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Experiments and analyses on tensile behaviour of
a TiAl alloy with lamellar structure
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An as-cast Ti-47Al-I Cr-2.5V plate was used to perform ambient tensile test. The
metallography of the specimen exhibits typical lamellar structure with two-phase titanium
aluminides. Monotonic tension tests under mechanical test systems of MTS-810 and
Scanning Electron Microscope (SEM), along with a novel holder, were carried out regarding
microstructure influence on crack initiation. Test results give the orientation preference of
initiated cracks, i.e. 40°, 60° and 90°. Furthermore, with respect to crystallography and a
model of interface mechanics, related mechanisms are discussed. © 2000 Kluwer
Academic Publishers

1. Introduction high temperatures [2]. However, the mechanism of mi-
Extensive research activities have been conducted ogrostructure effect on fracture failure is not very clear
two-phase titanium aluminides for more than a decadget. Thus, more investigations should be done to add
due to their low density and high strength at elevatedhe knowledge of effect of intervariant lamellae.
temperatures. However, its low elongation and tough- Inthis paper, for making clear relevant mechanism of
ness at room temperature, and difficulty for hot workingTiAl lamella interaction, a kind of as-cast TiAl speci-
seriously retard its engineering application. With com-men with plate shape was used to study the behaviour of
prehensive considerations, relevant work now cometension at room temperature. The work mainly focuses
to a stage of developing a kind of low cost and reliableon the observation of the crack initiation, microstruc-
TiAI [1]. ture influence, and related analyses with crystallogra-
Many studies revealed [1-3] that TiAl with fine full- phy and interface mechanics.
lamellar structure can balance such mechanical prop-
erties as strength, elongation and toughness. However,
the microstructure of TiAl fabricated by ordinary cast- 2. Experimental procedure
ing technique pertains to coarse lamellar grains. If fineAn original Ti-47Al-1Cr-2.5V plate was prepared with
full-lamellar structure could be obtained just with the a cold crucible induction and melting technique by cen-
way of alloying or any other improved technique in trifugal casting, and followed by 4 hour hot isostatic
casting, it would markedly reduce the number of stepgressing (HIP) at conditions of 1280, 172 MPa and
of processing, cut cost and directly turn out parts withargon medium. Test specimens were prepared by elec-
complicated shape. And, it will benefit industries of tric spark cutting from the as-cast TiAl plate, and pol-
aerospace, land and marine carrier in need of strudshed to reach 0.0am of R, by a grinding machine
tural materials with low-weight and high-temperaturewith diamond abrasive of 2.am in diameter, where
resistance. R, is the average roughness of specimen surface. With
In fact, if loading orientation is selected properly, consideration of limit room of SEM loading stage, the
even single “grain” with full lamellar structure of the geometry of specimen fan situtensile test is of small
so-called “polysynthetically twinned (PST) crystals”, size. Those specimens are illustrated in Fig. 1 for mono-
may exhibit good strength and elongation at ambientonic tension under MTS-810 (a) and SEM testing sys-
temperature [2]. As revealed in some studies [4, 5]tem (b).
within lamellar structure there are threg/y inter- Polished surface of the as-cast TiAl plate shows its
variant lamellar boundaries, i.e. true-twin, pseudo-twinmetallography of full lamellae (Fig. 2) after etching.
and domain types in addition {0/, lamellar bound- The mean size of colonies is around 40 with the
ary. The delamination of lamellar boundaries has beemange of 100—80Q:m in normal distribution so that
found to occur mostly among/y interfaces at room we could easily get almost all colonies in size of about
temperature but along boftyy andy /a; interfaces at 0.4 mm within the gauge length of the cut specimens.
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specimen was stuck with a strain gage for deformation

35
[I 35 measurement.
12

LS 3. Experimental results
2 Fig. 4 shows the curve of nominal stress ver-
54 sus nominal straine. The strain-hardening expo-
' ' nent @) can be obtained from the plastic portion
@ ® (er > ep > 0.002) of the true stress[=o (1 + ¢)] - true

strain = In(1 + &)] curve according to the Hollomon
Figure 1_ TiAl pIat_e specimens for mon_otonic tensior_1 undgr (a)_ MTS- equation é’ — kg”). Table | lists the Corresponding re-
810 testing machine and (b) SEM loading system (dimensions in mm)'Su|’[, which were obtained from the data of 3 specimens.

As shown in Fig. 4, there is no yielding instabil-
ity, and no detectable necking phenomena within the
gauge length of the specimen. The ultimate strain is
only 0.0067, showing the brittle propensity of the as-
cast TiAl alloy. The strain-hardening exponent of 0.12
is determined by using Hollomon equation with good
correlation coefficient of 0.99, which is inthe datarange
the conventional high strength steels possessed. But its
yield strength (305 MPa), ultimate fracture strength
(360 MPa) and elastic modulus (134 GPa) are com-
paratively low. Perhaps, such special tensile behaviour
may be attributed to the microstructure and the geom-
etry of plate-type. As indicated in the above text, the
maximun colony size of the cast plate is about 0.8 mm,
and the mean size is 0.4 mm. The specimens we used
in the test contain 4-5 colonies in the thickness direc-
tion even though the whole thickness of specimens is
merely 1.5 mm. The tensile results shown in Table |
are similar from specimen to specimen and the fracture
sites are located at the middle of the specimens.

As a next step of the investigatioim, situ tests were
performed under the tensile stage of SEM. Character-
istics of crack initiation and propagation are observed.
Those phenomena reflect effects of main microstruc-
ture features such as orientation of lamellar boundary,
and grain size.

\ £ L 500 pm

Figure 2 Microstructure of the as-cast TiAl in fully lamellar form.

TABLE | Mechanical properties of tested as-cast TiAl

oo2 (MPa) E (MPa) oy~of (MPa) & n R
305 134x10° 360 0.0067 0.12 0.99
10 mm
—
Figure 3 Special loading grippers for plate-shape specimen. G
MPa ’
Relevant tests were carried out by adopting a nove
holder with a special fixture [6], which can ensure 300
good loading alignment and afford a way of non-screw \ no
connection between plate-type specimens and grippe!
(Fig. 3). 200 >3
Tensile tests under MTS-810 testing system were cal 5.7
ried out at a strain rate of 6.6710°® s~1 to measure 5.6
the mechanical properties of elastic modulus, elonga 100 8

tion, strain hardening exponent, yield strength and ulti-
mate strength. Experiments were also performed unde
SEM tensile system at a gripper-moving velocity of
around 1um/s so as to investigate the characteristics
of crack initiation and propagation interacted with the
microstructure. The upward surface of specimen is fokigure 4 Stress vs. strain curve of TiAl specimen, and its fit curve with
the in situ observation and the downward surface ofHollomon equationd =kep).

0 2 6 10
£(x10%)

4938



Force (N) , i ; 1 plane to the loading axis. Thus, from our measurements,
: : : : angles of 40, 60 and 90 degrees are the inclinations of
most initiated cracks. Related mechanism is discussed
later in this paper.
| ; , ; During crack propagating, there are also three obvi-
1200 - e Rt SRR P ous characteristics, i.e. rapid propagating, translamel-
: : | i lar fracture and deflecting of propagating cracks. Fig. 9
shows that a crack is propagating in translamellar mode.

1600 {------- oo e e

800 - """""" """"""""" """""""" """""""" For the deflection of cracks, that phenomenon happens
| j ; : at either inner or boundary of grains. Fig. 10a exhibits
400 beeoee fde a typical deflection (within the white circle) caused by

crack-ligament shearing. There are two types of bound-
ary deflection. As shown in Fig. 10b, if interlamellar

i ¢ ¢ crack encounters a grain with large difference in orien-
0 2000 6000 8000 tation, the crack will deflect along their boundary. If the

. 3 orientation of the encountered grain is close to that of
Strain (x107) interlamellar crack, the crack will deflect to delaminate

the neighbour grain (Fig. 10c).

Figure 5 Load-strain curve of plate-type TiAl specimen, test terminated

upon crack initiating unden situtension of SEM. Noting that there is a

load-increasing stop with a jump in strain value in the end of the curve.
4. Discussion

There are two interesting phenomena worthy of discus-

With respect to crack initiation, there are three no-sion. One is that an initiated crack runs along lamel-
ticeable features, i.e. sudden crack initiating, site preffar boundary within grains, and another is its orienta-
erence and orientation preference. Fig. 5 is a loadtion preference (Fig. 8). Here, a question can thus be
strain curve terminated upon crack initiating. The loadbrought out, that is what is responsible for both phe-
stopped increasing with a jump in strain value to form anomena. In general, there are no other than two causes
plateau at the ultimate load (Fig. 5). Meanwhile, one tothat can account for the experimental phenomena, i.e.
three cracks can be observed in a specimen under SEMinding strength and deformation mismatch of inter-
as shown in Fig. 6. Another phenomenon is site prefvariant lamellae. Both are coherent with structures of
erence, which is also shown in Figs 6 and 7. Initiatedamellae.
cracks are mainly due to delamination within grains. As to the structures of lamellae, there are two kinds
Apartfromthis, akind of “short” cracks can alsoinitiate of phases, i.e¢-TiAl (ordered tetragonal structure pjL
at the boundary of grains. Such “short” cracks, whosén majority anda,-TisAl (ordered hexagonal structure
size is comparable with the thickness of layers, all runD0,g) in minority. For full lamellar TiAl alloy, in ad-
nearly perpendicular to their local lamellar boundarydition to a»/y, there are six orientations ¢f that are
(Fig. 7), whereas those interlamellar cracks, whose sizélustrated in Fig. 11 for their habit plane. As shown
is comparable with the dimension of their local grain, in this figure, apart from the atom arrangement in the
run parallel to their lamellar boundaries (Fig. 6). Thehabit plane ofr,-TizAl, all six possible ones of -TiAl
latter plays more important role in the final fracture. are arrayed in a table. The six orientationg afre des-
While short cracks at grain boundaries of can only conignated as/j, vJ', 3, v4', v4 andy/! in order of a 66-
tribute a damage in specimen due to tension. The thirdotation-angle increment. Here, “I” and “II” mean dif-
impressive phenomenon of crack initiation is the crackferent stacking sequences, i.e. “ABCABC...” and
orientation preference. As indicated in Fig. 8, there ar¢ CBACBA...... ". Thus, we can represent domain,
several peaks of crack orientation angle. The orientatwin and pseudo-twin relationships of varigntamel-
tion defined in this paper is the anglg)between crack lae withy, /) (n=3,5), y{/v) andy]/y) (n=2, 6)

-

50pm i 500pm

Figure 6 Initiated cracks (indicated by white arrow) within specimens of the TiAl specimen under tensile stage of SEM at tensile velgaityf 1
(a) at strain of 0.3%, (b) at strain of 0.4%, (c) at strain of 0.45%. (Loading direction is horizontal).
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Figure 7 Short cracks at grain boundaries of the TiAl specimens uimdsitu testing sysytem of SEM at strain of 0.4%. (Loading direction is

horizontal).
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Figure 8 Orientation preference of initiated cracks of TiAl specimens

with fully lamellar structure, showing three inclinations, i.e°460°
and 90 (v).

Figure 9 Propagating crack in translamellar mode within TiAl specimen
underin situ testing system of SEM at tensile velosity ofun/s (test
terminated at strain of 0.53%). (Loading direction is horizontal).

respectively. In addition tg /«> interface, there exist
five rotational relationships of interlamellae. In each
lamella there are only domains.

the basal plane of] is combined with that of,', or 4,
ory,', oryd,oryd, ora, together, the number of Al-Ti
(NAT) can be taken into an account of atom mis-fit.
Thereby, we can obtain that there is zero (0, perfect fit)
of NAT in /v of twin relationship, six (6, medium
fit) of NAT in y{/yJ!, v3, v, v& of domain and pseudo-
twin relationships, and nine (9, low fit) of NAT & /y
relationship.

In fact, NAT should play an important role in binding
strength of neighbor lamellae. Based on the above struc-
tural relationship, the boundary@$/y should have the
highest binding strength, whereas that of twin relation-
ship has the lowest one. In other words, the boundary
with large value of NAT should have high resistance
to crack initiation at room temperature. Crack prop-
agating can almost reflect interface-binding strength.
Thus, we can compare the presumption with relevant
experiments. As indicated in the tests of Ref. [7], the
relative ease of crack propagating along adjacent lamel-
lae is given by /v, (twin related)>y,/v,', v, va,
ve (domain and pseudo-twin relateslv,/y, which is
consistent with the tendency of our NAT analysis.

The compatibility of deformation may play more im-
portant role at the stage of crack initiation. Here, we
introduce a geometric compatibility factain) [8] to
define the extent of deformation compatibility for ad-
jacent lamellae. The geometric compatibility factar,
can be calculated as

M = COSy COSA 1)

whereg is the angle between the normal to the slip
planes of adjacent lamellag,the angle between the
slip directions of them.

Owing to the f.c.c structure of lamellae, we may
use Thompson tetrahedron to represent all slip systems
of a lamella. As indicated in Ref. [9], there are three
major deformation mechanisms, i.e. twinning, ordinary
slip and superlattice slip, and, there is little difference
in critical dissolved shear stress (CRSS) among them

Due to the variant orientations of lamellae, atom mis-at room temperature. So, it allows for analyzing com-
fit exists at the boundary of two neighbor lamellae. If patibility of deformation just with{111} <110] slip
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(b)

Figure 10 Crack deflecting (a) within a grain (circled zone), (b) along grain boundary and (c) along lamellar interface of neighbour grain of TiAl
specimen with fully lamellar structure (terminated at strain of 0.5%). (Loading direction is horizontal).

Obviously, 120-rotation relationship (domain related)
of y lamellae has better compatibility of deformation,
which has been proved by some studies [4, 8], whereas,
60° (pseudo-twin related) and 18Qwin related) have
lower compatibility of deformation.
o Due to low NAT and geometric compatibility factor
in twin relationship, we can deduce theoretically that
. o adjacent lamellae of twins are prone to delaminating
o 4 during either crack initiation or crack propagation. In
®. fact, ap; phase has a smaller number of slip systems.
© ®Ti OAl Thus, y /a2 should have the lowest compatibility of
deformation. But, regarding its high NAT, the influence

. o . . of such interface or crack initiation is not clear.
Figure L1 Six orientations of the habit plane of thephase with respect ) ) o 2 naIvsis of a crack between dissimilar media
to the basal plane of the, phase. “I” and “Il” represent respective )
stacking sequences, i.e. “ABCABC” and “CBACBA..."; Relevant ~has been given by several authors, e.g. Dundurs [10],
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angles all take/] as a reference. Hutchinsonret al. [11], Rice [12], Shihet al. [13], etc.
The two Dundurs’ parameters [10], designated asd

" B, are still extensively used in analyzing crack-tip fields
o+ — ‘ I at the interfaces of isotropic linear elastic media [14].
|| /N Base on their work, the crack-tip fields for the case of
rd i i < l’“;ﬁn—m;;j‘ linear isotropic media take the form [13]

- — . 1 ;Z‘l :ij 22: Qn

Model-A Model-B n=1 \/27T—I'

Figure 12 Two resembling models in ThompsontetrahedronforvariantWQere Qn 'S. the cor_nplex Stress'|r!ten3|ty f{alCtOl’,

y-interlamellae.y} /v1, v1/y), y&/v! belong to the model Ay} /y!, 9 [0, e,r,a] is a function that varies in form with

va /v1, vé /v come under the model B. andj of the polar indicesr( #) [13], a the semi-length
of a crack, and the “oscillation index” given by

systems (ordinary and superlattice slip related) even 1 1-8
though there is also a kind of twinning-slip system of E=o0 (m) 3)
{111 < 112].

Regarding the relationships of intervariantamel- ~ Which is regarded as the extent of elastic mismatch.
lae (Shown in F|g 11)’ we get two different kinds of Now, as to our lamellar structure of TlAI, suppose that
orientation relationship between tetrahedrons of adjathere is a presumed crack at a lamellar boundary, which
centy lamellae, as illustrated in Fig. 12. If we take iS based on the presumption of the same failure crite-
y1 as a fixed reference layer, orientation relationshipgion in toughness for pre-cracked and non-pre-cracked
of tetrahedrons fopl/y! andy!/y! can be related to SPECImens, the presumed semi-length of a cackay

the model A (Fig. 12)y4 /y1, vd /v and ¥ /yi to then be expressed as

the model B (Fig. 12). Further, comparing the maxi- K2
~ . . _ Ic

mum of m of all possible slip systems except for those a=

which parallel to their interlamellar boundary, we can

readily obtain thatf in the model A is 1, whereas in where K, is mode | fracture toughness, ang

the model B, itis only 0.648 (cgs=7/9, cos. =5/6).  the monotonic tensile strength. Regarding orientations

(4)

2
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o5 = 0o -Sin’g
oy, =0 -Sing - Cosg

2 T /{¢ -
‘[ E] y Vi Oy
1

Figure 13 Loading model for dissimilar materiala.is the semi-length
of cracks; andE; andy; indicate Young’s modulus and Poison ratio
repectively, of two materialg is the angle between directions of remote
loading stresso*°) and the interface of dissimilar materials.

Exs voo 94

of lamella boundary or remote loading, the load-

ing model can be illustrated in Fig. 13 in which

maximum of normal stresss{;) moves from 90 at
e=0t083 ate =0.2.

The above model can semiquantitatively give an ex-
planation for our experimental result about orientation
peaks {/) of nucleated cracks, i.e. 4060°, 90°. Ob-
viously, cracking at 90is associated with the normal
stress §»2), and, cracking at 40should be more rele-
vantto the shear stress;f). While, cracking at 60 the
highest peak, may be associated with a synergic impact
from botho1, andoy,. Note that the orientations are de-
termined at two-dimensional space, they could have a
little difference with those at three-dimensional space.

With a view to the deformation anisotropy and mis-
match due to the aforementioned crystal structures of
y anday lamellae, the value of may be greater than
the one obtained by Equation 3. Thus, the way for cor-
recting the value of is worth studying. Even though
stiffness matrix can theoretically give a way to cope

“¢" is the angle between directions of loading andwith the problem, there are complexity and difficulty

interface.

in obtaining relevant parameters. In view of all above,

In terms of the above, we can calculate the stress fieldomparatively simple and integrated expression of fail-
in front of presumed crack tip to obtain the influenceure criterion in regard te1,, 022, €, NAT andim should
be established to propose the related mechanism of
cracking along interfaces between intervariant lamel-
lae, which awaits further experimental work and theo-
retical analysis in the coming future.

of the ¢ ande¢. According to the result illustrated in
Fig. 14, with the growing ot, the angle ofp for the
maximum of shear stress() goes from 45 (¢ =0)
to smaller angles, e.g. 38 =0.2), while, that of the

0, at &0 f L "/ a

opat &=0.2 0

Figure 14 Normal (o22) and shear stress?) at the crack tip along interface of two dissimilar materials corresponding to apgkt@een directions
of loading and interface), and distancg o the crack tip with respect to two differeniti.e. 0 and 0.2.
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