k/}lxi}(ERIALS RESEARCH _l_l_l

Quantitative analysis of microstructures produced by creep of
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A vy-based TiAl alloy with equiaxed microstructure and fine grain size has been

studied to analyze the deformation mechanisms responsible for the creep behavior. The
microstructures produced by creep and high temperature deformation have been examined
by TEM to obtain information about the different aspects characterizing the primary and
secondary stages of creep. Mechanical twinning has been confirmed to occur in a fraction
of the grains that never exceeds 50% whif@ 4110) dislocations are active within all the

v grains. The twins are only responsible for a small amount of strain, but they lead to a
subdivision of the microstructure and determine (directly or indirectly) the hardening
process observed during the primary stage of creep. We have proposed that during the
secondary stage the creep rate is determined by the unblocking of pinned dislocations

by processes such as a pipe diffusion or cross slip that allow thermally activated glide

of 1/2(110) dislocations on (001) planes.

I. INTRODUCTION and fine grain size. The addition of boron prevented
grain growth during high temperature forging carried

«,) microstructure are very attractive for intermediate@Ut t0 reduce segregation. The aim of the study was

temperature (600—85(C) aerospace applications be- to examim_e the creep resi;tance of s_uch small grain
cause of their excellent high temperature strength, lovyi2€ material and to relate it to the active mechanisms
density, and good oxidation resistarideConsiderable '€SPonsible for the deformation process. In particular,
research effort has been devoted to study the creef§€ have examined the influence of mechanical twinning
deformation of this type of alloy and it has been shownP? Primary creep compared to that observed in alloys

that the creep resistance depends significantly on th¥ith large grain size previously studied. Also, we
microstructuré® The increase in creep resistance ofave separated the different contributions from glide of

fully lamellar microstructures is generally attributed to 1/2¢110) dislocations and twinning during the secondary

the «, laths andy/y interfaces acting as barriers to Stage Of creep.

slip.#° On the other hand, it has been suggested that the

decreased creep resistance of the duplex microstructutk EXPERIMENTAL

compared to that of the equiaxed microstructure is a The analyzed composition of the alloy used in the
result of the increased glide mobility off2(110) dis-  present study is Ti—48Al-2Cr—2Nb—-1B (at. %). It was
locations within they matrix'° of the former. Although received in the as-forged state (carried out at 13S0

it is generally accepted that the alloys exhibit powerto 70% strain) and its microstructure examined before
law creep behavior, the values of the stress exponenénd after annealing fol h at1250°C followed by air

n, appear to increase with increasing applied sttéss. cool. This treatment produced an equiaxed microstruc-
This has been interpreted as being due to a transitioture characterized by a distribution of small grains
from diffusional creep at low stresses to dislocation glidewith the «, phase distributed at boundaries and triple
creep at high stresses? 14 junctions.

Although mechanical twinning during creep The creep tests were carried out in tension on
deformation of TiAl alloys has been extensively cylindrical specimens machined to a diameter of 3 mm
reportect?>17 its contribution to the creep process is and with 28 mm gauge length. Their surfaces were subse-
not easily interpreted since traditional creep theoriegjuently mechanically polished and electropolished using
do not include such contributions. Also it has beena solution of 5% perchloric acid in methanol. The creep
suggested that mechanical twinning differs betweemmachine used was equipped with Andrade’s type cam
lamellar structures and equiaxedgrains'® with a profile that allowed the stress to be maintained

The present study has been carried out to exameonstant throughout the test. Tests were performed at
ine the creep behavior of an alloy of composition700 °C for stresses ranging between 260 and 360 MPa.
Ti—48AI-2Cr—2Nb—-1B with equiaxed microstructure The machine was equipped with a data acquisition

Titanium aluminides based on the two-phase-
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every second. The temperature of the specimens we wie
maintained constant with a precision af0.2 °C and
their elongation was monitored with a precision of about
+2 um. At the end of the creep tests, the specimen:
were rapidly cooled under load to avoid any disloca-
tion rearrangement prior to microstructural observations
Also some tests were performed under stresses of 2€
and 340 MPa to determine the activation energy of &
the creep process at constant structure by carrying ot
fast temperature jumps every 16 between 675 and

720 °C. Between these jumps the structure was allowet
to stabilize before the next jump was performed in eact
case, ensuing that the new strain rate measured was :
characteristic of the controlling mechanism at the new (@

temperature. 5
Microstructural analysis of the undeformed and de-  %%%o; -
formed specimens was performed by x-ray diffraction, | g =
transmission electron microscopy (TEM), and scanning g g.
electron microscopy (SEM). The latter was carried out °-%] 3
using crystallographic contrast from backscattered elec  o.701 § e j
trons to obtain information about any large scale sub- - = = g
structure formation during the primary stage of creep.§ 3 =
Quantitative measurements of the grain size, volumegu.uo
fraction of thea, phase, as well as other aspects of = R g <
the deformed structures were carried out using an imag ) = | g
analyzer directly attached to the SEM which allowed °-*° % 2 § T
accumulation of a large number of images. At least 30C o0.207 5 %‘
grains were used for each measured condition. 0.101 gs L J
For all TEM and SEM observations disks were
cut perpendicular to the tensile axis from the deformec 200 m:0 w0 s’ 700
samples (i.e., the normal directions of the disks were 20
parallel to the tensile axis) and electropolished. The (b)

electropolished samples were prepared by standard JEFG. 1. (a) Typical example of the initial equiaxed microstructure

po_Iishing techniques using a solution of 5% perchloriCoptained by annealing at 125€. The bright regions correspond to
acid, 30% butan-1-ol and 65% methanol-a20 °C and  thea, phase. (b) X-ray spectrum obtained from the annealed material

50 mA, but only the TEM samples were polished toshown in (a).
produce a hole. Dislocation analysis was carried out
from projected images obtained by tilting the specimendgiffraction as illustrated in the spectrum of Fig. 1(b).
to different known orientations (zone axes) from whichFrom the latter (as well as from the x-ray spectra
different diffraction vectors were chosen to obtain in-obtained for any annealed condition) we confirmed,
visibility under some contrast conditions. Weak beamby comparing the relative peak heights of the alloy
images were taken using the g: 3g condition. with those from powder samples, that there was no
preferred orientation or specific texture in the material.
Although the forged material contained a high density
Ill. RESULTS of defects, both in terms of low angle boundaries and
Figure 1(a) shows an example of the initial equiaxedndividual dislocations, the annealed alloy that was used
microstructure of the annealed alloy obtained by atomidor creep and tensile tests was initially dislocation-free,
number contrast using backscattered electrons in theith only some isolated grains still containing low angle
SEM. Quantitative measurements confirmed that théoundaries.
average size of the equiaxedgrains was about 12 The strain-time curves obtained from the tensile
2 um and the volume fraction of, phase (seen as creep tests are shown in Fig. 2 together with curves
brighter regions distributed along grain boundaries) washowing the variation of strain rate as a function of
about 13%. Also present were large (about 18 in strain. From the latter we confirmed that the initial in-
size) TiB, particles which were also analyzed by x-ray stantaneous strains obtained on loading are not sensitive
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5 4-5% strain. Other tests were interrupted at intermediate
T= 700°C strains between 0.8 and 3% to analyze the evolution of
the deformed microstructures. From temperature jumps
4- carried out during the secondary stage of creep (between
1.5 and 2.6% strain), we have measured an activation
energy of 430 kdmol independent of the applied stresses
3 used for the tests.
—_ In parallel, tensile tests were also performed at
8 700 °C under constant strain rate control mode using
w strain rates ranging between310 4 and 4x 10°° s~
2+ From these tests we remeasured the values of flow stress
260 MPa at 0.2% strain, the maximum flow strength and the tensile
=) 300 MPa ductility, given in Table I. Also from these tests the work
1 ® 320 MPa hardening rates were measured as a function of strain
° 340 MPa and the values are shown in Fig. 3. The hardening rate
. 360 MPa decreases steadily with strain and is ten times higher at
0" , , T : about 0.2% strain than at about 3% deformation. The
0 100 200 300 400 500 tensile ductility of the samples varied between 2 and 6%
3 for the higher and lower strain rates used, respectively.
t x 107 [s] Finally additional tensile tests were performed at
700 °C using strain rate jumps over a wide range of
1E-03 strain. From these tests we have determined the acti-
A 260 MPa vation volume,V, characterizing the mechanism con-
@ 300 MPa _ _
1E-04- o 320 MPa TABLE I. Data from tensile tests (strain rate controlled).
—Z . e 340 MPa Strain rate (s') o0 (MPa) Omax (MPQ) € (%)
N o4 A 360 MPa 3% 107 398 530 1.93
g 1E-051 3% 10° 360 503 153
= 1% 107 347 433 2.3
£ 4x10°° 335 456 6.1
£ 1E-06-
7]
40
1E-07- Ti-48A1-2Cr-2Nb-1B
: ——_ Td=700°C
T= 700°C
1£-0848) — : 04 ¢
0 1 2 3 4 "
€ [%] —_ \
~ A
FIG. 2. (a) Typical strain-time curves and (b) corresponding strain fs 20 - '
rate variation as a function of strain obtained from the creep test:U h
carried out under different applied stresses. ; A
\\
to applied stress, ranging between 0.4 and 0.6% for th 10 - e. o
two extreme stresses of 260 and 360 MPa used in th AN
present study. Also the initial strain rates ranged betwee ® oy
2 and 4x 10 * s™! and decreased rapidly during the first e -9
1% strain. Generally the strain rate reached minimurn 0 T T T T
values at about 1.5-2% strain, and ranging betwee 0 1 2 3 4
3 X 10°% and 4.5x 107 s7! for the lower and higher
stresses used. Thereafter the strain rate remained ratr._. e [%]

constant to aPOUt 3% strain and slowly accelerated aftefig. 3. piot of strain hardening versus strain measured from the
3-3.5% strain. Most tests were performed to aboutensile test carried out at constant strain rate 4076 s7!.
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trolling the deformation process as given By= mkT  grain was near [010] (Saway) and we note that all the
(AIn €/Ao), wherem = 3 is the Taylor factork the dislocations active in the entire grain are invisible with
Boltzmann constantT the absolute temperaturé,the g = 002; therefore they are/2(110) segments. At this
strain rate, andr the corresponding stress. The valuehigher stress, detailed analysis of the line directions was
measuredy = (7.5 = 0.5) X 10 2’ m®, was confirmed carried out from grains containing a lower dislocation
to be strain independent. Such a value corresponds wensity such as the one illustrated in Fig. 6. In this grain
aboutV = 330 + 25h3, whereb = 2.83 X 10 m the tensile axis was close to [110], and besides the twin
is the Burgers vector of either a singl¢2{110) or a  we see long dislocation segments with Burgers vector

dissociated A2(101) superdislocation. 1/2[110] (visible with g = 111 and 11) which have
_ screw character, confirming that the short edge segments
A. Deformed microstructures propagate by trailing the long screw segments behind.

The main feature observed in the deformed microdn all cases the long screw segments exhibit pinning
structures of this alloy was the extensive twinning activ-points along their lines, with debris and small dislocation
ity which was already observed after only 0.8% strainloops also detected.
in the specimens crept at the lower stress of 260 MPa. However, many other grains did not deform by me-
As seen in Fig. 4 some grains were already deformedhanical twinning and, although much effort was denoted
by several twin systems, as analyzed in the exampl& investigate a large number of grains in search for
shown. Detailed diffraction analysis of these twins andother modes of deformation involving superdislocations,
others observed under different conditions of strain owonly single ¥2(110) dislocations were observed in all
applied stress confirmed that they all exhibited the trughe grains. Figure 7 shows another example of a grain
twin relationship between the matrix and the twinnedalso deformed to 0.8% strain under 260 MPa which
layer. In this sense the twinned interfaces were exactlgid not deform by twinning, and where only 2(110)
the same as the/y interfaces of the true-twin type dislocations were active. In this figure we see a grain
producing a rotation of 180around a(111) pole and whose tensile axis was [011], and the images taken under
analyzed in some of our previous wofk!® This twinned  different diffraction conditions confirm the presence of
microstructure was confirmed to be produced by emisboth systems, namely/2[110] (visible withg = 111)
sion and glide of 16(112) dislocations o{111} planes and ¥2[110] (visible with ¢ = 220). In both cases
confirming our previous studi&s'® and those by other the directions of the long segments have been analyzed
authors?° as the corresponding screw directions while the short

On the other hand, a large number of grains deformsegments have pure edge orientation. Thus, the two line
both by mechanical twinning and glide of single disloca-directions of each dislocation define the (001) plane on
tions and their density was rather high even after strainghich both types of A2(110) dislocations propagate
as low as 0.8%. This is the case of the example showtrailing the long screw segments behind. The Schmid
in Fig. 5 (using two diffraction conditions) from the factor for these slip systems is = 0.35. Also seen in
specimen crept under 340 MPa. The tensile axis of thishese micrographs are large, elongated loops with the

FIG. 4. Example of multiple twinning observed after 0.8% creep strain under 260 MPa.
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b=1/2[1i0]

H
500nm

FIG. 5. Typical deformed microstructure observed after 0.8% creep
strain under 340 MPa. The tensile axis of this grain is close to [010] ®
(see text for details).

same 12(110) Burgers vector and also lying on the
(001) plane.

After higher creep strains, the major differences
observed were the higher density of dislocations anc
mechanical twins active within given grains. Figure 8 el
shows an example of a grain observed after 1.5% strails nm
crept under 340 MPa. Here the tensile axis was closg|G. 6. Typical microstructure observed after 0.8% creep strain under
to [110] (about 10 and two twin systems are active 340 MPa from which Burgers vectors and line directions have been
together with a high dislocation density. Practically allanalyzed (see text for details).
the dislocations are invisible witlp = 002 determin-
ing their Burgers vector ag/2(110). In the image taken _
with ¢ = 111 we note that only a small fraction re- and have a Burgers vectoy2[110]. The trace analy-
main visible, and these have a Burgers vecit#[110].  sis has confirmed that the line direction between pinning
This means that the large majority of the dislocations obpoints of the bowed segments islfl]; therefore, it is
served withg = 111 belong to the primary slip system the screw segments that are pinned along their lines.
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Two major_twin systems have been analyzed, namely
1/6[112](111) and ¥6[112](111) both of which have
Schmid factorsm = 0.48 for the specific grain ori-
entation. Figure 9 shows another grain observed after
the same creep conditions (namely 1.5% strain under
340 MPa) in which an increase in twinning activity is
confirmed compared with samples deformed to lower
strains. The tensile axis for this grain is [121] and
the major twins subdividing the grains correspond to
the system 26[112](111) which has a Schmid factor
m = 0.47 for this grain orientation. Also seen are
dislocations analyzed ag’2[110](001) with a Schmid
factorm = 0.23. From this creep condition we show in
Fig. 10 detailed images taken by weak beam contrast at
two different orientations to allow analysis of the twins
and measurement of the twinned layer thickness. The
latter was carried out by measuring the spacing between
interfaces when the twins are imaged vertically in the
foil [as seen in Fig. 10(b)]. The values measured were
20-30 nm and 40-50 nm after respective strains of 0.8
and 2.6% for a stress of 260 MPa (as in Fig. 4) and
became about 100 nm after 2.6% strain under 360 MPa.

Figure 11 shows an example of the microstructure
observed in specimens crept to a strain after the onset
of the minimum creep rate. In this case after 2.6% creep
strain we see two adjacent grains that are subdivided by
the twin interfaces an also containing a high dislocation
density. The latter had a Burgers vecto21110] and
corresponds to the large majority of the total density,
with the second system/2[110], invisible with this
diffraction condition, being a minority number. Since the
tensile axis of the large grain is [112], the slip system
1/2[110](001) has a Schmid facton = 0.47 while
the secondary system cannot glide on plane (001) since
the Schmid factor is zero. Thus, at this stage when the
minimum creep rate has been reached, the deformation
process is characterized by the propagation of single
dislocations across thg matrix between twin interfaces
(the twin interfaces being new sites where dislocations
accumulate) at the same time as the passage of Schockley
partials continues to increase the thickness of the existing
twinned layers.

Similar TEM observations made from specimens
deformed under constant strain rate conditions con-
firmed that the same dislocation and mechanical twin-
ning mechanisms were active within thegrains. Those
in which twinning was not active deformed only by
single ¥2(110) dislocations whose long screw segments
were pinned along their length. Also, the emission of
1/2(110) edge segments was observed from twin inter-
faces and grain boundaries. An example of such mech-
. anism is shown in Fig. 12 from a specimen deformed
FIG. 7. Typical example of a grain with a tensile axis [001] and to 2% at_a constant_straln rate 0f>4 10°° s™". The.
deformed by 12(110) slip (see text for details). Creep conditions tensile axis of the grain shown is [112] and all the visible
o = 260 MPa,e = 0.8%. dislocations have Burgers vectof2[110] since they are
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FIG. 8. Deformed microstructure observed after 1.5% creep strain under 340 MPa from a grain with a tensile axis close to [110]. Note
in (b) a detail taken from (a) where the2l[110] dislocation segments are pinned along their screw orientation and bow out under the
action of the local stress.

all invisible with bothg = 002 andg = 111. Therefore, Fig. 12) have pure edge orientation and define the (001)
all the deformation in this grain is produced by a primaryglide plane. For this grain orientation, the Schmid factor
slip system. The bowed dislocation segments that aref the active slip system/2[110](001) ism = 0.47
emitted from the grain boundary (see in the lower part ofwhile it is zero for a secondary systeni2110] (001).
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the fraction of twinned grains as a function of strain
measured from the crept specimens, and in Table Il we
see those measured from the specimens tested in tension
under a constant strain rate of*4 107 s!.

From these values we note that the number of grains
that deform by mechanical twinning increases with in-
creasing strain both under creep conditions (constant
applied stress) and under constant strain rate tests. Under
creep conditions, for a given amount of strain the applied
stress seems to have little effect on the number of grains
that deform by mechanical twinning, it affects, however,
the twinning intensity (total number of twins as well as
the thickness of the twinned layer) activated within each
grain. This is confirmed by comparing the images in
Fig. 14 illustrating twinned grains observed after 2.6%
strain under two different stresses of 260 [14(a)] and
340 MPa [14(b)]. The average spacings between twins
measured were 5—8m and 2—-3um from the low and
high stress, respectively. Similarly, as seen in Fig. 15,
in the specimens deformed under constant strain rate
conditions not only the total number or twinned grains
increases with increasing strain but also the twinning
intensity within each grain increases substantially. On
the other hand, the fraction of twinned grains reaches
FIG. 9. Deformed microstructure observed after 1.5% creep strai® Saturation value of about 50% at 6% strain which
under 340 MPa from a grain with a tensile axis [121] (see text forcorresponds to the maximum tensile ductility measured
details). under constant strain rate conditions.

Although the TEM observations allow correct iden- |v, DISCUSSION
tification of active deformation mechanisms, the number
of deformed+y grains that can be examined is limited.
To quantify the total number of grains that deform by
mechanical twinning we have examined in the SEM
complete deformed sections cut from the gauge lengt

of the specimens perpendicular to the tensile axis. Be uring the first 1% strain to reach minimum values at

fore examining these Q'Sks they were electrppollshe bout 1.5-2%. Parallel constant strain rate tests have
such that the observation of twins was possible frorrl,%

The behavior of the alloy under creep will be dis-
cussed from the microstructural point of view, taking
into account the two stages observed in the creep curves.
uring the primary stage we measure very high instan-
neous strain rates on loading which decrease very fast

. . onfirmed that work hardening is very pronounced at
crystallographic contrast (using backscattered electron 9 yp

) ) . e onset of plastic flow, decreasing rapidly to about
due to the fact that the thin twinned regions are rotate%ne third of the initial value after 1.5% strain (see

by 180 Wi'.[h respect to the matrix. Therefore, a th‘f‘ Fig. 3). During this period the twinning activity is
slab of twinned region appears as a line due to |t§/ery pronounced as well as primary slip by2t110)

different crystallog'raph|c contrast. Figures 13._15 ShOWdislocations. Since only about 40% of the grains deform
examples comparing grains taken from sections of th mechanical twinning at the onset of the minimum

undeformed specimens (head of tensile sample) and aftg eep rate, hardening (responsible for the fast decrease of

creep or tensile deformation to different strains. The_, _: : o .
) . . train rate) is produced by twins in some grains but must
major difference between the grains of undeformed and )isp y 9

deformed samples is the total absence of mechanical

twins in the former while in the latter the appearance _ _ _ )
of mechanical twins is similar to that observed byTABLE II. Volume fraction of twinned gralnfﬁm??sured from speci-
TEM under the same creep conditions. From these SEM®"™ deformed at constant strain rat40 " s .

observations a large number of images was accumulated, €ptasic (%) Fv twinned grains (%)

the total number of twinned grains counted, and the

average spacing between twins measured as a function of é ig
strain for different conditions of applied stress (at least 6 53
300 grains were counted in each case). Figure 16 shows
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FIG. 10. (a, b) Detailed weak beam images of mechanical twins taken under two different orientations from a deformed grain with tensile
axis [110] @ = 340 MPa,e = 1.5%).

be produced by interactions of A(110) dislocations in  confirmed in this and other studi&s?!® In conclusion,
the rest of the grains. the twinning activity observed from the early stages
From the x-ray diffraction as well as from the TEM of the creep process is due to the macroscopic applied
analysis, we have confirmed that there is no specifistress which favors mechanical twinning as a major slip
texture or preferred grain orientations in this alloy andsystem. Only in the specific grain orientations for which
that the observed twinning activity corresponds to thosd/2(110) (001) slip has a larger Schmid factor than
slip systems favored by the Schmid factors in mostwinning does slip take over. This does not exclude the
cases. In particular, we have noted that grains withactivation of twinning in that type of grain due to harden-
tensile orientation [110] exhibit a high twin density of ing at a later stage in the deformation process when local
the two systems with maximum Schmid factors €  constraints across adjacent grains will determine local
0.48) (as the example in Fig. 8). This is also the case foshear stresses responsible for the deformation process.
grains with [001] orientation. On the other hand, grains  The contribution that twinning dislocations make
with tensile axis [121] for which only one twinning to the total strain of the material has been estimated
system has the maximum Schmid facter= 0.47 are for the two extreme values of stress used, for which
subdivided by one major twinning system (see Fig. 9)measurements of the twin spacings and of the twinned
In the case of grains with tensile axis [011] in which thelayer thickness have been made. From the microstruc-
Schmid factor for twinning# = 0.28) is always lower ture obtained after 1.5% strain at 360 MPa, the spacing
than that for 12(110) (001) slip = = 0.36), the grains between twins in the matrixdy,, was measured as
deform only by the latter (example of Fig. 7). This is about 2 um, and the twinned layer thickness,, as
also the case for grains with [112] orientation in which80 nm. Assuming that all the twins traverse the grains
the Schmid factor for A2 [110] (001) slip (» = 0.47) is  of diameterD = 12 um, and section ares, = 1.13 X
higher than that for twinning® = 0.32) and the grainis 10 ' m?, the number of twins per grain is given by
deformed by the former. Thus, twinning is only favored N, = D/dwin = 6 and the twin density (number of
for those twinning systems whose Schmid factors aréwins/area) isN,/S = 5.3 X 10 m 2. Since twin
higher than those to activate single dislocations. Theropagation occurs by glide of/@(112) dislocations
presence of A2(110)(001) dislocations in grains with on every adjacen{111} plane?® the number of twin
a tensile axis near to [010] or [100] (as the exampledislocations can be obtained by dividing the twinned
of Fig. 5 with an orientation about 13rom [010]) has layer thickness by the interplanar spacind b1} planes
been attributed to the local stresses at twin intersectiongl/11; = 0.2316 nm). Thus, for an average layer thickness
from which emission of these segments has beeonf 80 nm we obtain value of about 345 dislocations per
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| I
Tum

FIG. 11. Deformed microstructure observed at the onset of minimum
creep rate from a grain with tensile axis [11&] (= 340 MPa,
€ = 2.6%).

twin. Multiplying this number by the twin density we
calculate a twinning dislocation densityyi, = 1.8 X
10 m2. Since these dislocations traverse the entirg
grains, the total shear strain produced by this twinning
process i%ywin = pwinbD, Whereb is the Burgers vector
of the twinning dislocationr= 1.6 X 107! m and D

creep strain by twin activityyy,, = 0.036. This value
corresponds to a macroscopic Strai@in = Ywin/3 =
0.012. Since the total fraction of grains that deform by
mechanical twinning is only 40%, this corresponds toj
a total contribution to the creep strai,i, = 0.0048
(=0.5%), which is about 30% of the total strain of the
specimens studied. Similar calculations made from theIG 12. Example of deformed microstructure observed after tensile
speC|me_n crept' at the lower gtress of 260 MPa, Whergeformation at Eonstant strain ratex4107% s!, € = 2%. Note the

the matrix spacing between twins was measured as abopyed segments being emitted from the boundary (marked by the
dwin = 6 um and the twinned layer thicknesgyin = arrows).

40 nm, yield a total contribution of the twin activity to

the macroscopic straingy,;, = 0.001 &0.1%), which

is only 7% of the total creep strain produced in thein the density of primary A2(110) dislocations or by a
specimen. It is interesting to note that the contributiondecrease of their speed. In this way, the twinning activity
from twinning to the total creep strain increases withdetermines (directly or indirectly) the hardening process
increasing applied stress. observed during the primary stage of creep.

Therefore, the importance of the twins is not so  Thus, at the end of the primary stage the mini-
much that they are responsible for a significant amouninum creep rate is reached by the exhaustion of mobile
of strain, but that they lead to a subdivision of the micro-1/2(110) dislocations, either because they accumulate at
structure during the primary stage of creep reducing théwin interfaces or grain boundaries or because their high
mean free path of the/2(110) dislocations as they density leads to a large number of pinning points and
propagate between twins instead of propagating acrosgebris within they matrix. Since we have observed that
the entire grain. As the dislocations are accumulatedh a large number of grains the majority of dislocations
at twin interfaces, this leads to a decrease of straimorrespond to a primary slip system only (see Figs. 8
rate. However, in those grains that do not deform byand 12), the existence of large numbers of pinning
mechanical twinning the same decrease in strain ratpoints cannot be attributed to a forest cutting mechanism.
needs to occur to ensure a homogeneous deformatidnstead the pinning events seen along the screw segments
of the specimen, and this can occur either by a decreasee produced by intrinsic obstacles that exist in the
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FIG. 13. Examples of microstructures observed by crystallographic contrast in the SEM. Note the absence of mechanical twins in the undeformed
sample (a) and the existence of twinned grains after creep conditions 260 MPa,e = 1.5% and (c)o = 340 MPa,e = 2.6%.

matrix and that hinder dislocation motion. This leadsinstead, two mechanisms can be proposed as controlling
to intrinsic hardening as observed in the early stagedeformation: lattice friction or solute pinning. When lat-
of deformation during tensile tests performed undettice friction controls the dislocation mobility, we expect
constant strain rate (see Fig. 3) or during the primarysmaller values of the activation volumes (i.e., 105%0
stage of creep. These conclusions are confirmed by thdowever, the higher values obtained in our study might
strain-independent values of activation volumes measepresent a deformation process controlled by solute
ured during the strain rate jump tests and also by TEMatoms (or fine particles) pinning the dislocations at
observations that show that the number of cusps seesertain intervals,L dependent on solute concentration,
along the 12(110) segments does not change signifi-c, L = bc™ 2. Then the activation volumes would be
cantly with strain. A strain-rate controlling mechanism determined by the solute concentrationas= ¢ =2 b3.

that is independent of strain eliminates forest cutting aghe activation volume measured experimentally ¢330

a possible mechanism since the latter would imply avould correspond to very small solute concentrations (of
decreasing value of activation volume with increasingthe order of 10 ppm) which does not fit with Nb or Cr
dislocation density and, thus, with increasing stfdin. being the solute atoms responsible for the pinning effect.
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(001) plane. If climb processes were involved this should
take place on the (110) plane shown, perpendicular to
the Burgers vector, and this would mean that there
should be a pure edge segment trailing behind. Instead
we observe that the loops are on (001) planes and that
the trailing segments left behind have screw orientation.
This confirms that the/2(110) dislocations observed in
our alloy propagate on (001) planes by glide only and
climbing processes are not involved.

From the values of minimum creep rates we have
evaluated the stress exponemt,characterizing the de-
pendence on applied stress given by the general power
law equation:é = " exp —(Q/RT). Figure 18 shows
the plotn € versusln o from which the stress expo-
nent was obtained as the slope of the line. The values
obtained,n = 8, is typical of this type of alloy4
and indicates that the secondary stage of creep can-
not be described by simple recovery processa&hen
such high stress exponents are obtained, it is possible
to rationalize the creep behavior assuming the exis-
tence of an athermal threshold stress, and express
the strain rate asé = A (¢ — oy)" exp(—Q/RT).

This threshold stress represents a friction stress or a
stress concentration that needs to be overcome to initiate
dislocation mobility in they matrix. As a consequence
the thermally activated glide of dislocations takes place
under the action of the effective stress represented by the
termo — oy. To obtain the value of the threshold stress,
. the stress exponent’ used should be that normally
FIG. 14. Comparison of the different twinning intensity (twin Obtained for creep of the matrix in the absence of other
thickness and separation between twinned layers) observed aft@bstacles. Generally, in pure metals this value ranges
2.6% creep strain under two different stresses: (a) 260 MPa an$hetweenn’ = 3 and 5 and in the case of single phase
(b) 340 MPa. TiAl alloys deformed at low stresses the value obtained
is n' = 4.5 Using this value we have plotted in Fig. 19 the
applied stressg, versuse'* and from the intercept of
Other impurities (such as oxygen, boron, or even carborthe line obtained we have measured the threshold stress
could produce this effect. as oy = 167 MPa. On the other hand, the threshold

During the secondary stage of creep (i.e., betweestress varies with the value’ such that forn’ = 3
2 and 3% strain) the strain rate remains rather constante obtaino, = 130 MPa and forn’ = 5 we have
near its lower value. During this stage our observationsr, = 202 MPa. Under such conditions it is difficult to
confirm that the deformation process is characterizegustify the threshold stress concept, and for this reason,
by dislocation motion across twin interfaces or acrosswhen high stress exponents are observed and thermally
entire v grains (depending on whether the grains haveactivated glide of dislocations has been confirmed, it is
been subdivided by mechanical twinning or not). Inmore appropriate to interpret the creep data using an
order to analyze the thermally activated mechanisnequation in which the creep rate is expressed: as
that controls the constant strain rate we have examined _

. . . . . . . . Qo VTloc
the details of dislocation configurations to determine €= eoexp4< )
whether the observed motion gf2(110) dislocations on RT
(001) planes involved climb processes. Figure 17 showsheree, represents a temperature independent parameter
a detailed example of /2(110) dislocation segments that will depend on the microstructure. The term inside
and loops together with a schematic diagram whichthe exponential corresponds to an apparent activation
shows the glide and climb planes that could possiblyenergy,Q = Qo — V7, Which can be considered as
be involved. The A2[110] segments and loops shown the sum of two terms: the thermal energy itsélf,, and
are characterized by the two major line directions [110Ja mechanically produced energys,.. The termV is
(screw orientation) and 0] (pure edge) and lie on the known as the activation volume, better expressed as the
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FIG. 16. Plot of the fraction of grains deformed by mechanical
twinning as a function of strain measured from the specimens crept
under different applied stresses.

of sizeL = 250-300 nm{ = wb/L) and is consistent
with the link length of ¥2(110) segments typically
seen between pinning points in our micrographs [see
S o ) _ Fig. 8(b)]. Thus we would like to suggest that this local
FIG. 15. Increased twinning intensity with increasing strain observedstresS represents the athermal stress necessary to bow out
after tensile deformation at constant strain ratex410°® s7!. dis| i i d in it . | th
(@) e = 1% and (b)e = 3%. a dislocation segment and unpin it over a given leng
to initiate its movement in ther matrix. According to

the analysis made here, we suggest that the activation
_ I . energy required to allow thermally activated glide of
pro_ductV Ab, of the activation ared over which the dislocations is that corresponding to pipe diffusion along
activated event occurs and the Burgers vector. The valu% . . . . .

: ) . . “the dislocation core or cross-slip, which must be required
T 1S the local shear stress acting on the dislocatio

segment helping the thermally activated event to occuﬁor segments to break away from their pinning points.

In our alloy we have measured a high value of
activation energyQ = 430 kJmol, much higher than V. CONCLUSIONS
that for self-diffusion Qserr.qif = 300 kJmol), indicating The creep behavior of &-based TiAl alloy with
that the value measured represents an apparent activatiequiaxed microstructure and fine grain size has been
energy. Introducing this value in the above equation asnalyzed using detailed observations of the deformation
well as that of our experimentally measured activationprocess as a function of strain and applied stress.
volume, V, we have been able to calculate the value = One important feature of the creep process is the
of the local shear stress;,., acting on the thermally extensive twinning activity observed from the early
activated dislocation segment. Two possible cases needdlages of deformation. Although the total fraction of
to be considered, one in which a self-diffusion procesgrains that twin increases with increasing strain it tends
is taking place (i.e.Q, = 300 kJmol) that results in to saturate at about 50%. Also, for a given amount of
a value of the local shear stresg. = 30 MPa. The strain the applied stress seems to have little effect on the
second case assumes a thermally activated mechanismamber of grains that deform by mechanical twinning,
controlled by a process such as pipe diffusion or crossbut affects, however, the twinning intensity activated
slip (i.e., Qo = 150kJmol) and leads to a local shear within each grain.
stresst,c = 62 MPa. This latter value represents the However, the importance of the twins is not their
shear stress necessary to bow out a dislocation segmemsntribution to the total amount of strain, but that they
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of primary 2/2(110) dislocations or by a decrease of

their speed. In this way, the twinning activity determines
(directly or indirectly) the hardening process observed

during the primary stage of creep. -14.5
We suggest that the mechanism controlling the cree| Ti-48Al-2Cr-2Nb-1B d
rate during the secondary stage of creep is the thermall 0=260-360 MPa
activated glide of 12(110) dislocations which becomes -159 1o700°C
possible as the screw segments can bow out betwee
pinning points under the action of a local athermal stres: -15.5-
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