Influence of Microstructure on Crack-
Tip Micromechanics and Fracture
Behaviors of a Two-Phase TiAl Alloy

K.S. CHAN and Y.-W. KIM

The tensile deformation, crack-tip micromechanics, and fracture behaviors of a two-phase
(y + o) gamma titanium aluminide alloy, Ti-47Al-2.6Nb-2(Cr + V), heat-treated for the
microstructure of either fine duplex (gamma + lamellar) or predominantly lamellar micro-
structure were studied in the 25 °C to 800 °C range. In situ tensile and fracture toughness tests
were performed in vacuum using a high-temperature loading stage in a scanning electron micro-
scope (SEM), while conventional tensile tests were performed in air. The results revealed strong
influences of microstructure on the crack-tip deformation, quasi-static crack growth, and the
fracture initiation behaviors in the alloy. Intergranular fracture and cleavage were the dominant
fracture mechanisms in the duplex microstructure material, whose fracture remained brittle at
temperatures up to 600 °C. In contrast, the ncarly fully lamellar microstructure resulted in a
relatively high crack growth resistance in the 25 °C to 800 °C range, with interface delamination,
translamellar fracture, and decohesion of colony boundaries being the main fracture processes.
The higher fracture resistance exhibited by the lamellar microstructure can be attributed, at least
partly, to toughening by shear ligaments formed as the result of mismatched crack planes in

the process zone.

I. INTRODUCTION

TITANIUM aluminide alloys based on gamma TiAl
are of interest as a potentially important aerospace struc-
tural material because of their light weight, relatively good
high-temperature mechanical properties, and oxidation
resistance.!" * Unfortunately, neither the ductility nor the
fracture toughness of these TiAl-alloys is particularly high
at ambient temperature. Coupled with poor formability,
the TiAl-alloys are still far from being fully utilized in
acrospace applications. With alloy modification and
microstructure control, however, both ductility’®> and
toughness®®! have been improved significantly in two-
phase gamma titanium aluminide alloys during the last
couple of years, although these alloys are still not ade-
quate for application.

Advanced two-phase TiAl-alloys generally consist of
Ti-(46 to 49) at. pct Al-(2 to 5) at. pct M, M being at
least one element from V, Cr, Mn, and Nb, with oc-
casionally W or Mo.*™ 19 [n the as-cast conditions,?®'"]
or when heat-treated in the « phase ficld,'*%7:'! the two-
phasc TiAl-alloys exhibit a lamellar microstructure con-
sisting of alternating layers of ordered vy (L1, structure)
and a, (DO, structure) platelets. Duplex microstructures
consisting of equiaxed gamma grains with small amounts
of alpha-2 in plate or particulate forms can be formed
when heat treated in the ( @ + y) phase field."**7 13 Both
the amount of alpha, phase and the relative volume frac-
tion of lamellar and equiaxed 7y grains are important
factors controlling the fracture properties of two-phase
TiAl-alloys."**#® Maximum tensile ductility was obtained
in a two-phase TiAl-alloy containing approximately 10
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vol pet of the a, phase.!® The best balance of properties
with good elevated-temperature creep resistance and ac-
ceptable tensile strength and ductility in current two-phase
TiAl-alloys appears to occur at about 30 vol pct of
lamellar grains and 70 vol pct equiaxed grains.!*714

While these previous results clearly indicate the ben-
eficial effects of the lamellar microstructure, the mech-
anisms by which the aligned microstructure imparts
fracture toughness and tensile ductility remain unclear.
It has been suggested that the lamellar microstructure en-
hances the ductility in Ti-48Al by inducing fine, uniform
deformation of 7 plates in the early stage of deformation
and then a, plates in the latter stage.” The activation of
twinning in the lamellar microstructure may also be an
important, beneficial factor for improving the fracture
characteristics of the two-phase ¥y alloy.!!

The objective of this article is to present the results of
an investigation aimed at studying the effect of micro-
structure on the fracture processes and crack growth re-
sistance in two-phase TiAl-alloys. In particular, the
fracture mechanisms that occur within the crack-tip
process zone will be examined for both duplex and
lamellar microstructures at ambient and elevated tem-
peratures. The results will then be used to define
microstructure/property relationships in two-phase TiAl-
alloys. Some of the results on fracture mechanisms at
ambient temperature that have been reported earlier!'s!
are included here so that relationships between fracture
mechanism, tensile ductility, and crack growth resis-
tance can be elucidated.

II. EXPERIMENTAL PROCEDURES

A gamma titanium aluminide alloy designed as G1 was
prepared at Duriron using skull-melting and casting
techniques!'?! into a 6.9-cm-diameter X 80-cm-long ingot
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Table I. Heat-Treatment Procedures, Microstructures, and Tensile and
Fracture Properties of the Near-Gamma Alloy Ti-47Al1-2.6Nb-2(Cr + V)*

Total
Heat T, o,, Elongation, Kic, K,
Material* Treatment Microstructure  °C~ NPa N Pct MPaVm Tr MPa\/m
GIF 1275°C/3 h  duplex 25 415.6 557.9 0.09/0.036 3.7 11.4 0 11.4
in vacuum/ microstructure
controlled  predominantly 600 342.0 600.5 0.11/0.039 7.3 16.1 0 16.1
cool to equiaxed vy plus
900 °C small amounts
aging at of a, particles 790 168.4 2959 0.136 13.0 — — —
900 °C/4 h/  and plates
FC in
vacuum
GIL 1360 °C/1 h  nearly fuily- 25 329.6 383.1 0.162 0.88 16.0 = (.94 25.0
in vacuum/ lamellar
controlled microstructure
cool to predominantly 800 289.4 0.156 1.50 35.0 102.0 >61.0
900 °C lamellar
aging at a, + y
900 °C/6 h/  microstructure
AC? plus small
amounts of
equiaxed y
grains at
colony
boundaries

*Matcrials supplicd by Metcut-Materials Research Group at Wright-Patterson AFB.
**Asymptotic or maximum value of stress intensity factor in the K-resistance curve.

'FC = fumace cooled.
‘AC = air cooled.

weighing roughly 21 kg. The alloy composition deter-
mined by both wet chemical analyses and atomic ab-
sorption techniques was Ti-47.0Al-2.6Nb-.093Cr-0.85V
(in atomic percent), with impurity levels of 550 oxygen,
55 nitrogen, 160 carbon, and 14 hydrogen in weight parts
per million. A 10-cm-long billet was sectioned from the
ingot, which was subsequently hot isostatically pressed
at 1150 °C under 276 MPa pressure for 3 hours. The
billet was then forged into a 2-cm-thick X 15-cm-diameter
pancake in a 980 °C hot die after soaking at 1200 °C for
2 hours.!'"!

Two sample pieces, GIF and G1L, were sectioned from
the pancake and given two different heat treatments to
generate entirely different microstructures (Table 1). The
sample GI1F contained a duplex microstructure consist-
ing of predominantly fine equiaxed gamma grains ap-
proximately 40 um in diameter and small amounts of a,
particles and plates located at grain boundaries (Figures
1(a) and 1(c)). The microstructure of Gl1L was nearly
fully lamellar, consisting of large lamellar colonies (i.e.,
grains) approximately 1.6 mm in diamecter and small
amounts of fine grain boundary gamma grains
(Figure 1(b)). The lamellar structure is alternating layers
of y/a, platelets, as shown in the backscattered electron
image in Figure 1(d). The gamma plates and «, plates
in the lamellar structure had the crystallographic orien-
tation relationship of (111),/(0001),, and [110],/
[2110],,, which is consistent with previous
observations. 1361112l
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Tensile and fracture toughness tests were performed
on both the duplex and lamellar microstructures at 25 °C,
600 °C, and 800 °C. Two different types of round-bar
tensile specimens were used for testing conventionally
in air and for in situ testing in vacuum, respectively. The
conventional tensile specimens were 17 mm in gage
length, 3.2 mm in diameter at the gage section, and
48 mm in total length. The in situ tensile specimens were
13.5 mm in gage length, 2 mm in diameter at the gage
section, and 54 mm in total length. The fracture tough-
ness specimens were of the single-edge-notched (SEN)
geometry whose dimensions were reported earlier.!'®! After
machining, tensile and SEN spccimens were mechani-
cally polished and then electropolished using a solution
of 5 pct H,SO, in methano! maintained at —40 °C. The
SEN specimens were subsequently fatigue-precracked and
ion-milled to enhance the visibility of the microstructural
features in a scanning electron microscope (SEM).

Conventional tensile tests were conducted in air using
a servohydraulic testing machine equipped with a clam-
shell furnace. The imposed strain rate was 1 X 107> s™".
Strains were measured via a high-temperature extensom-
eter attached to the shoulder sections of the test speci-
mens. Both the in situ tensile and fracture toughness tests
were performed at a vacuum of 1.3 X 10"’ Pa or better
in an SEM equipped with a loading stage whose tem-
perature capacity is =800 °C.U"1 During in situ tensile
and fracture toughness testing, still photographs of the
gage section or the crack-tip region were obtained as a
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Fig. 1—Microstructures of (a) and (¢) GIF and (b) and (d) GIL
showing: finc gamma grains in optical micrograph (a) with grain
boundary a, phascs imaged bright in the backscattered electron image
(¢); large lamellar grains (b) consisting of alternative layers of gamma
plates and «a, plates (d) with fine grain boundary gamma. The a, plates
in the lamellar structurc are imaged light in the backscattered clectron
image (d).

function of loads or stress intensity, K, levels. Photo-
graphs of the loaded and unloaded cracks were subse-
quently analyzed wusing a machine-vision-based
stereo-imaging technique!?2"! to obtain the displacement
of materials points near the crack-tip region. The near-
tip strain components were then. computed in terms of
the displacements gradients using procedures described
earlier.!*”! The fracture surfaces of the tensile and frac-
ture toughness specimens were also examined using
scanning electron microscopy.

III. RESULTS

A. Tensile Behavior

Engineering stress-strain curves of the Ti-47Al-2.6Nb-
2(V +Cr) alloy tested in air are shown in Figures 2(a)
and (b) for the duplex microstructure and the lamellar
microstructure, respectively. The duplex microstructure
has been found to exhibit a higher yield stress, ultimate
tensile strength, and total elongation than the lamellar
microstructure at ambient temperature, as summarized in
Table I. The strength of the duplex microstructure, how-
ever, decreases with increasing temperature at a faster
rate than the lamellar microstructure. At 800 °C, the yield
and tensile strengths are higher in the lamellar micro-
structure than in the duplex microstructure. The total
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Fig. 2— Engineering stress-strain curves of Ti-47A1-2.6Nb-2(Cr +V):
(a) duplex microstructure and (b) near-lamellar microstructure.

elongation of the duplex microstructure is 3.7 pct at
25 °C, and it increases with increasing temperature to
approximately 13 pct at 790 °C. In contrast, the lamellar
microstructure exhibits a total elongation of 0.88 pct at
25 °C, and it increases to 1.5 pct only at 800 °C. Sub-
stantial differences in the strain-hardening behavior have
also been observed between the two microstructures. As
illustrated by the true stress-true strain curves in
Figure 3, the duplex microstructure shows higher strain
hardening and larger values of the strain-hardening ex-
ponent, N, than the lamellar microstructure. The N value
for the duplex microstructure increases with plastic strains.
Initial and final (prior to fracture) values of N for this
material are compared with those for the lamellar micro-
structure in Table I.

The lack of tensile ductility exhibited by the lamellar
microstructure was studied using in situ tensile tests in
the SEM loading stage at both 25 °C and 800 °C in a
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Fig. 3— Truc stress—true strain curves of Ti47A1-2.6Nb-2(Cr +V) in
log-log plots: (¢) duplex microstructure and (b) near-lamellar micro-
structure.

vacuum better than 1.3 X 107 Pa. During the tensile
test, the load was incrementally increased and stopped
periodically so that the gage section of the tensile spec-
imen could be photographed. At 25 °C, the near lamellar
microstructure remained brittle and cxhibited low ductility
(e;, = 0.75 pct) in vacuum. There were no significant
differences between the reduction in area and fracture
strains in air and in vacuum. Examining the fractured
specimen revealed small microcracks along the gage sec-
tion of the specimen, as shown in Figure 4(a), suggest-
ing that tensile fracturc appecared to be controlled by
initiation of microcracks. In contrast, tensile fracture of
the lamellar microstructure at 800 °C in vacuum was
controlled by crack propagation. Figure 4(b) shows a rel-
atively large microcrack formed at lamellar colony
boundaries. Resistance to crack propagation was so large
that the load capacity of the loading stage was exceeded
prior to fracture of the specimen. Many microcracks and
crack initiation sites were observed in thc lamellar
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Fig. 4 — Characteristics of microcracks observed in tensile specimens
of the lamecllar material (GIL): (a) tested at 25 °C and at ¢ = 1 X
10 s ' in air and (b) tested in vacuum at 800 °C at § = | X
10 *s.

microstructure, including boundaries of (1) equiaxed vy
grains (Figure 5(a)), (2) lamellar colonies (Figure 5(b)),
(3) equiaxed 7y grain and lamellar colonies (Figure 5(c)
and (d)), and (4) lamellar interfaces (indicated by arrows
in Figure 5(c)).

Results of an in situ tensile test at 800 °C for GIF
revealed microcrack initiation mostly at grain bound-
aries, with the microcrack formation process being quite
similar to those associated with the equiaxed grains in
the G1L material shown in Figure 6. At 800 °C, the
equiaxed gamma grains in the GIF alloy and the GIL
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Fig. 5—Crack initiation sites in the lamellar (L) microstructure: (a) equiaxed y grain boundaries, (b) lamellar colony boundary, (¢) lamellar

interfaces. y grains, and y/L interfaces, and (d) y/L interfaces.

alloy were sufficiently ductile that the microcracks, once
nucleated, did not propagate unstably but exhibited
blunting and crack opening, upon increasing loads, as
shown in Figure 6. Additional microcracks were initi-
ated upon continued loading (Figure 6(c)). Final fracture
eventually occurred in the G1F material when the micro-
cracks linked to form a macrocrack of a critical length.
In the case of the GIL alloy, fracture was dominated by
the lamellar grains.

Comparisons of the stress—strain curves for the GIL
material in air and in vacuum are shown in Figure 7(a)
for 25 °C and Figure 7(b) for 800 °C, respectively. The
strain rate for the testing at 25 °C was ~1 x 107> s™"
For the 800 °C testing, the strain rate was 1 X 10 s
for the specimen tested in air but was =1 X 107 s™' for
the specimen tested in vacuum. At 25 °C, the G1L material

METALLURGICAL TRANSACTIONS A

exhibited essentially identical stress—strain behavior, in-
cluding tensile ductility in air and in vacuum
(Figure 7(a)). In contrast, the material showed much
higher ductility and ultimate tensile strength in vacuum
than in air at 800 °C, with the yield stress not signifi-
cantly affected by the test environment. This finding
suggests that the low tensile ductility observed in air at
800 °C might be either an environmental embrittlement
effect or a strain-rate effect.

B. Fracture Behavior

Despite lower ductility, the lamellar microstructure
(GIL) has been found to exhibit higher fracture resis-
tance than the duplex microstructure (G1F) at 25 °C. This
is illustrated by the K-resistance curves shown in
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Fig. 6— Microcrack initiation and coalescence processes at equiaxed
v grains upon increasing levels in the near-lamellar (G1L) material:
(a) 420 MPa. (b) 520 MPa, and (c) 570 MPa.

Figure 8. The fracture toughness results, which are sum-
marized in Table 1, demonstrate that G1L exhibits higher
initiation toughness (K- value), as well as crack growth
toughness, than the G1F material. The K, value for the
duplex microstructure ranges from 10 to 16 MPa\/m,
with a zero value of tearing modulus, Tx (Tx = E/oy dJ/
da, where E is Young’s modulus, oy is the flow stress,
and dJ/da is the initial slope of the J-resistance curve),
at 25 °C and 600 °C. In contrast, the K, value for the
lamellar microstructure increases from 16 to 36
MPaﬁ, and the tearing modulus, T, increases from
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Fig. 7— Comparison of stress-strain curves of the GIL alloy, lamel-
lar Ti-47A1-2.6Nb-2(Cr,V), tested in air and in vacuum: (a) 25 °C,
€ =1 X 107° s7' for both in air and vacuum and (») 800 °C, & =
1 X 10%in airand ¢ = 1 X 107% in vacuum.
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Fig. 8— K-resistance curves of the duplex (G1F) and the nearly fully
lamellar (G1L) microstructures.
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K =7.99 MPa\'m

Ti-47A1-2.6Nb-2.0(Cr+V)
Duplex Microstructure

K = 8.00 MPa\m

K =9.50 MPa\m

Fig. 9— Near-tip fracture process in the duplex microstructure (G1F) at 25 °C.

=().94 to 102 when the temperature is raised from 25 °C
to 800 °C.

The near-tip fracture mechanisms in the duplex micro-
structure (G1F) tested at 25 °C are summarized in
Figure 9, which shows a grain boundary microcrack is
initiated ahead of the main crack tip when the X level is
raised to approximately 8 MPa\/m. The planes of the
microcrack and the main crack are unconnected, result-
ing in a shear ligament whose failure led to a complete
fracture of the test specimen when the K level was raised
above 11 MPa\/m. The strain distribution in the process
zone is shown in Figure 10(a), which shows that the strains
within the near-tip equiaxed gamma grain that exhibits
grain boundary decohesion are on the order of the yield
strain (yield stress/Young’s modulus). This observation
indicates that the microcrack might have been induced
as the result of plastic incompatibility at the grain bound-
ary due to impinging slip developed in the equiaxed y
grains.

Figure 11 presents the near-tip fracture process in the
nearly fully lamellar microstructure tested at ambient
temperature, which exhibits the near-tip strain distribu-
tion shown in Figure 10(b). At K = 14 MPa Vm, the
crack was found to open with bifurcated tips, one of which
lay along the a,/7 interface. At K = 16 MPa\/m , the
main crack extended in a direction parallel to the y and
a, plates in the lamellae. Microcracks were nucleated
along or across the lamellae located ahead of the crack
tip. Further increase to K = 19 MPa Vm caused exten-
sion of the main crack, its linkage with the microcracks,
larger crack opening displacement, and generation of ad-
ditional microcracks ahead of the crack tip. The micro-
cracks and the main crack were connected by ligaments
that were formed between the mismatched crack planes.
At K = 21 MPaV/m, extensive microcracking was ob-
served in the equiaxed gamma grains located at lamellar
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Fig. 10—Measured near-tip strain distributions compared with the
HRR field for plane stress: (a) duplex microstructure (GI1F) and
(b) near-lamellar microstructure (GIL).
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Ti-4?AI-2.6Nb-2.0(Cr+V)
Lamellar Microstructure

Fig. 11--- Near-tip fracture process in the near-lamellar microstructure (G11.) at 25 °C.

grain junctions. Initiation of microcracks in the cquiaxed
vy grains located at lamellar colony boundaries appeared
to occur at K = 20 MPa\/m. Additionally, a lamellar
grain located ahead of the crack tip was found to delam-
inate along the /vy interface, forming an interface crack
that extended across the entire lamellar grain. At K =
24 MPaV/m, the main crack began to link with the
microcracks as fracture of the ligaments was imminent.
The specimen failed at K = 25 MPa\/m after the liga-
ments failed. This led to a saturated value, K., in the
K-resistance curve, as shown in Figure 8. The value of
K, was computed based on the crack length and the peak
load at the onset of unstable fracture.

The fracture processes in the lamellar microstructure
at 800 °C were quitc similar to those at ambient tem-
perature, but they occurred at higher X levels. Figure 12
illustrates the fracture processes associated with propa-
gating the main crack across a lamellar colony. At K =
9 MPa\/a, the main crack was seen to open. With in-
creasing K levels, the lamellae ahead of the tip of the
crack exhibited substantial amounts of plastic deforma-
tion, which resulted in bending of the platelets and
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formation of microcracks. as evidently shown at
K = 25 MPaVm.

Another common fracture process at 800 °C was crack
propagation in a direction parallel to «,/y lamellae, de-
veloping a shear band at the tip of the crack tip, as shown
in Figure 13. Upon increasing K levels, the crack tip
blunted by deforming along the shear band, and a micro-
crack was formed ahead of the tip of the main crack by
delamination along an apparent interface. The interface
crack and the main crack were, however, unconnected
and separated by a shear ligament. Increasing the K level
led to (1) intense deformation and fracture of the shear
ligament, (2) opening of the microcrack, and (3) the de-
velopment of a shear band at the tip of the interface
microcrack. This combination of interface cracking and
shear ligament fracturing process is clearly demonstrated
in the series of micrographs for K = 48, 50, and 52
MPaV/m in Figure 13. From these micrographs, it is noted
that the same crack extension process prevailed over the
K range examined. The size of the shear ligaments and
the amount of crack extension were, however, increased
with increasing K levels.
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Ti-47Al1-2.6Nb-2.0(Cr + V)

800°C

K = 25 MPaym

Fig. 12— Fracture process associated with crack growth across the «,/y lamellae in the lamellar microstructure (G1L) at 800 °C.

The near-tip strain distributions for the cracks shown
in Figures 12 and 13 are compared with those calculated
based on the Hutchinson,!”*! Rice, and Rosengren!**
(HRR) field for the plane stress condition in Figure 14
for K = 25 and 56.4 MPa\V/m. In both cases, the mea-
sured strains were lower than the calculated results, al-
though the differences were reduced at the higher K level
(56.4 MPa\/m). This may indicate that the local stress
intensity factor, K,,. was lower than the applied stress
intensity factor, K, based on the stipulation that the plane
stress assumption was valid. Comparison of measured
and calculated crack surface opening measurements,
shown in Figure 1 i}lg), indicated that the near-tip K value,
K,,, was 16 MPa\Vm, compared to the applied value of
25 MPa\VVm. Thus, the near-tip strain and crack opening
displacement (COD) measurements indicated the pres-
ence of at least one shielding mechanism influencing the
crack tip, prior to the onset of quasi-static crack growth,

C. Fracrographic Observations

The fracture mechanisms revealed by fractographic
studies of the fracture surfaces were similar to those
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observed on the specimen surface during in situ fracture
testing. For the duplex microstructure (G1F), both cleav-
age and intergranular facets were observed.!"’ The small
amounts of cquiaxed gamma grains in the G1L material
failed in similar manners as those in the GIF material.
In contrast, the lamellar grains in the G1L material ex-
hibited translamellar fracture (across the lamellae)
(Figure 15(a)), and delamination of interfaces resulting
in apparent low-energy facets (Figure 15(b)) on the frac-
ture surface. In many instances, translamellar crack
propagation was accompanied with concurrent interface
delamination (Figure 15(¢)). The separation of interface
cracks could be as large as 100 um (Figure 15(c)), or
as small as 5 um or less (Figure 15(d)).

Comparison of fracture surfaces of tensile specimens
of G1L tested in air is shown in Figures 16(a) and (c),
respectively, while those for the fracture specimens tested
in a vacuum are shown in Figures 16(b) and (d). La-
mellar colonies that fractured by translamellar paths
exhibited a composite fracture appearance, while those
by interface delamination were generally manifested as
low-energy facets with various degrees of smoothness.
While many of these interface facets exhibited a
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Ti-47A1-2.6Nb-2.0(Cr + V)
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Fig. 13— Fracture process associated with crack growth parallel to the a,/v interface in the lamellar microstructure (G11.) at 800 °C.
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Fig. 14 —Comparison of measured near-tip strain distribution and CODs with the HRR field for plane stress for the lamellar material at 800 °C:
(a) strain distribution and (b} COD.
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Fig. 15— Characteristics of fracture surfaces observed in the lamellar microstructure: (a) translamellar fracture, (b) interface facets, (c) transla-
mellar fracture with concurrent interface delamination, and (d) high-magnification view of delaminated a,/y lamellae.

low-energy-like fracture appearance, there is evidence
that delamination of these interfaces occurred with plas-
tic dissipation resulting from both crack-tip blunting and
fracture of shear ligaments (Figure 13). Figure 16 indi-
cates the number of delamination facets on the fracture
surfaces of GIL was quite large. Furthermore, interface
delamination in the lamellar colonies occurred both in
air and in vacuum at 25 °C and 800 °C. The available
data are not sufficient to discern quantitatively whether
interface delamination is assisted by the air environment
or elevated temperature.

IV. DISCUSSION

The finding that the tensile ductility data in air and
vacuum are equivalent at 25 °C in Figure 7(a) indicates
that environment is not a factor affecting the tensile and
fracture behavior of the lamellar microstructure at this
temperature. The latter is confirmed by comparing the
fracture toughness data obtained in this study to those
obtained in air from another study.!®!” Furthermore, the
tensile ductility of the duplex microstructure was not in-
fluenced by the test environment at 600 °C. The different

METALLURGICAL TRANSACTIONS A

tensile and fracture toughness behaviors manifested by
the duplex and the lamellar microstructures at ambient
temperature arc therefore of microstructural, and not of
environmental, origins. On the other hand, the discrep-
ancy between the tensile ductility in air and in vacuum
at 800 °C suggested either an environmental degradation
or a strain-rate cffect associated with fracture of the la-
mellar material in air at elevated temperatures. The pos-
sible range of temperature and strain rate within which
air might affect the fracture behaviors of the lamellar
microstructure has not been investigated, however.

The tendency of the equiaxed gamma grain micro-
structure to exhibit grain boundary decohesion and
cleavagelike fracture can be attributed to the planar slip
behavior of the gamma grains. Because of the lack of
five independent slip systems, planar slip in gamma grains
would result in plastic incompatibility and, consequen-
tially, microcrack formation at grain boundaries, as il-
lustrated in Figure 17. In contrast, the lamellar
microstructure exhibits a higher K~ value than the
equiaxed grain microstructure, despite lower total elon-
gation and fracture strain. The higher K, value for the
lamellar microstructure can be attributed directly to the
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Fig. 16 —- Comparison of fracturc surfaces of tensile and fracture toughness specimens for G11. material: (a) tensile specimens at 25 °C in air,
(b) fracturc toughness specimens at 25 °C in vacuum, (c) tensile specimens at 800 °C in air, and (d) fracture toughness specimens at 800 °C in

vacuum.

ability of the lamellar microstructure to sustain a higher
plastic strain near the crack tip (Figure 17), without
causing grain boundary decohesion or slipband cracking.
The lamellar microstructure, however, has a tendency to
delaminate along interfaces, producing relatively smooth
and low-energy-like facets. Recent work!?®! has identi-
fied the delaminated interfaces in the lamellar colonies
to include y/v, y/a,, and a,/a, interfaces. The results
have been obtaincd by identifying the phases lying on
top of the mating fracture surfaces using the energy-
dispersive spectroscopy technique. The majority of the
delaminated interfaces observed at ambient tempera-
ture are v/y interfaces, with the y/a, interfaces less
frequently observed. The a,/a, interface was observed
once at 800 °C.

At ambient temperature, the near-tip strain values for
the lamellar microstructurc are considerably larger
than the tensile ductility measured in air or vacuum.
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Furthermore, the tensile ductility and K, valucs of the
duplex and lamellar microstructures appear to correlate
in an inverse manner. As shown in Table I, high values
of K,- and K, correspond to lower tensile ductility and
vice versa. The lack of correlation between K, and ten-
sile ductility, which has been observed previously in a,
titanium aluminide alloys*'* as well as TiAl-based al-
loys.?*!"l can be understood on the basis that the tensile
ductility of the intermetallic alloy is likely to be dictated
by the nucleation of a microcrack, whose length at ini-
tiation is greater than that required to attain the K, or
Jy under the imposed stress and strain conditions. Under
this circumstance, the tensile ductility is dictated by the
Jic or K- value and the length of the microcrack, which
is the gamma grain size in the duplex microstructure but
is the colony size in the lamellar microstructure. Using
a previous model by Chan,"”” which describes this type
of fracture process, the tensile ductilities of both equiaxed
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25°C.
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and lamellar microstructures have been calculated using
Eqs. (1) through (7) in Reference 27, and the results are
presented in Figurc 18. In these calculations, a micro-
crack length equal to the grain or colony size was as-
sumed to be present in the microstructure. A grain
boundary microcrack was assumed in the duplex micro-
structure, while an interface crack formed by delami-
nation of the a,/vy colony was envisioned in the lamellar
microstructure. The fracture strain values corresponding
to K, and K are both presented. The important point to
note in Figure 18 is that the low tensile ductility in the
lamellar microstructure is the result of the relatively large
colony size. Conversely, the higher tensile ductility ob-
served in the equiaxed microstructure is due to a small
grain size.

Another important differcnce between the duplex and
the lamellar microstructures is in the tearing resistance.
In particular, the duplex microstructure exhibits no tear-
ing resistance (T, = 0) at 25 °C and 600 °C. In contrast,
the lamellar microstructure shows moderate and out-
standing tearing resistance at 25 °C and 800 °C, respec-
tively. The resistance-curve behavior exhibited by the
lamellar microstructure at 25 °C appears to arise from
the tendency of the main crack to change crack paths as
it zigzags among individual colonies, resulting in mis-
matched crack planes that are connected by unbroken
ligaments. Fracture of thesc ligaments, which generally
occurs in shear (Figures 8 and 13), requires additional
plastic dissipation that can lead to toughness enhance-
ment. A recent analysis by Chan'®! has revealed that shear
ligament toughening leads 1o a resistance-curve behavior
similar to bridging of the crack surfaces. The amount of
toughness cnhancement increases with increasing area
fraction and fracture toughness (plastic work of fracture)
of the shear ligaments on the crack plane, as well as the
size of the lamellar colony. Figure 19 shows comparison
of the fracture toughncss of several TiAl-alloys, both from
this and other studies.!®'"-?*2} The fracture toughness data
in this plot are the maximum values of intensity, K,
measured at the peak load. Therefore, they include both
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the initiation toughness (K,¢) and the resistance-curve ef-
fect. The comparison shows that the lamellar micro-
structure exhibits a higher toughness than materials with
the equiaxed gamma grain or duplex microstructures. For
the lamellar microstructure in this study, the K, values
at which stable and unstable crack growth occurs are 16
and 25 MPaVm, respectively. The toughening ratio
(Ks/K,), which can be attributed to shear ligament
toughening, is 1.56. The toughness enhancement, pre-
sumably due to shear ligament toughening, appears to
reach a maximum at a colony size of 600 um. From
Figures 18 and 19, it is also evident that tensile ductility
and fracture toughness depend on colony or grain size
in opposite manners. As a result, tensile ductility and
fracture toughness are not expected to correlate through
a simple relationship, as observed experimentally.

The sources of tensile ductility and fracture toughness
in the lamellar microstructure at 800 °C are not readily
obvious based on the results obtained in this investiga-
tion. Although shear ligament toughness has been iden-
tified as one of the toughening mechanisms, near-tip strain
measurements and plastic bending of the lamellae ahead
of the crack tip clearly indicate ductility in this micro-
structure at 800 °C, at least in the vacuum environment
and at slow strain rate. Subsequent transmission electron
microscopy studies'?-°% of deformed tensile specimens
have revealed the presence of twins in the vy platelets in
the lamellar microstructure at both 25 °C and 800 °C.
The amount of twins and dislocations is considerably
higher in specimens tested at 800 °C than at 25 °C. This
finding suggests that the improved tensile ductility and
fracture toughness characteristics of the lamellar micro-
structure at 800 °C are the consequence of the activation
of additional twinning or slip systems, at least in the 7y
phase.

The near-tip strain distribution in the lamellar micro-
structure has been found to be the HRR-type!™** (power-
law type) for the plane stress condition when the cracks
are stationary or exhibit small crack extensions. This
conclusion is based on near-tip strain distributions for
8 = 0 deg, 45 deg, and 90 deg, although only those
results for 8 = O deg are shown in Figures 10 and 14.
The finding is in agreement with previous results for quasi-
static crack growth in Al-Fe-X alloys®®! and
Ti-24Al-11Nb.!'8-2%) Furthermore, it is consistent with re-
cent near-tip in-plane displacement measurements ob-
tained via a moire interferometry by Dadkhah and
Kobayashi!®?! which showed the dominance of the plane-
stress HRR-field for dynamic cracks with less than 2 to
10-mm crack increments. In all cases, the loss of HRR
dominance was observed only after substantial crack
extensions had occurred. For elastic-plastic stationary
cracks, finite-element analyses!*?) revealed that the plane
stress assumption is valid at the surfaces of a thin sheet
specimen for distances as close as one crack-tip opening
displacement from the crack tip. Since only in-plane strain
components were measured in this investigation, possi-
ble breakdown of the plane stress assumption due to three-
dimensional surface effects!®*** cannot be deduced from
the strain measurements. The resolution of the machine-
vision-based stereoimaging technique is better than 1 um
in displacement and 0.5 pct in strain. As a result, the
discrepancies between measured and calculated near-tip
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strains and CODs shown in Figures 10 and 14 are not
the consequence of experimental limitation. Instead, they
are apparently due to the intervention of microcrack nu-
cleation at a grain boundary (Figure 9) and the presence
of shielding mechanisms that reduce the near-tip stress
intensity factor (Figure 14). The colony size of the la-
mellar microstructure of the alloy studied is =1.6 mm.
Because of this relatively large colony size, there is a
concern about the use of the HRR theory at a smaller
size scale. Nonetheless, the measured strains exhibited
the HRR-type distribution. This behavior can be attrib-
uted to the fact that plastic deformation within the la-
mellar colony is controlled not by the colony size but by
the spacing of the lamellae, which is on the order of
1 um for this alloy.

V. CONCLUSIONS

1. The fracture mechanisms in the duplex micro-
structure are plasticity-induced grain boundary de-
cohesion and cleavage, while those in the lamellar
microstructure are interface delamination and crack-
ing across the lamellae.

2. The lamellar microstructure is tougher than the
equiaxed gamma or duplex microstructure because of
higher near-tip plasticity and an anisotropic
compositelike fracture characteristic that yields a tor-
tuous crack path, shear ligament toughening, and an
improved resistance-curve behavior.

3. Tensile ductility of the lamellar microstructure in-
creases with decreasing colony size, while fracture
toughness shows a maximum at a large colony size.
There is no corrclation between fracture toughness
(K¢ values) and measured tensile ductility in the two-
phase TiAl alloy. The lack of a correlation is the
consequence of an opposite dependence of tensile
ductility and fracture toughness on grain or colony
size.

4. Tensile ductility of the lamellar microstructure at
800 °C is adversely affected by a slow strain rate in
the air environment.
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