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1. Introduction

The surface of a specimen must provide sufficient variation in
contrast to ensure that the full-field displacements measured using
digital image correlation (DIC) [1,2] are accurate. Typically an
artificial speckles are applied to a surface to obtain a high contrast
random pattern. Recent studies have shown that the frequency
content of the speckle pattern affects the accuracy [3-9] and spatial
resolution [10,11] of DIC measurements for a given test setup and
equipment. While there are no general mathematical formulations
to define effective speckle patterns, extensive research has
highlighted salient characteristics. For example, an average speckle
diameter of a few pixels is required to minimize aliasing effects in
the correlation analysis, while ensuring good spatial resolution
(e.g., sampling of each feature by at least 3 x 3 pixels [1] or by 2
x2 to 5x 5 pixels [5]). Lecompte et al. [4] presented a
quantitative evaluation of DIC measurement accuracy with respect
to mean speckle size and subset dimension, high-lighting the
importance of selecting suitable combinations of
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speckle and subset size, while tailoring the subset size to the
expected deformation field. Pan et al. [7] examined different
speckle patterns with respect to measurement accuracy (bias error)
and precision (standard deviation error). Lecompte et al.[6]
investigated the effect of the speckle-to-surface area ratio
(coverage factor) and, for a 15 x 15 pixel subset, demonstrated that
the optimal speckle size is 5 x 5 pixels and the optimal coverage
lies between 40% and 70%. Pan et al. [3] proposed an alternative
approach where the average pattern gradient is related to both bias
and standard deviation of the error, in agreement with Wang et al.
[12].

Depending on the surface material and specimen size, different
patterning methods may be required. In many cases, it is challen-
ging to implement the practical recommendations reported in the
literature to create effective speckle patterns. Spray painting using
airbrushes is the most common technique for specimen sizes in the
range ~1mm to ~100 mm (e.g., [1,13,14]). In fact, speckle size
can be controlled in a simple and practicable fashion through a
combination of ink viscosity, nozzle size and spray distance, while
the density of speckles can be adjusted based on spraying time.
However, for specific applications (e.g., on relatively large regions
of interest as in the examples in Fig. 1 [15,16]), the need to create
speckle patterns with particles having well-defined and consistent
shape, size and spacing (e.g., [9,17]) has prompted the
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development and implementation of other suitable techniques. For
example, Helm [18] used a stamp made from a steel plate covered
with a pattern of felt disks to create speckles with a diameter of
approximately 10 mm on the 2.1 x 2.1 m? surface of a reinforced
concrete slab. Ghorbani et al. [15] used flexible polymer stencils to
spray paint numerically-designed speckle patterns on the surface
of full-scale concrete and masonry walls. Here, the use of relatively
large speckles, for which spray painting is impractical, becomes
necessary to ensure a suitable balance between measure-ment
accuracy and spatial resolution, enabling the identification of
faithful crack maps at any given loading stage [15]. For the case of
smaller regions of interest, El-Hajjar and Petersen [19] demon-
strated the use of laser-printed adhesive polyvinyl chloride coat-
ings on fiber-reinforced polymer coupons, and applications based
on stamping [20,21] and other techniques [22,23] have been
reported.

This paper introduces a novel technique to create speckle
patterns for DIC measurements by means of a thermo-
mechanical process where melted toner is transferred from
printed paper onto the measurement surface. The proposed
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Fig. 1. Numerically-designed speckle pattern on large-scale concrete specimens:

(a) 2.4x2.5m? concrete masonry wall surface [15];
reinforced concrete beam [16].

and (b) 330 mm deep
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Fig. 2. Design of speckle pattern: (a) original ordinate grid; (b) random pattern; and (c)

technique, which is widely exploited in the manufacturing process
for low-cost electronic printed circuit boards, enables the creation
of patterns with consistent speckle size and density in a repea-
table, simple, rapid and inexpensive fashion. First, the procedure is
presented in detail. Then, the tuning and quantitative quality
assessment of the resulting speckle patterns are discussed,
together with the applicability to different materials and surfaces.
Finally, proof of concept is demonstrated for (a) a welded steel
plate subjected to uniaxial tensile loading, and (b) an aluminum
plate exposed to different temperatures up to 451 °C, i.e., relatively
high temperatures for which specialized patterning techniques
need to be enlisted (e.g., [24]).

2. Methodology

The desired speckle pattern is numerically designed, printed on
paper using a conventional laser printer, and then thermo-
mechanically transferred onto the measurement surface. These
three steps are detailed as follows.

2.1. Speckle pattern design

Circular speckles are used to minimize local features associated
with preferential directions. An ordinate grid of speckles with a
given diameter and on-center spacing is numerically generated
(Fig. 2a). The ordinate grid is then perturbed by adding to the
horizontal and vertical coordinates of each speckle a random
amount of noise, which is extracted from a normal distribution.
The resulting patterns (Fig. 2b) are approximately spatially iso-
tropic for the subset sizes used in the proof-of-concept experi-
ments presented herein (i.e., 21 x 21 pixels and 41 x 41 pixels).
The strategy of perturbing an ordinate grid instead of
randomly positioning the speckles on a given surface area aims at
providing a more homogeneous speckle distribution. In the
examples pre-sented in this paper, a 4.5 pixel speckle diameter is
used as it lies in the desirable range of 2-5 pixels [5]. The
original on-center spacing of the speckles in the ordinate grid is 6
pixels (Fig. 2a). The horizontal and vertical coordinates of each
speckle are then perturbed by adding random values in the
range +2.5 pixels (Fig. 2b). The resulting coverage factor is
42%, which lies in the recommended range of 40-70% [6].

Dark speckles on a light background without intermediate gray
levels are used to maximize contrast and thus measurement signal-
to-noise ratio. It is noted that this does not imply a binary color
distribution in the image acquired by the camera as the filtering of
the camera optics softens the dark-to-light transition, resulting in a
blurring of the speckle edges (Fig. 2c).
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downsampled random pattern representative of pattern framed by camera.




2.2. Printing on paper

The speckle pattern designed is first printed on paper. The ratio
between camera resolution (pixels) and measurement area (milli-
meters) dictates the mm-to-pixel scaling factor. An inexpensive laser
printer can be used, although smaller scaling factors may require
printers with a higher dpi resolution. As an alternative, the pattern can
be printed using an inkjet printer and photocopied using a laser copy
machine. In this study, a laser printer (model T653, Lexmark,
Lexington, KY) was used. The highest quality printout is set and a test
page is printed to warm-up the machine. The paper must be carefully
selected to allow the toner to (1) melt during printing without
smudging; and (2) print the speckle pattern on the paper surface
making it possible to impress it on the measurement surface in the
following step. To this end, glossy photographic paper suitable for
inkjet printers was used for proof of concept in this study. The use of
different types of paper (e.g., linen paper) or printer (e.g, inkjet
printer) should be verified on a case-by-case basis.

2.3. Toner transfer onto measurement surface

The measurement surface must be clean and relatively smooth (i. e.,
sufficiently rough to facilitate adhesion of the enamel paint that may be
used to obtain a high contrast background). Suitable examples range
from metallic surfaces cleaned with acetone and with surface
roughness typical of machined surfaces, to sandblasted metals and
concrete, as discussed as part of the proof of concept presented in Section
3. A thin layer of white opaque (i.e., for indoor use) enamel should be
sprayed on all relatively dark or reflecting surfaces to increase contrast
and minimize reflections (the toner itself is opaque), respectively. In
particular, the enamel layer facilitates toner transfer onto glossy or
porous surfaces (e.g., concrete). A brittle (e.g., silicon-less) enamel is
preferable to detect cracks in the underlying surface rather than
measuring large but inaccurate deformations.

To enable an effective toner transfer, the printed paper must be
placed onto the specimen and then heated while applying a
uniform pressure, such that the toner on the paper re-melts and is
transferred onto the surface of the specimen. Heating the paper to
100 °C is suitable as toner powders typically melt at 70-90 °C [25].
In this study, a common flatiron is used for this operation together
with a cloth that is inserted between the hot surface and the
printed paper to facilitate the contact between the specimen
surface and the paper. When transferring the speckle pattern onto
curved surfaces, inserting a multi-layer cloth may be considered for
better pressure distribution. The time required for toner transfer
depends on the thickness of the specimen and the thermal
conductivity of the surface material. In this study, three minutes
were sufficient to impress the speckle pattern onto the surface of a
5-mm thick aluminum plate. Then, the specimen was cooled in
cold water, which also facilitated the removal of the paper without
imparting any visible damage to the speckle pattern. Operating on
curved surfaces is more time-consuming as it is necessary to rotate
the heating source along the measure-ment surface. However, it is
also noted that spray painting becomes more complex on curved
surfaces as the curvature increases. Different approaches to heat
the paper and allow toner transfer can be considered for specimen
surfaces that are larger than a typical flatiron. For example, the
paper and cloth may be covered with a metallic (e.g., aluminum)
plate, using a heat source (e.g., flame gun) to increase the
temperature to the desired level.

3. Proof of concept

The proof of concept consists in the tuning of the speckle size,
the quantitative quality assessment of the resulting speckle

pattern, and the demonstration of the proposed toner-transfer
technique in two examples.

3.1. Tuning of speckle size

Throughout the printing and toner-transferring process, a
difference may arise between the size of the designed speckles
and those actually impressed (toner-transferred) onto the mea-
surement surface. Speckle sizes in the range 2-5 pixels can be
effectively used for the purpose of DIC analysis [5]. However, in
order to consistently obtain speckles with a diameter as close as
possible to the design value, the difference in size between
designed and toner-transferred speckles should be characterized
and compensated for. In addition, by systematically quantifying
the difference between designed and toner-transferred speckle
diameter for different design (nominal) speckle sizes, the speckle
pattern for a given application can be more rationally selected. The
tuning process is demonstrated as follows.

Ordinate grids of speckles, each having a different nominal
diameter ranging from 1.0 to 0.05 mm (where the latter is the
smallest size that can be printed with the machine used in this
study), were designed, printed, and impressed on 50 x 50 mm?
aluminum surfaces. A 5-mm thick aluminum sample was used for
each speckle size. For the nominal speckle diameter of 1.0 mm, the
printed surface included 500 speckles spaced at 2.0 mm (i.e., two
times the nominal diameter) on-center. For the nominal speckle
diameter of 0.05 mm, the printed surface included in excess of
90,000 speckles spaced at 0.15 mm on-center (i.e., three times the
nominal diameter to offset the tendency of the toner to smudge,
resulting in speckles that are larger than those designed). The
patterned surfaces were then scanned with a high-resolution (4800
dpi) document scanner and an image processing technique known
as “particle analysis” [26] was performed on the images. The
resulting images were characterized by circular speckles with
diameter equal to or greater than 28 pixels, i.e., sufficiently large to
be essentially unaffected by uncertainty in diameter estimation.

Particle analysis [26] enables the detection of regions of an
image with homogeneous gray levels (in this case the dark
speckles) and the estimation of the salient geometric properties of
each particle (speckle), such as area and diameter. For a given
nominal (design) speckle size, the equivalent diameter of each
speckle transferred onto the plate, defined as the diameter of a
circle having an equivalent area to that of the speckle, was
computed. Fig. 3 illustrates the relation between the nominal
diameter in the range 0.05-1.0 mm and the resulting average
equivalent diameter (along with the standard deviation) as
obtained via toner-transfer onto the aluminum surface. The
average difference between nominal and toner-transferred dia-
meter consistently decreases for larger speckles, namely from 0.15
mm for 0.05 mm speckles to 0.05 mm for 1.0 mm speckles. While
this difference depends on the specific printer and paper
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Fig. 3. Relation between nominal (design) and average equivalent (transferred)
speckle diameter on aluminum sample.



used, the results reported in Fig. 3 are representative of those that
can be obtained using a professional laser printer and glossy
photographic paper. In fact, as the speckle size is reduced and
the limit of the printer resolution is approached, the printed
speckles tend to be larger than those designed especially when
using paper where the toner can more easily spread before drying.
In this study, the linear regression function indicated in Fig. 3 is
used to compensate for the difference between nominal and
toner-transferred speckle diameter. The minimum speckle size
that can be transferred is approximately 0.2 mm, which is asso-
ciated with a design value of 0.05 mm (Fig. 3). The difference
between design and impressed diameter is due to the smudging of
the toner, whose effect is reduced as the speckle size is increased.
However, from a practical standpoint, alternative techniques such
as spray painting through patterned stencils may be more con-
venient when larger speckles are required, and when extensive
regions of interest need to be patterned (e.g., [15]).

The calibration results shown in Fig. 3 demonstrate that, when
designing a speckle pattern for toner transfer, it is feasible to
compensate for the systematic effect of toner smudging on the
speckle size. In addition, some practical measures can be consid-
ered to minimize this systematic effect, including: controlling the
temperature at which toner transfer occurs as viscosity is reduced
at increasing temperatures [25], thus facilitating toner smudging
(a temperature of 100 °C is recommended); and, limiting the time
for toner transfer to a minimum (three to four minutes and about
two minutes are recommended for high-thermal conductivity
materials such as metals and low-thermal conductivity materials
such as concrete, respectively).

3.2. Quality assessment of speckle pattern

The speckle pattern shown in Fig. 2b was printed in four
different scales, ranging from 3.75 to 15 pixel/mm, using a nominal
speckle diameter of 4.5 pixels. For each scale, the pattern was
impressed on the 50 x 50 mm? surface of a 5-mm thick aluminum
sample. The surface was previously degreased with acetone and
spray-painted with white opaque enamel to enhance the pattern
contrast. The scaling factor, nominal and average equivalent
speckle diameter for each specimen (denoted as “A” through
“D”) is reported in Table 1. The specimens were framed with a
gray-scale, eight-bit digital camera preserving the scaling factors
in Table 1, and preventing the local saturation of the camera
sensor during image acquisition. Fig. 4 shows the image of a
100 x 100 pixel sample for each scaled pattern, where the quality
of the result in terms of contrast, detail and uniformity can
be noted.

The mean intensity gradient (MIG) coefficient introduced by Pan
et al. [3] was enlisted to quantitatively assess the quality of the
scaled speckle patterns shown in Fig. 4. The modulus of the local
intensity gradient vector of a gray-scale image is defined as per Eq.

(1):
191 ()| = VP (3)” +£, (x3)° )
where f(x;) and f,(x;) are the x- and y-directional intensity

Table 1
Scaling factor of speckle patterns on aluminum surfaces.

Speckle
pattern

Scaling factor
[pixel/mm]

Nominal speckle
diameter [mm)]

Average equivalent
speckle diameter [mm]

A 3.75 1.20 1.22
B 5.00 0.90 0.95
C 7.50 0.60 0.68
D 15.0 0.30 0.38

derivatives at pixel x;;, as computed using the central difference
method. The MIG coefficient is thus defined as per Eq. (2):

MIG = ZZW %) )

i=1j=1

where W and H are the image width and height (in pixels),
respectively. It is noted that a slightly different form of Eq. (2) was
originally identified by Wang et al. [12] as the primary measure of
subset contrast in image correlation, and was later used by Pan et al.
[3] in the form shown in Eq. (2) as an effective means to assess the
quality of a DIC speckle pattern. In fact, higher MIG values typically
result in smaller bias and less dispersion in the DIC measurements
[3]. The MIG value for the four scaled speckle patterns is indicated in
Fig. 4. Speckle  patterns A and C have similar MIG values (46.9
and 46.6, respectively), whereas similar but smaller values
characterize speckle patterns B and D (41.8 and 40.1, respectively),
where the difference may be due to a soft blurring in the acquired
images. However, all speckle patterns are characterized by a MIG
value greater than 40, and higher than the most effective high-
contrast spray-painted pattern tested by Pan et al. [3]. In addition,
high MIG values in spray painted speckle patterns may be attained
despite the presence of low-contrast areas having a relatively small
number of speckles or high speckle clustering, thus making local
inspections necessary [10,11]. The proposed toner-transfer
technique offsets this drawback since the characteristics of the
speckle pattern are controlled as it is numerically designed.

While quality assessment is demonstrated herein as a proof-of-
concept for a specific speckle pattern (and for four scaling factors), it
is noted that virtually any speckle pattern can be produced via toner
transfer after optimizing the design by maximizing the MIG
coefficient.

3.3. Applicability of toner-transfer technique

The main limitation of the toner-transfer technique is that it can
be implemented on surface materials that can be heated to about
100 °C for a few minutes without producing physical damage or
altering relevant mechanical properties. For example, the technique
is not suitable for polymer matrix composites whose glass transition
temperature lies below 100 °C, whereas it lends itself to applications
on cement composites (e.g., concrete as shown in Fig. 5a) and
metallic alloys (e.g., aluminum as shown in Fig. 5b). It is also noted
that some surface roughness, for example similar to that of machined
metallic surfaces, is necessary to facilitate toner transfer (e.g., by
preventing smudging). The technique can be conveniently used to
impress speckle patterns on curved surfaces using a suitable heating
source, such as in the case of concrete cylinders used for mechanical
characterization under uniaxial compression force (e.g., [27,28]) and
metallic specimens (e.g., Fig. 5b).

For large specimens such as the full-scale masonry wall in Fig. 1a
[15] and the reinforced concrete beam in Fig. 1b [16], where the
speckle patterns were impressed via spray painting through flexible
stencils, it is viable to use the toner-transfer technique for relatively
small areas of interest. Otherwise, patterning the entire surface becomes
labor intensive and time consuming, and the required scaling factor may
call for relatively larger speckles that can be more conveniently painted
using stencils (e.g., [15]). For small measure-ment surfaces, the
minimum speckle size depends on the capabilities of the printer used.
For the printer used in this study, as verified as part of the toner-transfer
tuning, a minimum equivalent speckle diameter of 0.2 mm is obtained
using a nominal (design) diameter of 0.05 mm (Fig. 3). Foran
equivalent diameter of 4.5 pixels, the scaling factor is 22.5 pixel/
mm, thus enabling DIC measurements on a framed area of 63 x 63 mm?
using a two-megapixel camera. Based
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Fig. 4. Scaled speckle patterns as transferred onto aluminum surfaces (100 x 100 pixel samples) and associated MIG coefficients.
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Fig. 5. Speckle pattern produced via toner transfer: (a) on flat concrete surface; and (b) on curved aluminum surface (diameter 16 mm).

on the resulting reference size limits (~10 mm to ~ 100 mm), it is
noted that the proposed toner-transfer technique is applicable to
metallic and ceramic specimens typically used in mechanical char-
acterization tests, ranging from tensile coupons (e.g., steel, alumi-
num, fiber-reinforced cement mortar) to cubes, prisms, beams and
cylinders (e.g., cement mortar and concrete).

3.4. Demonstration: mechanical deformations in welded steel plate

The toner-transfer technique is first demonstrated for a
quenched and partitioned martensite welded steel plate subjected
to uniaxial tensile loading (Fig. 6). The base plate has a rectangular
cross section with a width of 9 mm and thickness of 1 mm. The
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Fig. 6. Tensile testing and DIC analysis of quenched and partitioned steel plate: (a) toner transfer speckle pattern on under elastic (top) and plastic (bottom) deformation;

and (b) maximum principal strain map.

measurement area is 9 mm wide and 36 mm long, and includes an
approximately 9 mm long weld portion. Images with a resolution
of 100 pixel/mm were acquired continuously at a frame rate of 0.5
Hz. Three-dimensional DIC measurement was enlisted to study the
influence of the weld on the elasto-plastic response of the plate.
The speckle pattern was designed with the minimum speckle
diameter of 0.2 mm (i.e., design diameter of 0.05 mm per the
tuning plot presented in Fig. 3) to maximize spatial resolution. Prior
to impressing the speckle pattern via toner-transfer, the metal
surface was sandblasted to obtain a more opaque and light
background. The DIC analysis was performed using a subset size of
41 x 41 pixels and an overlap of 21 pixels.

Fig. 6a shows representative images acquired under elastic and
plastic deformation, highlighting the quality of the initial speckle
pattern and its ability to deform with negligible degradation (for
example because of toner disbond). DIC analysis on the deformed
speckle pattern enabled the estimation of the elastic constants of
the material in the welded area and the adjacent heat-affected
areas, and the elasto-plastic behavior was described by effectively
performing DIC measurements until the tensile failure occurred at
a load of 9.72 kN. Fig. 6b shows the map of the principal tensile

strain, €1, on the measurement surface (—18 <x < 18 mm,
—45<y<4.5mm) close to the failure load. The strain contours

allow one to clearly recognize the base material, the weld zone
(0<x<9mm), and the crack nucleation region in the heat-
affected zone around x=9 mm. In addition, the vertical (z)
coordinates in Fig. 6b describe the relatively small out-of-plane
deformation of the specimen that developed due to the eccen-
tricity of the tensile force along the weld region.

3.5. Demonstration: thermal deformations in aluminum plate

The effectiveness of the toner-transfer technique is demon-
strated for a speckle pattern on a 125 x 125 mm? surface of a
5 mm thick aluminum plate, which was subjected to increasing
temperatures between 22 and 451 °C (i.e., 70% of the nominal
melting temperature of aluminum). It is noted that the melting
temperature of the toner is about 70-90 °C and, since the viscosity
is a function of the temperature [25], the toner tends to smudge as
the temperature increases, thereby degrading the speckle pattern.
Therefore, the experimental demonstration is important also to
verify if, and to what extent, toner melting results in a degradation
of the toner-transferred speckle pattern. To this end, to simulate a
worst-case scenario, the patterned surface was held in a vertical
position for the entire duration of the test.

The speckle pattern was designed to obtain 4.5-pixel speckles
with a scaling factor of 6.4 pixel/mm. The specimen was placed in

a thermally-conductive and transparent glass ceramic container in a
laboratory furnace suitable for heat treatments. The furnace
temperature was increased in 13 different steps. In each step, the
temperature on the measurement surface was measured using a
thermocouple. Once stable temperature readings were obtained,
the furnace door was opened for a few seconds to facilitate image
acquisition and 640 x 480-pixel images were acquired at a frame
rate of 200 Hz. It is noted that while the specimen inevitably
experienced temperature drops when the oven door was opened,
the objective of the experiment was to study pattern degradation as
a result of the prolonged exposure to high temperatures in the
oven. A blue bandpass (450-490 nm) optical filter was mounted in
front of the optics to minimize near-infrared specimen emission
effects [29], and the specimen was illuminated with white LED light
having an emission spectrum peak lying within the filter bandwidth
[30].

To reduce the noise in the reference image [12], 400 frames of
the 125 x 125 mm? measurement surface were acquired at the
initial temperature of 22 °C, and their average was used as the
reference (zero-strain) image. At each temperature step, 400 images
were acquired and the resulting DIC strain matrices were averaged
element by element to minimize image distortion effects due to the
hot air flow [31]. The DIC analysis was performed using a subset size
of 21 x 21 pixels and an overlap of 16 pixels. Fig. 7 shows the

resulting average in-plane axial strains, &xxand €,,, as a function of
the temperature, where the error bars indicate the standard
deviation of the average strain matrices. It is noted that the
nonlinear trend at temperatures above 250 °C reflects the increase
in the linear coefficient of thermal expansion at higher
temperatures [32]. It can be seen that the quality and stability of the
speckle pattern were allowed to perform the DIC analysis up to the

maximum temperature attained, with associated axial strains &y

and &, up to 1.2%, without the need of incremental correlation. Fig.
8 shows two representative images of the speckle pattern, one at a
temperature of 22 °C, and one acquired at the end of the three-hour
test at a temperature of 451 °C. No visible degradation of the pattern
is noted as a result of the exposure to high temperatures. However,
a global offset in the image intensity can be seen due to the change
of the environmental light after three hours; this is a common
problem in DIC measurements and was addressed in the correlation
process by implementing a zero-mean normalized cross-correlation
[1,2,33].

3.5.1. Quantitative assessment of degradation of speckle pattern
Two parameters were used to quantitatively assess the degra-
dation of the toner-transferred speckle pattern subjected to
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Fig. 7. In-plane thermal deformation of aluminum plate from DIC analysis using toner transfer speckle pattern: (a) axial strain in x-direction, ex; and (b) axial strain in y-

direction, e,.

Fig. 8. Toner-transfer speckle pattern on aluminum surface exposed to tempera-
ture of 22 and 451 °EC (300 x 200 pixel samples and 50 x 50 pixel close-ups).

increasing temperatures. The first parameter is the confidence
interval [34], which is a measure of the uncertainty in the
correlation and was computed using the DIC analysis software
Vic-2D 2009 (Correlated Solutions, Inc., Columbia, SC). Since a
degrading speckle pattern would yield increasing confidence
intervals, the stability of or a marginal increase in the confidence
interval can be used as a criterion to monitor degradation as a
result of exposure to high temperatures. The second parameter is
the previously introduced MIG coefficient [3], which can serve as a
complementary parameter to assess the quality of the speckle
pattern. In fact, a decrease in MIG coefficient would indicate that
the pattern is becoming less effective for DIC analysis. It is noted
that, by itself, the stability of or a marginal decrease in the MIG
coefficient indicates that the speckle pattern remains effective for
DIC analysis, even when it may be deteriorating somewhat.

In Fig. 9, the mean confidence interval and the associated
standard deviation are plotted as a function of the exposure
temperature (up to 451 °C). For each temperature step, one image
is considered and the confidence interval is computed for each 21 x
21 pixel subset, using the image acquired at ambient tem-perature
(22 °C) as the reference one (i.e., with a confidence interval equal to
zero). The resulting mean confidence interval ranges between
0.0106 pixels at 54 °C and 0.0154 pixels at 451 °C, with no clear
increase in standard deviation. Therefore, the uncertainty in
displacement measurement increases but remains of the order of
0.015 pixels, thus indicating a negligible degrada-tion of the
speckle pattern at exposure temperatures up to 451 °C.

The MIG coefficient [3] is sensitive to changes in the lighting
conditions. Therefore, a zero-normalization of the pixel brightness
was performed prior to computing the MIG coefficient. For a given
acquired image, each 21 x 21 pixel subset was extracted and
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Fig. 9. Confidence interval as function of exposure temperature.

zero-normalized by subtracting the average intensity value, and
dividing the result by the intensity standard deviation as per Eq. (3):
.. S@3,j)-S
Sw(ipj =202 (€)
Os
where Sn(ij) and S(ij) are the zero-normalized and the original
intensity value of a pixel of a (2M+1) x (2M+1) squared subset,
respectively; os is the intensity standard deviation; and the asso-
ciated average subset intensity S is given as

s 1S S s 4)
(2M+1)2i:—1v11:—1v1
1 LA R P
= S@i,j)—S 5
os \j(ZM_H)z_]I_ZMjZM[(l,]) ] 5)

Then, the MIG coefficient was computed for each zero-
normalized subset. Through this approach, the average MIG value
of the about 5000 normalized subsets and the associated varia-
bility range are computed, thereby enabling the quantitative
assessment of the quality of the speckle pattern under varying
lighting conditions. The average MIG value of the zero-normalized
subsets and the associated standard deviation are plotted as a
function of the exposure temperature in Fig. 10. As a result of the
zero-normalization process, the average MIG values have a differ-
ent order of magnitude compared with those obtained without the
need of zero-normalization, such as in the case illustrated in Fig. 4.
By comparing the average MIG values between 22 and 451 °C, it is
evident that the differences between the average values at different
temperatures are negligible compared with the MIG variability at a
given temperature.

The evidence obtained through the analysis of the confidence
interval and MIG coefficient highlights the potential of the
proposed technique for a broad range of metallic specimens and
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elevated temperature tests. However, since printer toners typically
melt at about 70-90 °C and their viscosity is strongly dependent on
the temperature [25], the suitability of a given measurement
surface, toner and speckle pattern should be verified on a case-by-
case basis.

4. Conclusions

This paper introduces a novel thermo-mechanical toner-trans-
fer technique to impress speckle patterns of higher quality and
repeatability compared with those obtained through spray paint-
ing using airbrushes. First, the desired speckle pattern is numeri-
cally designed and tuned with respect to speckle size and spacing.
Then, the pattern is printed on suitable paper and transferred onto
the measurement surface by simultaneously applying heat and
pressure, for example using a flatiron.

A tuning procedure to compensate for the difference in size
between nominal (design) and impressed (toner-transferred)
speckle pattern has been demonstrated. Based on the mean
intensity gradient coefficient computed from the resulting speckle
pattern impressed on aluminum surfaces in four different scales, it
has been shown that an improved quality can be consistently
attained compared with spray-painted patterns.

The technique is suitable only for surface materials that can be
heated to about 100 °C for a few minutes, such as metallic alloys
and cement composites. Examples of applications on flat concrete
and curved aluminum surfaces have been presented. Based on the
allowable dimensions of the framed area, the toner-transfer
technique lends itself to applications on numerous standard
metallic and ceramic specimens used for the characterization of
mechanical and thermal properties.

Proof of concept has been demonstrated for the case of a
quenched and partitioned welded steel plate subjected to tensile
loads up to failure, and for an aluminum plate exposed to
temperatures up to 70% of the melting point. The speckle patterns
obtained via toner transfer have been shown to negligibly degrade
under large deformations as well as temperatures that are far in
excess of those associated with melting of the toner, allowing to
perform accurate DIC measurements irrespective of the mechan-
ical and thermal load imparted.
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