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A Cu-Al 11.2 wt.%-Be 0.6 wt.% shape memory alloy was subjected to a uniaxial tension test
using an MTS load frame with an attached optical microscope. Digital images of the
sample’s surface were acquired using white light and He-Ne laser illumination. The
obtained images were associated to the engineering stress-strain behavior, which was
calculated from the measured displacement, strain and force. From the images,
displacement vector fields were calculated for white light and laser illumination by digital
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image correlation (DIC) and digital speckle pattern correlation (DSPC) techniques
respectively. Using white light it was possible to observe the grains and the martensitic
Speckle pattern

Digital image correlation
Shape memory alloy
CuAlBe

Mechanical behavior

phase transformation of the material more clearly than using DSPC; nevertheless, better
quantitative results of displacement, in-plane strain and elastic moduli were obtained using
DSPC than using DIC when they were compared to the reference values measured by
electrical extensometry. Furthermore DIC and DSPC work as complementary techniques to
determined the micro and macromechanical behavior of the CuAlBe shape memory alloy.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction easily from which strains can be calculated [11-13]. This
technique is based on the comparison of the speckle patterns
formed on the surface of the sample.

When a stress is applied to a sample a strain is produced.
This strain induces a surface change provoking a change in the

speckle pattern. Hence the speckle pattern is like a “finger

The combination of techniques developed in different
branches of science has been used to measure physical
phenomena with more accuracy. This interaction has pro-
duced powerful tools to study the materials behavior at

different scales. Particularly, the digital image correlation
(DIC) and the speckle metrology have provided, separately,
two methodologies to characterize the mechanical behavior of
materials [1-7].

The combination of these techniques has produced the
digital speckle pattern interferometry (DSPCI) and the digital
speckle pattern correlation (DSPC) techniques. The DSPCI is a
powerful technique that it is capable to measure in-plane
strains but complex optical systems are needed [8-10] while
DSCP is a technique used to measure in-plane displacements
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print” which represents a particular strain state of the
material; if the state of strain changes the speckle pattern
changes, changes in the strain state can be determined by
tracking the changes in the speckle pattern.

The digital image correlation and speckle metrology
techniques represent a helpful alternative to determine strain
fields. In previous works different algorithms have been
reported to estimate the optical flow-relative change of
position-between frames in two different configurations
[1,3,14,15]. To improve the correlation between two images,
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Fig. 1 - Experimental set up.

different methods have been used to get a high contrast
random pattern on the surface of the sample including
painting, marking or chemically modifying it [16-19]. The
speckle pattern is a non-contact alternative that places the
high contrast random pattern on the surface of the sample
without modifying it. That is why some authors have been
using it to observe the mechanical response of conventional
materials [20-22].

Although there are different studies which have previously
reported the mechanical behavior of materials using DSPC
most of them have only a qualitative character. At the same
time the stress-induced martensitic transformation has not
been studied using the DSPC technique until now. The
objective of this work is to study the stress-induced martensi-
tic transformation, under uniaxial tensile test in a 2D-
confined' CuAlBe polycrystalline shape memory alloy, by
DSCP, DIC and electrical extensometry techniques.

2. Experimental Details

Tensile tests have been carried out on a servohydraulic
loading device (MTS 858 MiniBionix axial). To acquire images
an optical microscope was coupled to a CCD camera
(640 x480 pixels) as shown in Fig. 1. The modular microscope
works as an infinity-corrected compound microscope with
maghnifications of 2x. To control the MiniBionix MTS a 407 MTS
controller was used while data and images were acquired
using a National Instruments PXI-1002 chassis and PXI-boards
(6281, 8331 and 1402) connected to a PC.

2.1. Sample Preparation and Illumination Systems

A Cu-Al 11.2 wt.%-Be 0.6 wt.% shape memory alloy (CuAlBe)
was obtained by a melting process and then the ingot was hot-

* Refers to a configuration where the thickness of the sample is
the same as the grain size (a single quasi-2D layer of coarse
grains) [23].

rolled to obtain thin sheets [24]. The sheets were machined in
a CNC machine and tensile specimens were obtained having a
width of 3 mm, thickness of 0.68 mm and an equivalent
length? of 25.88 mm. The surface of the sample was
mechanically polished and chemically etched with ferric
chloride to reveal the grains of the material. Two optical
textures (gray-scale distributions on the image) were obtained
using white light illumination (150 W quartz halogen light
source) and He-Ne laser light (Metrologic Neon laser 632 nm
20 mW). With the white light the metallographic texture can
be observed while the speckle pattern appears when the He-
Ne laser is used. The sequences of the images, with different
optical textures, were analyzed to calculate displacement
vector fields using the Willert and Gharib algorithm [15].

2.2. System Calibration

Before the microscope was used for strain measurements, it
was calibrated using both white light and He-Ne illumina-
tions. By comparing images where there was no rigid body
motion or strain, the null field can be determined; the
(apparent) displacement vector field in this case is due to
vibration and changes in illumination. From these calcula-
tions, an error in displacement or optical noise can be
calculated. The error-in pixels-can be expressed in microns
by calculating the pixel size, which was determined from
acquired images of a calibration slide using white light.
Translation experiments were carried out to determine the
maximum detectable displacements for both types of illumi-
nation. The translations were applied using the servohydrau-
lic control of the MTS load frame; the resulting displacements
of the DIC calculations were also compared against a Mitutoyo
Digital Indicator. With these procedures, the minimum and
maximum detectable displacements were established.

2.3. Strain Measurements

With the series of images acquired during the tension test,
displacement vector fields were calculated from pairs of
images for each illumination type. The Willert and Gharib
algorithm [15] was used to calculate up(Xk, Yi) and Ui(Xe, Vi),
where u and v represent the displacement of an analysis
object in the x and y directions respectively [25,26]. The x and
y represent the position coordinates of the analysis object in
every image; subindex k indicates the corresponding object,
which is defined as a 64x64 pixels area. The in-plane strains
were determined by minimizing the errors of a six parameters
linear model (typically used in linear elasticity theory) given
by:

U (X, Vi) = AiXp + Biyk + Cp + 0u(Xe, Vi) (1a)

IJ]Q(X]Q7 yk) = A2Xk + B2yk + C2 + (5‘, (X;27 yk) (1b)

The minimization returns values for the A’s, B's and C’s
where A;=¢, (strain in x direction), C;=translation in x

2 Length of a rectangular strip with the same width and
thickness that would exhibit the same force-displacement
behavior as the tensile specimen [25].
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Fig. 2 - Optical textures of the sample obtained using a) white
light and b) He-Ne laser without strain neither rigid body
motion.

direction, B,=¢(strain in y direction) and C,=translation in y
direction. B; and A, are linear combinations of shear strain
and rotation where the shear strain ey,=(A,+B1)/2 and the
rotation 6=(A,-B1)/2; Su(Xk, yi) and d,(xk, Yr) represent the
(small) errors to be minimized.

The minimization functions?, for each direction, are given
by »? expressed in Egs. (2a) and (2b), where n is the number of
analysis objects representing the entire displacement vector
field between two images.

n
Xﬁ = Z [Mk — (A1Xk +Blyk + Cl)}z (28)
k=1
XS = Z [Uk — (A2X]e +B2yk + C2)}2 (2b)
k=1

Finding a local minimum in these equations, the in-plane
strains were calculated for DIC and DSPC. In order to have
another measurement of strain for comparison purposes, an
electrical strain gage was bonded on the same region of

3 In this case, the Euclidean norm of the errors §,ands, is used.
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Fig. 3 - Minimum and maximum detectable displacements
on pure translation.

interest; thus, the macro and micromechanical behavior of the
material were determined at the same time.

3. Results

In Fig. 2 the optical textures for both illumination types are
presented. Fig. 2a shows a typical metallographic image of the
CuAlBe sample where grains can be observed using white light.
These images were taken without any rigid body motion or
straining. In Fig. 2b, the speckle pattern that was diffracted on
the same region using a He-Ne laser can be observed. In this case
the grain boundaries are not clearly observed but the spatial
frequencies-a measure of how fast the contrast changes/unit
distance-are higher and thusbetter for the correlation procedure
than the spatial frequencies obtained using white light.

To calibrate the system for each illumination type, the
noise, the pixel size and the minimum and maximum
detectable displacements were determined. The noise,
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Fig. 4 - Macromechanical behavior: Stress-Strain Curve.
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without any rigid body motion or strain, was calculated by
acquiring ten images and calculating the mean x and y trans-
lations using Egs. (2a) and (2b). In this case the noise, due to
vibration or illumination changes, was 4 to 6% smaller using
He-Ne laser illumination than using white light. The speckle
pattern works as fine-small-tracers on the surface of the
sample resulting in higher spatial frequencies and a better
correlation between frames. In addition the pixel size was
determined using an Edmund Optics’ calibration slide, which
in this case turned out to be 6.8 pm in the object space.
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During the translation experiments, the minimum and
maximum detectable displacements were calculated to estab-
lish the displacement range that was employed during the
tension test. Fig. 3 shows the displacement range, in microns,
where translation measurements were in good agreement
using the correlation algorithm for both illumination types.
These measurements were compared against the digital
indicator (DI) that is considered as the reference measurement
of displacement. The best accuracy (+5 um) was obtained for
an increment in displacement between 20 and 80 um; the
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Fig. 5 - Images of the surface’s sample associated to the points A and B in Fig. 4. a) Corresponding to point A with white light
illumination, b) Corresponding to point A with laser illumination, c) Corresponding to point B with white light illumination and
d) corresponding to point B with laser illumination, e) Displacement vector fields at austenitic phase obtained from images 5a
and 5c, f) Displacement vector fields at martensitic phase from images 5b and 5d.
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acquired images during the tensile experiment were taken
within the range of detectable limits.

From the tensile test the stress-strain curve was
obtained and it is shown in Fig. 4. The stress-strain curve
corresponds to the macromechanical behavior-obtained
with the strain gage-of the polycrystalline shape memory
alloy. In this case a non-linear behavior is observed and a
small superelastic loop too. The first region (A to B of the
curve) belongs to the austenitic phase and the second one

(C to D) corresponds to a mixture of austenitic phase with
martensite plates.

a

y At
vy oy
o B

Py iy vy
7

Ya g any
bV, map
A

Y pixel position

—
s FF RN s A b ]

X pixel position

Y pixel position

The modulus-slope-of each region was obtained from a
least square analysis. The Austenitic region has a modulus
around 75+2 GPa while the phase where martensite plates
have appeared has a modulus around 49+2 GPa. This change
in modulus is due to the stress-induced martensitic transfor-
mation, which depends on the applied force, its direction and
the crystallographic orientation of grains [27]. It is clear that
the strain gage is capable of detecting the martensitic trans-
formation since the detected change in modulus is associated
to the additional “transformational” strain that appears when
the plates are forming.
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Fig. 6 - Images of the surface’s sample associated to the points C and D in Fig. 4. a) corresponding to point C with white light
illumination, b) corresponding to point C with laser illumination, c) corresponding to point D with white light illumination and
d) corresponding to point D with laser illumination, e) Displacement vector fields at austenitic phase obtained from images 6a
and 6c, f) Displacement vector fields at martensitic phase from images 6b and 6d.
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Table 1 - Strain measurements.

Phase Strain using  Strain using  Strain
white light [ue] laser light [ne] gage [pe]

Austenitic region 410+20 1090+30 950+15

AtoB

Martensitic region 580+40 1290+50 96715

CtoD

Fig. 5 shows the sample’s surface images and the displace-
ment vector fields corresponding to the austenitic phase.
Fig. Sa and c show the surface of the CuAlBe sample using white
light while Fig. 5b and d show the same region with He-Ne laser
illumination. The increments in stress and strain, between
point A and B, were 72 MPa and 950 pe respectively.

The resulting displacement vector fields, from point A to B,
are shown in Fig. 5e and {. Fig. 5e shows the vector field using
the DIC while Fig. 5f shows the vector field using DSPC. This
last displacement vector field shows the expected hyperbolic
field from a uniaxial tension test. In contrast, the displace-
ment vector field obtained by DIC shows a distorted hyperbolic
field. Furthermore, the spots of the speckle pattern, used as
non-contact fine tracers, improve the correlation process.
This process depends on the size of the object of analysis, the
displacement between frames and the gray scale distribu-
tion on the image [15]. If the size of the image is small (640 x
480 pixels) a high spatial frequency is needed because the
objects of analysis have to be small (64 x 64 pixels or less). But if
the image size is big (3000 x 4000 pixels), the objects of analysis
can be as big as 256 x 256 pixels and a high spatial frequency is
desirable but not necessary [5].

Fig. 6 shows the sample’s surface images and the displace-
ment vector fields corresponding to the mixture of martensitic
and austenitic phases. When the stress is increased the
martensite plates appear in some grains as shown in Fig. 6c.
This effect is more clearly observed using white light than
using laser illumination (see Fig. 6¢c and d). The increments in
stress and strain, between point C and D, were 52 MPa and
960 pe respectively.

The images 6a-c and b-d were used to calculate the
displacement vector fields. Fig. 6e shows a region where
martensitic plates appeared. In this region the displacement
vectors change their directions and magnitudes; this change is
more easily observed using white light (Fig. 6c) than using
laser illumination (Fig. 6d). In the case where the image is
illuminated by white light, the appearance of the martensitic
plates changes the contrast locally in the image—since one is
able to observe the dark lines representing the martensite
plates. Thus one is no longer comparing two images without a
change in contrast or light intensity, which is one of the
assumptions in the displacement field calculation. Hence, the
calculated vectors may represent noise instead of the asso-
ciated displacement that comes from the transformational
strain.

In the case of laser illumination, the speckle pattern does
not seem to be affected by the martensite plates and that
results in a displacement vector field that is smoother?. It

* 1t is for this reason that the oval is not shown in Fig. 6f.

seems that these calculations cannot detect the local (trans-
formational) strain associated with each martensite plate;
however, a shear strain—perhaps coupled to a rotation-
appears, as can be seen from the upper left and lower right
corners in Fig. 6f. This shear strain is due to the stress-induced
martensitic transformation as was reported in literature [28-
30]. In this case (Fig. 6e and f) the displacement vector field is
more accurately calculated using laser than using white light;
likewise in the case of the austenitic phase (Fig. 5e and f).

From Eq. (2a) the strain associated with the loading
direction (ex=A;) was calculated for each illumination type
and was also compared with the strain measured with the
electrical strain gage. The results are summarized in Table 1.

From Table 1 it is possible to observe that the strain
calculated from the images illuminated with white light was
almost half of the strain measured with the strain gage. At this
point it is obvious that the combination of a small resolution
camera and an image with low spatial frequencies is not
adequate to measure the strain in this case. Nevertheless, a
small camera can be used with white light illumination if the
resulting image of the surface of the material presents a
random pattern of light intensity-with high spatial frequen-
cies—[16,18].

From the strain measurements and the stress increments
the elastic modulus was calculated for the austenitic phase
and for the mixture of phases. The results, presented in
Table 2, show that DSPC offers a better alternative to measure
strain in a CuAlBe sample.

Finally, one would be tempted to draw some conclusions
from the displacement vector field and the associated micro-
structure. While there seems to be a relationship between a
single grain and its displacement vectors, several issues must
be resolved before a discussion is made. Two of the main
hurdles seem to be the change in light intensity associated
with the appearance of the martensite plates and the
resolution of the measurements (pixel size, image size and
number of vectors/grain). The DIC procedure assumes that the
light intensity remains constant while the image is deformed,
which is clearly not the case-at least with white light-when
the phase change takes place.

The issue of resolution can be improved with the use of
digital SLR cameras and pixel and image size can be changed
with optics; however, one still needs a large enough number of
grains to “capture” the macroscopic behavior while having
enough resolution to measure the transformational strain.
With the current set-up-a CCD camera with a resolution of

Table 2 - The elastic modulus of Cu-Al-Be.

Phase Micromechanical Macromechanical
behavior behavior
Elastic moduli Elastic moduli
[GPa] [GPa]
White light  Laser o—¢ curve
Austenitic 178+9 67+2 75+2
region A to B
Martensitic 62+6 40+2 49+2
region C to D
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640 x 480 pixels—,one can only detect some of the effects of the
phase change, such as the induced shear strain.

4, Conclusion

In this work three different techniques-digital image correla-
tion, digital speckle pattern correlation and electrical exten-
sometry-have been used to determined the macro and
micromechanical behavior of a shape memory alloy.

The DSPC has been successfully exploited to measure the
displacement vector field during a uniaxial tension testin a 2D-
confined CuAlBe shape memory alloy with a better accuracy
than DIC. The speckle pattern establishes a non-contact
alternative to get the random illumination patterns on the
sample surface. The small non-contact tracers improve the
correlation process so low resolution cameras (640 x 480 pixels)
can be used to measure displacements when the surface of the
material does not have high spatial frequencies. Better
quantitative result of displacement, in-plane strain and elastic
moduli were obtained by DSPC when they were compared to
the reference measurements (strain gage).

DSPC vyields better quantitative results than DIC; never-
theless DIC offers better visual information than DSCP. Thus,
both techniques can complement each other.
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