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Heterogeneous strain was analyzed
in polycrystalline, commercial-purity
titanium using many experimental tech-
niques that provide information about
microstructure, dislocation arrange-
ment, grain orientation, orientation
gradients, surface topography, and lo-
cal strain gradients. The recrystallized
microstructure with 50-200 um grains
was extensively characterized before
and after deformation using 4-point
bending to strains between 2% and
15%. Extremely heterogeneous defor-
mation occurred along some grain
boundaries, leading to orientation gra-
dients exceeding 10° over 10-20 um.
Patches of highly characterized micro-
structure were modeled using crystal
plasticity finite element (CPFE) analy-
sis to simulate the deformation to evalu-
ate the ability of the CPFE model to
capture local deformation processes.
Damage nucleation events were identi-
fied that are associated with twin inter-
actions with grain boundaries. Progress
toward identifying fracture initiation
criteria based upon slip and twin inter-
actions with grain boundaries is illus-
trated with related CPFE simulations of
deformation in a TiAl alloy.

INTRODUCTION

It is commonly thought that damage
nucleation occurs in regions of strain
concentration, either macroscopically
or microscopically. While finite ele-
ment analysis is commonly used to
identify regions of macroscopic strain
concentration at the component level,
such that changes in shape can improve
a design, this approach is not as simple
at the microstructural scale, where het-
erogeneous strain is typically observed
in polycrystals. Heterogeneous strain

results from the fact that some crystal
orientations are softer than others. This
phenomenon can be modeled effectively
with visco-plastic self-consistent models
to describe homogenized deformation
behavior of a material, for example.'?
However, the constraint of one grain
on deformation of a neighboring grain
leads to heterogeneous deformation
within a given grain,** which cannot be
modeled effectively using homogenized
statistical modeling approaches. Thus,
crystal plasticity finite element (CPFE)
analysis is needed to model the defor-
mation processes that occur in three-di-
mensional (3-D) microstructures, where
the interactive effects of grain shape and
orientation-dependent slip processes
can be modeled.>"" As damage nucle-

How would you...

...describe the overall significance
of this paper?

Complex 3-D deformation processes
at grain boundaries can be
characterized using a combination of
synergistic techniques.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

Prediction of damage nucleation
at grain boundaries requires
models that can accurately predict
heterogeneous deformation, which
requires accurate experimental
characterization to assist model
development and validation.

...describe this work to a
layperson?

Quantitative understanding about
what happens just before a crack
becomes a crack will lead to new
material processing and design
paradigms that will improve material
performance in a wide range of
applications.
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ation is a rare event that occurs in par-
ticular geometrical grain arrangements,
it is necessary to be able to predict these
deformation processes accurately before
damage nucleation sites can be predict-
ed with any confidence. Consequently,
research has focused on two important
phenomena: detailed characterization
and modeling of heterogeneous defor-
mation, and identification of damage
nucleation mechanisms that occur at
grain or phase boundaries.

Prior work in identifying conditions
for fracture or cavity nucleation in tita-
nium-based alloys suggests that particu-
lar kinds of slip interactions with a grain
boundary can weaken the boundary, or
highly anisotropic plastic strains can
cause triaxial stresses that favor cavity
or crack nucleation.'>"* In this research
program, we are using commercial-pu-
rity titanium (CP Ti) as a model material
to study how grains with different ori-
entations deform, to identify particular
grain boundary regions where heteroge-
neous deformation occurs, and to iden-
tify where heterogeneous deformation
leads to damage nucleation events. Dis-
coveries from this experimental work
show that deformation near boundar-
ies varies significantly, depending on
grain orientations and shape. In some
locations, sliding or mode II cracks and
extreme rotation gradients within a few
micrometers of the grain boundary have
been observed, leading to dramatic to-
pography along some grain boundaries,
while other boundaries exhibit no topo-
graphic features.

To increase understanding of what
kinds of heterogeneous deformation
processes cause damage nucleation,
CPFE modeling of patches of highly
characterized microstructure is under
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way. These experimental investigations
provide an effective environment to
evaluate the fidelity of CPFE methods
that will help improve their ability to
accurately model deformation process-
es that occur in real microstructures.
Strategies to introduce slip transfer
processes into grain boundaries that in-
clude the capability to monitor residual
defect storage are under way. See the
sidebar for experimental methods.

OPTICAL MICROSCOPY

A region of a deformed CP Ti speci-
men bent to about 8% surface tensile
strain using 4-point bending is shown
in Figure 1. Optical images appear to
show grain boundary cracks (curved ar-
rows), but upon closer inspection, these
are found to be ledges (with as little as
2% deformation, these ledges can give
the appearance of cracks). The ledge
geometry is confirmed by changing the
focal plane so that different surface fea-
tures such as dirt or grid marks are in
focus. In Figure 1, the elevation of grain
3 is about 4 um above the neighboring
grains in the center. This is shown by
comparing the lower micrograph at a
focal plane marked O wm, and the top
micrograph at a focal plane marked
—4 um. Other boundaries do not form
ledges, and are not easily seen, such as
the one that must lie between grains 2
and 4 in the middle. In some cases, a
ridge forms along a boundary between
two grains, such as the lower boundary
in the elliptical inset at a focal plane
of —2 um that is out of focus at the 0
and —4 um positions in the other two
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Figure 1. Two images with dif-
ferent focal planes show that
vertical displacements of about
4 um occur along the grain
boundaries between grains 2,
3, and 4. In the boundary be-
tween grains 0 and 2 (elliptical
inset), no ledge developed, but
its elevation was higher than
the interiors of grains 0 or 2 on
either side.

images. The array of markers clearly
shows strain gradients associated with
this boundary. This image shows that
deformation near grain boundaries can
differ significantly from the grain inte-
riors. These features have been further
quantified using optical laser profilom-
etry and atomic force microscopy mea-
surements (AFM, or scanning probe
microscopy, not shown).

Figure 2. Schmid factor
map based upon tension in
the horizontal direction of
the region in Figure 1; the
horizontal line through grains
4, 3, and 5 indicates where
3-D x-ray measurements
were made in Figure 4.
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ORIENTATION IMAGING
MICROSCOPY

A Schmid factor map made from
electronic backscatter pattern (EBSD)
data prior to deformation for the area
shown in Figure 1 is shown in Figure
2. This region has a mix of hard (black)
and soft (white) grains, as prismatic slip
has a much lower critical resolved shear
stress than basal or other slip systems.
After deformation, the grayscale misori-
entation map in Figure 3 shows the mis-
orientation from a position in the center
of the grain (white) up to 10° (black) in
the same grain. Along the boundary be-
tween grains 2 and 3, and grains 4 and
5, the gradient exceeds 10°. Gradients
are often observed in hard grain orienta-
tions (those with the c-axis close to the
horizontal tensile axis, black in Figure
2), and especially when they are adja-
cent to neighboring soft grains (e.g.,
grains 2 and 4 that have their c-axis
nearly perpendicular to the horizontal
tensile axis). In addition, it is evident
that soft grain #4 strained more than
other grains, and that the orientation in
the grain center changed more than sur-

Figure 3. Map of crystal orien-
tation after ~8% tensile strain
shows orientation gradients
up to 10° (black) from a posi-
tion in the center of each grain
(white), indicated by unit cell
orientation. Grains 0 and 4
show the most profound ori-
entation change in the grain
interior (from Figure 2).
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EXPERIMENTAL METHODS

Well-annealed samples of commercially pure titanium with grain sizes of about
50-200 um were cut in the shape of 4-point bend specimens with dimensions of 25 x 3
% 2.5 mm and then electropolished. The bending stage was designed so that a strained
but still loaded specimen could be investigated in microscopes.'> An elastic-plastic con-
tinuum finite element analysis of this geometry showed that the region between the two
middle pins 6 mm apart provided a nearly uniform plastic strain on the surface.’> Many
tools were used to investigate the material before and after deformation: optical mi-
croscopy, atomic force microscopy to measure surface topography, differential image
correlation using grid marks deposited with a focused ion beam to measure local strains,
scanning electron microscopy, transmission electron microscopy, electron backscatter
pattern mapping to track grain orientations, orientation gradients and grain boundary
misorientations, electron channeling contrast to detect slip activity, and three-dimen-
sional x-ray characterization of local orientations and orientation gradients, boundary

inclinations, and internal strains.

rounding grains. Strains measured using
the focused ion beam (FIB) deposited
markers indicate that hard grains (with
the c-axis toward the tensile axis) gen-

Beam
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erally deformed about half as much as
soft grains. These strong local orienta-
tion gradients suggest that slip transfer
across a grain boundary may be difficult

to accomplish, as self-accommodation
to maintain compatibility with the shape
change of a neighboring grain prevents
fracture.

3-D X-RAY
CHARACTERIZATION

Part of the region illustrated in Figures
1-3 was characterized using microbeam
x-ray diffraction analysis capabilities on
beamline 34-ID-E at the Advanced Pho-
ton Source at Argonne National Labora-
tory!'®!7 to assess subsurface orientation
gradients. The white horizontal line in
Figure 2 shows the location of a trace
on the Schmid factor map where a slice
of material was characterized under-
neath grains 3, 4, and 5 before and af-
ter deformation. The undeformed slice
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Figure 4. (a) Subsurface crystal orientation map along trace shown in Figure 2 from 3-D x-ray analysis before deformation shows initial grain
shape. Diffraction patterns from boundary between grains 3 and 5 near the surface (b) before and (c) after deformation, and diffraction pat-
tern of boundary between grains 5 and u2 about 25 um below the surface after deformation (d). Between (a) and (c), a spider plot assists
identification of dislocations associated with streaked spots in grain 5.
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Table I. Schmid Factors for Slip Systems
Associated with Streaks on Laue Pattern

Global Local Stress
Slip Stress Tensor
System Tensor (CPFE)
1 (surface) 0.427 0.375
1 (subsurface) 0.364 0.302
24 (surface) 0.027 0.004
24 (subsurface) 0.088 0.110

is shown in Figure 4a, where the x-ray
beam entered the specimen 45° from
the surface. There is good agreement
between lattice orientations measured
by EBSD and by the x-ray method for
the surface grains. The x-ray method
can identify subsurface grains (Ul,
U2, and U3), and hence grain bound-
ary inclinations, which result from the
high energy beam and the algorithms
to reconstruct diffraction patterns from
a particular voxel beneath the surface.
Figure 4b shows reconstructed and in-
dexed Laue peaks from both grains at
the 3-5 grain boundary before defor-
mation. The location of this pattern is
marked by the upper left ‘X’ in Figure
4a. After deformation, Laue reflections
of both grains became streaked (Figure
4c), but in different directions, imply-
ing that substantial orientation gradi-
ents arose from geometrically neces-
sary (unpaired) dislocations (GNDs)
present in this small volume. Because
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the streaking and peak spreading is so
pronounced in the deformed grains, it
was not possible to automatically iden-
tify orientations from the deformed dif-
fraction patterns at all locations in the
3-D scan. However, the streaks can be
used to identify slip systems associated
with GNDs. Here, we assume that the
streaking of a Laue peak of one grain is
caused by a single set of edge disloca-
tions, with Burgers vectors b, slip plane
normal n, and dislocation line direction
T (perpendicular to b in the slip plane).
With this assumption, the streak direc-
tion & of a certain peak (hkl), which is
projected onto the detector, can be writ-
tenas§E=1txg /It xg | whereg,
is the reciprocal lattice vector of the
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Figure 5. SEM backscattered electron image of microstructure from Figures 1—4 after
8% tensile strain, with CPFE simulation results showing von Mises stress (upper left),
surface elevations (upper right), and orientation gradients (lower right). Slip plane traces
are indicated for the most highly stressed prism (dark gray) or basal (light gray) slip
system based upon the uniaxial tension global stress state.
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Figure 6. Selected
area channeling pat-
terns (SACP) assist
in the interpretation
of different contrast in
images with different
sample tilt conditions
for the same set of
basal slip bands.

peak.'81 Specifically, for the (4514)
peak of grain 5, the directions of pro-
jected streaks arising from GNDs on
each of the 24 dislocation slip systems
are plotted (#1-3 for basal, #4—6 for
prismatic, #7—-12 for pyramidal <a>
and #13-24 for pyramidal <c+a>).
Comparison between the measured and
predicted directions for GND lattice ro-
tation streaks shows that the experimen-
tal streak is closest to the prediction for
basal slip system 1 or pyramidal <c+a>
slip system 24. The streak from the pat-
tern is overlaid on the projected streak
axis for basal slip system 1, which has
a much higher Schmid factor than the
<c+a> system 24 or 13; values for 24
are shown in Table I. However, this
analysis does not take into account the
fact that the local stress tensor in this
grain boundary region differs from the
uniaxial tension global stress state. Us-
ing the local stress tensor determined
from the CPFE model described in the
next section, the Schmid factors at this
particular location are slightly differ-
ent, but do not alter the interpretation of
which slip systems are most likely to be
active (but this is not always true). This
analysis shows that basal slip is corre-
lated with the observed GNDs.

A similar analysis shows that GNDs
in grain 3 are associated with pyramidal
<c+a> slip. The distribution of GNDs
is not uniform in most grains. For ex-
ample, the Laue reflections of grain 5
from a greater depth at the 5-7 grain
boundary marked by the lower right
‘X’ in Figure 4a shows streaking in
the same direction as in Figure 4d, but
with some differences in shape, which
indicates subtle differences in the GND
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details. Furthermore, comparing the po-
sition of diffraction spots for grain 5 in
Figure 4c and d, the lattice orientation
at the top and bottom of the grain dif-
fers by ~10° in the direction indicated
by the streaks.

CRYSTAL PLASTICITY
FINITE ELEMENT
SIMULATION

A major goal of this research project
is to compare experimental measures
of strain in patches of microstructure
with CPFE simulations of the same
microstructure patch. The mesh was
extracted from the undeformed geom-
etry in two dimensions, and extended
into a five-element thick slab, making
the grain boundaries perpendicular to
the surface. A rim of elements with the
same orientation (similar to the domi-
nant orientation) provided some exter-
nal constraint to buffer the modeled re-
gion from applied boundary conditions.
Figure 5 shows a backscattered electron
(BSE) image in the same region de-
scribed above in Figures 1-4. Using
the EBSD data, the plane trace for the
most highly stressed slip system (based
upon the global stress state) are identi-
fied in each grain. The CPFE analysis
used the fact that the critical resolved
shear stress for prismatic slip is 1/3 that
for basal slip and 1/4 for <c+a> slip.’
Clearly, grains oriented favorably for
prismatic slip (dark gray traces) show
dramatic slip plane traces and high ac-
tivity in the CPFE simulation, while
evidence for basal slip is not readily
observed (lighter gray traces).

The CPFE analysis results are over-
laid in the corners of Figure 5. Grains
with different orientations behaved
quite differently under the simulated
applied tensile load. The top left inset
in Figure 5 shows the calculated equiv-
alent von Mises stress. Some grains dis-
play substantial stress gradients while
others do not, and the range of stresses
among the grains varies by a factor of
4. The CPFE model also provides the
relative z-displacement along the sur-
face normal (upper right inset in Figure
5). The softer grains tended to “sink”
into the surface during deformation as
they elongated in the tensile direction
and contracted normal to the surface.
The computed z displacements are
mostly comparable in magnitude to the

displacements found from the optical
microscopy measurements for the grain
interiors as well as for the grain bound-
ary regions; the boundary at the bottom
of grain 2 is modeled to have sunk by
~5 pm, but was found experimentally
to have sunk by ~2 um, where the ridge
was observed in the elliptical inset in
Figure 1. However, the sense and loca-
tion of local grain rotations near grain
boundaries was not accurately simu-
lated by the CPFE model (lower right,
e.g., top and bottom edges of grain 2

and left side of grain 5). If the deforma-
tion patterns near grain boundaries are
not modeled correctly, then the defor-
mation in the grain interiors is also af-
fected. Hence, even the modeled defor-
mation patterns in grain interiors also
lack credibility. This lack of agreement
emphasizes the need to improve the
geometrical representation of grains
with proper inclinations and orienta-
tions beneath the surface, and to install
appropriate grain boundary properties
into the CPFE modeling strategy.

Figure 7. AFM, SEM, and
OIM characterization of
slip-stimulated  twinning
from grain 1 to grain 2.
AFM measurements pro-
vide accurate z displace-
ments that permit quanti-
tative analysis on the ac-
tive deformation systems
in different grains. Prism
slip-stimulated twin defor-
mation transfer occurred

at the 1-2 grain bound-

oo i 600 T 150
ary. No slip-to-twin transfer o /\ \\\ nm\/\ \/\A

occurred across the 2-3 l
boundary.
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Figure 8. A crack formed
at a grain boundary
where a{1121} <1126 >
T2 twin interacted with
many T1 twins after 2%
strain; the T2 twin had a
large shear component
out of the plane of the
page; horizontal tensile

%5,000 WD 11.5mm axis.
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SCANNING ELECTRON
MICROSCOPY

The BSE image in Figure 5 shows
significant contrast variations where
there are grain orientation gradients
and slip traces. These slip traces repre-
sent slip bands where the local crystal
orientation differs from the majority
orientation, and they are in close agree-
ment with computed plane traces for
slip systems with high Schmid factors
based upon the global stress tensor, as
shown by overlaid plane traces. From
this and many other observations, it
is clear that when prismatic slip is fa-
vored, distinct slip bands are observed,
which have topographies that are even
obvious in secondary electron images.
These BSE images show channeling
contrast arising from small orientation
gradients, both across the breadth of
the grains, but also associated with lo-
cal disruption in channeling conditions
due to residual dislocations in the slip
bands.?! When the specimen is more
strategically tilted with respect to the
beam, as in Figure 6, the channeling
conditions change, thus emphasizing
particular kinds of defects, in this case
basal slip in a particular grain. Conse-
quently, varying the channeling condi-
tions is important to fully identify slip
activity that does not cause dramatic
topography that is commonly seen with
prismatic slip (vertical banding fea-
tures in Figure 6). At low magnifica-
tion, the (0001) basal plane slip bands
highlighted by the overlaid plane trace
lines shows opposite contrast when the
sample was tilted from 6 to 12.5°, such
that the beam axis was on one side or

Figure 9. Sample bent
to about 15% tensile
strain  shows GB
cracks. The left two
show a Mode 1 and
the right image shows
a Mode Il crack.

the other side of a diffraction channel-
ing band.

SCANNING PROBE
MICROSCOPY

To provide detailed experimental
evidence that assists and guides the
development of CPFE simulation of
twinning and dislocation interactions,
a combination of AFM, BSE imaging,
and EBSD was performed, allowing
quantitative analysis of the active de-
formation systems in different grains
(an example is given in Figure 7). The
surface height change (h) due to the
dislocation and/or twinning activity
can be measured from the AFM data,
while orientation imaging microscopy
(OIM) and scanning electron micros-
copy (SEM)-based trace analysis al-
lows the deformation plane to be iden-
tified. Taken together, this information
enables the Burgers vector directions
to be determined. Thus, the number
of slip/twinning dislocations shear-
ing a given volume of material can be
calculated as h = Nb - n_ ., where N
is the number of dislocations, b is the
magnitude of the Burgers vector, and
n ... is the normal to the slip plane.
Because only one twinning partial
moves on each adjacent slip plane dur-
ing the formation of a twin (unlike dis-
location slip, where many dislocations
may move on a given plane), twins
can be used to check the accuracy of
this measurement strategy by compar-
ing the projected twin width measured
from BSE images to the calculated
projected twin width based on the in-
ter-planar spacing and the number of
twinning dislocations determined from

AFM. For the largest twin shown in
Figure 7, the calculated apparent width
is about 5.2 um, which is quite close to
the measured width of 5.6 um. Simi-
lar analysis can be used on a series of
parallel slip bands in a grain, such as
the slip bands shown in Figure 7. This
approach is allowing us to measure the
local shear strains on particular defor-
mation systems throughout a micro-
structure patch for direct comparison
with calculated shears from the CPFE
model. Local deformation gradients
and strains can be quantified in detail
with local displacement information
via digital image correlation (DIC) us-
ing markers placed on selected regions
(evident in Figures 1 and 5), and com-
pared with the contribution of shears
on particular slip systems.

This effort has also uncovered a sub-
tle 180° rotation about the normal di-
rection of the coordinate system for the
Euler angles with respect to the physi-
cal specimen (map) coordinate system.
For most analyses, this ambiguity has
no impact, but when the sense of 3-D
shears is important, this difference in
coordinate systems must be consid-
ered. Correcting the Euler angles led to
significant improvements in agreement
between the CPFE simulation and ex-
perimental measurements. Researchers
should take care to ensure that their
systems produce orientation data in the
expected sense in similar types of anal-
yses. Updated details regarding coordi-
nate systems are discussed extensively
in Reference 22.

MECHANICAL TWINS AND
DAMAGE NUCLEATION

While twinning is known to be an
important deformation mechanism in
titanium, the nature of twin nucleation
and the role twinning plays in dam-
age nucleation is not known. Figure
7 shows an example of nucleation of
{1012} <1011 > (type T1 tensile/ex-
tension) twins in grain 2 at the intersec-
tion of prismatic dislocation slip bands
in grain 1 with the grain boundary.
Based on this and similar observations,
we have found a statistically signifi-
cant correlation between the prismatic
dislocation slip in soft oriented grains
and nucleation of twins in hard ori-
ented grains. Specifically, if the align-
ment of the slip and twinning systems is
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quantified by a slip transfer parameter
m’ = cosy cosk, where y is the angle
between the slip and twinning plane
normals and x is the angle between the
slip and twinning directions,? the cor-
relation between prismatic slip and T1
twinning in neighboring grains is high
for large values of m’. Non-parametric
statistical analysis reveals this corre-
lation is much stronger than for other
variables, such as the Schmid factors of
the slip and twinning systems.?*

Furthermore, preliminary results
suggest that twinning plays an impor-
tant role in nucleating damage in Ti.
While {1121} <1126 > (type T2 ten-
sile/extension) twinning is quite rare in
our studies, formation of T2 twins does
appear to result from deformation trans-
fer associated with T1 twins interacting
with boundaries. Furthermore, we have
observed the formation of severe ledges
and one crack in association with T2
twinning. Figure 8 shows a nucleated
crack developing along the interfacial
plane of a T2 twin where it intersects at
a grain boundary after only 2% strain.
The actual reason these cracks formed
is not yet understood, but this T2 twin
has a large out-of-plane shear compo-
nent. The cracking may either be the re-
sult of the large shear strain (y = 0.630
for T2 twins as compared with 0.175 for
T1 twins), or from subsequent plastic
deformation incompatibility at the twin
boundary after the twin formation.

Two kinds of cracks have been ob-
served at strains of ~15%. Figure 9
shows the development of an inter-
granular crack after a strain of ~15%.
Intense T1 twin activity occurred on
both sides of the original grain bound-
ary, apparently resulting in incompat-
ible shears at the boundary. In a nearby
region, a large grain boundary ledge de-
veloped (right side of Figure 9), where
an abrupt ledge along the grain bound-
ary suggests that either grain boundary
sliding or mode II cracking occurred.
Further analysis of these twins will be
the subject of future papers.

EVOLVING MEASURES OF
DAMAGE NUCLEATION
CRITERIA

Our prior work on TiAl led to the
identification of a fracture initiation
parameter associated with local twin
strains in grain boundary regions.%

This fracture initiation parameter was
experimentally developed as a static
measure based upon initial grain ori-
entations, to quantitatively assess
imperfect slip transfer across grain
boundaries. This parameter, which
distinguishes between cracked and
intact boundaries, is simply the prod-
uct of three terms: the Schmid factor
of the most highly stressed twinning
system, m,, the scalar product of the
twin Burgers vector direction and the
maximum tensile stress direction,
b -t and a sum of scalar products
between the same highly stressed
Burgers vector and possible accom-
modating ordinary dislocation di-
rections in the adjacent grain, i.e.
fir=m_|b_-t|Z[b_-b_| where all
vectors are of unit length.

The fip is large when imperfect slip

transfer is maximized. Recent work
has generalized the fip to use informa-
tion that is readily available in CPFE
computations so that the m_,b,b_ .
and t are evaluated on a local meso-
scale basis.?® This allows for the evolv-
ing and spatially heterogeneous lattice
shears to be incorporated directly into
the calculation of an evolutionary fip
that varies over time and space. Fig-
ure 10 shows the first two parts of the
fip evaluated at three time steps in the
boundary between grains 14 and 15,
which exhibited microcracks, and at
the boundaries of grains 14 and 17 or
13 and 16, which did not develop mi-
crocracks. The fip values evolved in all
three boundaries, but it was the high-
est in the boundary that cracked. This
kind of modeling has not yet been de-
veloped for CP Ti, as the deformation

MPa
350 -0.050

d 325 110.045
300 10.040
275 H0.035
250 §0.030
225 §0.025
Bl 200 §0.020
175 §0.015
y 150 B0.010

b
fip 14-15 grain
0.4 boundary (cracked)
é‘::i,z 13-16 grain
0.3 boundary
b_oundary (intact)
(intact) Step 189
0.2 ~ end of expt
c Step 100 200 300

Figure 10. Example of CPFE analysis of
microcracked TiAl boundary (a) between
grains 14 and 15 (b), where a portion of the
fracture initiation parameter (fip) is evaluated
with strain (c); the boundary where cracks
formed had the highest value throughout the
computation.
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transfer processes at grain boundaries
are still being investigated.

CONCLUSIONS

Correlated experimental and com-
putational studies of the details of slip
transfer between grains are under way,
and insights about the relationship
between heterogeneous deformation,
mechanical twinning, and damage nu-
cleation are developing. In both CP Ti
and TiAl, twins that exhibit large shear
strains are correlated with microcrack
nucleation in some boundaries. In
TiAl, a relatively simple fracture ini-
tiation parameter has been identified
that can identify which boundaries are
more likely to crack when mechani-
cal twins interact with the boundary.
The greater complexity of deformation
in CP Ti, with more types of active
twinning systems, and the inherently
larger ductility implies that a fracture
initiation parameter will need to be
more sensitive to heterogeneous strain
evolution than is needed for predicting
crack nucleation in TiAl.
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