Experimental Mechanics (2020) 60:345-357
https://doi.org/10.1007/511340-019-00560-w

RESEARCH PAPER

®

Check for
updates

Effects of Plasticity on Patched and Unpatched Center Crack Tension
Specimens

D.C. Hart'?® - H.A. Bruck?

Received: 17 April 2019 / Accepted: 21 October 2019 /Published online: 12 December 2019
© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2019

Abstract

Composite patch repairs of aluminum structures are designed using linear elastic fracture mechanics, which compares crack tip
predictions to a critical strain energy release rate or stress intensity. Analytical and numerical predictions are reasonable for linear-
elastic behavior, but do not account for the elastic-plastic behavior observed at the crack tip of ductile materials below the ultimate
load. This research used digital image correlation to study full field displacements and strains ahead of the crack tip for unpatched
and patched center crack tension specimens loaded monotonically to failure. Both qualitative and quantitative comparisons show
measureable effects of surface reinforcement on crack tip behavior. Free surface fracture response was an intrinsic property of the
aluminum from the initial development of the plastic strain zone through crack blunting and ultimately through peak load with all
stages occurring at crack opening displacements (COD) independent of the one-sided composite patch reinforcement. Patch
reinforcement increased the ultimate tensile load 160% and the total achieved COD by 20% over the unpatched behavior.
Increased capacity was related to an increase in accumulated large strain area and distributed plasticity measured on the free
surface prior to the end of crack blunting. The direct correlation of fracture behavior indicates patched specimen failure can be

predicted using unpatched specimen COD.
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Introduction

The foundation of bonded joint design was first intro-
duced in the late 1930°s and 1940’s with the governing
differential equations for an explicit adhesive layer [1, 2],
and later advanced when Hart-Smith introduced inelastic
behavior of the adhesive layer [3, 4]. The application of
bonded joint design in the development of aircraft patch
repairs continued to evolve through a combination of me-
chanical characterization protocols, development of ap-
propriate design methods based on adhesive and adherend
governing equations, and enhancement of analysis efforts
[5-7] by incorporating linear elastic fracture mechanics
(LEFM) to calculate either strain energy release rate
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(SERR) or stress intensity (K) at the metallic crack tip.
When extending the design approach for 2D joints to in-
clude the crack tip of one-sided composite patch repaired
aluminum Wang and Rose utilized a distribution of
springs to represent the load bridging and plate theory
with a linear elastic energy balance to couple normal
and bending stress components to crack tip stress intensity
[8, 9]. Advancements in computational algorithms, partic-
ularly Finite Element Analysis techniques such as Virtual
Crack Closure, simplified the development of numerical
analysis approaches [10-12]. However, as the thickness
and ductility of the repaired plate increases the inelastic
failure mechanisms play significant roles in the ultimate
load capacity of the repaired plate, which neither the an-
alytical nor the numerical methods account for.

Low modulus composite patches have been used to address
stress corrosion cracking of marine grade aluminum deck plat-
ing in U.S. Navy applications [10, 13]. Access to the damaged
plate is typically limited to one side, and the application of the
patch requires limited heat input to minimize residual stress
due to the resin cure temperature and the difference in coeffi-
cients of thermal expansion. Recent testing of one-sided low
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modulus composite patched center crack tension (CCT) and
large-scale ductile tearing specimens [13—15] have demon-
strated increased monotonic load and displacement capacity
compared with the unpatched specimens. A common failure
mechanism observed was significant plastic deformation of
the aluminum ahead of the crack tip. Large-scale testing of
one-sided patched aluminum specimens, shown in Fig. 1, has
shown that the elastic-plastic crack tip behavior occurs before
ultimate failure [10, 13]. Hutchinson, Rice, and Rosengren
(HRR) [16-18] established the J-integral method and the
stress, strain, and displacements fields to describe inelastic
crack tip behavior for ductile metals. To characterize the
full-field crack tip behavior, Digital Image Correlation (DIC)
[19] can be utilized to measure surface displacements ahead of
the crack tip. Initially utilized for local linear elastic material
behavior [20, 21], inelastic material behavior can be included
in the J-integral calculation [22-24]. Research in the plastic
zone development under monotonic loading appears to be
limited to typical monolithic fracture mechanics specimens
[25, 26]. Dadkhah and Kobyashi reported displacements and
J-integral data with comparison to the HRR displacement
fields under static and fatigue crack growth conditions on thin
5052-H32 sheet [27, 28]. Additional work with 6061-T6 and
various tempers of 2024 aluminum has been reported [29, 30].

The focus of this research is on how a one-sided adhesively
bonded low modulus E-Glass/Epoxy composite patch affects
development of the crack tip plastic zone for small-scale
cracked aluminum CCT specimens loaded monotonically in
tension until failure. Full field 2D DIC data from the free
aluminum surface for both unpatched and patched specimens
will be compared from initial linear elastic loading response
through plastic zone development, the crack blunting stage,
and ultimate failure to improve our understanding of the one-
sided surface reinforcement effects on crack tip material be-
havior. This research builds the foundation for future research
focused on predicting failure of low modulus composite
patches.

Fig. 1 Plastic zone on free surface
0f 28 x 92 cm large-scale patched
CCT (L) and 1 m? ductile tearing
(R) specimens

Experimental Procedure

The test frame, DIC setup, typical speckle pattern, and speci-
men configuration are shown in Fig. 2. Small-scale CCT spec-
imen geometry was selected for manufacturing and testing
convenience as well as maintaining a configuration link to
the large-scale testing performed by Hart et al. [10, 15].
Readily available 2.29 mm thick marine grade 5052-H32 alu-
minum was selected. Small-scale CCT specimen blank plates
were 24 mm wide (2 W) and 114 mm long with electrical
discharge machined (EDM) notches nominally 12 mm wide
and 0.36 mm high. Sharp crack tips were then grown from the
notch using high cycle low load tension-tension fatigue. The
load ratio (R) was 0.1 for a tensile load that varied from 200 to
2000 N at 10 Hz. The resulting effective AK was nominally
between 5.6 and 6.7 MPa-\/m, which resulted in a nominal
cycle count of 100 K to achieve 1 mm of crack growth. With
sharp crack tips and a crack length (2a) of 14 mm the speci-
mens were paired by crack length and one of each pair re-
ceived an adhesively bonded composite patch. Surface prep-
aration involved an acetone wipe, light surface abrasion with
80 grit aluminum oxide sandpaper, a second acetone wipe,
and then treatment with 3M’s AC-130-2 bonding agent. A
commercially available marine adhesive, West Systems
WestSix10, was selected for bonding the pre-fabricated 0/90
E-Glass epoxy laminate. Nominal linear elastic tensile prop-
erties for the adhesive and laminate were reported by Hart
et al. [31]. The woven E-glass laminate had an average thick-
ness of 1.27 mm cut to 50 mm long by 24 mm wide with fiber
reinforcement in both the 0- and 90-degree directions. The
composite patch was centered on the machined notch and
bonded to plate using 0.6 mm diameter steel welding wire to
control bondline thickness. Because the objective was to study
plastic zone development and not optimization of the patch for
ultimate load capacity, no effort was made to machine or taper
the patch ends to reduce adhesive peel stress at the crack tip
and increase load capacity.

Monotonic Tension - Plastic
Deformation of Crack Tip

Plastic Strain at Crack Tip
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Fig. 2 Small scale CCT test ',\
W NsTRON

frame and DIC configuration (L),
FOV (C), and CCT specimen
geometry (R)

Tensile testing was performed on a 20 kip 4-post hydrau-
lic MTS frame with Instron hydraulic wedge grips and con-
trols. Loading was applied at a rate of 0.18 mm/min until
beyond the linear elastic response range when the non linear
load response slope stabilized in the crack blunting region
and the loading rate was doubled. Data acquisition included
machine load and static images for DIC. Images were taken
using a Point Grey Flea FL3-U3-88S2C-C camera with a
Tamron 28—-80 mm /3.5-22 lens resulting in a 28.2 mm X
14.9 mm field of view (FOV). Initial depth of field (DoF)
was set so the free surface remained in focus for the range of
out-of-plane deflection experienced minimizing bias error
due to movement relative to the camera lens. Out-of-plane
displacement was estimated as 0.36 mm, the difference in
the load line through the aluminum plate and the aluminum/
composite centroid, and is assumed to not warrant the use of
3D DIC. The speckle pattern was obtained using a base of
flat white spray paint with speckles applied by letting flat
black spray paint fog settle on the white surface. The fog
process was repeated until sufficient gray scale information
was present in the image. High contrast images were
achieved using two evenly spaced 250 watt halogen spot
lights; lights were equidistant from the grip bodies, equidis-
tant to the camera body, and level with the camera body and
specimen. Images were processed using Correlated
Solutions Inc. Vic-2D version 6 software [32], a subset size
of 51 x 51 pixels (0.35 x 0.35 mm), and a step size of 10
pixels (0.069 mm). Displacements are a direct measurement
between correlated subsets while strains are determined
from shape functions that describe displacement and rota-
tion across the subset. The shape function coefficients are
optimized by minimizing the sum of the squares error of
predicted and correlated displacements and rotations of
each subset. Strains, in this case the Lagrangian finite strain
tensor defined by equation (1), are calculated with a 90%
center-weighted Gaussian filter with a 31 data point window
size then smoothed using the same filter across 15 data
points. Subset, step, filter, and smoothing parameters were
selected by comparing the correlation match confidence in-
terval, strain magnitude change, strain error, and strain bias
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from an initial reference image set taken with the specimen
held at zero load. During the linear elastic response range
images were taken at 2 per second, as the response advanced
into the crack blunting stage the image rate was decreased
then increased to the original speed prior to crack growth
and failure.

1

&w=§Ww+W@+MWw) (1)

Experimental Results
Comparison of Patched and Unpatched Specimen Response

The data reported in this paper is limited to two unpatched and
two patched specimens. Load versus crack opening displace-
ment (COD) response due to monotonic tensile loading was
consistent between like specimens, where COD is measured
using DIC displacements across the machined notch on the
free surface. Unprocessed static images were used to identify
stages of failure progression from the linear elastic response
through crack blunting and then finally crack growth until
specimen failure. Displacement and strain data were calculat-
ed using VIC 2D software. Load response with crack stage
progression is shown in Fig. 3 and the DIC measured average
von Mises strain ahead of the crack tip versus COD is shown
in Fig. 4. Free surface 2D von Mises strain measurements are
defined using equation (2) and was studied because the von
Mises yield criterion and equivalent stress are the foundation
of plastic zone shape approximations and Irwin’s plastic radi-
us approximation.

Evm = \/E3—€182 + &3 (2)

The data indicates crack stage progression on the free
surface for both patched and unpatched specimens occurs
at corresponding CODs. Crack blunting is assumed based
on unprocessed and DIC processed static images of the
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Fig. 3 Load response showing consistent behavior as a function of COD with failure modes of a tested patched (a) and unpatched (b) specimen

free surface crack tip where displacement and rotation of
the material relative to the crack tip occurs after plastic
2D von Mises strain is measured and without extension of
the crack. For both unpatched and patched specimens
blunting behavior occurs from just beyond the elastic re-
sponse limit, at a COD of 0.11 mm, to a COD of
0.41 mm. Beyond crack blunting material behavior ahead
of the crack transitions into crack growth prior to peak
loads at a COD of 0.57 mm, at which point the load is
160% greater for the patched specimen. Evidence of patch
disbonding occurs in unprocessed static digital images
used for DIC where adhesive was visible through the
notch. When the patch adjacent to the notch is fully bond-
ed, relative displacement between successive images was
not detectable. During the crack growth and adhesive
yielding response, prior to the load drop, sudden relative
displacement between the notch and adhesive is visible
and coincides with initiation of the load drop indicating
disbonding of the patch. Based on observations made dur-
ing testing and static images, adhesive yielding and failure
continues until bond failure of half the patch, at which
point the crack growth behavior is only that of the

Region ~1mm ahead

of crack tip 1 mm?
Crack Opening

Displacement (COD)

Fig.4 Total von Mises strain data
ahead of the crack tip showing
adhesive plasticity and patch
failure

aluminum. The right side of Fig. 3 shows the final
disbond of half the patch (a) along with the failed alumi-
num specimen (b). When comparing post peak load alu-
minum fracture at 3500 N, the load level after patch fail-
ure, the COD is 20% greater for the patched specimen, as
shown by the blue line in Fig. 3. This additional 0.2 mm
of COD on the free surface is related to the plastic mate-
rial behavior ahead of the crack tip, which is partially
constrained by the one-sided bonded patch reinforcement.

Comparison of free surface von Mises strain behaviors of
unpatched and patched specimens as a function of COD is
shown in Fig. 4. Simply for comparison purposes, the 2D
von Mises strain values plotted are averaged over a 1 mm®
region nominally 1 mm ahead of the crack tip. The strain
behaviors ahead of the crack tip were nearly identical
for COD values less than 0.3 mm, at which point adhesive
plasticity is assumed to begin playing a role in the response of
the patched specimen. When the COD is greater than 0.3 the
slope of the von Mises strain versus the COD of the patched
specimen is lower than the unpatched specimen, which is
presumed related to an increase in the region of plastic shear
stress in the adhesive layer. Near peak load, COD of
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0.55 mm, the slope of the local strain response is the same for
unpatched and patched specimens though there is a COD off-
set. Unpatched aluminum exhibits tearing and a gradual drop
in load near failure. Composite patched specimen load de-
creases with a combination of crack growth and disbonding
until full bondline failure resulting in a large load drop. As the
composite patch bond fails and no longer reinforces the alu-
minum, free surface strains are similar to those for unpatched
aluminum.

At COD magnitudes below 0.02 mm the load versus COD
response of the specimen is linear elastic. Von Mises strain
contours in Fig. 5 are showing greater strain magnitude and
large strain region due to out-of-plane bending. In the linear
elastic region, the out-of-plane bending increases until the
load passes through the neutral axis of the patched specimen.
During the bending response the surface strain of the compos-
ite patched specimen increases at a greater rate than the
unpatched specimen, which only experiences an in-plane ten-
sile material response.

Once the load axis aligns with the neutral axis of the spec-
imen both the unpatched and patched strains increase at sim-
ilar rates. Strain contours for a COD of 0.2 mm, early stage of
crack blunting, are shown Fig. 6. High levels of strain for the
unpatched specimen are focused at the crack tip with large
strains showing the influence of edge effects and ligament
tensile behavior. Strain contours for the patched specimen
indicate a measureable effect of the surface reinforcement
with a blunted region of large strain ahead of the crack tip
with a greater area of large strain, consistent with fiber rein-
forcement in both axial and transverse directions. The increase
in the area of large strain associated with patching is assumed
to contribute to the 20% increase in COD when comparing
specimen response at matching load levels after the patch
fails. A quantification of the strain area is required to verify
this result.

Fig. 5 Von Mises strain contour Von Mises i

comparison fora COD =0.02 mm
in the linear elastic response range
showing influence of bending on
patched specimen surface strains

Strain g
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Crack Tip Grain Structure

A deeper understanding of the material at the crack tip is
required to study the formation of the plastic zone ahead of
the crack tip singularity, which is assumed to be asymptotic as
a function of 1/\r [17]. A microscopic study of the surface
grain structure was performed to establish homogenous iso-
tropic material behavior relative to macro level material re-
sponse prior to crack growth. Only limited image processing
was performed to confirm grain size, as the aluminum is as-
sumed to be fine grained without texture.

Cold work hardened 5xxx series aluminum alloy contains
center face cubic crystals with (FE,CR);SiAly,, Mg,Si, and
Magnesium as Mg,Al; at concentrations between 2.2 and
2.8% [33, 34]. One characteristic of these alloys are grains
that have been elongated and oriented with the rolling direc-
tion during cold work. Grain structure, which determines how
stresses are carried, was studied using a light optical micro-
scope (LOM) at a magnification level of 5x and 20x%. Images
were taken of the long transverse (L-T) surface, as defined in
ASTM E399 [35], corresponding to crack plane alignment of
the CCT specimens. The intermetallics, visible in the micro-
scope image in Fig. 7, indicate the rolling direction. For grain
structure images samples of the aluminum plate were
polished, electro-chemically etched following ASTM E407
[36], and imaged using a LOM with a gamma filter and po-
larized light. Samples were cut, and then potted with a pure
nickel wire protruding from one surface. Each specimen was
then mechanically wet sanded and polished in stages from 120
grit to an active oxide polishing OP-U 0.04 um colloidal silica
solution. Directly following the last polishing step specimens
were electro-chemically etched using Barker’s Reagent (5%
HBF solution) and an electric current. With the sample
suspended 10-15 mm below the surface of the solution a 20
VDC was applied between a stainless steel cathode in the

2,280 N Axial Load
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Fig. 6 Von Mises strain
comparison of unpatched (L) and
patched (R) crack tips during the
early stage of crack blunting
(COD = 0.2 mm) showing in-
creased area of large strain for the
patched specimen

0.0136 2/

0.0117 [/
0.0097
0.0078
0.0058
0.0039
0.0019
0.0000

beaker and the nickel anode with a current density between
0.5 and 1.5 Amps/in® for 2 min. Then the sample surface was
rinsed with distilled water and alcohol, then dried. Microscope
images with 20x magnification with known length scale were
used to study the grain structure. Grain size estimation was
performed using two methods. First, the planimetric proce-
dure with non-standard magnification is a direct calculation
of'the grains per square area outlined in ASTM E112 [37]. The
second method approximated grains as ellipses with the major
and minor axis points manually selected and measured for
randomly selected grains measured from two imaged regions
of the sample.

The planimetric method resulted in an ASTM grain size
number of approximately 11.5 (Table 4 in Ref [37]), meaning
39.8 grains per um? and an average grain diameter of 6.3 um.
The planimetric method does not convey the variability in
grain structure or the difficulty measuring a 3-dimensional
grain from a 2-dimensional plane. From the simplified method

Fig. 7 Longitudinal surface grain
structure of 5052-H32 at 20% in
gamma filtered polarized light
showing grain structure size and
variability in the specimen
orientation

4,000 N Axial Load |

Unpatched Patched

of directly measured grain size the average major diameter
was 10.8 +£4.5 pm with the maximum and minimum measure-
ments being 18.1 and 5.4 um, respectively.

Aluminum Properties

Tensile mechanical properties of the 5052-H32 aluminum used
to manufacture the small-scale CCT specimens were measured
with ASTM E466 [38] sheet type dog-bone specimens follow-
ing ASTM E8 [39] guidelines. Uni axial tensile stress-strain
response is shown in Fig. 8 with the corresponding linear elastic
modulus, Poisson’s ratio, 0.2% offset yield stress (o), and
Ramberg-Osgood elastic-plastic constants found to be consis-
tent with existing data [28, 40]. Ramberg-Osgood parameters
were fit to the data using a non linear least squares solver.
Aluminum tensile properties were averaged for four specimens
with resulting modulus of 70.9+£0.9 GPa, 0.2% offset yield
strength of 116 +2 MPa, 0.2% offset yield strain of

T
Load and
Rolling Direction

Longitudinal Surface
Imaged
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Fig. 8 Tensile test data and 5052-H32 Stress-Strain Data Axial Lagrange Strain
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0.001800 mm/mm, and Ramberg-Osgood parameters « and n
0f 0.22£0.06 and 9.9 +0.9, respectively. For comparison, the
modulus of the patch is 22.2 GPa, one third the aluminum [31].

Fracture data for the 5052-H32 aluminum alloy was not
readily available in literature for the plate thickness used for
the small-scale CCT specimens. An initial survey of available
aluminum data shows a wide range of critical stress intensity
values, from 20 to 60 MPa\/m, with values of 5083-H321 and
5456-H116 between 21.5 and 28.9 MPavm.

Crack Tip Plastic Zone Estimate

Irwin’s approach can be used to estimate the plastic zone ra-
dius ahead of the crack tip [17]. Assuming plane stress condi-
tions the point at which elastic material yields is when the
normal stress is equal to the yield stress from the uni-axial
tension test. Under plane stress conditions this yields a second
order estimate of the plastic zone diameter, r,,, in equation (3)
which is derived by performing a force balance near the crack
tip that includes elastic and plastic stresses. The plane stress
Irwin plastic zone correction is one half of ,, and the estimated
plane strain plastic zone correction is smaller by a factor of 3.

2
=1 (%) ®)
T \Oys

The above equation provides a 1-D estimate of the
plastic zone size in the plane of the crack. For isotropic
materials the plastic zone shape can be estimated relative
to the crack tip by setting the von Mises equivalent stress
equal to the uni-axial tensile yield stress. The equivalent
stress is a function of the principal stresses, which for
Mode-I loading can be approximated with singular stress
fields based on the stress intensity. Setting the equivalent
stress equal to the yield stress results in an expression for

the plastic zone as a function of the angle from the crack
plane. For plane stress the cylindrical coordinates of the
plastic zone boundary at a prescribed level of mode-I
stress intensity, K;, are related using equation (4) and un-
der plane strain conditions are related using equation (5).

r(0) = 41_7r (&)2 [1 + cosf + %sinze} (4)

Oys

r(0) ! (ﬁ)z[(l—zy)z(l+cos9)+%sin2e] (5)

4 \ oy

Initial Plastic Zone Quantification

Initial plastic zone development was compared to the
LEFM plastic zone size estimate in equations (3) through
(5). An effective free surface K; value at initiation of yield
must be iteratively determined for a predicted plastic zone
that qualitatively matches the measured shape. The mea-
sured plastic zone shape was determined by comparing
the total Lagrangian 2D von Mises strain contours to the
0.2% offset strain level from tensile material tests. DIC
data from the unpatched aluminum CCT specimens is
shown with the upper strain contour between 0.0018—
0.0019 mm/mm in Fig. 9. The plastic zone shape appears
to be dominated by plane stress behavior with the influ-
ence of edge effects. The DIC results were used to mea-
sure the radial position of the plastic zone boundary for
angles of 0-, 15-, 30-, 45-, 60-, 75-, and 90-degrees. At a
COD of 0.024 mm and a load of 2169 N the 0.2% yield
strain was exceeded forming a complete plastic zone
encompassing the crack tip, which was located using a
parabolic least squares fit of the vertical displacements
(V) parallel to the crack plane [20].
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Fig. 9 Unpatched 0.2% offset
initial LEFM yield prediction and
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DIC data for a patched specimen is shown in Fig. 10 at
a COD of 0.020 mm and a load of 2399 N. Composite
patch surface reinforcement causes the qualitative strain
behavior to match LEFM plane stress behavior. Though
not strictly applicable due to bending caused by a one
sided patch, plane stress LEFM predictions were made
using equation (4). K; was iteratively changed to qualita-
tively match measured DIC radial positions at both 0- and
60-degrees, the later prediction is shown in Fig. 10 (left,
red line).

The region of plastic strains for both unpatched and
patched plastic zones are 3 orders of magnitude larger than
the measured grain size which ranged from 5.4 to 18.1 pm,
supporting the assumption that the aluminum ahead of the
crack tip behaves as a homogenous material during the evo-
lution of the plastic zone.

Fig. 10 Patched CCT specimen
0.2% offset initial LEFM yield
predicftion and DIC mea§urement -4000
showing patched crack tip

behavior similar to plane stress 3000

-2000
-1000
0

1000

Vertical Location (um)
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Plastic Zone Evolution

Initial plastic zone size and shape were established using total 2D
free surface von Mises strain contours and a quantitative com-
parison of the large strain regions as a function of COD to sup-
port the observed improvement in the patched load versus COD
behavior. In the vicinity of the crack tip, the large strain area will
be estimated, not directly measured, using the triangles created
between the radial large strain positions as illustrated in Fig. 11.
For the 0- to 90-degree quarter, the summation of all the triangles
provides an area for comparison assuming the change in this area
is representative of the total change in area defined by the select-
ed large strain magnitude. The initial comparison was performed
at the plastic strain limit, however as load increases the plastic
strain region extends beyond the DIC area of interest (AOI),
which requires measuring the radial positions at large strain
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magnitudes unique to each COD. The large strain magnitudes
were selected such that each radial path had a distinguishable
large strain radial position. The load and COD magnitudes stud-
ied are indicated by the “+” marks on the load versus COD plot
in Fig. 11 and fall within the linear elastic response range, the
crack blunting stage and initiation of crack growth before the
peak load is achieved.

In addition to the crack tip behavior the centerline strain
near the notch is also investigated to quantify the level of load
bridging for the patched specimen. Centerline von Mises
strain is averaged over a 1 mm? area 4 mm above the center
of the machined notch, as shown in Fig. 12, which is outside
the effects of notch edge correlation and within the stress
shadow associated with the load path around a notch.

In subsequent figures, the DIC AOI incorporates the entire
width of the specimen with the exception of a half subset
width (0.17 mm) at the left and right edges. The speckle pat-
tern adjacent to the top and bottom of the notch had errors with
a magnitude of 0.000700 mm/mm, an average bias of
0.000500 mm/mm, and a standard deviation of
+0.000200 mm/mm. Assessment of speckle pattern applica-
tion was focused on the region ahead of the crack tip, where
bias and error were an order of magnitude lower at 0.000050
+0.000015 mm/mm. Similar results were achieved for the
centerline strain region with the speckle pattern achieving
strain errors of 0.000080 £ 0.000030 mm/mm and 0.000045

Fig. 12 Centerline strain region definition to study the effect of load
bridging for patched specimens

+0.000010 mm/mm for the unpatched and patched speci-
mens, respectively. In the following figures the strain contours
shown are uniquely defined for each COD and consistent for
images in that figure.

From the previous discussion the fully formed plastic zone
occurs at a load of 2170 N for the unpatched and 2400 N for
the patched specimen, which correspond to COD’s of
0.024 mm and 0.021 mm, respectively. Studying the evolution
as a function of COD demonstrates that the additional bending
present in the patched specimen leads to the development of
plastic strains at a COD of 0.021 mm (Left of Fig. 13), the
point before plastic strains develop on the unpatched speci-
men surface. Increasing COD to 0.024 mm, both the
unpatched and patched specimens exhibit fully developed
plastic zones (Right of Fig. 13). Here the load carried by the
patched specimen is 24% greater with a plastic zone area that
is three times greater. During this stage of loading the speci-
men deflects out-of-plane as the patched centroid approaches
the load line, which is assumed to be less than 0.36 mm. The
plastic strain radial positions are listed and compared in
Table 1. Composite patch reinforcement increases the radial
position of the plastic zone boundary due to bending and
surface reinforcement.

Qualitatively the composite patch reinforces the ligament
ahead of the crack tip in both the axial and transverse direc-
tions, while the unpatched specimen shows the influence of
edge effects in the form of a plastic zone shape that does not
match theoretical plane stress predictions. From the linear
elastic response limit to the initiation of crack blunting the
large strain field height is constrained while the width in-
creases due to transverse patch stiffness. Crack blunting initi-
ates at a COD of approximately 0.11 mm for both the
unpatched and patched specimens, based on observations
from unprocessed static images. Comparison of the large
strain region boundaries was performed at a von Mises mag-
nitude of 0.011500 mm/mm with resulting strain fields and the
measured large strain boundary radial positions shown in Fig.
14. The composite patch increased the load 52% and the area
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Fig. 13 Comparison of plastic
strain at COD =0.021 mm (L)
and 0.024 mm (R). patched sur-
face plastic strain occurs first,
then the patched specimen main-
tains a greater area of plastic strain

C

of large strain by 69%. Out-of-plane bending reached a max-
imum, as indicated by the stabilization of the load versus COD
response slope beyond a COD of 0.11 mm. As the influence of
bending decreases, the magnitude of large area change due to
the patch also decreases. Locally, the axial and transverse
patch reinforcement increases the large strain area width
75% and the overall height 5-10%.

As COD increases beyond 0.11 mm the influence the patch
has on the free surface crack tip behavior decreases. The 2D
von Mises large strain magnitudes used to establish the large
strain area for CODs of 0.31, 0.41, and 0.55 mm were 0.034,
0.044, and 0.065 mm/mm, respectively. The large strain area
ahead of the unpatched crack tip exceeds that of the patched
specimen for CODs greater than 0.41 mm where crack
blunting transitions to the initiation of crack growth prior to
achieving peak loads with strain field comparison shown in
Fig. 15 at a COD of 0.55 mm. Here the load is 160% greater
and the patched large strain area is now 25% smaller. Beyond
a COD of 0.31 mm the large strain areas for unpatched and
patched specimens show qualitatively similar shape and quan-
titatively similar size. Local crack tip strain contours from a
COD o0f 0.21 mm to those shown for a COD of 0.55 mm are
similar, with the specimen edge effects becoming evident in
the patched strain contours. This indicates dominance of ten-
sile behavior ahead of the crack tip compared to bending and a
reduced influence of the patch on the free surface.

Table 1 Radial positions

comparison for yield Angle  Unpatched Patched  %Diff

boundary of fully

developed plastic zone 0 1.58 4.20 166%

(COD =0.024 mm) 15 1.62 3.70 128%
30 1.78 3.87 118%
45 2.24 4.03 80%
60 2.65 3.59 36%
75 248 3.16 28%
90 1.93 2.59 34%

0OD=0.021 mm

Von Mises
Strain

COD=0.024 mm

Centerline 2D von Mises strains show additional effects
of the patch. Qualitatively the width of the centerline strain
shadow due to the load passing ahead of the crack tip has
decreased and reduced strain gradient magnitudes at the
edge of the large strain areas. Quantitatively the load bridg-
ing due to the patch increases the average centerline von
Mises strain. From the linear elastic response limit the av-
erage centerline strain for the patched specimen increases
from approximately 0.000250 mm/mm to a local maxi-
mum of 0.002700 mm/mm beyond a COD of 0.41 mm,
while the unpatched specimen strain magnitude remains
constant at a nominal level of 0.000250 4 0.000050 mm/
mm for CODs from 0.024 to 0.55 mm. Composite patch
reinforcement transfers enough load across the notch for
the centerline aluminum to achieve plastic von Mises strain
on the surface. Note here that the von Mises strains are not
zero along the centerline of the unpatched specimen be-
cause of transverse strain contributions. Axial strain (&yy)
magnitudes, however, are nominally zero within the static
image bias and error for the range of CODs studied and the
patched specimen axial strains are 35-50% smaller than
the 2D von Mises strains above a COD of 0.20 mm due
to transverse strain contributions.

Summary of Unpatched Versus Patched Free Surface
Response

In summary, two primary factors contribute to the im-
proved load response and the similarity in the failure re-
sponse as a function of COD. First, load sharing of the
patch reinforcement, shown by the increase in centerline
strain, contributes to the additional load capacity. Second,
the increase in large strain area measured above the plas-
tic strain limit is due to the patch reinforcement distribut-
ing strain ahead of and in the wake of the crack tip con-
tributing to both the additional load and COD capacity.
Global load response and strain fields on the aluminum
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Fig. 14 Comparison of large
strain fields at COD=0.11 mm
(L) and the large strain boundary
radial positions at 0.011500 mm/
mm (R) showing increased large
strain area on the free surface with
a bonded patch

free surface show the effects of the one-sided patch rein-
forcement. Initially, the patched specimen developed plas-
tic strains prior to the unpatched specimen primarily due
to out-of-plane bending. As load and COD increase three
trends due to the patch reinforcement emerged: load ca-
pacity increase is proportional to COD, local crack tip
large von Mises strain area on the free surface is inversely
proportional to COD, and average centerline von Mises
strain increases proportionally with COD as shown in
Fig. 16. For CODs of 0.4 mm and smaller the patch rein-
forcement increases the region of large strain with patch
reinforcement influencing the free surface response. As
COD increases beyond 0.4 mm large strain area of the
unpatched specimen is greater than that of the patched
specimen. Average centerline strain increases because of
the load carrying ability of the patch reinforcement, how-
ever as the COD increases beyond 0.4 mm the influence
of the patch on free surface centerline strains reaches a
plateau at a 2D von Mises strain magnitude of
0.0027 mm/mm, which exceeds the plastic strain level.
The unpatched specimen strain field at the crack tip is in-
fluenced by both the crack tip singularity and tensile ligament

Fig. 15 Comparison of large
strain fields at COD = 0.55 mm
(L) and large strain boundary ra-
dial positions at 65,000 e (R)
showing large strain areas indi-
cating decreased influence of the
patch on the free surface with
edge effects and qualitatively
similar shapes

Von Mises
Strain

01 Large Strain Radial Position (mm)
E:zi; Angle | Unpatched | Patched | % Diff
01009 0 2.36 4.11 74%
0008 15 2.45 431 | 76%
- 3.09 431 | 40%
06| 45 3.88 411 6%
0.005 | 60 2.95 3.08 4%
0.004 75 2.06 2.25 9%
0.003 90 1.38 1.63 18%

0.002
0.001
0.000

behavior and has an assumed symmetric through thickness
response. Addition of the patch reinforces the transverse re-
sponse of the aluminum ligament and offsets the neutral axis
of the specimen introducing out-of-plane bending and an
asymmetric response with through thickness behavior gradi-
ent at the crack tip where free surface stress intensity can
nominally be 4x that of the patched surface, as shown by
Wang and Rose [9]. With theoretical through thickness behav-
ior and the global load and free surface strain responses as a
function of COD one can infer details about the specimen
response. The COD at which the load goes through the
patched specimen centroid is where the load as a function of
COD slope is constant beyond the non linear region, which
matches assumptions made by Baker to develop simplified
equations to represent geometrically non linear response [8].
From this point, the bending contribution remains constant
and the tensile behavior of the section advances with the free
surface seeing more load than the patched surface and therefor
governing the failure response. Further investigation of the
through thickness behavior is beyond the scope of this paper
and requires detailed 3D finite element analysis (FEA)
techniques.

Large Strain Radial Position (mm)

Angle |Unpatched | Patched | % Diff
0 3.24 2.69 -17%
15 3.38 2.87 -15%
30 4.16 3.41 -18%
45 3.90 3.41 -13%
60 2.76 2.62 -5%
75 1.95 1.78 -9%
90 1.38 1.18 -14%
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Fig. 16 Increase in load, large
strain area, and patched centerline

Increase in Load and Large
Strain Region Area

Evolution of Patched Centerline
2D Von Mises Strain

free surface strain as a function of 200% 1= a 0.0030
COD showing load capz.icity and 1 R € 00025 i L x
centerline strain proportional to g 150% - a E |
COD and large strain area & 1 £ 0.0020 - x
inversely proportional to load S 100% - t £ |
- 1 A AlLoad © 0.0015 i
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Conclusions

The primary focus of this paper was to document the measur-
able effect that one-sided adhesively bonded low modulus E-
Glass/Epoxy composite patch has on development of the
crack tip plastic zone for small-scale aluminum CCT speci-
mens loaded monotonically in tension until failure. Full-field
free surface displacements and total von Mises strains mea-
sured during loading for both unpatched and patched speci-
mens allowed qualitative and quantitative comparison of re-
sponses. Uncertainty exists for the small data set, however
behavior correlated for like specimens and variability of a
larger data set is assumed to not significantly affect relative
comparisons. Load response and the fracture progression until
peak load of both the unpatched and patched specimens were
a function of the COD independent of the patch reinforce-
ment. For both specimen types, the crack blunting stage initi-
ated at a COD of 0.11 mm and concluded at a COD of
0.41 mm. Crack blunting transitions to the initiation of crack
growth prior to developing peak load for both specimen types,
which occurred at a COD of 0.57 mm with the patched load
being 160% greater. Crack growth and gradual load drop then
specimen failure followed peak load. Based on static images,
the patch disbonded ata COD of 1.0 mm resulting in a sudden
load drop. Specimen failure continued with aluminum frac-
ture, however, the COD magnitude was 20% greater for the
same aluminum specimen response load. Direct correlation of
fracture behavior prior to the peak load indicates patched spec-
imen failure can be predicted using unpatched specimen fail-
ure COD. Increased load capacity and centerline strain of the
patched specimen is proportional to COD while the increase
in free surface large strain area is inversely proportional to
COD. Additional patched load and displacement capacity cor-
relates with load carried by the patch and the accumulation of
increased large strain area and plastic deformation on the free
surface of the aluminum. True through thickness adhesive
behavior is outside the scope of this paper, however free sur-
face centerline strains indicate an effective transfer of load
between the aluminum and the patch until patch disbond.

SEM

The grain structure of 5052-H32 was characterized using a
LOM with gamma filtered polarized light. Grains of this alloy
have an approximate 2D surface major diameter of 10.8 +
4.5 pm with the maximum and minimum measurements being
18.1 and 5.4 yum, respectively. Alloy grain structure was com-
pared to the measured plastic zone size and shape. The
unpatched plastic zone shape indicates edge effects and did
not perfectly match plane stress conditions with radial posi-
tions between 1500 and 2800 pum. Patch reinforcement re-
duces edge effects and the plastic zone shape correlated well
with plane stress behavior with radial positions between 1700
and 2100 um. The difference between the region of interest
and the grain size is greater than two orders of magnitude,
therefore the material responds as a homogenous material dur-
ing evolution of the plastic zone. Future research will focus on
investigating the through thickness behavior of the patched
specimen utilizing 3D FEA, correlating measured surface be-
havior with inelastic strain energy release rate and predicting
ultimate specimen failure.
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