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Abstract This paper presents a study of microscale
plastic deformation at the crack tip and the effect of
microstructure feature on the local deformation of alumi-
num specimen during fracture test. Three-point bending
test of aluminum specimen was conducted inside a scan-
ning electron microscopy (SEM) imaging system. The
crack tip deformation was measured in situ utilizing SEM
imaging capabilities and the digital image correlation
(DIC) full-field deformation measurement technique. The
microstructure feature at the crack tip was examined to
understand its effect on the local deformation fields.
Microscale pattern that was suitable for the DIC technique
was generated on the specimen surface using sputter
coating through a copper mesh before the fracture test. A
series of SEM images of the specimen surface were
acquired using in situ backscattered electronic imaging
(BEI) mode during the test. The DIC technique was then
applied to these SEM images to calculate the full-field
deformation around the crack tip. The grain orientation
map at the same location was obtained from electron
backscattered diffraction (EBSD), which was superim-
posed on a DIC strain map to study the relationship
between the microstructure feature and the evolution of
plastic deformation at the crack tip. This approach enables
to track the initiation and evolution of plastic deformation
in grains adjacent to the crack tip. Furthermore, bifurcation
of the crack due to intragranular and intergranular crack
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growth was observed. There was also localization of strain
along a grain boundary ahead of and parallel to the crack
after the maximum load was reached, which was a char-
acteristic of Dugdale—Barenblatt strip-yield zone. Thus, it
appears that there is a mixture of effects in the fracture
process zone at the crack tip where the weaker aspects of
the grain boundary controls the growth of the crack and the
more ductile aspects of the grains themselves dissipate the
energy and the corresponding strain level available for
these processes through plastic work.

Introduction

In earlier work [1], mechanism-based cohesive zone rela-
tions were developed to model the fracture process in
ductile materials. These cohesive zone relations were
combined with integration schemes to simulate the evolu-
tion of the plastic zones surrounding the moving crack tip.
Attempts have also been made to experimentally map the
displacement field at the crack tip during fracture tests
based on the analysis of the electron backscattered dif-
fraction (EBSD) patterns [2] from scanning electron
microscopy (SEM) images. However, the digital camera
inside the SEM system was unable to capture the necessary
pattern details to distinguish the deformation fields for the
specimens associated with different levels of plastic
deformation. Therefore, there is a need for reliable tech-
nique to characterize crack tip local deformation at the
microscale during fracture test to understand the relation-
ship between the microstructure features and the evolution
of plastic deformation associated with the mechanisms that
give rise to the fracture process zone.

Digital image correlation (DIC) is a full-field deforma-
tion measurement technique that uses random speckle
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patterns on the surface of a specimen to track the defor-
mation via correlating the digitized undeformed and
deformed images. It was originally proposed and used by
researchers at the University of South Carolina [3-7]. The
DIC technique has become a popular method in the
Experimental Mechanics community for measuring surface
displacements in a wide range of applications. Suitable
patterns are very critical for DIC to obtain correct defor-
mation results. At the micro-scale, the DIC pattern creation
method is unique depending on the individual application
and material. For example, they can be original micro-
structural surface features of the specimen (i.e., texture) or
externally applied onto the specimen surface by various
methods. Researchers have studied various techniques,
such as air brushing, deposition of fluorescent nanoparticle,
imprinted gold web, chemical deposition, and sputtering
[8-11], to develop DIC patterns at the reduced scales.
Recently, SEM imaging has been combined with DIC
technique to study spatial and drift distortion of SEM
imaging [12, 13]. The SEM imaging incorporated with DIC
technique has been successfully applied to study the
mechanical behavior of LIGA specimens [14]. Some pre-
liminary research was also conducted to investigate the
crack tip deformation during fracture testing by combining
the grid method and the DIC technique with SEM imaging.
It was observed that the deformation at the crack tip might
not be consistent with the linear elastic fracture mechanics
(LEFM) solution, possibly due to the large plastic defor-
mation as well as microstructure features [15]. This work is
aimed at developing a systematic experimental method to
measure the microscale crack tip deformation and to study
the effect of microstructure features on the evolution of
plastic deformation. A three-point bending stage was
designed to fit into the SEM imaging system to conduct in

Fig. 1 Fracture test
configuration using SEM and
three-point bending stage

situ fracture test. The SEM imaging capability was com-
bined DIC technique to characterize the microscale crack
tip deformation. In this paper, the fracture testing system
and specimen, pattern generation technique and the image
acquisition are presented in the experimental methods
session. The DIC analysis of the images and the micro-
structure analysis are discussed in the experimental results
session, and the resulting evolution of plastic deformation
and associated mechanisms are then described.

Experimental methods
Fracture test configuration and specimen

Figure 1 shows the fracture testing system which consists of
the SEM imaging system and the three-point bending stage
inserted into the SEM. The SEM system is a JSM-840A
from JOEL Corporation. The loading stage was installed
inside the JSM-840A imaging system, replacing the original
SEM chamber door. The load was measured with a force
transducer mounted next to the specimen fixture on the
stage, and the crosshead displacement was measured with a
linear displacement sensor (LDS) at the end of the loading
stage outside the chamber. The loading stage was capable of
applying a tensile or compressive load of up to 1090 N to a
specimen either by motor driven or manual driven gears.
Three-point bending fracture test was thus conducted inside
the SEM chamber where the SEM images could be acquired
at each incremental step of loading.

The material of interest for this study was Al
6061-T651. Based on both the load capacity and space
limitations of the SEM loading stage, fracture specimen
was designed with a width of 12.5 mm (0.50"), length of
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Fig. 2 CT specimen and three-point bending test specimen cut from
CT specimen

76.2 mm (3.0”), span of 50.0 mm (2.0”), thickness of
6.25 mm (0.25"), and pre-crack length of 6.25 mm (0.25").
The pre-crack was generated from a larger compact tension
(CT) specimen along the longitudinal direction of the
specimen. The three-point bending specimen was then
extracted from the CT specimen using the electro-dis-
charge machining (EDM). The CT specimen and three-
point bending fracture specimen are shown in Fig. 2. The
specimen surface was mechanically polished up to a 3 um
finish and ultrasonically cleaned. The specimen was then
electro polished to remove surface marks to impart a
smooth and flat surface.

Generation of microscale patterns for DIC technique
at the crack tip

In this experiment, a previously developed technique was
adopted to generate pattern at the crack tip on the fracture

Fig. 3 Optical image of the
copper grid laid over the pre-
crack and SEM image of the
transferred grid pattern showing
the crack tip position relative to
the grid

@ Springer

specimen [14]. After final polish, the pre-crack of the
fracture specimen could be observed under optical micro-
scope. A copper grid with 2000 mesh (G2000HS from Ted
Pella, Inc. [16]) was carefully laid over the specimen sur-
face to cover the tip of the pre-crack. Special care was
needed to handle the mesh grid to ensure uniform flat
contact between the mesh grid and the specimen surface
such that the grid pattern could be nicely transferred onto
the specimen surface. Figure 3a shows an optical image of
copper grid covering the crack tip. After careful layout of
the copper mesh grid, the specimen was then placed into a
sputtering system, where a thin layer of gold film with
approximate 20 nm of thickness was sputter coated. Thus,
the area underneath the mesh bar was covered and the
space between the mesh bars was coated with gold film.
The mesh grid pattern was therefore transferred onto the
specimen surface. The pitch size of the mesh was 12.5 pm
and the width of the mesh bar was 5 pm. Figure 3b shows
an SEM image of the transferred grid pattern on the
specimen.

Acquisition of SEM images during the fracture test

To apply the DIC technique for calculating the displace-
ment fields, a gray scale variation is required within each
subset and the pattern must be stable during imaging.
Based on our previous research [14], it was found out that
backscattered electronic imaging (BEI) mode could gen-
erate nice image contrast based on the difference in the
atomic number between the aluminum specimen and the
coated gold film on the specimen surface. BEI was less
sensitive to the surface topography than secondary elec-
tronic imaging (SEI) mode. Thus, the BEI mode was
adopted to acquire images during the three-point bending
test. A typical image of the crack tip at the original
undeformed step is shown in Fig. 4a. One can see that the
grid pattern has been nicely transferred onto the specimen
surface by sputter coating. To have random gray scale
patterns for DIC, the intensity of the pixels inside each
individual grid of the mesh was adjusted to have variation
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Fig. 4 a A typical image at the original undeformed step acquired
using BEI mode; b gray scale variation within each individual grid

as shown in Fig. 4b. The imaging parameters were thus
adjusted to achieve the optimal brightness and contrast for
DIC.

The load versus displacement curve for a three-point
bend fracture test obtained from the load cell and dis-
placement transducer for the testing fixture is shown in
Fig. 5. SEM images of the specimen were acquired in situ
after each step of loading using the BEI mode. A magni-
fication of 100x was used for SEM imaging since it was
determined at this magnification the area of interest would
encompass the region around the crack tip where plastic
deformation would occur. The pixel resolution used in the
SEM imaging was, therefore, the spatial resolution of each
pixel was 0.85 pm and the imaging area was 1150 x
980 pm?>. The pitch size of the mesh was 12.5 pm and
the bar width of the mesh was 5 pum. This resulted in
each individual mesh grid being about 15 x 15 pixels®.
Figure 6a—d shows the grayscale BEI of the sputter coated
patterns around the crack tip at different deformed states

700-
o$
600-] geviteep
.
500 .

400 *

Load (N)
*

300+
200+ *

100 o

0 0.2 0.4 0.6 0.8 1
Displacement (mm)

Fig. 5 Load versus displacement of the three-point bending test

marked as A, B, C, and D in the load versus displacement
curve in Fig. 5. One can clearly see that the crack begins
to open up significantly at the later stages as the specimen
begins to experience significant plastic deformation, as evi-
denced by the load-displacement curve becoming non-
linear. After each step of loading, the imaging area on the
specimen was carefully relocated to its origin using higher
magnification to minimize the spatial distortion from SEM
imaging.

Experimental results
Grain orientation map of the specimen

To study the effect of microstructure features on the crack
tip deformation, the grain orientation map of the specimen
around the crack tip was obtained using EBSD before the
fracture test. The EBSD data were acquired at a magnifi-
cation of 200x to particularly focus on the grains closest to
the crack tip. Figure 7a shows the grain orientation color
map of the area around the crack tip. Figure 7b is the
corresponding pattern quality map that was overlaid with
BEI of the mesh grid. The EBSD pattern quality could be
influenced by a number of factors including local crystal-
line perfection, phase and orientation, etc. and was often
able to reveal features such as grain and grain boundary.
The pattern quality map in Fig. 7b clearly shows the grain
and grain boundary information at the crack tip.

Full-field analysis of the deformation at the crack tip
The BEI of the specimen were recorded in situ after each
incremental step of the loading. The DIC software ARAMIS

was successfully applied to these images to calculate
the displacement field. The mesh grid size was about
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Fig. 6 A series of BEI at the
selected loading steps as marked
in Fig. 5, a step 10, b step 15,
c step 18, and d step 23

Fig. 7 a Grain orientation map
around crack tip at 200x, (a)
b corresponding pattern quality
map overlaid onto crack tip

15 x 15 pixels? and image size was 1350 x 1150 pixels®.
Therefore, the subset size of 25 x 25 pixels” and step size
of 5 pixels were chosen for DIC analysis. The Von
Mises effective strain distributions for the steps in Fig. 6a—d
were overlaid with the grain orientation map as shown in
Fig. 8a—d. It is clearly observed how the strain concentra-
tions at the crack tip were developed during the incre-
mental loading. At an early stage of loading, as shown in
Fig. 8a, there is small-scale yielding to the right side along
a branch of the crack tip at an approximate angle of 50°
with respect to the crack direction, but the strain field
appears to be predominantly elastic, which was consistent
with the load—displacement curve. In Fig. 8b, the strain
field indicates the evolution of more significant plastic

@ Springer

deformation. The strain field shape is overall consistent
with the classical HRR field [17-19] except for the slight
asymmetry most likely due to grain orientation effects. The
crack growth and propagation along the original pre-crack
direction in front of the crack tip was ceased and crack tip
branching was observed. Figure 8c shows the strain dis-
tribution at the maximum load. It can be clearly seen that
the strain distribution has spread further from the crack tip
than earlier stages. However, as the strain concentration
spreads beyond the grains adjacent to the crack on the left
hand side, the plastic strains begin to develop within the
next grain rather than continuously across the grain
boundary. Figure 8d shows the strain distribution for
loading step D after the maximum load. The strain
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concentrations between adjacent grains on the left hand
side have coalesced, however, a new strain concentration
area along the grain boundary parallel to the crack can also
be observed as marked with a circle.

The above observations of the initiation and evolution of
strain fields and crack growth at the microscale can be
understood from the overlay of the grain map and strain
field at the crack tip in Fig. 8 as follows.

(1) Crack tip branching: This is most likely caused by the
orientation of the grain in front of the crack tip which
prevents intragranular propagation of the crack, and
instead favors intergranular crack growth along
weaker grain boundaries or intragranular growth
within a grain adjacent to the crack whose orientation
was in a more favorable direction for crack growth.
However, it does not appear that the bifurcation had a
significant influence on the evolution of the strain
distribution with only slight perturbations very close
to the crack tip.

(2) Evolution of strain field: The deformation concentra-
tion is first developed at the crack tip at the early
stage of loading. Initially, the shape of the strain field
within grains adjacent to the crack is consistent with
the prediction of classical HRR theory at the contin-
uum scale, though the exact shape may vary depend-
ing on the yielding behavior of the specific material,
which is not within our research interests. A slight
asymmetry of the strain field is observed, which may
be caused by the grain boundary orientation. As the

Fig. 8 The grain boundary map (a)
overlaid on the Von Mises strain :
fields obtained at steps

(A)—(D) in Fig. 5

strain field evolved, there is a discontinuous concen-
tration of strain across the grain boundary. This is
most likely due to orientation effects of the grain
adjacent where there is resistance to plastic deforma-
tion at the grain boundary due to dislocation motion,
but with sufficient critical resolved shear stress to
allow for dislocation motion within the grain.

(3) Strain concentration ahead of the crack: After the
maximum load is reached, strain is concentrated in a
strip along a weaker grain boundary in front of and
parallel to the crack, similar to a Dugdale—Barenblatt
strip-yield zone [20, 21].

The experimental results in Fig. 8 showed that the shape
of the microscale plastic strain fields at the crack largely
conformed to the predictions of HRR theory at the contin-
uum scale. However, microstructure features, such as grain
orientation, grain size, etc., cause the evolution to be non-
uniform. Furthermore, the eventual growth of the crack
appears to be controlled by the level of deformation nec-
essary to propagate the crack along the weaker grain
boundaries ahead of it while the evolution of the strain fields
tends to limit the level of strain and to dissipate the energy
available for crack growth through plastic work. Thus, it is
anticipated that these findings will have important conse-
quences on the development of fundamental microscale
models for predicting R curve behavior in metals.

The above experiments demonstrated that the technique
combining SEM imaging and DIC was able to successfully
measure the microscale granular deformations at the crack
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tip. Using various magnifications of SEM imaging, this
technique can be extended for applications with a wide
range of scales. With higher magnification of SEM imaging,
this technique can be applied to quantitatively characterize
the deformation and cracking behavior of nanocomponents
in nanofabrication as what has been observed by Li et al.
[22]. These quantitative measurements in return will guide
the nanofabrication process and improve the performance
of the fabricated nanodevices.

Conclusions

A new method combining SEM imaging with the DIC full-
field displacement measurement technique was success-
fully applied to study microscale plastic deformation at the
crack tip during fracture test of Al specimen. The BEI
mode was able to acquire consistent images which were
suitable for the DIC technique during three-point bending
fracture test. DIC analysis of the BEI provided detailed
strain distribution information at the crack tip. The local
grain maps obtained from EBSD were carefully overlaid
onto the strain fields, which provided valuable insight into
microstructure effect on the evolution of strain localization
at the crack tip due to plastic deformation. It was found out
that plastic strain initially accumulated within grains
adjacent to the crack tip with a shape consistent with HRR
field predictions, which then evolve discontinuously across
grain boundaries. Bifurcation of the crack tip along weaker
grain boundaries and within more favorably oriented grains
caused only slight perturbations in these fields very close to
the crack tip. There was also development of a more
classical Dugdale—Barenblatt strip-yield zone in a grain
boundary ahead of and parallel to the crack after the
maximum load was reached. Thus, it appears that there is a
mixture of effects in the plastic deformation at the crack tip
where the weaker aspects of the grain boundary controls
the growth of the crack and the more ductile aspects of the
grains themselves dissipate the energy and the corre-
sponding strain level available for this growth process
through plastic work. These findings have important con-
sequences on the development of fundamental microscale

@ Springer

models for predicting R curve behavior in metals. The
technique combining SEM imaging with DIC has a great
promise in a wide range of applications.
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