations deformed by the
easy type of deformation (B, C, and D)).

It has been reported in the previous paper

that four types of boundaries which cause
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resistance to the propagation of shear defor-
mation exist in TiAl PST crystals due to the
presence of six different types of ordered do-
mains In the TiAl phase with the lamellar
structure; (1) TiAl/Ti;Al interphase bound-
aries, (2) true-twin type TiAl/TiAl domain
boundaries, (3) pseudo-twin type TiAl/TiAl
domain boundaries and (4) 120° rotational
order-fault type TiAl/TiAl domain boundaries'
820 All four types of boundaries may cause
the resistance to the propagation of the hard
type of deformation, whereas only type (4)
boundaries are relevant when the easy type of
deformation occurs'®. In addition, type (1)
boundaries have caused considerable resistan-
ce to propagation of deformation'. As seen in
Fig. 2, the concentration of Mo in the TiAl
phase 1s higher than that in the TiAl phase.
Since hardening caused by Mo additions is
thought to be much higher in Ti;Al phase rath-
er than in TiAl phase, the resistance of the Ti;
Al phase to the propagation of the hard type
of deformation also Increases, causing much
increase in yield stress. On the other hand, in
intermediate orientations, only type (4) bound-
aries cause resistance to the deformation prop-
agation. As shown in Fig. 3, the domain size of
Mo-doped TiAl PST crystals 1s smaller than
that of binary TiAl PST crystals, resulting in
increase of type (4) boundaries. However, as
mentioned in the previous paper, type (4)
boundaries cause the least resistance since
only the direction of shear is changed on the
propagation of deformation without changing
the shear plane'. Therefore, this might be one
of the reasons for the difference in the yield
stress increase between A, and N orientations
and intermediate orientations.

4.2 Tensile ductility

Recent studies on alloying additions of third
elements have shown that Mn additions en-
hance the room temperature ductility of two-

phase TiAl compounds by promoting twin de-

formation® "', As mentioned previously, how-
ever, the principal deformation mode of TiAl
PST crystals is deformation twinning of the
{111} < 112" -type while slip along <110] is
the complementary mode to the deformation
twinning. To see whether this point of view is
true or not, the deformation structures of Mo-
doped PST crystals were carefully examined
by TEM. Fig. 11 shows an example of the ex-
amination conducted in specimens deformed In
compression by the easy type of deformation
(B)) and the hard type of deformation (N).
Thin foils were cut parallel to the lamellar
boundaries in both specimens so that the beam
direction was parallel to <<110> 4. As seen
in Figs. 11(a) and (b), no significant different
in deformation structures was observed in both
specimens. That is, the major deformation
modes of Mo-doped TiAl PST crystals are de-
formation twinning of the {111}<112]-type
and slip along < 110] both in specimens de-
formed by the easy type and the hard type of
deformation. Thus, the increase in tensile duc-
tility of Mo-doped TiAl PST crystals cannot
be ascribed to the change in deformation
mode.

In section 3.4, it was clearly seen that frac-
ture occurred across to the lamellar bound-
aries in Mo-doped specimens with orientation
B which is the same fracture mode as that of
binary specimens with B, orientation tested in

2

vacuum®”’. Therefore, the increase in tensile
ductility by additions of Mo seems to be relat-
ed to the environmental embrittlement of TiAl
PST crystals. As described in the previous
paper, binary TiAl PST crystals have shown
the hydrogen embrittlement®”, and those with
orientation B, can be explained by a decohe-
sion model in which the bonding strength along
the lamellar boundaries is lowered in the pres-

ence of hydrogen gas®**. In atomistic calcu-
lations of planar faults using interatomic po-

tentials, the relaxation allowing displacements

t The mixed notation {Ahkl} and <uzvw) are used to differentiate the firsL two indiceéTrom Lhagifd)(;n~equiva-

lent) index of the tetragonal structure.
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Fig. 11. Deformation structures in Mo-doped specimens with orientation (a) B, and (b) N deformed in compression.

of the atoms in the close vicinity to the fault
plane often significantly reduces the energies
of planar faults. Such displacements of atoms
are expected to occur at the boundaries of the
pseudo-twin and the 120° rotational types in
the TiAl phase. The lamellar domain bound-
aries of the pseudo-twin and the 120" rotation-
al types involiving such considerable relaxa-
tions of atoms are thought to have potential to
accept hydrogen along them, offering the pref-
erential path for hydrogen penetration. Then,
the bond strength of these boundaries will be
reduced in the presence of hydrogen, resulting
in a cleavage-like fracture along them, that is,
parallel to the lamellar boundaries. The envi-
ronmental embrittlement in TiAl PST crystals
with orientation B, can thus be understood in
terms of the high susceptibility of the pseudo-
twin and 120" rotational lamellar domain
boundaries to hydrogen attack. However, these
lamellar domain boundaries should have poten-

tial to accept not only hydrogen atoms but also

ternary alloying atoms. In fact, in the present
study, Mo-doped PST crystals of TiAl with o-
rientation B; vary in the room temperature
fracture mode from the cleavage-like cracking
parallel to the lamellar boundaries to cracking
zigzag across the lamellar boundaries, and
their environmental embrittlement is reduced
as a result. This may be because Mo atoms
segregate preferentially to the pseudo-twin
and 120° rotational lamellar domain bound-
aries and reduce their vulnerability to
hydrogen attack. Recently, the same results as
those obtained for Mo-doped TiAl PST crys-
tals have been obtained by addition of ternary
elements such as Cr and Mn on TiAl PST

9 Therefore, it could be concluded

crystals’
that the addition of Mo is found to reduce the
environmental embrittlement and enhance the
room temperature ductility of TiAl PST crys-
tals.

As described in section 3.2, Mo atoms are

mainly occupied in Al sites, and this feature is
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thought to have also some relation to increas-
ing tensile ductility of TiAl PST crystals. To
clarify this effects, however, further studies on
changes in tetragonality and electron structure
are necessary. The relevant study are now iIn

progress.
5. CONCLUSIONS

Deformation behavior of Mo-doped polysyn-
thetically twinned crystals (PST) of TiAl was
studied at room temperature both in tension
and compression in order to clarify the effects
of third element additions. The results obtained
are summarized as follows.

(1) The Mo atoms are mainly occupied in
Al sites, and the Mo content in the Ti;Al phase
is higher than in the TiAl phase.

(2) The size of TiAl domains existing in
TiAl lamellae is reduced by Mo additions.
However, any significant difference in thick-
ness of TiAl and Ti;Al lamellae is not ob-
served.

(3) The Mo additions in TiAl PST crystals
increases both the yield stress and tensile elon-
gation to fracture. However, the increasing
values of yield stress depend on its lamellar o-
rientation.

(4) The large difference in yield stress be-
tween specimens deformed parallel or perpen-
dicular to the loading axis and those deformed
in intermediate orientations is explained by the
difference in Mo content between the TiAl and
Ti;Al phases.

(5) The Mo-doped PST crystals with B; ori-
entation fail by cracking zigzage across to the
lamellar boundaries. This fact suggests that
Mo atoms play a role to reduce the environ-
mental embrittlement of binary PST crystals,

leading to enhance the tensile ductility.
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