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[ Abstract] The deformation mechanisms in a wide temperature range from room temperature to 1 200 K were investigated by

thermal activation approach. Using observed instantaneous stress response to the strain rate jump ( AG,), the activation volume

Va, then the activation enthalpy AH , activation free enthalpy AG and activation entropy AS were calculated. The apparent ac-

tivation energy of high temperature deformation is estimated to be 3. 66 €V, which is larger than the self diffusion coefficient of

binary TiAl (3.01 eV). The dislocations at 1 173 K are generally curved or bowed, even helical shaped dislocations. The

climb of ordinary dislocations as well as twinning has greatly contributed to the plastic deformation. The CRSS at 1 173 K is es

timated to be 180 MPa. The higher resisting stress at both room temperature and elevated temperature might relate to the high

Nb content of the alloy.
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1 INTRODUCTION

In recent years, significant progress has been ob-
tained in improving individual mechanical properties
mainly by alloying with ternary element and controlling
the microstructures in a dual phase ¥-TiAl. Neverthe-
less, the low ambient ductility, fracture toughness and
high temperature strength are often inappropriately bal-
anced " 7. These properties can be related to the dislo-
cation mechanisms operating under the respective defor-
mation conditions. Understanding these mechanisms can
give valuable information for optimizing the mechanical
properties. Some researchers have analyzed the deforma-
tion mechanism in dual phase TiAl alloys by thermal ac-
tivation theory! .

Kim!* has indicated that high Nb containing TiAl
base alloy developed by Chen et al'® ® is the first ex-
ample for the development of high temperature high per-
formance TiAl alloy. The high Nb containing TiAl alloy
exhibits very high strength at both room temperature and
high temperature! . The systematic study of the defor
mation behavior for high Nb containing TiAl alloy is not
reported. The present study is to characterize the defor-
mation mechanisms of high Nb containing TiAFbased al-
loys by thermal activation theory. The work has been
carried out on the Tr45AF10Nb alloy with near fully
lamellar microstructure and the analysis is based on the
results of compressive experiments with a wide tempera-
ture range. The results will be compared with those ob-
tained from ordinary TiAFbased alloys, which is current-

ly being considered for high temperature structural appli-
cations.

2 FUNDAMENTAL OF THERMAL ACTIVA-
TION APPROACH OF DEFORMATION BE-
HAVIOR

The thermal activation approach is a useful means
to explore the plastic deformation behavior, particularly
rate related deformation behavior at high temperature.
Schock!”" and Gibbbs have suggested the fundamental of
the thermal activation approach of deformation behavior.

According to the thermal activation approach, the

strain rate( €) equation can be written as follows! ' ;

&= gexp(— AG/KT) (1)
AG= AF- V, T (2)
T= Tt T (3)
where  AG is Gibbs free energy of thermal activation;

k is the Boltzmann constant and & is a rate constant;
AF is Helmholtz free energy of thermal activation,
which describes the total energy needed to overcome the

obstacles at given & T and applied stress T; V, is acti-
vation volume, and V,= [b AR, where [ is the obstacle
distance, b is the Burgers vector, and AR is the obsta-
cle diameter. The energy contribution V,T is the me-
chanical work done by the applied stress T during glide
deformation. T is called effective stress, which is the
thermal part of the resisting stress to dislocation glide
that can be overcome by thermal activation. Ty is ather-
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mal part of the resisting stress to glide dislocation, which
must be overcome by applied stress. T is the athermal
long-range resisting stress component. In general, the
athermal long-range resisting stress component inside
single phase is independent of temperature apart from a
small chance due to temperature dependence of shear
modulus( M) in a temperature range close to room tem-
perature in which the dislocation arrangements of de-
formed specimens are similar.

The following equations were used to calculate the

corresponding activation parameters[ o1l

Vo= fET( An& AG,) (4)
Qup.= M=~ TV '(AV AT ) (5)
AN + KLO_Q(_I.U_).a -
(e £ 0(InT) (6)
|- dnt)
" O(InT)
o(n 1)
NI = AG or V0
AS= T :—1_a;] 1) AH+f
o(InT)

(7)
where V, is activation volume; AH and AS are acti-
vation enthalpy and activation entropy respectively; T
and Eare absolute temperature and strain rate; O is flow
stress; M is the shear modulus ( GPa); k is Boltzmann
constant; and Taylor factor f is equal to 3. Assume the
relationship between the shear modulus and temperature
is similar to that of single phase of TiAl:

H=72.24- 0.014 1T (8

3 EXPERIMENTAL

The alloy of nominal composition(mole fraction, %)
of Tr45Al-10Nb was produced by vacuum induction melt-
ing furnace with cold copper crucible. The oxygen content
of the alloys is analyzed to be 7. 80 x 10" *. After the
isothemmal forging, the cylindrical specimens with dimen-
sions of d 5 mm X 10 mm are heat-treated at 1 578 K for
30 min, then directly transferred to 1 173 K for 30 min
and air cooled. The microstructure is identified as nearly
full lamellar(NL) shown in Fig. 1. The volume fraction of
fine grains (dark) and B phase (light) on the colony
boundaries are approximately 10% and < 1%, respec
tively. The identification of the phases was conducted by
TEM because the phases have different compositions. The
colony size is about 90 Pm, and the volume fraction of a»
is close to 15% ., which was measured by the point count
metallographic method with an accuracy of 1% ~ 2% .

Compressive tests were performed on Geeble1500
simulation machine at 298, 398, 523, 673, 823, 973,
1033, 1088, 1173 and 1 273 K with a strain rate of 5
x 100* ' and immediately followed by water

Fig. 1 SEM photograph of NL microstructures
of Ti45A110Nb alloy

quenching. Strain rate jump tests for the measurement
of strain rate sensitive coefficient of certain microstruc-
ture, ( AO,/In€) 7, were conducted at the yield point
by instantaneously jumping the strain rate from 5 x 10”°
s"'t0 5% 10" %5 '. The observed data of( AG,/In€)
were used to calculate the activation volume of the glide
deformation. Thin foils for TEM observations were cut
parallel to the compressive axis from the specimens de-
formed to a strain of 3%, and then jet polished in a so-
lution of 7% sulfur acid + 93% methanol at — 20 C
and 15 V. TEM observations were carried out using H-
800 and Philips EM-400T transmission electron micro-

scopes.
4 RESULTS

4.1 Temperature dependence of yield strength

The temperature dependence of yield strength 0 »
from room temperature to 1 273 K at the strain rates of
5x10" s "and 5% 10" *s™ ? are shown in Fig. 2. The
temperature dependence of Oy 2 could be divided into
three different regions. In the temperature range close to
room temperature ( 298 ~ 523 K), the strength 0 »
slightly decreases with increasing temperature and de

creasing strain rate. This implies that the deformation in
1200
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Fig. 2 Temperature dependence of
yield strength on high Nb containing TiAl alloy
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the temperature region may be related to thermal activa-
(523~

0p.2 exhibits almost temperature indepen-

tion. In the elevated temperature region
1 033 K),
dence. That is attributed to the insensitivity or low sen-
sitivity of the flow stress to the temperature. The slightly
apparent change in the yield strength with temperature is
due to the temperature dependence of the shear modu-
lus. In the high temperature region (1 033~ 1 273 K),
0p.2 is greatly sensitive to the temperature and the strain
rate. Obviously, it is because that the high temperature
plastic deformation should be thermal activity. The tran-
sition temperature for the significant decrease in yield

strength decreases with decreasing strain rate.

4.2 Calculation of activation volume and thermo-
dynamic parameters

The observed instantaneous stress response to the
strain rate jump( AO,) is measured and shown in Table
1. Then, the activation volume V,, could be calculated
by substituting observed data of A0, into equation (4).
V. is presented in the unit of b°, where b is the Burgers
vector of 1/2 {110] ordinary dislocation. The choice
does not mean that only 1/2<110] ordinary dislocation is
activated in the investigated temperature range. Indeed,
the 1/2<110] ordinary dislocation is the main moving
dislocation. Substituting the observed data of activation
volume into equations( 1) ~ (5), the activation enthalpy
AH , activation free enthalpy AG and activation entropy
AS can be further calculated as listed in Table 1 and
plotted in Fig. 3.

Table 1 Observed and calculated data of AG,
activation volume V,, activation enthalpy AH ,
activation free energy AG and activation
entropy AS ( strain rate= 5% 10~ 3 g 1)

Temp./ G2/ AO/ Vi A/ AG/ AS/
K MPa MPa (L) eV eV  (eV'K' !
298 1101 24.5 51.1 0.88 0.68 6.72x10°*
398 978 27.5 60.8 0.79 0.52 6.83x10°*
523 891 9.7 225.3 1.92 0.79 2.16x10°°
673 839 5.8 488.6 2.57 0.23 4.16x10°°
823 812 6.1 566.7 4.25 0.19 4.93x10°°
973 783 19 215.6 7.46 4.61 2.93x10°°
1033 738 32.2 134.2 4.52 2.71 1.75x10°°
1088 700 38.2 78.5 3.74 2.43 1.20x10°°
1173 621 97.2 50.7 3.68 2.53 9.81x10°*
1273 490 118 45.3 3.58 2.46 8.79x 10 *

The activation free energy AG could be roughly di-
vided into three catalogs. The data of AG in the high
temperature is very high, corresponding to the strong
temperature dependence of the yield strength. At elevat-

ed temperature range( 673~ 823 K), AG is the smallest
that implies the athermal property of the glide deforma-
tion, and corresponding to the temperature independent
of the yield strength. It should be emphasized that AG
in the temperature range of 298~ 398 K is relatively
larger that indicates possibly temperature dependence of
yield strength, which has been illustrated by the ob-
served data of yield stress.
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Fig. 3 Temperature dependence of

Gp.2, Va, AH, AG and AS
®—0y, BM—V,, v—AS; @ —A{; A—AG

Correspondingly, there are two transition tempera
ture ranges among these three temperature catalogs in the
AG and AH curves, which are consistent to the transi-
tion behavior in the yield stress vs temperature curves.

4.3 Calculation of effective stress T
Equation(2) can be differentiated by T':

OAG| _ | 0AF « | OV,
orlw -l orl« T oT ) v (9)

Because of that the deformation mechanisms could not be
changed as the deformation temperature changes from
298 K to 389 K, AF can be assumed to be unchanged,
i.e. [(OAF)/(0OT)] = 0, then equation (9) can

be rewritten as follows:

«| OV,

Assuming the athermal resisting part of the dislocation
glide Tuis unchanged in the range of 298~ 398 K. E-

quation ( 10) can be transferred to:
oaG| _ | 9
orle ™ " lorl, (1Y

Or approximately written in a limited temperature range
(298~ 398 K) and a constant strain rate:

AGI— AGy | V= Vg (12)
T1— T2 Tl— T2

Taking the data of AG and V, shown in Table 1 and b
=2.83x10" "m, T at 298 K and strain rate of 5 X
10" ®s™ ! can be calculated to be 117 MPa, and there-
fore Tu(298 K) can be further calculated to be 250 MPa
by using Eqn. (3). Similarly, T (398 K) = 81 MPa,
and Tu(398 K) = 245 MPa.

The athermal long-range resisting stress Tu of mov-
ing dislocations can be composed of three parts: resisting
stresses caused by lamellar interfaces, colony boundaries
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and elastic interaction with dislocation forest inside ¥
grain or lath, i.e.
T= T T+ Ty (13)
The resisting stresses caused by both lamellar inter-
faces( Ty) and colony boundary( Tj) could be estimated
to be 146. 7 MPa and 37. 3 MPa, respectively, by using
the data of kx(~ 0. 22 MPa)!'” and kq( 1. 0 MPa

&)[5’ 2l and the observed lamellar spacing ( 0. 25
Hm) and colony size (80 Pm) of the alloy. Therefore,
the resisting stress from the athermal long-range elastic
interaction with dislocation forest
Tiis( 298 K) = 66 MPa. These data indicate that the re-
sisting stress from the interfaces( 184 MPa) accounts for
the main part of the athermal long-range resisting stress.
The resisting stress from the athermal long-range elastic
interaction with dislocation forest inside grain Ty ac
counts for about 1/4 of the total athermal resisting
stress.

According to the generally accepted assumption, Ou
= 3Tuoc H(T), and the linear temperature dependence
of B(T) expressed by Eqn. (8), the relationship be-
tween Opand T can be considered to be linear in a tem-
perature range in which the dislocation arrangements of
deformed specimens are similar. Then, the decrease of
Ou should be proportional to the increase of temperature:

Ou= Oy+ ol ( 14)
where Gy and a could be estimated from equation ( 8)
and by substituting Ou= 750 MPa at 298 K into equa-
tion. (14) . Then,

Ou= 795- 0. 1517 (MPa) (15)
Using eqn. ( 15) Ou at various temperatures( 523~ 973
K) could be estimated. then T can be further calculat-
ed by Eqn. (3), shown as Table 2.

Table 2 Calculated Ouand T at

various temperatures

Temp. /K To.2/ MPa Tu/ MPa T /MPa
298 367 250 117
398 326 245 81
523 297 239 58
673 280 231 49
823 271 224 47
973 261 216 45

Table 2 indicates that the effective stress T de-
creases with increasing temperature. However, in the
temperature range close to room temperature, the effec-
tive stress for the deformation is quite sensitive to tem-
perature. At the elevated temperatures ( 673~ 973 K)
T s relatively insensitive to the temperature.

5 DISCUSSION
The previous observations have indicated that both

the data of activation parameters and the temperature de-
pendence of yield stress can be classified into three tem-
perature catalogs. In the temperature range close to room
temperature the yield stress and deformation behavior is
a slightly thermal activation behavior. At the elevated
temperatures the yield stress and deformation behavior is
rather athermal while it is obvious that the thermal acti-
vation behavior in the temperature range is higher than at
the transition temperature. In addition, two transition
temperature ranges occur among these three temperature
catalogs.

In the low temperature catalog ( 298~ 398 K) the
calculation indicates that the effective volume is smaller
and the effective stress is larger. The large effective
stress implies that the short-range resistance to the mov-
ing dislocations are large, which is overcome by the ef-
fective stress. The small value of effective volume means
a short slip distance of the moving dislocations. The ob-
servations of the dislocation arrangement of deformed
specimens at room temperature! ! indicates that the
main moving dislocation is the ordinary dislocation 1/2
(110], but the fraction of moving superdislocations in-
cluding 1/2€101] and 1/2<112] is high up to 30%.
The 1/2<110] screw dislocations, which are arrayed in
the long straight morphology, are dominant in the dislo-
cation substructures. The 1/2(110] dislocations are al-
ways pinned as shown in Fig. 4(a) while many superdis-
locations shown in Fig. 4('b) are faulted dipoles that
have been proved to be formed by pinning of a partial
dislocation. The closely pinning points along the disloca-
tion lines imply very high P —N stress being present at
the screw components " and very low mobility of ordi-
nary dislocations. Therefore, the effective stress needed
to overcome the pinning should be large, and the activa-
tion volume is small. The pinned screw ordinary disloca-
tions can glide by a mechanism of thermal activation
movement of kinks or/ and jogs, which can be produced
by colliding kink pairs on different slip planes. The
thermal activation formation or movement of kinks or/
and jogs determines the moving rate of pinned disloca-
tions. Therefore, the yield stress and deformation behav-
ior in the temperature range close to room temperature
exhibits a slightly thermal activation behavior. With in-
creasing temperature both the yield strength and effective
stress decrease. With increasing strain rate both the
yield strength and effective stress increase. In general,
the pinning of dislocations in TiAl is related to the asym-
metrical bounding of ¥TiAl lattice as well as the sessile
dissociation with faults. However, the high Nb content
in the alloy may intensify the Peierls valleys and the
asymmetrical bounding.

In the elevated temperature range (673~ 823
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Fig. 4 Substructures of dislocations and faulted dipoles of Ti45A110Nb alloy

K) the deformation behavior has been changed. The
thermal activation analysis illustrates that the effective
stress becomes smaller while the effective volume be-
comes larger. Therefore, the deformation behavior ap-
pears rather athermal. The slip resistance to moving dis-
location mainly comes from the long-range resisting
stresses of 220~ 230 MPa. which mainlv include the e
lastic stress field of dislocation forest as well as the ob-
stacles from interfaces and perhaps @ phase. Therefore
both the long-range resisting stress and the yield stress
decrease slowly corresponding to the temperature depen-
dence on the shear modules. However, as the tempera-
ture rises to high enough the fault can move to the lower
fault energy plane (similar to K-W mechanism, as an
example) , resulting in the difficulty of dislocation move~
ment. While the cross slip can take place and then the
dislocations pile up mainly on the grain boundaries, re-
sulting in the grain boundary fracture started from the
temperature near transition temperature.

For the high temperature deformation (> 1 088 K)
the dislocation observations shown in Fig. 5 illustrate a
completely different deformation behavior, corresponding
to the strong thermal activation and temperature depen-
dence of the yield strength. The apparent activation en-
ergy of high temperature deformation is estimated to be
3.66 eV, which is similar to the self-diffusion coeffi-
cient of TiAl. The dislocation observations illustrate that
twinning appears to be one of the principal modes as de-
formed at 900 C. In the V laths, deformation twinning
dominates, as shown in Fig. 5(a). The second principal
deformation mechanism is the activity of ordinary dislo-
cations shown in Fig. 5(b) . The dislocations are gener-
ally curved or bowed. Trace analyses indicate that most
of the segments glide on (111) plane, and their line di-
rections change from 30° to edge orientation; but some of
the segments near the pinning points do not lie on the
rational planes. Especially, helical-shaped dislocations

are observed such as the dislocations A and B in Fig. 5
(b). The segments making up the irregular helices lie
on irrational planes like (441) and (332). The pres-
ence of many slip planes with little physical meaning
seems to suggest that climb of ordinary dislocations has
greatly contributed to plastic deformation. Superdisloca
tions were further observed to be active simultaneously
with ordinary dislocations as shown in Fig. 5(¢); but
faulted dipoles were not observed. These superdisloca
tions have subjected to dissociation, as demonstrated in
Fig. 5(d) . Detailed analyses suggested that the dissocia-
tion of dislocations A is of the type: [ 011] = 1/6[ 154]
+ SISF+ 1/6] 112].

From the measurement of the small radii of curva-
ture( R~ 75 nm) of the ordinary dislocation loops, the
approximate shear stress needed to propagate the loop at
room temperature was estimated by equation T= Hb/ R
to be 260 MPa. This calculated value of shear stress for
ordinary slip is much higher than the value of 50~ 100
MPa for normal Y phase. Similarly, the CRSS for ordi-
nary dislocation slip at 1 173 K is estimated to be 180
MPa, from small radii of curvature of the ordinary dislo-
cation loops. The increase of the CRSS for ordinary slip
in Y phase by a high-Nb solution is further confirmed at
high temperatures.

6 CONCLUSIONS

1) In the temperature range close to room tempera-
ture the yield stress and deformation behavior exhibits a
slightly thermal activation behavior. The thermal activa-
tion formation of kinks or/ and jogs determines the mov-
ing rate of pinned dislocations. The CRSS for ordinary
dislocation slip at room temperature is estimated to be of
~ 260 MPa.

2) In the elevated temperature range ( 673~ 823
K), the effective smaller while

stress becomes
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the effective volume becomes larger. Therefore, the de-
formation behavior appears rather athermal.

3) The data of AG in the high temperature range is
very high, corresponding to the strong temperature de-
pendence of the yield strength. The apparent activation
energy of high temperature deformation is estimated to be
3. 66 €V, which is larger than the selfdiffusion coeffi-
cient of binary TiAl (3. 01 eV).

4) The effective stresses at room temperature for
the high Nb containing TiAl alloy is larger than that with
low Nb content. The climb rate of dislocation may be al-
so reduced by high Nb content, resulting in a higher
CRSS of moving dislocation.
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