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Determination of Tensile Properties of Polyester — Industrial Waste Red Mud Composites
Using Digital Image Correlation (DIC)
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The Digital Image Correlation (DIC) technique is an important method of evaluating material
strain fields. Composite materials have inherently heterogeneous elastic properties, in the function
of the different phases present in the composition, whereat the traditional techniques of deformation
evaluation may not be sufficient to determine the mechanisms that eventually contribute to the failure
of the material. The present work were evaluated, the tensile mechanical properties of polyester matrix
composites loaded with an industrial residue of red mud, with a mass fraction of 20%. The properties
were surveyed using the conventional technique of strain gauge and compared with the data obtained
through DIC. The results showed that the DIC technique was accurate in monitoring the displacements
and determining the average deformation of the tested specimens, in addition to providing ample
deformation fields, for the evaluation of failure mechanisms throughout the sample request process.

Keywords: Red mud, tensile properties, DIC, polyester composites.

1. Introduction

The Digital Image Correlation (DIC) technique is one of
the main methods for measuring deformations of materials
with applications in industry, in biomechanics, in experimental
mechanics, among other areas'.

Through DIC it is possible to obtain the full-field
displacements and strains by means of the use of correspondence
procedures based on correlation and numerical differentiation
algorithms. The data are obtained by comparing several
images captured during the mechanical test.

Composites represent a challenge to the characterization
processes either by their intrinsically heterogeneous nature or
by the presence of defects, such as porosity, fiber misalignment,
particle agglomeration, or even holes and notches, which can
nucleate or potentiate the propagation of cracks, being vital
the accurate tracking of the deformations when it occurs a
material solicitation.

In this sense, the conventional technique to determinate
the deformation only provides the average deformation of
the area under clip, using electric extensometer, or punctual
strains restricted to the contact area, in the case of strain
gauges. DIC, in turn, can both provide equivalent measures
to conventional techniques and allow the visualization of
the full-field deformation of the entire surface of the sample
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under test, allowing the precise study of the mechanisms
that eventually lead the part to fail.

The main objective of using the DIC technique is to
monitor the progress of damage in specimens subjected
to load application, based on the recognition of a speckles
pattern created on the surface to be analyzed, and its difference
before and after load application®, allowing, by identifying
the failure mechanisms, to develop a design model suitable
for the observations* make accurate DIC measurements, a
good speckles pattern must meet several requirements, such
as high contrast, randomness, isotropy, and stability. Different
speckles patterns can be realized by different operators using
the same techniques because technology and parameters
play a key role in each technique®.

The DIC technique is operationalized through the capture
of subsequent images, usually by means of CCD cameras,
of'a sample under mechanical request, on which the speckle
is applied. After applying the speckle, the sample image is
then registered before deformation, called reference image.
A virtual grid is applied over this, establishing points of
interest that will be tracked in the subsequent registered
image, after the deformation, referred to as deformed image.

The pixel that contains the point of interest and its
neighbors thus compose a unique subset' on the reference
image and can be correlated with the same subset to be tracked
in the deformed image. The longitudinal and transverse
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displacements recorded from the subset between the two
images thus compose the full-field displacement, which
are finally differentiated to generate the deformation fields.

DIC can be applied both for the evaluation of deformation
occurring in the plane when it is called DIC-2D, that three-
dimensional deformations which require two or more capture
cameras working simultaneously (DIC-3D).

Several researchers have sought to develop particulate
composites using industrial residues from red mud, in the
function of the high volume of this material generated
annually and the risks to the environment inherent to its
accumulation process.

Red mud is a by-product of the caustic leaching of bauxite
during industrial alumina production. About 1 to 2 tons of
red mud residue is produced for every ton of alumina, most
being stored or thrown overboard with very little reuse®.

Red mud is disposed of in landfills and stored for a
long period in large lagoon-type dams. It is a threat to the
environment and is not economically sustainable due to
increasing consolidation. This leads to an urgent need to
develop new improved techniques for the proper storage and
disposal of these wastes. New materials can be developed
to effectively manage red mud, such as composites, which
can reduce or prevent its storage’.

In addition to the environmental gain, the use of red mud
in composites can contribute to its stiffening and increase the
tensile and compressive strength of the samples. Red mud
has been used as a reinforcement in polyester and epoxy
matrix composites’, as one of the phases of polyester/sisal
fiber/red mud hybrids® or polyester/fiber coconut/red mud®,
replacing fly ash in the production of cement composites'®,
among others.

The addition of red mud to polymer matrices subjected
to tensile stress contributes to an increase in the modulus
of elasticity'" and the tensile resistance limit'?, however, for
the latter, the gain is perceived up to a limit of 20% mud
mass fraction®”!* on average, from which the red mud is
unable to disperse properly due to its high surface energy
and agglomerates leading to an inhomogeneous dispersion
in the matrix, reducing the resistence'*. Then, the boundary
of the 20% red mud inclusion is an important point for the
verification of the full-field deformation.

Materials Research

In this work, the DIC-2D technique was applied to
composites reinforced with industrial residue of red mud,
with a mass fraction of 20%. Longitudinal deformations were
measured using an electric clip-on-extensometer. The full-field
strain and the average strains in the longitudinal and transverse
directions of the sample under test were determined using
the DIC technique. The results of the two techniques were
statistically compared to assess the technique’s precision.

2. Material and Methods

2.1. Materials

The matrix used was terephthalic unsaturated polyester
resin (Arazyn AZ 1.0 #34) of medium viscosity with a healing
agent of the type methyl ethyl ketone peroxide (MEK p),
both supplied by Ara Quimica SA (Sao Paulo, Brazil), added
at 1 wt% in relation to the resin mass. The red mud, industrial
residue from the Bayer process for obtaining alumina, was
provided by Hydro Alunorte in Barcarena, Para, Brazil.

2.2. Red mud characterization

The red mud residues were dried in a recirculation
oven for approximately 24 (twenty-four) hours at 105°C.
Then, the procedure applied to adjust its granulometry was
done manually in a 100-mesh sieve of the Tyler series, the
passing material, shown in Figure 1, which was used to
make the composites.

To identify the chemical composition of the residues,
an X-ray Fluorescence equipment was used, Bruker, model
S2 — Ranger, with samples as pressed pellets.

Morphological and microstructural analyzes were
performed using a Scanning Electron Microscope (SEM),
model VEGA 3 SBU from TESCAN. The determination
of the specific mass of the red mud residue followed the
psychometric method using distilled water and 3 samples
of approximately 1.0g of particulates.

2.3. Composites preparation

The composites were fabricated with a mass fraction
of red mud in the polyester matrix of 20%, following the
geometry established in the ASTM D638 standard. The red

Figure 1. (a) Red mud residue before comminution and (b) after hand sieving through a 100 mesh.
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Table 1. Dimensions (mm).
Specimens A B C D
CPO1LV20 19.2 9.80 70 2.97
CP02LV20 19.4 9.77 70 3.10
CPO3LV20 19.4 9.80 70 3.90
CP04LV20 19.3 9.70 70 2.97
CPO5LV20 19.2 9.73 70 3.43
CPO6LV20 19.6 10.03 70 2.97
7 2 W
it
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Figure 2. Test specimen dimension references.

mud was initially dried, then added to the polyester matrix
and homogenized with a mechanical mixer. After adding
MEK-p, the mixture was then poured into silicone molds
and cured at room temperature.

Six samples were manufactured for the tensile test,
which are named sequentially in Table 1, with dimensions
according to Figure 2.

2.4. Tensile test

The fabricated specimens were initially speckled on one
side, for the application of the DIC technique, using white
and black spray paint (Figure 3). On the opposite side of the
samples, it was affixed an electrical Clip-on Extensometer
type SANIJ blade, Model YSJ90/10-ZC (Figure 4a) to
determine the longitudinal strains. The extensometer was
interfaced with a computer (Figure 4c¢) through a 6-channel
Didaq B2 module (Figure 4b).

2.5. Digital image correlation (DIC)

The tensile tests were performed according to
the procedures of ASTM D638%, with a test speed of
2 mm/min, using a universal testing machine AROTEC
WDW 100E (IFPa, Belém, Para, Brazil), with a load cell
of 5 kN. For application the DIC technique, digital images
were obtained using a CANON digital camera, model
EOS REBEL T3i, EF-S 18-55mm lens, 18-megapixel
resolution. [llumination was done through an LED lamp,
7W, 600 lumens, 6.500K. The camera’s focus is concentrated
on the surface of the object to record successive images of
the speckle pattern under load application'®. The modulus
of elasticity was determined by the ratio between the
difference between two stress points and the difference
between their corresponding strain pairs, as established
in ASTM D638%.

For the application of DIC was used the Omnivid-DIC
2D software, developed at PPGEMAT/IFPA (Belém, Para,
Brazil), applying a rectangular grid (30 lines x 5 columns)

Figure 3. Speckle pattern applied on polyester/red mud specimens.

on the speckle, as illustrated in Figure 5. The deformations
in the longitudinal and transverse directions were calculated
by averaging the deformation of the grid on each axis. From
each test, 200 images were generated which were subsequently
evaluated to determine deformations.

2.6. Statistical analysis

Analysis of variance (ANOVA) was used, through the F
test, to verify if there were significant differences between
the means of the deformation results and elastic modulus
obtained in the mechanical test through the extensometer
and DIC. To compare the means of treatment, Tukey’s
Significant Difference test was applied (posttest), if necessary.
The significance level adopted was (a) of 5%, with the
null hypothesis (H,) being equivalence between means; in
which for P-value smaller than a, reject if H. Statistical
analysis was conducted entirely using the R CORE TEAM
Environment (2020), using the RSTUDIO TEAM (2020)
integrated development environment, and supported by
additional packages.

The value of the minimum significant difference (m.s.d.)
was found through Equation 1:

ms.d.=q. ,%
n

(M
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Figure 4. (a) Experimental setup with extensometer for mechanical testing of composites (tensile test); (b) Didaq B2 module and (c)

Computer.

Where:

q = Total student amplitude (tabulated value), which is a
function of the degree of freedom of the residue (GLR) and
number of treatments.

QMR = Mean square of residue within the group;
n=Number of repetitions of each treatment within the group;

3. Results and Discussion

3.1. Characterization of red mud waste

The specific mass result obtained for the red mud was
2.04+0.06 g/cm3. This specific mass value of the red mud
residue is similar to those found by Liu and Poon'” and
Wang et al.'®, which resulted, respectively, in 2.18 g/cm® and
2.21 g/em’.

The granulometry of red mud was defined as material
passing through the 100 mesh sieve of the Tyler series, which
allows residue to pass below 0.149mm.

3.2. Scanning electron microscopy

Figure 6 shows the image of the red mude residue sample
obtained from the scanning electron microscopy (SEM).

It is observed that there is a heterogeneous and irregular
granulometric distribution, with the presence of fine particles
that tend to agglomerate'’. These agglomerated particulates
tend to form relatively larger aggregates®?!,

3.3. X-Ray fluorescence

Table 2 indicates the nominal composition (amount %
mass) of the oxide contents of the red mud residue obtained
by X-Ray Fluorescence (XRF) analysis. It is observed that
the red mud residue is mainly composed of several oxides,
the most abundant chemical component is Fe,O, (Hematite)
with 33.70%, followed by AlL,O, (Alumina) with 22.90%,

Figure 5. Rectangular grid 30x5 applied on the speckle to determine
the longitudinal and transverse deformation.

SEM MV 200V
WO 1492 mm

SEM MAG: 3.00 kx 1 3 VEGAI TRSCAN|

Figure 6. Red mud residue sample, 3kx.



Determination of Tensile Properties of Polyester — Industrial Waste Red Mud Composites Using Digital Image
Correlation (DIC) 5

SiO, (Silica) with 19.40% and Na,O (Oxide of sodium)
with 13.50%. The chemical properties and utilization of red
mud mainly depend on these four components. In addition,
TiO, (Titanium Dioxide) with 5.67% and CaO (Calcium
Oxide) with 1.09% represent a small proportion, and other
components represent a minor proportion, and these components
have almost no effect on the red mud. Several researchers
also performed X-Ray Fluorescence (FRX) analysis of the
red mud residue in their research, as shown in Table 3.

3.4. Tensile mechanical properties of Composites

Table 4 illustrates the results obtained in the tensile test
of polyester/red mud composites, calculated using the strain
gauge and by DIC. The samples showed a tensile strength
limit of 14.973 MPa, very close to the value obtained by
Prabu et al.” which resulted in 14.30 MPa, working with
polyester and 20 wt% red mud.

The average value obtained for the modulus of elasticity
was 0.6621 GPa and for the failure strain 0.0393 mm/mm,
calculated from the results of the strain gauge. By means of
DIC, it was obtained for the modulus, 0.6766 GPa and for the
strain 0.0387 mm/mm, presenting errors in the DIC versus
Extensometer ratio, of +2.20% and -1.61%, respectively.
Figure 7 illustrates the stress-strain diagram obtained by
using each technique for the six specimens tested.

Quanjin et al.® testing pure epoxy polymer under
traction, obtained the deformations by means of DIC and
compared with those acquired using strain gauges, finding,
for the modulus of elasticity, average differences of 9.60%.

The analysis of Figure 7 proves the accuracy of the
deformation measurements obtained via the digital image
correlation method, concerning the conventional technique
used.

Significant differences are only observed in samples 2 and
6. Figure 8 illustrates the maximum, mean and minimum

differences verified between the deformations obtained via
strain gauge and via DIC for the samples tested, where it is
verified that, except for samples 2 and 6, the others showed
a mean difference of less than 0.1%.

The maximum difference observed in sample 2 (CP02LV20)
was in the order of 0.3844% (0.003844 mm/mm) and in
sample 6 in 0.193%. Castillo et al.* obtained differences
of up to 0.06% in samples of epoxy matrix composite with
fibrous reinforcement, with longitudinal strains determined
via DIC compared to those obtained via strain gauges.

3.5. Full-field deformation

Figure 9 illustrates the graphs of mean strain in the
longitudinal and transverse directions, in addition to the final
full-field deformation in each direction. In (Figure 9a), it is
possible to verify the evolution of deformations as a function
of'the analyzed image, evidencing the deformation jump that
indicates the rupture of the sample. The images generated
after the fracture were not considered for the analysis, as
well as the deformation jump, for the comparison of the
deformations obtained in each measurement technique.

The transverse strain fields (Figure 9b) do not indicate
strain concentration in the region of interest, not even in the
vicinity of the fracture zone, which corroborates the results
normally found for polymeric composites with particulate
reinforcement, of low transverse strain and without expressive
section reduction in the fracture region, typical of materials
with tendencies to fragile fracture. In Figure 9c, one can
see the high strain levels concentrated in the fracture area.

Figure 10 illustrates the partial longitudinal strain
fields that were recorded in the sample request CP02LV20.
The deformations, initially well distributed, present a slight
concentration around the 600-pixel elevation in the longitudinal
direction, however, the fracture occurs abruptly, in the region
of the 280-pixel elevation of the area of interest.

Table 2. Nominal composition (amount % mass), in oxides, of Red Mud.

Residue Na,0 MgO AlLO, SiO, SO, Cl K,0 CaO TiO, Fe 0, Zr0,
Red Mud Residue  13.50 0.896 22.90 19.40 0.378 0.447 0.330 1.09 5.67 33.70 0.822
Table 3. Main nominal compositions (amount % mass), in oxides, red mud residue presented in the literature.
Residue Fe,0, ALO, SiO, Na,0 TiO, References
37.00 22.80 14.10 11.50 7.92 Yoon et al.
Red Mud Residue 38.82 21.66 20.26 11.38 4.58 Qiu et al.?
34.30 21.40 20.10 8.10 2.00 Ma et al.>*
Table 4. Result of tensile tests of samples of red mud polyester composites.
Material Tensile Modulus of Elasticity E (GPa) Failure Strain (mm/mm)
. Strength by Error (%) DIC by Error (%) DIC
C t
ompostte (MPa) Extensometer by DIC vs Ext. Extensometer by DIC vs Ext.
Polyester/
20wt% Red 14.973 0.6621+0.0508 0.6766+0.0664 +2.20 0.0393+0.0077 0.0387+0.0084 - 161

Mud
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Figure 7. Stress x strain diagram of polyester matrix composites with 20wt% red mud with strains obtained via electrical strain gauge

and via DIC.

It can then be inferred that, despite the high mass fraction
of red mud particles in the polymer matrix, with a high
tendency to agglomerate, the failure mechanism cannot be
identified, and the fracture region was not previously located,
probably due to the intrinsic characteristic of the sudden
fracture samples and the displacement rates used during the
test, 2 mm/min. In addition, the technique used, DIC-2D,
can only demonstrate the superficial effects caused by the
internal defects of the sample, which will not necessarily
be revealed on the face under observation.

The incorporation of red mud restricts the molecular
mobility of the polymeric chains in the composite and reduces
the ductility of the matrix'?, enhancing the tendency to sudden
fracture presented by particulate polymeric composites.

Figure 11 illustrates the cross-section of one of the samples
where the formation of several points of agglomeration of
red mud is verified, due to the high load of mud inserted in
the matrix (20wt%).

The fracture surface shown in Figure 11 illustrates the
formation of several agglomerates of particulate matter,
which, as also observed by Liu et al.'* can lead to stress
concentration, decreasing the tensile strength of the composite.

0.004 T
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B Mean
[ Min
0.003
)
=}
=
¥ 0002
=
u
=
w
0.001

Sample

Figure 8. Maximum, mean and minimum differences.

3.6. Statistical analysis

Statistical analyzes of longitudinal strain and modulus
of elasticity are presented in Table 5.
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Table 5. Analysis of variance for composites with red mud.

Materials Research

Total Strain (mm/mm)

Degrees of

Source Sum of Squares Mean of Squares  F (Calculated) F Critical P-value
Freedom
Between the groups 1.20x10°¢ 1 1.20x10° 1.86x1072 4.96 0.894
Inside the group 6.47x10* 10 6.47x107
Total 6.48x10* 11
Young’s Modulus (GPa)
Source Sum of Squares Degrees of Mean of Squares  F (Calculated) F Critical P-value
Freedom
Between the groups 6.35x10* 1 6.35x10* 1.82x1072 4.96 0.678
Inside the group 3.49x107 10 3.49x10°
Total 3.55x102 11

VEGA) TRSCAN

EPALCavpus Betem
SEM MAG: 05 x
Det: SE B3R
Date{midy): OW1921

SEM HV: 200 &V
WO 1325 mm
8 10.00

Figure 11. Cross-section of matrix composite sample.

For the longitudinal strain, the F__ (1.86x107?) was
lower than the F . (4.96) at the significance level a=5%,
it can be said that there is no significant difference for the
treatments. In this way, H, is accepted. Similar behavior was
observed for the modulus of elasticity where F__ (1.82x10?)
was lower thanF (4.96) at the significance level a=5%,
it can also be said that there is no significant difference for
the treatments. In this way, H, is accepted. As H was not

rejected, the Tukey test is not necessary for both treatments.

4. Summary and Conclusions

Polyester matrix composites with red mud industrial
waste, were fabricated with 20wt% waste. The mechanical
properties in traction were determined with the strains
obtained by electrical clip-on Extensometer and by digital
image correlation (DIC) applying a 30 x 5 rectangular
grid over the region of interest. The strains surveyed were
compared to verify the accuracy of DIC and the fields of

deformations were evaluated for the verification of the failure
mechanisms. Based on the results obtained in this research
work, the following conclusions can be drawn:
= The modulus of elasticity measured by extensometer
and via DIC differed by an average of2.20% and the
failure strain showed average differences of 1.61%,
reinforcing the efficiency of the DIC technique in
obtaining the average strain on the surface of the
samples.
= Statistical analysis showed no significant difference
between the results obtained in the two techniques
for the modulus and failure strain, at a significance
level of 5%.
= The average longitudinal strains obtained via DIC
during the test allowed the comparison of the stress-
strain diagrams generated with those obtained via
strain gauge. The mean difference between the
strains compared was 0.11%, calculated for the
six samples tested.
= The full-field deformation generated allowed for
verifying the localized deformations occurring
on the surface of the sample under test, precisely
identifying the fracture region.
= The partial full-field deformation generated did not
make it possible to previously identify the fracture
regions due to the fragile nature of the fracture
observed in particulate polymeric composites.
= Under the conditions tested, it is still necessary to
evaluate the strain rate applied during the test and
the need to expand the analysis to DIC-3D in order
to fully identify the failure mechanisms occurring
when carrying out the test.
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