
ABSTRACT. To understand and accu-
rately model the mechanical response of
welds, it is critical to have constitutive
data for the various microstructural re-
gions that make up the weld, e.g., the fu-
sion zone (or dynamically recrystallized
zone, DRZ, in friction stir welding), the
heat-affected zone (HAZ) and the base
metal. Methods currently used for deter-
mining the mechanical response of the re-
gions that constitute the weld include
testing of miniature specimens excised
from the weld region (Refs. 1, 2), instru-
mented ball indentation testing (Refs. 3,
4) and testing of bulk material produced
by weld thermal simulation (Ref. 2). Each
method has its advantages and disadvan-
tages. This article describes a new
method for obtaining a substantial
amount of the data required to determine
the constitutive behavior for all of the ma-
terials comprising a weld by performing
one tensile test of a transversely loaded
weld.

Background

The new method of constitutive prop-
erty determination described and
demonstrated in this article makes use of
an optical, full-field displacement mea-
surement technique with good spatial
resolution to determine the strain re-
sponse of the weld metal, HAZ and base
metal as functions of a global, remotely
applied tensile loading transverse to the
weld interface. The technique, based on
digital image correlation (DIC), has been
successfully used to measure strain fields
in homogeneous materials subjected to
uniform stress fields (such as tensile bars)
or gradient stress fields (as at a crack
tip).This article demonstrates the appli-
cation of DIC to the measurement of

strain fields in the heterogeneous mater-
ial that comprises a friction stir weld. Be-
cause full field displacements are mea-
sured, gradients in material properties
are readily observed and quantified;
however, when gradients in strength are
steep, there are limitations on the accu-
racy of the technique, as described in a
separate section of the paper. One addi-
tional disadvantage of the technique is
that the far-field loading is limited by the
strength of the weakest component of the
weld microstructure: the weld is treated
as a composite material undergoing a
nominally iso-stress loading condition.
Therefore, the strain range over which
the constitutive behavior of a particular
region of the weld is measured will be in-
versely dependent on the strength of that
region.

Compared to the new method of con-
stitutive property determination, testing
of miniature samples from each region of
the weld allows determination of consti-
tutive properties from yield to fracture.
However, there are difficulties associated
with production and testing of the minia-
ture specimens required, and if steep gra-
dients in material properties exist within
the weldment, then even a very small
specimen may not exhibit homogeneous
properties. In addition to the precise and
careful machining techniques required

to produce the sub-miniature specimens,
the capability of performing accurate
mechanical tests on such specimens is
not generally available.

Ball indentation testing may be per-
formed semi-nondestructively and in the
field. The technique has good spatial res-
olution; however, determination of im-
portant constitutive data, such as the
yield strength, requires curve fitting of
flow stress data from high strain levels
(>0.04) and a priori knowledge of empir-
ically derived material constants (Ref. 3). 

Use of bulk material from weld ther-
mal simulation allows testing of full-size
tensile specimens and determination of
properties from yield to fracture; how-
ever, the highly transient thermal histo-
ries experienced by welded joints are dif-
ficult to characterize accurately and to
reproduce (Ref. 2).

Full Field Displacement
Measurement with Digital
Image Correlation

The use of DIC for determination of
surface displacement and strain fields in
homogeneous materials has been dis-
cussed in great detail in previous papers;
however, a brief discussion of the tech-
nique will be presented here (Refs. 5–7).
Digital image correlation is a method by
which the relative displacement of image
features from one image to another can
be determined automatically. If numer-
ous points in an image are “correlated,”
a displacement field for the image can be
produced. In this work, we illustrate the
use of DIC to produce displacement
fields for images of the transversely
loaded weld specimens corresponding to
different global stress levels. By suitable
postprocessing, the displacement fields
are converted to strain fields.

To obtain correlatable images, a high-
contrast pattern must be applied to the
surface to be imaged (in this case, the
tensile bar). A white spray-painted back-
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ground with a black overspray provides
the necessary contrast in the images. A
black-and-white, 8-bit digital camera
with a 768 X 484 pixel sensor array is
used to acquire the images through a
200-mm telephoto lens. The optimum
scale of the pattern depends on the spa-

tial resolution desired and, hence, the
magnification that is used to view the pat-
tern. An example of a typical pattern used
in this work is shown in Fig. 1 applied to
the through-thickness plane of a trans-
verse friction stir weld tensile bar. 

Once the tensile specimen, with pat-

tern applied, has been loaded into the
tensile testing machine, an initial image
of the  undeformed specimen is acquired.
Subsequent images are acquired at spec-
ified intervals of applied load or overall
specimen strain (deformed images). Each
of the deformed images is correlated with
the initial undeformed image to deter-
mine the displacement of image subsets
between the two images. The displace-
ment measured between any two pairs of
images is always displacement relative to
the initial undeformed state. The subset
displacements are used to generate a dis-
placement field that is subsequently
smoothed.

After the smoothed displacement
fields are obtained, the data are
processed to obtain strain data. Two
methods have been used to determine
strain from the displacement data in this
study. The simplest method used is to fit
a polynomial function to the displace-
ment, u, in the loading direction, x. The
first derivative, ∂u/∂x, of the fit function
is determined at all the points of interest
(corresponding to particular locations
relative to the weld centerline). This de-
rivative is the strain at the chosen loca-
tions. A more complex scheme is to fit a
surface to the u and v displacements.
The displacement gradients on the sur-
face correspond to the strains in any cho-
sen direction. Using this technique, prin-
cipal strains, shear strains and
longitudinal and transverse strains can
be obtained. The strain determined by
either technique is plotted against corre-
sponding levels of global stress and,
thus, assuming the validity of the iso-
stress assumption, stress-strain curves
are created for any chosen region of the
weld, HAZ and/or base metal. If it is de-
sired, data may be obtained for the spec-
imen position corresponding to each
pixel in the original, undeformed image.
The maximum strain that can be mea-
sured via the DIC technique is limited
mainly by breakdown of the high-con-
trast pattern applied to the specimen. In
the authors’ experiments, strain levels to
25% have been measured.

Materials and
Experimental Procedure

Base Metal Microstructure

The materials used for this study were
3.9-mm-thick sheets of 5454-O and
5454-H32 aluminum alloys. Alloy 5454
is a solid-solution-strengthened, strain-
hardenable aluminum alloy with a nom-
inal composition (wt-%) of 2.7Mg-
0.8Mn-0.12Cr-balance aluminum. Met-
allographic specimens were prepared
by mechanical polishing and elec-
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Fig. 1 — Typical high-contrast pattern used for digital image correlation as applied to a trans-
verse weld tensile specimen.

Fig. 2 — Schematic drawing of a friction stir weld cross section and micrographs of: A — The
dynamically recrystallized zone in the weld nugget; B — recrystallized base metal; C — recov-
ered and partially recrystallized base metal.

Fig. 3 — Tensile stress-strain curves for 5454-O base metal, 5454-H32 base metal and trans-
verse FSW in 5454-O and 5454-H32.



trolytic etching in Barker’s reagent. The
O-temper material was fully recrystal-
lized with nearly equiaxed grains. A
mean-linear-intercept grain size of 40
micrometers was determined for this
material. The H32 temper material was
cold rolled and unrecrystallized with
grains that were highly elongated in the
direction of rolling. 

Friction Stir Welding of 5454

An autogenous friction stir weld was
made between two 70 X 610-mm sheets
of 3.9-mm-thick 5454-H32. The weld was
made on a vertical milling machine using
a typical friction stir welding tool. The
shoulder diameter of the tool was 18 mm

and the pin diameter 4.5 mm. The length
of the pin was slightly less than the sheet
thickness. For the welds under considera-
tion here, the spindle speed was 270 rpm
and the welding rate (traverse speed) was
1.4 mm s-1 (3.4 in./min). The tool was tilted
3 deg from normal to the work. The work-
pieces were held down by steel angles
clamped every 6 in. to prevent bulging of
the work ahead of the advancing welding
tool. The clamping angles were approxi-
mately 22 mm from the centerline of the
weld.

Mechanical Testing Procedures

All tensile tests were performed on a

100-kN (22-kip) servohydraulic test ma-
chine operated in ram-displacement con-
trol. Standard subsize tensile bars (gauge
length = 50.8 mm), machined from the
3.9-mm-thick 5454-O and 5454-H32
base metal, were tested at ambient tem-
perature and at a nominal, initial strain
rate of 1 X 10-3s-1 (Ref. 8). Specimen strain
was monitored with a 25.4-mm (1-in.)
gauge length extensometer. 

Friction stir welds were tensile tested in
the transverse orientation (welding direc-
tion perpendicular to loading direction).
Digital image correlation was used to mea-
sure local strain in the H32 base metal, in
a transversely loaded O-temper friction stir
weld and in an H32 friction stir weld.
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Fig. 4 —  A — Contour plot showing the raw, DIC-derived u-displacement data for a 5454-H32 base metal tensile specimen at an overall strain of
7.2%; B — specimen centerline u-displacement and corresponding longitudinal strain as a function of position along loading direction.

A

A

B

B

Fig. 5 — A — Contour plot showing the raw, DIC-derived u-displacement data for a transverse FSW in 5454-O at an overall strain of 9.3%; B —
specimen centerline u-displacement and corresponding longitudinal strain as a function of position along loading direction.



Results and Discussion

Weld Microstructure

Figure 2 is a schematic drawing de-
picting the general structure resulting
from the friction stir welding process. The
leading side of the weld (left in the figure)
is defined as the side on which the weld-
ing tool’s rotational and translational ve-
locity vectors are of the same sign; the
other side of the weld is designated the
trailing side. The microstructural zones
that exist in a 5454-H32 weld include (A)

the DRZ, which is the region in the cen-
ter of the weld dynamically recrystallized
by the combined heating and plastic de-
formation imposed by the welding tool;
(B) the recrystallized base material adja-
cent to but outside of the DRZ; and (C) a
recovered and partially recrystallized
base material region. The grain size in the
DRZ is variable, but typically less than 15
micrometers, as determined by the mean
linear intercept method. In the recrystal-
lized base metal region, the grain size is
variable but significantly larger than that
observed in the DRZ. The extent of the

heat-affected zone varies with the cho-
sen values of the welding parameters
(tool rpm and traverse rate). In a 5454-O
weld, there is a dynamically recrystal-
lized zone in the weld nugget that ex-
hibits equiaxed grains smaller than those
in the base metal. However, because the
base metal is annealed and fully recrys-
tallized, no statically recrystallized or re-
covered regions are observed.

Tensile Properties

Figure 3 is a graph of the engineering
stress-strain behavior of 5454-H32 base
metal, 5454-O base metal, a transversely
loaded 5454-O friction stir weld and a
transversely loaded 5454-H32 friction
stir weld specimen. The stress-strain plot
for the 5454-H32 weld specimen is
bracketed by the stress-strain properties
of the 5454-O material and 5454-H32
base metal properties. The stress-strain
behavior of the 5454-O friction stir weld
specimen is nearly identical to that of the
O-temper base metal.

To understand the behavior illustrated
in Fig. 3, the DIC technique was used to
measure local strains in and around fric-
tion stir welds in the H32 and O-temper
materials. In addition, DIC was used to
measure the local strain as a function of
position in an H32 base metal tensile
specimen that was presumed to exhibit a
homogeneous response. Representative
DIC data are shown in Figs. 4–6.

Figure 4 illustrates the application of
DIC to the H32 base metal specimen.
Figure 4A is a contour plot of the u-dis-
placement field at an overall specimen
strain of 7.2% as measured with an ex-
tensometer. The displacement, u, is in the
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Fig. 6 — A — Contour plot showing the raw, DIC-derived u-displacement data for a transverse FSW in 5454-H32 at an overall strain of 9.1%; B
— specimen centerline u-displacement and corresponding longitudinal strain as a function of position along loading direction.

Fig. 7 — Base metal (5454-H32 and 5454-O) and transverse weld (5454-H32) stress-strain
curves with stress-strain data from specific microstructural regions determined via DIC.



loading direction. The displacement
contours are spaced evenly, indicating
uniform strain at this overall strain level.
Figure 4B is a graph of the u-displace-
ment at the specimen midplane as a func-
tion of the position along the loading axis
(the solid circles) and the strain at these
same positions (the open circles). The
solid circles describe a relatively straight
line: The strain at each position is deter-
mined from the local derivative, ∂u/∂x, of
the displacement data. The strains so de-
termined vary somewhat about the over-
all strain level, between about 7 and
8.8%. A line fit to the entire data set gives
the overall strain level of 7.2%.

Figure 5 is the same as Fig. 4 except
the data are from DIC analysis of a trans-
versely loaded friction stir weld in O-
temper material. The lines marked LS and
TS on the contour plot indicate the outer
edges of the welding tool shoulder on the
leading and trailing sides, respectively
(18-mm diameter). Like the data for the
H32 base metal specimen, the contours
are evenly spaced, particularly at the
midthickness of the weld. As for Fig. 4B,
the filled circles in Fig. 5B, representing
the u displacement at the midthickness,
are in a nearly straight line and the strain
varies from approximately 11.3 to 8.6%
at an overall strain level of 9.3%. A line
fit to all of the data gives an overall strain
of 9.2%. Evidently, the friction stir weld
in the O-temper material does not intro-
duce a significant inhomogeneity.

Figure 6 shows data for the friction stir
weld in the 5454-H32 material. Unlike
the H32 base metal and the O-temper
friction stir weld, the displacement con-
tours are not evenly spaced. This can be
seen on the contour plot and, in particu-
lar, on the scatter plot where it is seen the
solid circles (u-displacement data) de-
scribe a sigmoidal curve. The strain in the
region in and near the weld varies from
approximately 2% outside the shoulder
diameter to near 16% in the nugget cen-
ter. The overall specimen strain corre-
sponding to the data set shown is about
9%. In the H32 specimen, the weld does
create a strong inhomogeneity in mater-
ial properties, and the bulk of the plastic
deformation is concentrated in the weld
region where the initially strain-hard-
ened material has been recrystallized or
recovered.

Stress-strain curves for the distinct,
microstructural regions in the H32 fric-
tion stir weld were assembled from mul-
tiple data sets of the type shown in Figs.
4–6 and the corresponding global stress
levels. Because of the way in which the
image correlation is performed, a partic-
ular location in pixel space always cor-
responds to a spot on the initially unde-
formed image and, hence, a particular

position on the specimen. Stress-strain
curves were determined for points on the
midplane of the weld with respect to the
thickness direction of the sheet at x-pixel
positions of 350, 225 and 175. These
pixel positions correspond respectively
to points in the weld nugget center, re-
crystallized heat-affected zone (HAZ)
and recovered HAZ. 

In Fig. 7, the 5454-H32 and 5454-O
base metal stress-strain curves are re-
plotted as solid lines. The stress-strain
data for the dynamically recrystallized
zone (DRZ) are plotted as solid circles,
the recrystallized HAZ data are plotted as
solid squares and the recovered HAZ
data are plotted as solid triangles. It is ap-
parent that all of the weld-constituent
tensile properties are bracketed by the
properties of the strain-hardened and
fully annealed base metals. The stress-
strain curve of the DRZ (nugget center)
tracks almost exactly the lower bound
provided by the 5454-O stress-strain be-
havior. The H32 material, which was
partially recrystallized in situ during the
welding process, has a slightly elevated
stress-strain response relative to the O-
temper base metal. The recovered base
metal is intermediate between the an-
nealed and strain-hardened base metals
in strength. These findings are not sur-
prising, but they tend to support the ac-
curacy of the DIC method and the as-
sumption of iso-stress loading for
determination of the constitutive proper-
ties of the weld microstructures.

Table 1 lists the 0.2% offset yield
strength (YS), ultimate tensile strength
(UTS) and strain-hardening exponents for
the 5454-O temper, 5454-H32, the trans-
verse weld specimen and each of the
weld constituents. The weld constituent
parameters were determined from the
DIC-derived stress-strain curves. The
numbers in the table are the inputs that
might be used to define the constitutive
behavior of materials for numerical mod-
eling of the weld response. The strain-
hardening exponents were determined
by plotting the natural logarithm of the
true stress vs. the natural logarithm of the
true plastic strain between strains of
0.002 and 0.02 (chosen because the total

strain in the recovered base metal was
small). The slope of a straight line fit to
the logarithmic data is the strain-harden-
ing exponent. The parameters derived
from the stress-strain curves for the weld
constituents are again bracketed (ap-
proximately) by the O-temper and H32
constitutive behavior; the values derived
from the DIC-based stress-strain curves
are all reasonable based on the base
metal properties and the observed be-
havior of the weld.

At first glance, it seems inconsistent
that yielding should be observed in the
DRZ and recrystallized base metal at
stress levels of 10–15 MPa below the
overall transverse weld specimen yield
strength. However, the DRZ and recrys-
tallized base metal comprise only a small
part of the overall transverse weld speci-
men gauge length. Thus, by the time a
0.2% plastic offset is reached in the trans-
verse weld specimen, as determined by
an extensometer with a 25.4-mm gauge,
the early yielding constituents have ex-
perienced significant strain hardening.

Factors That May Adversely Influence
Accuracy of the Approach Presented

While the 5454-H32 friction stir weld
has been treated as a composite material
deforming under iso-stress conditions,
there is the possibility of interaction be-
tween the various microstructural con-
stituents. This interaction may mask the
true constitutive properties of some of the
material. Such an interaction could
occur if material (e.g., the weld nugget)
adjacent to harder material would have
its deformation constrained by the harder
material in the same way that material in
a notch may exhibit elevated yield
strength due to the development of a tri-
axial stress state (Ref. 9). In essence, the
material inhomogeneity will act like a
geometric discontinuity. This effect may
be especially pronounced in regions of
steep property gradient (hence, strain
gradient). However, the effect should not
be noticeable at all until after yielding
and after some significant plastic defor-
mation has occurred. The effect should
be less in a weld such as the one in ques-
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tion because the width of the softened re-
gion is significantly greater than the
thickness of the sheet. In addition, the
presence of the soft material should not
significantly affect the deformation of the
adjacent hard material. The overall effect
of the property gradients present in these
welds should be to slightly increase the
apparent strain-hardening rates of the
softer constituents in regions of the weld
where they are adjacent to hard con-
stituents. In later work, we will attempt to
elucidate the effect of the property/strain
gradients on the stress state in the trans-
verse weld tensile bars via numerical
analysis. 

Summary and Conclusions

The constitutive behaviors of the weld
regions determined via DIC are shown to
be quite reasonable when compared to
the behavior exhibited by the H32 and
O-temper base metals. Based on the con-
stitutive behavior, the stress-strain re-
sponse of the transverse weld specimen
may be explained by assuming the weld
is a composite material deforming under
an iso-stress condition. It is apparent that
strain initially localizes in the soft weld
nugget; and as the nugget strain hardens,
yield occurs at progressively greater dis-
tances from the nugget. However, mini-
mal plastic deformation occurs in base
metal that retains its original yield
strength level because the ultimate ten-
sile strength of the weld is only slightly
greater than the H32 yield strength. Al-
though the ductility of the nugget is
equivalent to or greater than that of the
5454-O, the uniform elongation of the
transverse weld specimen is low relative
to 5454-O base metal because strain lo-
calization occurs almost immediately in

the soft constituents of the weld. As ex-
pected, for a composite material loaded
in an iso-stress configuration, the overall
behavior is dominated by that of the
weakest component of the composite. In
the case of the 5454-H32 friction stir
weld, that component is the weld nugget. 
Ultimately, it has been shown that, if the
property gradients in a weld are not too
steep, then the constitutive properties of
the microstructural regions within a
weld can be deduced from a single ten-
sile test coupled with the DIC full-field-
displacement technique. The primary
advantages of the DIC-based technique
compared to other methods of constitu-
tive behavior determination in welds in-
clude the following: 

1) Behavior may be determined for
any or all points in the weld region with
a spatial resolution limited only by the
usable magnification of the imaging sys-
tem and the ability to apply a pattern of
appropriate scale.

2) No uncertainty exists regarding
whether the material tested is actually
representative of the material in the weld:
The tested material is the weld material
(contrast to weld simulation technique).

3) No a priori knowledge of material
properties is required (e.g., as in auto-
mated ball indentation tests).
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