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Abstract. The main purpose of the present paper is to analyze the crack opening displacements and craze zone at the
crack tip in polytetrafluoroethylene (PTFE) by means of full-field displacement method. In order to do this, an uniaxial
tensile test is performed using a double-edge-cracked plate specimen of PTFE. The experimental procedure is
conducted with digital image correlation method, which is an available optical-numerical method developed to
determine displacement fields. Moreover, a mathematical model based on linear elastic fracture mechanic (LEFM) is
proposed, in which the coefficients are estimated by means of nonlinear least-squares fitting method. The aim is to
investigate an alternative expression to predict displacements around crack of materials that present nonlinear behavior.
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1. INTRODUCTION

Polymer characterization has been extensively studied in recent years. This is mainly because the complexity of
polymer response. There are several types of polymers, which can have different -characteristics.
Polytetrafluoroethylene (PTFE) constitutes a commercially important class of available polymers, in which is
characterized by high melting point, very good resistance against chemicals and extremely low friction. Therefore, it is
being used in a large number of applications such as bearings, pipes, sealing rings and electrical insulation.

Analyses of compressive and tensile response of PTFE at differing strain-rates and temperatures have been
developed in the literature (Rae and Dattelbaum, 2004; Rae and Brown, 2005; Bergstrom and Hilbert, 2005). With these
studies, some mechanical parameters of PTFE have been identified. For this purpose, all experimental data were
obtained from standard test methods.

In order to improve standard tests, full-field optical methods have emerged as practical tools in the experimental
mechanics (Dally and Riley, 2005; Sharpe, 2008). Among these methods, digital image correlation (DIC) is one of the
most commonly investigated and improved in the last years (Poissant and Barthelat, 2010; Triconnet et al., 2009; Huang
et al., 2010; Pan et al., 2009; Zhang et al., 2011; Lava et al., 2010, 2011). The DIC is an optical-numerical method
developed for evaluating displacement fields. Its special merits encompass non-contact measurements, simple optic
setups, no special preparation of specimens and no special illumination.

Nowadays, various methodologies have been developed using DIC method to estimate physical properties and
describe mechanical behavior of some materials (Avril et al., 2008; Guélon et al., 2009; Dournaux et al., 2009; Nunes,
2011). Some of these studies are conducted on crack tip fields, where, most of them are mainly focused on the stress
intensity factors and crack tip opening (Yoneyama et al., 2007; Roux et al., 2009; Yates et al., 2010; Chen et al., 2010).

The purpose of this work is to investigate the crack opening displacements and craze zone at the crack tip in
polytetrafluoroethylene (PTFE) through a single specimen. The experimental testing was performed in quasi-static
condition and at room temperature. In this testing, a double-edge-cracked plate specimen was subjected a tensile load.
Moreover, the displacement fields from a region around the crack tip were estimated by means of DIC method. In order
to predict these behaviors a mathematical model based on linear elastic fracture mechanic is proposed.

2. FIELD EQUATIONS FOR THE REGION NEAR TO CRACK TIP

In the present work, a double-edge-cracked plate specimen under tensile load is taken into consideration, as shown
in Fig. 1(a). Figure 1(b) illustrates the crack tip system and notation for field components around the crack, which may
be written in terms of the polar coordinates centered at the crack tip. The displacement and deformation fields, which is
associated with vertical component, near to the crack tip for plane stress conditions assuming a homogeneous, isotropic
and linearly elastic solid and opening mode I (LEFM), may be expressed in the following form (Dally and Riley, 2005;
Gdoutos, EE, 2005),

u(r.0) = K, w/?sing(lz —00522) (1)
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Herein, the shear modulus is given by u = m , where E is the modulus of elasticity and v is the Poisson’s ratio.
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Figure 1. (a) Schematic illustration of the double-edge-cracked plate subjected to tensile load; (b) coordinates
defined with the origin at the crack tip.

For geometrical shape, as shown in Fig 1(a), the opening mode stress intensity factor K; depends linearly on the

applied load o and is a function of the crack length @ and the geometry of the cracked specimen. In the present case, the
stress intensity factor for a double-edge-cracked plate specimen (see Fig. 1(a)) is defined by (Gdoutos, EE, 2005).
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3. EXPERIMENTAL SET-UP

3.1. Material and specimen

The specimen was made of polytetrafluoroethylene (PTFE). The geometrical shape for a double-edge-cracked plate
specimen, schematically illustrated in Fig. 1, was considered with the following data: crack length, a, equal to 3.0 mm;
width of plate, I, equal to 25 mm; thickness of plate, ¢, equal to 2 mm and the length of plate was equal to 250 mm. In
present analysis, » and 6 express the polar coordinates around a crack tip as illustrated in Fig. 1. Moreover, region of
analysis, which was taken near the crack tip, is also indicated.

3.2. Digital image correlation

Digital image correlation (DIC) method has been considerably improved and its principle is well known. In this
way, the aim of this section is to present a brief description of the DIC method, which is well documented in the
literature. The basic principle of the DIC method is to match maximum correlation between small zones (or subsets) of
the specimen, which is coated by a random pattern, in the undeformed and deformed states. The image correlation is
performed by comparing subsets from reference image with subsets from each of the deformed images. The schematic
diagram is illustrated in Fig. 2. From a given image-matching procedure, the displacement fields, or displacement at
different positions, in the analysis region can be computed. For this purpose, the minimization of the correlation
coefficient is taken into account, which provides the in-plane displacement fields designated by u(x,y) and v(x,y). A
commonly used correlation coefficient is defined as follows,
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where f(x,y) is the pixel gray level value (ranging from 0 to 255) at the coordinates (x, y) , for the undeformed image;

g(x’, y’) is the pixel gray level value at the coordinates (x', y’) for the deformed image; f and g are the average gray

values for images and, finally, u and v are, respectively, the displacement components for the subset centers in the x and

v directions.
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Figure 2. Scheme of digital image correlation method

3.3. Experimental arrangement

The experimental arrangement for conducting tension testing involves an apparatus developed to apply load in a
double-edge-cracked plate specimen, a CCD camera set perpendicularly to the specimen and a computer for capturing
and processing the images, as shown in Fig. 3. The specimen in the load apparatus was covered with painted speckles
(random black and white pattern) to provide a grayscale distribution with sufficient contrast, which can be tracked from
image, thus improving the matching procedure. It is in agreement with the geometrical model, as seen in Fig. 1. The
CCD camera (Sony XCD-SX910) used to record the images of the specimen has a resolution of 1376x1024 pixels. In
this experimental configuration, one pixel of the CCD camera corresponds to an area approximately equal to 4.65%4.65

2 .
pm” on the specimen.
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Figure 3.Experimental set-up
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For determining the displacement fields, the specimen was subjected to two different loads, which are associated
with undeformed and deformed states. The images of the undeformed and deformed specimen were captured and
processed using DIC program, in which its basic principle is described in section 3.2. The procedure was conducted in
quasi-static conditions at room temperature. In this condition, there are no effects of machine vibrations. It is important
to emphasize that the undeformed state was associated with zero load.

4. RESULTS AND DISCUSSION

In order to investigate the crack behavior, a small region near to crack tip is selected. In Figure 4, a set of images
associated to different applied loads (0, 89, 194, 304, 400, 455, 485 and 500 N) is illustrated. It can be note that the
crack is opening with applied load, however evident propagation is not observed.

Figure 4. Region around the crack tip: crack open for different applied loads.

By using the DIC program, which principle is previously described in section 3.2, full-field # and v-displacements
are obtained. The wu-displacement is associated with x-coordinate, i.e., crack opening direction. Furthermore, v-
displacement is associated with y-coordinate. Figures 5 and 6 show three-dimensional displacement profiles for applied
loads equal to 89, 304, 450 and 500N. In both data sets, it is observed the crack opening, mainly at u-displacement.
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Figure 5. Three-dimensional u-displacement profile for different applied loads.
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Figure 6. Three-dimensional v-displacement profile for different applied loads.

In the present analysis, the focus is to investigate the crack opening displacement. In this purpose, only u-
displacements are taken into account. The Schematic of u-displacement considering from a crack with craze zone is
shown in Fig. 7. In this scheme, the region of analysis may be divided in two parts, one of them is related to
displacement of crack opening, which is designed by 6 (half size of total displacement) and has a length equal to initial
crack a, and the other is the deformation (or craze zone) that has a length of 7.
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Figure 7. Schematic of a crack tip with the craze zone.

Figure 8(a) illustrates u-displacement for different applied loads obtained by means of DIC method. These results
are measured at center of crack. As a means to estimate the length of crack for each applied load, the slope of the curve
of displacement versus y-coordinate was taken. In figure 8(b), the maximum value of slope, which is related with
inflection point, is assumed as the crack-tip.
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Figure 8. (a) Experimental measured displacement profile of crack and (b) differentiation for estimating crack
length.
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The results of crack length for different applied loads obtained from described procedure are shown in Table 1. In
addiction, the stress associated to loads is calculated considering the geometry of specimen (thickness x width = 2 x 25
mm?®) presented in section 3.1.

Table 1. Crack length for different applied loads.

Applied load, F (N) Stress (MPa) Crack length, a(mm)
89 1.75 2.93
194 3.82 3.16
304 5.98 3.22
400 7.87 3.33
455 8.96 3.37
485 9.55 3.39
500 9.84 3.43

Now, for finding a mathematical expression that describes the experimental data from a crack displacement, LEFM
is taken into consideration. Taking Eqgs. (1) and (2), considering the angle equal to 180 degree for u-displacement and 0
degree for deformation. Moreover, three coefficients are added to initial expression: wy_u, and &, are related to rotation
and translations, respectively. These parameters were included to correct experimental errors.

4K,

()=

N+ wor + g for 6 =180° (6)

K,

1
e.(r)= PN

By Egs. (6) and (7), the following expression is considered,

(1-v)+gy for 6=0° (7

C, |y| +woy+uy, for —a<y<0 (displacement region)
G,
b+
where Cy, C,, wy, up and &, are coefficients to be determined, and a are different crack lengths that were estimated and
their values are shown in Table 1. By fitting Eq. (8) to the experimental data of u-displacement, these coefficients may

be estimated. This procedure was performed using nonlinear least-squares fitting method. Figure 9 shows the
experimental data and fitted model (Eq. (8)) for two parts, i.e., displacements from crack side and craze zone.
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Figure 9. Comparison of experimental measured and fitted model: (a) Displacement from crack side and (b)
displacement from craze zone.

It can be clearly seen that the fitted model are closer to the experimental data. Firstly, the influence of coefficients
C; and C, as a function of applied loads are investigated. These coefficients are related with the first terms of linear
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elastically fracture mechanics (see Eq. (6)). The associated results are plotted in Fig 10. In this analysis, the data for
opening mode stress intensity factor (see Eq. (1)) were taken from section 3.1; Young’s modulus and Poisson ratio are
assumed equal to 0.46 MPa and 0.44 respectively (Nunes, 2011).
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Figure 10. Behavior of fitting coefficients, C, and C,.

By analyzing the values of G and Gy , it is possible to observe that both terms present same
4K, K, (1-v)

E~2nm EA27

behavior when different loads are applied. Therefore, the choice of Eq. (8) in association with Eq. (7) may be acceptable
(for instance).

The coefficients wy, ©y and &, which are experimentally associated with rotation and displacements, as a function of

applied loads are illustrated in Fig. 11. For values of applied forces larger to 400 N the coefficient values increase
considerably.
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Figure 11. Coefficients associated with applied forces: u, and &, rigid translation; wy rotation.

The increase of the crack-tip-opening displacements (CTOD) for different applied loads and associated crack
extension are show in Fig 12. By results, it can be noted the non-linear increase of CTOD with applied force.
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Figure 12. Crack-tip-opening displacement for different applied loads and crack extension.

For understanding this non-linear behavior, a tensile test is performed. Figures 13 (a) and (b) illustrated true stress-
strain curve of PTFE polymer for quasi-static load, i.e., low strain-rate, and room temperature, considering large and
small deformations, respectively. In order to predict the non-linear behavior of PTFE under tensile for small
deformation the following classical mathematical model is proposed,
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Figure 13. Stress-strain curve for low strain-rate and room temperature: (a) large deformation and (b) small

deformation.

By fitting Eq. (9) to the experimental data, the parameters o, = 9.63 MPa and f§ = 1.55 are estimated. In present
analysis 0y is larger than yield stress. Observing the uniaxial stress-strain response in Fig 13 (b) and comparing the
amplitude parameter op with values presented in Tab. 1, it is noted that the values of stress less than 7MPa the nonlinear
behavior is less significant.

5. CONCLUSION

In the present work full-field displacements around a crack of PTFE specimen were investigated. In order to this, an
expression based on classical linear fracture mechanic was used to fit the experimentally measured displacement fields.
Full-field displacements were obtained by means of digital image correlation method. By results, the nonlinear behavior
increases for stress values larger than 7MPa. For future work the author aim to approach an expression that to take into
account the nonlinear behavior of stress observed in tensile test.
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