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a change in yield stress and fracture behaviour. The search for a method being able to non-
destructively evaluate the yield stress and the fracture behaviour led to the study of
scratching of the polymer surface. According to an extensive study by Atkins and Liu, the
scratching behaviour is a function of yield stress, fracture toughness and the attack angle

Keywords: of the cutting tool.

Polymers . . . . . .
Pipelines Experiments reported in this paper give an evaluation of the scratched area as a function
Life prediction of the attack angle for uPVC samples having different ageing times. Existing analyses for
Ductile-to-brittle transition metals are adapted for polymer specific properties, such as the pronounced strain rate
Toughness testing dependence of yield stress and visco-elastic recovery. The suggested adaptations are suc-

cessful in the sense that the resulting analysis is capable of describing the forces during
scratching and the resulting cross-sectional area of the groove. Although the scratching
technique was not able to discriminate between differences in the scratch force or cross-
sectional area of the groove of the different ageing times, it was possible to get an estimate
of the fracture toughness from the analysis. Therefore, scratching is a promising technique
to determine the fracture toughness for ductile materials for which it is difficult to obtain
accurate results with conventional techniques.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

One of the oldest examples of the use unplasticised poly(vinyl chloride) (uPVC) in structural applications is its use in
water and gas distribution systems. As for many structural applications, it is of great importance to have fundamental knowl-
edge on how and when the polymer fails, not only for economical reasons, but mainly for risk analysis purposes. In the Neth-
erlands, the first uPVC pipes used for the distribution of gas were installed in the early 1960s. These pipes were initially
designed for a service life of 50 years. Although this limit is reached in the near future, failure registration data do not
yet show any sign of a decrease in the integrity of the uPVC gas network [1]. As a consequence, the question has risen as
to whether it is possible to extend the service life of the pipes. This has led to an increased interest for the development
of a method to determine the condition and the residual lifetime of uPVC pipes. A non-destructive, in situ test method is
preferred, as digging a pipe out of the ground for inspection is nearly as costly as replacement of the pipe.

Most failures in uPVC gas pipes occur due to incidents during excavation activities (third party damage). Therefore, it is of
importance how an uPVC pipe fails upon impact loading. Ductile failure can not only absorb significantly more energy than

* Corresponding author. Tel.: +31 53 4894346; fax: +31 53 4894784.
E-mail address: h.a.visser@ctw.utwente.nl (H.A. Visser).

0013-7944/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.engfracmech.2009.07.021


http://dx.doi.org/10.1016/j.engfracmech.2009.07.021
mailto:h.a.visser@ctw.utwente.nl
http://www.sciencedirect.com/science/journal/00137944
http://www.elsevier.com/locate/engfracmech

H.A. Visser et al./Engineering Fracture Mechanics 76 (2009) 2698-2710 2699

Nomenclature

Ag cross-sectional area of the groove underneath the original surface after (visco-) elastic recovery

Acut cross-sectional area of the groove underneath the original surface during cutting

Arup cross-sectional area of the groove underneath the original surface during rubbing

c geometrical constant: the contact surface area between tool and specimen during scratching divided by the
cross-sectional area of the groove

E Young’s modulus

Fr horizontal force during scratching (parallel to specimen surface)

F, vertical force during scratching (perpendicular to specimen surface)

Ge energy release rate

hg depth of groove underneath the original surface as measured after the scratch experiment.
indentation hardness

K fracture toughness (critical stress intensity factor)

lg width of the groove at the original surface level

Ly width of the groove between the ridges

Q friction correction factor as defined by Eq. (3)

R universal gas constant

R crack resistance force

t depth of groove underneath the original surface during scratching
T
A

temperature
U activation energy
Vrip velocity of the tool tip with respect to the specimen
v activation volume
Z non dimensional parameter given by R/(t,t)

Greek symbols

B attack angle

Ber critical attack angle at which the transition between rubbing and cutting occurs
1 tool tip half-angle (=26.6° for the tool used in this study)

& strain rate

& pre-exponential factor (determines thermodynamic state of polymer)
y) friction angle

u friction coefficient in cutting conditions

w friction coefficient in rubbing conditions

v Poisson’s ratio

¢ shear plane angle

oy tensile yield stress

Ty shear yield stress

brittle fracture, the gas flow out of the resulting leak is easier to stop as well. Therefore, ductile behaviour is preferred from a
risk assessment point of view. The impact behaviour for glassy polymers, like uPVC, has a strong relation with the post-yield
response of the material [2]. Both yield and post-yield behaviour can change over time due to physical ageing, which is a self
retarding process during which the glassy polymer moves towards its equilibrium state, causing the physical and mechanical
properties of the polymer to change [4-7]. Physical ageing increases the yield stress and strain softening (yield-drop), lead-
ing to more localised deformation [3] and thus embrittlement of a glassy polymer [2]. Following this statement, measure-
ments of the plastic deformation behaviour can be used to determine the residual lifetime of uPVC gas pipes. It is a
challenge, not to say almost impossible, to measure the yield behaviour of a material in a direct, non-destructive way. There
are, however, techniques available that minimise the deformation during a measurement making the techniques non-
destructive on a macroscopic scale. One promising technique to characterise the (physical) age by measuring the yield
behaviour is micro-indentation [8]. Another promising technique is scratching. Recently, Atkins and Liu [9] presented an
analysis that gives the opportunity to not only determine the yield behaviour, but also the fracture toughness using scratch
measurements. The key is to change the attack angle of the tool and to observe at which angle the scratch behaviour changes
from rubbing to cutting.

This paper aims to answer the question whether the analysis of Atkins and Liu can be applied to scratch measurements
on uPVC pipes and to evaluate whether it is a promising technique to determine its residual lifetime in a “non”-destruc-
tive way. The analyses that are used were originally applied only to metals. Some adaptations are proposed to take poly-
mer specific properties, such as the pronounced influence of strain rate on the yield stress and visco-elastic recovery, into
account.
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2. Theory

The authors do not intend to reproduce the current analysis on cutting and rubbing. A review has been proposed recently
by Atkins and Liu [9] and more specifically on polymers by Briscoe and Sinha [10]. Only the important assumptions as made
in [9] are summarised.

Besides the tool geometry, typical parameters that are varied during a scratch experiment are the scratch depth t or
scratch force (F,) and the attack angle of the tool B (see Fig. 1). The attack angle controls the transition between a cutting
(high ) and a rubbing (low g) regime. A typical side view of a scratch experiment is shown in Fig. 1. In the cutting regime,
the attack angle is such that material is removed. A shear plane angle ¢ exists, which is dependent on the attack angle, the
friction angle on the tool rake face and the material used [11]. In the rubbing regime, material is simply displaced: a bow
wave is formed in front of the tool tip, which is pushed to the side of the groove, eventually resulting in a shape with a
cross-section as shown schematically in Fig. 2.

The transition between rubbing and cutting has originally been described by Sedriks and Mulhearn [12,13]. Their ap-
proach also showed good agreement between the change in cross-sectional area of the groove (A,, see Fig. 2) and the attack
angle for dead-weight loading measurements on lead and copper.

An expression for the cross-sectional area of the groove in the rubbing regime is derived from an approach by Bowden and
Tabor [14], who divided the sliding force into a shearing and a ploughing component:

- WEn
Arup " c(H+1ycotp)’ @

where F, is the normal force, 7, the shear yield stress, H the dynamic scratch hardness, or hydrostatic pressure yield
stress (equal to the force during scratching divided by the area of the contact surface), p’ the coefficient of friction in
rubbing conditions and ¢ a geometrical constant (the ratio between the actual area of contact between the material
and the face of the tool and the cross-sectional area of the groove during scratching), which corrects for pile up during
scratching.

In the cutting regime, the ploughing term in Bowden and Tabor’s analysis is rearranged using a force equilibrium similar
to that of Merchant [15] to give an expression for the cross-sectional area of the groove during cutting:

_ Fy[1 + ptan(p —90°)]

U cH[u — tan(f — 90°)] @)

Still, some simplifying assumptions gave the opportunity for other authors to re-examine the analysis of Sedriks and
Mulhearn. Especially in the cutting regime, Atkins and Liu [9] have shown that not only plasticity and friction should
be taken into account, but also the surface work necessary to create the chip. This led to expressions for the normalised
friction force (Ff/(tytz), with Fy the horizontal force, 7, the shear yield stress and t the depth of the tool during scratching) in
both regimes as a function of the attack angle. For the rubbing regime Atkins and Liu adopted the upper boundary model
under high friction conditions as described in the appendix of [16]. At cutting conditions, it is shown that this sliding force
depends on a value Z = R/t,t, where R is the crack resistance force, according to:

Fpoo 1 tano 22) 3
W_6<cos([5790°f¢)sin¢+c055 ' (3)

Tool

v, Specimen

l

Fig. 1. Definition of the attack angle (p), the shear plane angle (¢), the scratch depth (t) and the speed of the tool tip with respect to the specimen ()
during scratching.
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Fig. 2. Geometry of a resulting groove, including the definition of the width of the groove between the ridges (l,) the width of the groove at the original
surface level (Ig), cross-sectional area of the groove (A,) and the depth of the resulting groove (hy).

With:

1 smoxl sin ¢ i . (4)
cos(4 — 4+ 90°%) cos(p —90° — ¢)

This analysis gives an explanation for the material dependency of the shear plane angle (¢, see Fig. 1), the friction angle

(4), as well as providing a potential method for measuring fracture toughness values of tough materials that are difficult to
measure by other methods.

Q=

3. Experimental
3.1. Materials

All specimens used for this research were taken out of a new, unused @110 mm uPVC pipe that was originally produced
for water distribution purposes. Sections of 70 mm were cut with a bandsaw from the pipe material and subsequently sawed
in axial direction. These parts were then pressed into flat plates in a press at 100 °C. Subsequently, the plates are cooled down
to room temperature within two minutes in a cold press. Tensile bars with a parallel gauge section of approximately
30 x 5 x 3 mm> were milled from the plate material. The plates that were used for scratching were cut with a bandsaw
to the dimension of 69 x 69 x 3 mm?®. The specimens were divided over four samples, which received different heat treat-
ments. One sample received no heat treatment and will be referred to as the as-manufactured sample. Three samples were
aged at 60 °C in a convection oven for 1-10*s, 1.10° s and 1-10°s. Since the process of physical ageing is accelerated at in-
creased temperatures [17,18], the heat treatments will lead to a change in the thermodynamic state and hence the mechan-
ical properties of the specimens. The sample that received the longest heat treatment is referred to as aged.

3.2. Test method

The tensile tests to determine the yield stress of the specimen were carried out on a MTS Elastomer Testing System 810
equipped with a 25 kN force cell and a temperature controlled chamber. The yield stress was measured at temperatures
ranging from —20 °C to 40 °C. The specimens were allowed to reach the test temperature by installing the specimen at least
10 min prior to testing. The tensile tests were carried out at constant engineering strain rates ranging from 10> s~! up to
1 s71. The (engineering) yield stress was measured from the force at yielding and the initial cross-sectional area of the spec-
imen (an average of three measurements along the gauge section of the specimen).

The scratch experiments were carried out on a custom built setup, which is shown in Fig. 3. The setup consists of a moving
head, in which the tool is mounted, and a moving table upon which the specimen is mounted. The head can move in the z-
direction and is equipped with two force cells, measuring the forces in both the z- and x-direction. The construction of the
force cells is such that, in essence, the situation is similar to the schematic representation shown in Fig. 3, with the vertical
force cell attached to the head and the horizontal force cell to the moving table. The movement of the head is force con-
trolled. Consequently, only deadweight scratch tests can be carried out on the setup. The table on which the specimen is
mounted can move in both the x- and y-direction using two PI M-505.2 PD micropositioning stages. The tool is mounted
in a Thorlabs RSPO5/M rotational stage that allows changes in the attack angle. The tool geometry as shown in Fig. 4 was
machined by electro-erosion.
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1 | —I— Moving head (z)
| — Vertical force cell
Rotating stage

Tool
Specimen
Horizontal force cell Specimen mount
Moving table (x,y)
e
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Fig. 3. Schematic representation of the experimental setup as used for the scratch experiments.

-

1 mm

Fig. 4. Geometry of the tool used for the scratch experiments.

Each measurement consisted of three scratches with a length of 15 mm. All measurements were carried out with a hor-
izontal scratch velocity () of 1 mm/s and a vertical force (F,) of 1 N.

The geometry of the groove was measured for some of the measurements using a white light interferometer (Atos Micro-
map 560). The time between scratching and measuring the groove geometry was at least three hours, so no significant
changes of the groove geometry are to expect during the measurement due to visco-elastic recovery [20].

4. Results
4.1. Measured forces

Both the normal as well as the horizontal force have been logged during the scratch measurements. A typical result of the
force versus the scratch length is shown in Fig. 5. The vertical force initially grows after which the force is controlled to 1 N
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Fig. 5. Unfiltered force signals (grey), filtered force signals (black) and filtered apparent friction coefficient (dashed) for three scratches at an attack angle of
40° on an as-manufactured specimen.

again. The amplitude of the noise on the signal is about 0.1 N for all force measurements. This noise is filtered out using a
second order lowpass digital Butterworth filter (solid lines in Fig. 5). From the filtered signal it can be concluded that the
normal force is not exactly controlled at 1 N. This is possibly caused by surface defects on the specimen. The normal forces
for all three scratches show similar behaviour.

The horizontal force (Fy) follows the same behaviour as the normal force, but it is shifted towards lower forces for this
specific attack angle (the level of F; depends on ). The horizontal force is not only a resultant of frictional forces, but also
of plasticity and, in the case of cutting, of the surface work energy contribution to Fy. Therefore, the ratio between the hor-
izontal force and the vertical force will be referred to as the “apparent friction coefficient” throughout this paper. The appar-
ent friction coefficient proves to be nearly constant for most of the scratch length and for most of the attack angles, including
the measurement at 40° as depicted in Fig. 5.

Only a part of the force signals were taken into account in the further analysis. The unstable start of the scratch was omit-
ted and the signal was evaluated between 4 and 10 mm of scratch length. The results are not sensitive to the choice of the
latter limit as long as it is below 15 mm and therefore this choice is rather arbitrary.

The reproducibility of the measurement of the apparent friction coefficient is good as shown in Fig. 6. A clear trend of
increasing apparent friction coefficient with increasing attack angle is visible. Three regimes are observed during the mea-
surements with an increasing attack angle. Firstly, no chip is formed at attack angles up to about 60° and only ploughing or
rubbing occurs. The angle at which this transition occurs is defined as the critical attack angle (B.). Secondly, discontinuous
chips are formed for attack angles between about 60° and 70°. The formation of discontinuous chips results in the occurrence
of a crackling noise during scratching. The rise and fall of the horizontal force related to the build up and fracture of a small
chip results in some variation in the apparent friction coefficient, as shown in Fig. 6 for the case of an attack angle of 65°.
Finally, continuous chips are formed at attack angles larger than about 70°. The force signals for scratches with continuous
chip formation are more constant. As the attack angle increases, the chances of seizure (i.e. the tool digging in) increases.
Therefore, no force controlled measurements can be conducted at attack angles greater than 90°.

R - B:4OO ]
P E TP AL SR L o T e T Se TEC T

4

Apparent friction coefficient [—]

0 5 10 15
Scratch length [mm]

Fig. 6. Filtered apparent friction coefficients during scratching for three different attack angles on an as-manufactured specimen.
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The average apparent friction coefficient (over the selected part of the scratch) is plotted against the attack angle for spec-
imens that received different heat treatments in Fig. 7. Each data point is the average of three measurements. The standard
deviation is indicated by error bars, but as the standard deviation is very low, most error bars are covered by markers. The
three previously mentioned regions are also observed in the force signal. Around 60° the apparent friction coefficient has a
sudden steep rise. At larger attack angles the coefficient becomes almost independent of the attack angle, up to about 70°,
where the coefficient increases again with the attack angle until seizure occurs.

The tensile yield stress of the uPVC specimens was measured at room temperature and at an arbitrarily chosen engineer-
ing strain rate of 10~ s~! to quantify the influence of the heat treatments on the yield behaviour. For the as-manufactured
sample an engineering yield stress of 50.1 MPa was measured. For the aged samples 51.9 MPa, 53.6 MPa and 55.0 MPa was
found (in order of increasing aging time). As expected, the yield stress increases with physical ageing. Therefore, it is ex-
pected that the amount of deformation during scratching at a constant normal force will decrease. This should cause a de-
crease in the horizontal force during ploughing and thus an increase in the critical attack angle., The experimental data in
Fig. 7 shows, however, neither consistent nor significant differences between the four samples that received different heat
treatments. Apparently, the scratch force is scarcely influenced by the increase in yield stress. To investigate whether the
scratch itself is influenced by physical ageing, the geometry of the resulting groove was measured.

5. Geometry of the resulting groove

The geometry of the groove was measured approximately three hours after the scratch experiment using interference
microscopy. The interference patterns were only obtained for the surfaces that were more or less perpendicular to the light
beam of the microscope. Therefore, little data was obtained for the slopes of the grooves as can be seen in Fig. 8, where three
typical measurements of grooves from each of the three previously mentioned regimes are shown. For each attack angle only
one groove (the second of the three) was measured at approximately half of the scratch length. Each measurement scans a
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Fig. 7. Apparent friction coefficient versus attack angle for uPVC specimens that were aged for different ageing times at 60 °C.
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Fig. 8. The measured groove size for three scratches at different attack angles on an as-manufactured specimen.
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Fig. 9. The cross-sectional area of the groove (A,) versus the attack angle () for a as-manufactured and aged (1 - 10% s at 60 °C) uPVC specimens.

groove length of 0.3 mm. The resulting cross-sectional area of the groove (A,) is plotted on a logarithmic scale versus the
attack angle in Fig. 9. Within the attack angle range where no chip is formed (up to 60°) the cross-sectional area of the groove
increases slightly with the attack angle. At the moment when chips are formed, the cross-sectional area of the groove in-
creases steeply with the attack angle. Again, no consistent differences are found between the grooves on the as-manufac-
tured and the aged specimens. The differences that are present can only be attributed to scatter in the measurements; no
significant differences for both the force signals and the groove geometry have been found between the as-manufactured
and the aged specimens. The different models that were presented in the Theory section have been elaborated with these
data, to explore whether these models support the experimentally obtained result.

6. Discussion
6.1. The influence of physical ageing according to the theory

Firstly, the theory of Sedriks and Mulhearn presented in [12,13] will be applied on the data, to find out whether a signif-
icant shift of the critical attack angle as a result of physical ageing is expected from theory. The model is summarised in Egs.
(1) and (2). Sedriks and Mulhearn found that for scratch measurements on lead the value of ¢ ranged between 1.5 and 2.5 for
different attack angles [12]. According to Atkins and Liu [9] the value of ¢ depends on the half-angle of the tool tip; it in-
creases with a decreasing angle. In this study the tool has a smaller tool tip half-angle than the one used by Sedriks and
Mulhearn (27° as opposed to 45°). As a first approximation the maximum value of the range found by Sedriks and Mulhearn
(c=2.5) will be used throughout this study. Additional measurements are required to verify this approximation. The values
for the coefficients of friction u and y’ are assumed to be equal and related to the critical attack angle (8.) as follows [13]:

2
tan(90’ - ) =5 1 (5)
With g = 60° a value of u =0.58 was found.

Before applying the model of Sedriks and Mulhearn to a glassy polymer instead of a metal (for which it was originally
proposed), two polymer specific properties should be taken into account. Firstly, the strain rate and temperature dependence
of the (shear) yield stress (as shown in Fig. 10 for uPVC) is much more pronounced for glassy polymers than for metals.
Therefore, the values of the shear yield stress (t,) and the dynamic hardness (H) in equation (1) and (2) depend on the strain
rate encountered during scratching. Secondly, glassy polymers are visco-elastic materials. Consequently, the groove resulting
from the scratch experiment, (partly) recovers in time. Therefore, post-mortem measurements of the groove cannot be di-
rectly used to calculate the contact surface area during scratching. In the next section both these effects will be incorporated
in the model of Sedriks and Mulhearn.

The yield stress of glassy polymers is more sensitive for the deformation rate and temperature than that of metals. The
strain rate dependence should be taken into account to obtain the correct value for the yield stress of the polymer material
around the tool tip. The exact strain field of the material below the tool tip during scratching is very complex, and can only be
calculated using a finite element approach and the intrinsic deformation behaviour of the material such as done in [19] for
rubbing conditions. Here, an estimation proposed by Gauthier and Schirrer [20] for the strain rate in the far field from the tip
has been used:

p=tm, (6)

Ly
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Fig. 10. Engineering tensile yield stress versus engineering strain rate of uPVC as measured at various temperatures. The solid lines show the results of
employing the Ree-Eyring expression in Eq. (7) with the parameters given in Table 1.

with v, the speed of the tool tip (1 mm/s in this case) and I,, the width of the groove between the ridges (see Fig. 2) which is
measured to be about 100 pum on average (see Fig. 8), resulting in strain rates of approximately 10 s~!. This strain rate is four
orders of magnitude higher than the applied tensile strain rate in the tensile tests presented earlier. Nevertheless, the yield
stress of the material around the tool tip (thus at a strain rate of 10 s~!) for each sample can be calculated from the yield
stress measurements at 107> s~! by characterising the deformation kinetics of uPVC. The strain rate and temperature depen-
dence of the yield stress of uPVC as measured with uniaxial tensile test is shown with markers in Fig. 10. In the low tem-
peratures and high strain rate region clear transitions in the yield behaviour can be observed. This thermorheologically
complex behaviour can be attributed to two relaxation processes: the o- and the B-transition. The a-transition is related
to main chain segmental motion, whereas the B-transition is related to side-chain mobility. Since the work of Roetling
(for example [21]), thermorheological complex yield behaviour of polymers is commonly described with a Ree-Eyring
expression [22]:

o R . 4 e
— = E —sinhm |—— |, 7
T v; sin LO,X exp (—%)} @)

where R is the universal gas constant, v' the activation volume, AU the activation energy and &, a pre-exponential factor that
depends on the thermodynamic state of the material and is thus different for each sample. This pre-exponential factor(s) can
be calculated from a reference yield stress. For the activation volume a value of 1.29 - 102 m*/mol for the o-process and
8.39 - 10~* m>/mol for the B-process was found. The activation energy values are 297 k]/mol and 59 kJ/mol, respectively.
These values are similar to the values reported by Bauwens-Crowet et al. [23] for uPVC and summarised in Table 1. The
resulting model description is shown as solid lines in Fig. 10, which accurately follow the experimentally observed yield
behaviour. With the measured tensile yield stress at 107> s, &, of each sample can be calculated, which is used to calculate
the yield stress at 10 s~ . For polymers, the shear yield stress (t,), as used by Sedriks and Mulhearn in Eq. (1), is equal to the
tensile yield stress (o,) divided by /3, resulting in values of 48.0 MPa for the as-manufactured sample and 50.8 MPa for the
aged sample.

Table 1
Summary of the material parameters used in this paper for uPVC. For the parameters that are influenced by the thermodynamic state the value for both the as-
manufactured and the aged specimens is given. The parameters for which no source is given were determined using experimental data presented in this paper.

H(at10s7) 168 178
E 3
v 0.38

MPa) =20, [20]
GPa) [25]
=) [25]

Parameter As-manu-factured Aged Units Source
u 0.58 (=)
Vi 1.29-103 (m?/mol)
Vi 839.10°* (m>/mol)
AU, 297 (kJ/mol)
AU, 59 (kJ/mol)
80 1.73-10%® 1.34.10% (s
o 2.33-10° (s
7, (at 10s71) 48.0 50.8 (MPa)

(

(

(
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The dynamic hardness (H) is another material property in the model of Sedriks and Mulhearn that depends on the strain
rate and temperature for glassy polymers. Gauthier and Schirrer [20] showed that the strain rate and temperature depen-
dence of the dynamic hardness of poly(methylmethacrylate) (PMMA) could be described with a relation similar to Eq. (7),
using parameter values that agree well with those usually obtained for the tensile yield stress of PMMA. Therefore, a linear
dependence can be expected between the dynamic hardness and the yield stress at a certain strain rate and temperature.
Here, the approximation that the dynamic hardness is approximately twice the yield stress [20] was used, leading to values
of 168 MPa for the as-manufactured sample and 178 MPa for the aged sample.

Sedriks and Mulhearn use the cross-sectional area of the groove (A,) to calculate the contact area between the tool and
the specimen during scratching (assuming t = hg). The factor c is used to correct for pile up during scratching. The relation
between the cross-sectional area of the groove (A,) and the contact area between tool and specimen is less obvious for poly-
mers. Due to a lower Young’s modulus for uPVC than for metals (approximately one order of magnitude lower) and the visco-
elastic behaviour of polymers the cross-sectional area of the groove during scratching is not identical to the cross-sectional
area of the groove as measured after scratching. The depth/width ratio of the groove during scratching (=t/l) should be iden-
tical to the vertical projection of the tool tip. The vertical projection is equal to the front view of the tool, which is shown on
the right side of Fig. 11 for two attack angles. This vertical projection, and thus the ratio, changes with the attack angle
according to:

t sinp

I, 2tans’ ®)

where t is the depth of the groove during scratching (actual depth) and § the tool tip half-angle. Both the actual depth/width
ratio during scratching and the measured ratios after visco-elastic recovery (=hg/l;) are plotted in Fig. 12. The relaxation of
the groove depth due to the visco-elastic effect is more distinct than that of the groove width. This results in a lower depth/
width ratio after visco-elastic recovery, when compared to the theoretical prediction using Eq. (8). Therefore, the influence of

Side view Front view
ﬂ_gooV I 53 /
f=30° ﬂ ‘ 90 \

Fig. 11. Side and front view of the tool for two attack angles (). For an attack angle of 90° the angle of the tip as viewed from the front is equal to the actual
tool tip angle (53°). For an attack angle of 30°, the angle of the tool tip as viewed from the front is 90°.

—Tool using eq. (8)
1t O As—manufactured
O Aged

Depth/width ratio [-]

0 20 40 60 80 100
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Fig. 12. Comparison between the theoretical depth/width ratio for the tool (t/l; using Eq. (8)) and the depth/width ration as measured (h/l,) for as-
manufactured and aged (1 -10° s at 60 °C) uPVC specimens at a range of attack angles (f).
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Fig. 13. Comparison between measurements and the model as proposed by Sedriks and Mulhearn given by Eqgs. (1) and (2). The markers filled in grey
represent the data that are not corrected for (visco-)elastic recovery, whereas the white filled markers are the corrected values.

the visco-elastic recovery should be taken into account when the cross-sectional area of the groove is used to calculate the
actual contact area between the tool and the material during scratching, as is done in the model of Sedriks and Mulhearn
[12]. In this study the influence of the visco-elastic recovery on the width of the groove (I, see Fig. 2) is neglected and thus
visco-elastic recovery is assumed to influence only the depth of the groove. The measured groove width was used to calcu-
late t according to Eq. (8), from which the cross-sectional area of the groove during scratching was calculated. The resulting
value is referred to as the corrected cross-sectional area of the groove throughout the rest of this paper.

With the assumptions for obtaining the yield stress, the hardness and the corrected cross-sectional area of the groove, the
model results can be compared with the results of measurements. Both the raw data (gray filled markers) as the corrected
data (white filled markers) of the measurements are shown in Fig. 13. The measurements at the attack angles 80° and 90° are
not shown as the corresponding cross-sectional area of the grooves were greater than 4 - 10~ mm?>. The model for the rub-
bing mechanism describes the corrected measurements very well, whereas the model for the cutting regime describes the
raw data better. The visco-elastic recovery is apparently larger for a groove created by rubbing, than for a groove created by
cutting, which complies with the fact that during cutting material is removed and thus recovery of the groove is limited. Fol-
lowing this reasoning the corrected cross-sectional area of the groove should, however, be almost equal to the measured
cross-sectional area of the groove, which is not the case. Apparently, the groove width (l,) as measured post-mortem is
not equal to the groove width during scratching, which might be related to the fracture behaviour during cutting. Additional
measurements are required to confirm this explanation.

Another conclusion that can be drawn from Fig. 13 is that the model supports the experimental observations on the dif-
ferences between the as-manufactured sample and the aged sample. The model predicts only minor differences between the
as-manufactured sample and the aged sample. Apparently, the cross-sectional area of the groove is hardly influenced by a
change in the yield stress. The proposed measurement technique in its current form can therefore not be used to measure the
residual lifetime of the uPVC pipe material. To find out whether it is possible to determine the fracture toughness of the
material, the already presented analysis of Atkins and Liu that includes the surface work, was applied on the measured data.
The results are presented in the next section.

7. Determining the fracture toughness by scratch measurements

The mode I fracture toughness (Kj.) is a difficult property to measure for ductile materials such as uPVC, as macroscopic
plastic deformation occurs prior to crack growth failure, making the experiments either invalid or complicate the analysis.
Consequently, there is a large scatter on the data reported in literature. In e.g. [26,27] values between 2.5-6.5 MPa m* are
reported for the fracture toughness of uPVC. In their analysis of scratch measurements at different attack angles Atkins and
Liu [9] showed that the critical attack angle (f.) is related to the fracture toughness of a material. In this section the pre-
sented experimental scratch data on uPVC are used to verify whether the scratch test is a promising alternative procedure
to deduct the fracture toughness of ductile materials.

In the analysis including surface work as proposed by Atkins and Liu [9] the normalised force is plotted against the attack
angle (shown in Fig. 14). The normalised rubbing force remains nearly constant for the corrected measurement data. When
the cutting regime is entered the normalised force suddenly drops due to the steep increase in the cross-sectional area of the
groove (as already shown in Figs. 9 and 13). The results for the upper bound model under high friction conditions for a tool
tip half-angle (=26.6° in this study) is obtained in a similar way as described in the appendix of [16]. The surface work model
(Egs. (3) and (4)) was fitted to the experimental data using Z and ¢ as fit parameters. Atkins and Liu [9] proposed the fol-
lowing relation for the friction angle A:
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Fig. 14. The normalised rubbing and cutting force versus the attack angle for both corrected (white filled markers) and raw (grey filled markers)
experimental data. The lines represent the results for the analysis as proposed by Atkins and Liu [9].

/.= arctan (?) +p-90°. 9)

Here, a linear relation was found between /4 and B in the experimental data (/1 = 0.148 - ), which was employed calculate the
value for 4 as used in the Eqgs. (3) and (4). With this approximation the fit resulted in a value of 0.1 for Z and a shear plane
angle of 46°, which is in line with the observations reported in the pioneering work of Kobayashi [24]. The result of the upper
boundary model is shown as a solid line and the result of the surface work model (using Egs. (3) and (4)) is shown as a
dashed line in Fig. 14. From Z and the previously obtained value for the shear yield stress, the crack resistance force R
can be calculated at the critical attack angle (=60°). Neglecting both the kinetic and dissipative energy in the Griffith energy
balance (R = G.) and assuming plane strain conditions during cutting; the fracture toughness or critical stress intensity factor
(K.) can be calculated with:

| ER

Although the Young’s modulus is known to also depend on the thermodynamic state for uPVC [5], a standard textbook
value will be used here. For the Young’s modulus (E) and the Poisson’s ratio (v) values of 3 GPa and 0.38 [25] are used, respec-
tively, resulting in K. ~ 0.7 MPa m*%. The analysis provides a K, that is in the correct order of magnitude, but lower, when
compared to values reported in literature. Due to a sum of approximations in the analysis it is, at this stage, difficult to ex-
actly put forward an explanation for the low value. Another point worth mentioning is that the K. value found with this
scratching analysis does not necessarily relate to pure mode I deformation, as discussed in [28]. Therefore, the K. value found
with the scratch analysis might be expected to be too high than too low.

8. Conclusions

A custom built apparatus was presented on which it is possible to perform force controlled scratch measurements at dif-
ferent attack angles. Three regimes are observed for uPVC: ploughing (no chip formation) at low attack angles, cutting (con-
tinuous chip formation) at high attack angles and an intermediate region (discontinuous chip formation) at attack angles
between 60° and 70°. In the cutting region the horizontal force increases rapidly with increasing attack angles, up to about
90° where seizure occurs and thus no force controlled measurements can be conducted. The influence of the attack angle on
both the horizontal force and the cross-sectional area of the groove was measured for samples that received different ageing
treatments. No significant difference in the scratch behaviour of the samples was observed, despite the distinct difference in
yield stress.

The analysis of Sedriks and Mulhearn was applied on the uPVC scratch data. Two effects typical for glassy polymers were
taken into account: the strain rate and temperature dependency of the yield stress and visco-elastic recovery of the groove.
After compensating the depth of the groove, the analysis gives a good description of the measurement data. The analysis for
the aged sample only gives minor differences compared to that of the as-manufactured one, confirming the experimental
observations. Therefore, the main conclusion that can be drawn is that the current setup is not capable of measuring the
residual lifetime of the uPVC pipe material. Nevertheless, the analysis including the surface work during cutting makes it
possible to make an estimation of the fracture toughness of the material. The scratching technique presented in this paper
might, therefore, be a promising method to characterise the toughness of ductile materials for which it is difficult to use con-
ventional techniques.
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