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Introduction
     Brazing has increasingly become an
important joining technology for the
manufacture and repair of gas turbine
engine components such as vanes,
nozzles, or honeycomb structures
made of Ni-based superalloys (Refs. 1,
2). Highly stressed brazed joints in
such critical applications require an ac-
curate assessment of joint mechanical
strength to ensure performance re-
quirements are met during service
(Refs. 3, 4). One of the most common
methods for evaluating the strength of
brazed joints is using the single lap
shear test method. This method was
recommended in a comprehensive re-
port by the American Welding Society
(AWS) Committee on Brazing and Sol-
dering in 1963 as a simple, relatively
inexpensive, and easily reproducible

method for determining the strength
of brazed joints (Refs. 5, 6). It is now
included in industry standards such as
AWS C3.2, Standard Method for Evalu-
ating the Strength of Brazed Joints, and
has been widely used to examine the
influence of process parameters on
joint strength such as filler metal/base
metal composition, brazing tempera-
ture, or hold time (Refs. 7, 8). From
the lap joint geometry schematic,
shown in Fig. 1, the breaking load (Fb)
is used to calculate the average shear
stress in the joint containing brazed
filler metal and the average tensile
stress in the base metal for any 
overlap:

Average filler metal shear stress =

and average base metal tensile stress = 

where X is the brazed joint overlap dis-
tance (in.), W is the width (in.) of the
gauge section, and T is the material
thickness (in.). 
     For typical test results of single lap
shear braze joints, shown schematical-
ly in Fig. 2 from the AWS C3.2 stan-
dard, the average filler metal failure
shear stress decreases with the in-
creased overlap distance, and the base
metal tensile stress increases until fail-
ure occurs in the base metal at larger
overlaps as indicated by solid points.
For high-strength materials, such as
precipitate-strengthened Ni-based su-
peralloys, and/or weak filler metals,
very large overlaps are required for
failure to occur in the base metal. In
some cases, base metal failures may
not be possible (Ref. 9). As shown in
Fig. 2, the calculated filler metal shear
stress decreases exponentially with in-
creasing overlap distance, making it
difficult to recommend a safe stress
level from a design standpoint. This
occurs because the shear stress values
calculated using Equation 1 are aver-
age values assuming the shear stress is
uniformly distributed across the joint.
However, due to change in the area
and to the peel stresses induced from
the bending moment, stress concen-
trations develop in single lap shear
brazed joints during shear-tensile
loading (Refs. 10, 11).
     Several research groups have at-
tempted to address the issues with the
single lap joint geometry in an effort
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to predict the failure load independent
of the test specimen geometry (over-
lap) (Refs. 1, 12, and 13). Lugscheider
et al. used the von Mises criteria to
calculate an equivalent stress based on
the twisting angle at various overlaps
for 316 SS brazed with BNi-2 filler
metal (Ref. 12). Broughton et al. used
finite element analysis (FEA) to calcu-
late peel and shear strain for adhesive
lap joints with various base materials
(Ref. 10). Similarly, Flom et al. per-
formed FEA to calculate the von Mises
stress distribution across a range of
overlaps for 347 SS brazed joints with
pure Ag filler metal (Ref. 13). 
     The results from these studies indi-
cated stress concentrations occur at
the edge of the joints due to the inher-
ent bending of the lap shear test speci-
men and change in the cross-sectional
area in this location. This effect is am-
plified for larger overlaps to the point
where the central portion of the joint
carries little to no load, thereby reduc-
ing the effective area in Equation 1.
This was shown in a study by Flom et
al. in which flaws introduced in the
center of 5T overlap samples had little
effect on the breaking load (Ref. 14).
Based on these results, Flom et al. rec-
ommended 0.5T overlaps should be
used to define the critical shear
strength of the brazed joint since the
stress distribution is most uniform
across the joint, and suggested the use
of a damage zone model for predicting
failure loads at large overlaps. 
     Damage zone models have been
used to predict failure of adhesively
bonded lap joints, but have not been
widely implemented for brazed joints
(Refs. 15–17). The basis for a damage
zone failure criteria is to evaluate the
stress distribution surrounding a
stress concentration and determine if

the stress exceeds some sort of
failure criteria such as von Mises
yield criteria or maximum
principal stress or strain. Any
location that exceeds this
stress or strain level is consid-
ered to be part of the damage
zone. If the damage zone
reaches a critical size, failure
will occur. For adhesive and
brazed joints in which the failure oc-
curs along the path of the joint, the
size of the critical damage zone can be
considered as a length rather than an
area in 2D. 
     Flom et al. introduced this concept
for lap shear brazed joints using the
von Mises failure criteria in Fig. 3.
Based on FEA models of experimental
lap shear testing at various overlaps,
the calculated von Mises stress at the
failure load was plotted across the nor-
malized overlap distance (Ref. 13). As
shown, the calculated stresses at fail-
ure are very high at the edge of the
joints especially at large overlaps, and
low at the center of the joint. Howev-
er, at a certain distance (X = 0.05)
from the edge of the overlap, the
stress values appear to be about the
same around 62 ksi (427 MPa). There-
fore, this distance, or 10% of the total
overlap length, was considered to be
the critical damage zone length as-
suming a threshold von Mises stress of
62 ksi (427 MPa). The FEA estimate
based on a 10% damage zone failure
criterion was also shown to give good
agreement with the classic work of
Bredz and Miller who reported lap
shear test results for a similar base
metal/filler metal combination as was
used by Flom et al. (Ref. 7). 
     While the good agreement between
the FEA models and lap shear test re-
sults using the damage zone model is

encouraging, there have not been any
attempts to experimentally measure
or observe the actual damage zone
during testing of lap shear brazed
joints. In addition, FEA models require
accurate filler metal material proper-
ties that are not readily available. For
example, the approach used by Flom et
al. to define pure Ag filler metal prop-
erties by conventional tensile testing
may not be applicable for Ni-based
filler metals that have strong metallur-
gical interactions with the base metal
and produce a number of brittle 
intermetallic phases in the joint 
microstructure (Ref. 18). 
     As a result, there is a need for the
development of an experimental
method to study the damage zone and
stress/strain distribution of lap shear
brazed joints. One possible solution is
to use digital image correlation (DIC),
a noncontact optical technique for
measurement of strain and displace-
ment on a sample surface originally
developed in the 1980s for studying
solid mechanics (Refs. 19, 20). In DIC,
a random black and white speckle pat-
tern is applied to the surface of a sam-
ple and sequential images of this sur-
face are taken during testing. Post-test
analysis is then performed using DIC
software, which treats each image as a
pixel array of grayscale values and di-
vides the images into subsets consist-
ing of a small group of pixels. Iterative
algorithms are then used to track the

Fig. 1 — Schematic of the single lap shear brazed joint test specimen.

Fig. 2 — Typical plot of lap shear tensile test results
from AWS C3.2 with circles representing average filler
metal shear stress and triangles representing average
base metal tensile stress at failure. Shaded points in
dicate base metal failures.
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location of each subset between im-
ages and calculate the relative dis-
placement and rotation of each subset
relative to the initial (reference) im-
age. From this information, full-field
strain and displacement maps across
the samples’ surface during testing can
be generated. Sutton et al. provide a
more comprehensive overview of DIC
fundamentals and theories (Ref. 21). 
     A number of DIC systems are now
commercially available and have been
used in a wide range of applications in-
cluding characterization of material
behavior (Refs. 22, 23). Several re-
search groups have demonstrated the
potential use of DIC for studying
brazed joint behavior, for example, to
determine local material properties of
the brazed interlayer (Refs. 24, 25) or
to validate FEA models of overall dis-
placement in T-joints under complex
loading (Ref. 26). DIC has also been
utilized to study the mechanical be-
havior of adhesively bonded lap joints
across the overlap region for a range of
adherents including aluminum, steel,
and carbon fiber (Refs. 27–29). How-
ever, unlike most adhesive joints, the
mechanical properties (modulus of
elasticity, yield strength, etc.) of the
brazed filler metal is much closer to
that of the base metal, so the strain
distribution will likely be different for
brazed joints. Similar publications in-
volving DIC analysis of brazed lap
joints could not be found in the tech-
nical literature.
     Therefore, the objective of this re-

search was to
demonstrate
and validate
the DIC
method for

analysis of the strain distribution in
lap shear brazed joints and to experi-
mentally measure the damage zone
size during mechanical testing. For
this initial investigation, a VIC-3D DIC
system was used to analyze the shear
strain distribution across the overlap
region of the Ni-based single crystal
superalloy, CMSX-4, brazed joints with
BNi-2 filler metal. The effect of over-
lap length on stress/strain distribu-
tion across the joint and critical dam-
age zone size was evaluated experi-
mentally with DIC. In addition, details
on the experimental procedure and
damage zone failure criteria for the lap
joint test method have been provided. 

Experimental Procedures

     Single lap joint test coupons (Fig.
4A) were prepared from casting plates
of commercially available Ni-based sin-
gle crystal superalloy, CMSX-4. AWS
C3.2 procedures were followed with
overlap lengths ranging from 1 to 5T
with a base metal thickness (T) of 0.12
in. (3.05 mm) and width (W) of 0.78
in. (19.8 mm). A total of 14 samples
were made and laser tack welding was
performed to maintain approximately
0.002–0.003 in. (0.05–0.08 mm) joint
clearances with preplaced BNi-2 filler
metal foils in the joint area. Additional
BNi-2 paste of a mixture of filler metal
powder and binder was applied to the
joint fillet prior to the brazing thermal
cycle to ensure the whole joint area

was filled with filler metal. Vacuum
furnace brazing of all samples was per-
formed under high vacuum ranging
from 10-5 to 10-6 Torr using the same
heating cycle described in Ref. 30 with
a hold time of 10 min at a brazing tem-
perature of 1950F (1065C). A post-
brazing precipitation heat treatment
for CMSX-4 was also performed. Visu-
al inspection before and after testing
of the brazed joint indicated a good
braze for all 14 samples with no lack of
braze or large voids present.
     The single lap brazed joint samples
were tested on an MTS 810 servohy-
draulic tensile testing machine at a tar-
get strain rate of 0.001 in./in./s. A VIC-
3D system from Correlated Solutions
with two Point Grey GRAS-20S4M-C
cameras was used for DIC. Figure 4B
shows the calibrated test setup prior to
testing. For each sample, the axial force
and crosshead displacement were
recorded and images were taken at 10
frames per second (fps). After testing,
DIC analysis was performed to calculate
displacement, shear strain, and strains
in the x- and y- directions across the
overlap regions.

Results and Discussion

Tensile Shear Testing of CMSX4/BNi2
Single Lap Brazed Joint Specimens

     The results of tensile shear testing
on CMSX-4/BNi-2 single lap brazed
joint specimens are summarized in
Table 1. The average experimental fail-
ure load was used to calculate the aver-
age filler metal shear stress and base
metal tensile stress using Equations 1

Fig. 3 — FEA calculations of the stress distribution across lap shear
brazed joints for 0.5–5T overlaps from Flom et al. Results indicate
uniform stress at low overlaps, and stress concentrations at large
overlaps. A damage zone assessment at a distance of 0.05T is 
recommended.

Fig. 4 — A — Example of a 5T lap joint test specimen; B — VIC3D
DIC setup on an MTS tensile tester.

A A
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and 2. Joint microstructures of the
CMSX-4 lap shear specimens were pre-
viously characterized and found to con-
tain hard, centerline eutectic phases
due to the shorter brazing hold times
(Ref. 30). As a result, all samples failed
in a brittle-like fracture through the
BNi-2 brazed joints except for one of
the 4T samples, which failed in the
CMSX-4 base metal at a peak load of
7.782 kip (34.62 kN). It was unclear at
this point why this sample sustained
such a high load relative to the other
samples. 
     Figure 5 shows the plot of stress vs.
overlap as per AWS C3.2 for the
CMSX-4/BNi-2 brazed joints. As ex-
pected, the filler metal shear stress de-
creased with overlap distance from ap-
proximately 47.5 ksi (324 MPa) at an
overlap of 1T to 15.7 ksi (108 MPa) at
a 5T overlap. Likewise, tensile stress in
the base metal increased from 49.5 ksi
(341 MPa) to 81.9 ksi (565 MPa) for
1T to 5T, correspondingly, with a max-
imum of 83.2 ksi (574 MPa), resulting
in base metal failure for the 4T brazed
joint. A logarithmic equation (Fig. 5)
was best fit to describe the relation-
ship between the calculated filler met-
al shear and base metal tensile stress
values with overlap distance. Assum-
ing a tensile stress of 83.2 ksi (574
MPa) is required for failure to occur in
the base metal, the best fit equation
estimates a minimum overlap of
6.62T, or 0.827 in. (21.01 mm), would
be necessary to avoid failure in the
brazed joints. It is important to notice
that the tensile stresses for the base
metal failure in the single lap brazed
joints can often be lower than the base
metal ultimate tensile strength (UTS)
and even tensile yield strength (TYS).

Digital Image Correlation (DIC) 
Analysis

     The lap shear test method with DIC
was used to evaluate the effect of the
overlap on strain distribution across
the brazed joints. Figure 6 shows two
selected DIC results of the shear strain
(xy) measured across CMSX-4/BNi-2
lap joints at overlaps of 1T and 4T just
before failure corresponding to a base
metal tensile stress of 49 ksi (339
MPa) and 71.1 Ksi (490 MPa), respec-
tively. In these full-field strain maps
generated in VIC-3D, the y-direction is
in the longitudinal direction parallel to
the joint overlap and the x-direction is
in the thickness direction. These re-
sults clearly show the stress concentra-
tions and effective damage zones that
form at the edge of the overlap during
loading.

     At short overlaps, such as the 1T
overlap, the shear strain was relatively
uniform across the joint. However, for
larger overlaps (above 1T) the strain
distribution was concentrated near the
edge of the overlap with very little de-
formation in the middle of the over-
lap. This indicated that the applied
load was carried mostly by the edge re-
gions and not the full overlap, result-
ing in local stress at the edges that
were much higher than the average
filler metal shear stress calculated us-
ing Equation 2. In addition, the defor-
mation was not restricted to the filler
metal since the properties of the filler
metal and base metal were relatively
similar. The lap shear brazed joints be-
haved more like a bulk material rather
than an adhesive/adherent system in
which the plastic deformation would
be restricted to the adhesive layer

Table 1 — Summary of Lap Shear Test Results for CMSX4/BNi2 Braze Joints

        Overlap                   Overlap                       No.                      Experimental Failure Load (kip)                    Avg. Filler                   Avg. Base
                                          in (mm)                     Tested                       Min.            Max.             Avg.                    Metal Shear               Metal Tensile
                                                                                                                                                                                      Stress (ksi)                   Stress (ksi)

             1T                          0.125                           3                          4.339           4.999           4.628                       47.528                          49.508
             2T                           0.25                            3                          6.103           6.422           6.222                       31.949                          66.560
             3T                          0.375                           3                          5.976           6.471           6.236                       21.347                          66.709
             4T                            0.5                              3                          5.301           7.782           6.646                       17.063                          83.248
             5T                          0.625                           2                            7.62            7.702           7.661                       15.735                          81.953

1 in. = 25.4 mm
1 kip = 4.4482216 kN
1 ksi = 6.8947573 MPa

Fig. 5 — AWS C3.2 lap shear test results with average filler metal shear stress and
base metal tensile stress vs. the overlap distance where the base metal thickness is 
T = 0.125 in. (3.175 mm).
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rather than the adherent as reported
by Stuparu et al. (Ref. 27). Some braz-
ing filler metals, such as the pure Ag
studied by Flom et al., form soft, duc-
tile joints that may behave more like
adhesives under shear loading (Ref.
13). For these filler metals, it makes
sense to use a yield criteria like the
von Mises equivalent stress to deter-
mine the stress level at the edge of the
damage zone. However, the BNi-2
filler metal produces brittle joints with
limited strain to failure; therefore, a
maximum principal strain damage
zone failure criteria was used.
     To measure the effective damage
zone size, strains along the brazed
joints were further analyzed using the
line mapping tool in VIC-3D as shown
in Fig. 7 for a 3T overlap sample at an
applied base metal tensile stress of
460 MPa. The maximum principal
strain (max) was calculated from the
shear (xy) and normal strains (x, y)
measured in the DIC analysis as fol-
lows (Ref. 31): 

     From Equation 3, max values were
calculated at the failure load and aver-
aged across two to three lines along

the braze interface for each
sample tested. Results for the
average max at failure are
plotted against the normal-
ized overlap distance in Fig.
8 for representative samples
at each overlap (1T–5T)
length. These results are
similar to the FEA results
reported by Flom et al. (Fig. 3).
     In this case, the max principal
stress could not be calculated directly
from the strain measurements because
the filler metal and the interaction be-
tween filler metal and base metal were
not assessed, and it was difficult to re-
late local plastic deformation to stress
without well-defined constitutive rela-
tions. As shown, for the 1T overlap
(blue line in Fig. 8), max was fairly uni-
form with a slight decrease at the cen-
ter of the overlap. For the larger over-
laps, however, max values at the edge
of the overlap were very high ranging
from 0.8 to 0.5%, whereas the center
of the overlap had very low values of
less than 0.2%. There was some slight
scatter in the data at these regions
likely due to the presence of the tack
welds in these areas and limitations of
the DIC for measuring low strains,
such as less than 0.05%. For example,
a secondary peak was observed in the
5T overlap at a normalized distance of
approximately 0.85 where a tack weld
was located. As a result, removal of
tack welds and surface grinding of the
overlap surface prior to testing is rec-

ommended for future studies.
     Similar to the results reported by
Flom et al., for 347 SS brazed joints
with the pure Ag filler metal, an effec-
tive ‘damage zone’ appears at the edge
of the overlap (Ref. 13). From the DIC
analysis, the calculated strain values
appeared to converge for all overlaps
where max was approximately equal to
0.5%. Therefore, this value was select-
ed as the critical strain value or mate-
rial allowable for the CMSX-4/BNi-2
brazed joints to define the damage
zone size. This value was somewhat ar-
bitrarily selected based on the prelimi-
nary DIC results. Flom et al. suggested
to use the average experimental FM
shear stress for a 0.5T overlap to de-
fine the failure criteria for the critical
damage zone size in their FEA models.
However, since constitutive relation-
ships for brazed joints are not well de-
fined, additional testing and data for a
range of brazed joints is necessary to
advance an analytical method for
defining the failure criteria of brazed
joints. 
     Assuming the 0.5% max failure cri-
teria, the critical damage zone size, or
distance from the edge of the overlap
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Fig. 6 — 3DDIC results for CMSX4/BNi2 lap joints with shear strain (xy) map
ping across the overlap region for 1T and 4T samples just before failure.

Fig. 7 — 3DDIC calculated shear strain (xy) for a 3T
overlap CMSX4/BNi2 lap shear brazed joint. Line shows
path used to extract strain values along the bond line; a
similar analysis is applied at other overlaps.
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to the location where max was equal to
0.5%, was estimated for each of the
samples. For example, one measure-
ment of the critical damage zone
length (X) for the 2T overlap is indicat-
ed in Fig. 8 by the dashed line, corre-
sponding to a normalized damage
zone length of approximately 0.1 or an
actual length of 0.025 in. (0.635 mm).
Similarly, the normalized and actual
critical damage zone lengths were cal-
culated from DIC analysis using the
max= 0.5% criteria for all samples. The
average value at each overlap is pre-
sented in Table 2 along with the stan-
dard deviation of the actual damage
zone lengths. Due to symmetry, the
damage zone at both edges were in-
cluded in these calculations, resulting
in four-six values at each overlap. 
     The average damage zone length
for all overlaps was found to be about
0.115 of the normalized distance or an
actual distance of 0.0359 in. (0.912
mm) using the 0.5% max failure crite-
ria. These results suggested the nor-

malized damage zone length as de-
scribed by Flom et al. decreases with
overlap length whereas the actual
damage zone length is less dependent
on the overlap length. For comparison,
the average max values are plotted
against the actual distance across the
overlap in Fig. 9, with the actual dam-
age zone size for the 2T overlap la-
beled as X similar to Fig. 8. Aside from
the 5T overlap, which appears to be an
outlier in these results, this appears to
indicate the actual damage zone size
may provide a better failure criterion
for predicting lap joint failure of
brazed joints rather than the normal-
ized damage zone size. This is also
more consistent with damage zone
models used for adhesive bonding in
which the critical size of the damage
zone size is independent of geometry
(Ref. 17). Deviations in damage zone
length measurement for the 5T over-
lap could be related to slight differ-
ences in the location where the strain-
line map was set up in the DIC analysis

or to slight misalignment and/or tack
welds between the two base metal
plates in the overlap region. As previ-
ously mentioned, machining these sur-
faces flat is recommended for future
studies.
     The results from this study and pre-
vious FEA modeling work indicated
damage zone models may provide a
more accurate approach for predicting
failure in single lap shear brazed
joints. As a result, the following proce-
dure adopted from Sheppard et al. for
adhesive bonding (Ref. 16) is being
proposed to predict the critical load
for a brazed lap joint using the damage
zone method:
     1) Test brazed joint(s) using DIC
analysis and record the loads at which
failure occurs and failure locations or
mode.
     2) Analyze the joints at the experi-
mental failure loads using an appropri-
ate analysis tool such as FEA.
     3) Using an appropriate failure cri-
terion and selected material allow-

Fig. 8 — Average maximum principal strain vs. normalized overlap dis
tance measured from the the DIC analysis along the brazed joints for
1T–5T overlaps at the failure load.

Fig. 9 — Average maximum principal strain vs. actual overlap
length from the DIC analysis along the brazed joint for 1T5T
overlaps at failure load.

Table 2 — Average Damage Zone Assessments of CMSX4/BNi2 Brazed Joints from DIC Analysis

Approximate                 Failure Load                     Normalized DIC                   Actual DIC Damage                              Std. Deviation of 
    Overlap                             (kip)                       Damage Zone Length               Zone Length (in.)                             Actual Damage Zone
                                                                                                                                                                                                      Length (in.)

         1T                                 4.628                                   0.212                                      0.0265                                                  0.0062
         2T                                 6.222                                   0.124                                      0.0310                                                  0.0083
         3T                                 6.236                                   0.073                                      0.0275                                                  0.0063
         4T                                 6.646                                   0.067                                      0.0333                                                  0.0054
         5T                                 7.238                                   0.098                                      0.0613                                                  0.0154

                                           Average:                                 0.115                                      0.0359                                                  0.0079
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able(s) to calculate the damage zone
size in the brazed joint region and vali-
date DIC analysis.
     4) Use the critical damage zone size
calculated in the previous step to pre-
dict the critical load of brazed joints
with the same base metal/filler metal
combination and load path.
     Using this type of methodology
would eliminate the issue of inconsis-
tent shear stress values associated
with the lap joint test method and pro-
vide consistent failure criteria that can
be used in the design of brazed lap
joints. As demonstrated in this initial
study, the DIC method can provide di-
rect experimental measurement of the
critical damage zone size and can be
used to validate FEA models. However,
additional studies using this method
for a variety of brazed joint material
combinations and process parameters
following the suggested improvements
are necessary to develop a more ana-
lytical approach for selecting an appro-
priate damage zone size along with a
failure criteria, such as von Mises
stress or strain level. Implementing a
consistent damage zone failure criteria
for brazed joints would not only assist
in the design and analysis of existing
brazed joints, but would also reduce
the cost and time of developing new
brazed joints by reducing the number
of test samples required. Ultimately,
the DIC method could be utilized to
generate a comprehensive database
with the critical damage zone size and
failure criteria for modeling and lifing
prediction of a wide range of brazed
joints.

Conclusions
     In this investigation, the applica-
tion of digital image correlation for ex-
perimental validation of damage zone
models in single lap shear CMSX-
4/BNi-2 brazed joints was demonstrat-
ed. When using the AWS C3.2 lap
shear test methodology, the average
filler metal shear stress (based on the
load divided by the joint area) decreas-
es exponentially as joint overlap in-
creases due to the inherent geometry
of the lap shear test specimen. DIC
was used to analyze the strain distri-
bution and measure the effective dam-
age zone length across the overlap
during testing. The results indicated a
nonuniform strain distribution across

the joint and base metal regions under
load especially for larger overlaps.
     The maximum principal strain
(max) was calculated along the braze
interface at each overlap and a failure
criteria for the CMSX-4/BNi-2 brazed
joints of 0.5% max was selected. Using
this failure criteria, the critical damage
zone lengths were calculated at each
overlap from the DIC analysis. The av-
erage damage zone length for all over-
laps was found to be relatively consis-
tent between samples at an average of
approximately 0.115 of the normal-
ized distance or an actual distance of
0.0359 in.(0.912 mm). The DIC results
indicated that the actual damage zone
size may be more applicable than the
normalized damage zone length as
suggested by Flom et al. From these
initial results and previous FEA mod-
eling work, a basic methodology for
using damage zone models to predict
lap shear brazed joint failure loads has
been proposed incorporating both
FEA and DIC analysis.
     Improvements to the testing proce-
dures for future work in this area in-
clude machining the surface of the
sample flat and removing tack welds
prior to testing as well as ensuring line
mapping tools are set up in the same
location for each sample.
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within the Manufacturing and Materi-
als Joining Innovation Center
(MA2JIC), a National Science Founda-
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