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Abstract The intrinsic strength of rubber, 7, is one
of the key parameters when describing fracture
behaviour of elastomer because it is at this specific
value of energy that crack growth initiates within
loaded rubber material. The Coesfeld Intrinsic
Strength Analyzer (ISA) has been established as the
most efficient equipment to directly analyse T, for
various rubber materials. However, to obtain the most
reliable and reproducible results it is crucial to
understand the influence of boundary conditions of
the ISA measuring methodology. Therefore, in this
study sets of boundary conditions were chosen to be
analysed through mechanical response of reference
EPDM material with known T, value. For the purposes
of this study the effects of individual boundary
conditions were compared through directly measured
value of intrinsic cutting energy, S, which is propor-
tional to 7). Blade sharpness and geometry showed the
greatest impact followed by repetition of blade and
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specimen milling direction whereas the relaxation
time and number of measuring strains showed no
significant influence. The results of this study show
that the knowledge of blade micro-geometry is at its
most importance during the 7, analyses. Moreover, the
data clearly indicates possible future modification of
boundary conditions to achieve a very efficient testing
procedure with significantly reduced time required for
the analyses.

Keywords Rubber - Durability - Intrinsic strength -
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1 Introduction

Rubber products are an essential part of everyday life.
Due to their unique properties as is high elasticity or
energy damping, they are usually used as functional
element within more complex assemblies. Typical
examples consist of tyres, v-belts, conveyor belts,
hoses, bushings or seals and gaskets. These products
are commonly used in applications where cyclic
loading occurs, which causes fatigue wear and damage
of the part. Additionally, many rubber components are
also exposed to random, extreme loading conditions as
is contact with a sharp object or edge of a metal part.
All these loading conditions lead to the initiation of
micro-cracks which may form not only on the surface
of the components, but also in the material structure. In
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both cases, the cyclic loading results in stress concen-
tration around the tip of the micro-cracks, which can
lead to their growth into macro-cracks or even to
catastrophic failure. The knowledge of relation
between specific tearing energy and mechanical
response of a rubber material is of an enormous
importance when evaluating fracture behaviour, as it
can be used to efficiently optimize compound formu-
lation to improve crack resistance as well as durability.
(Li et al. 2016; Ghosh et al. 2014).

One of the most important characteristics that must
be known to understand fracture behaviour of rubber is
the intrinsic strength. The intrinsic strength, also
referred to as Ty is the threshold value of tearing
energy required for initiating crack growth, while
below this limit, the fatigue crack growth rate caused
by mechanical loading is assumed to be zero. Fig. 1
(Peter et al. 2024; Lake and Lindley 1965).

There are several testing methods to characterize
Ty. These include Near-Threshold Fatigue Crack
Growth Analysis established by Lake and Lindley
(Lake and Lindley 1965) and implemented in several
studies (Stocek 2021; Zhang et al. 2018; Legorju-Jago
and Bathias 2002), Tear Strength Analysis of Swollen
Materials or at High Temperatures (Gent and Tobias
1982; Bhowmick et al. 1990; Mazich et al. 1991) and
Cutting Method of Lake and Yeoh. (Lake and Yeoh
1978) Each of these methods have their limitations
from high measuring time demands to mere estimation
of Ty. Nevertheless, the Cutting Method of Lake and
Yeoh has emerged as the most promising one and has
been implemented in in-situ measuring device the
Intrinsic  Strength Analyser (ISA) developed by
COESFELD GmbH & Co. KG (Germany) (Fig. 2)
with implemented testing protocol developed by
Endurica LLC (OH, USA).
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Fig. 1 Fatigue crack growth rate curve (Peter et al. 2024)
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Fig. 2 Intrinsic Strength Analyser

However, this method is nowadays already applied
so for the analysis of intrinsic strength, T, outside of
rubber materials invariably for the analysis of casting
polyurethane (CPU). CPU is a crucial material in
various sectors, such as construction, healthcare, and
the automotive industry (Jin et al. 2025). Thus, it is
evident that this method is becoming established in
various sectors, and it is necessary to detail this
method so that it is clearly reproducible across a
spectrum of different materials.

This study aims to extend already well-established
ISA measuring methodology by performing a com-
prehensive analysis of the effect of various boundary
conditions on the T, measurement, using reference
material, which has extensively been studied by Near-
Threshold Fatigue Crack Growth Analysis to obtain an
exact T, value. More details can be found in the
previous publication of the authors (Stocek 2021).

Considering that the ISA device is the only
equipment specifically developed to analyse the value
of intrinsic strength 7, both for science and industry,
it is highly appropriate to demonstrate the influence of
the test protocol variations on the accuracy of Tj
measurement. And it is precisely this question that our
study focuses on in detail. The results aim to create a
clear overview of the effects of individual parameters
of the testing protocol on the T, measurement so that
this methodology becomes maximally efficient and
accurate.

In the past studies fundamental work was carried
out and some of the conditions and their effects on
rubber behaviour near T, has already been discussed.
These mainly include investigations of rubber formu-
lation effects as in (Robertson et al. 2019; Robertson
et al. 2019) where the influence of polymer type on T
were investigated, the influence of reinforcing fillers
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(Robertson et al. 2019; Isitman et al. 2020) or the
crosslinking effect. (Robertson et al. 2019; Isitman
et al. 2020) Furthermore the influence of aging effect
of temperature on T, of rubber vulcanizates was
described in. (Robertson et al. 2019).

And finally, the influence of some of the measuring
conditions in ISA methodology on resulting 7, were
studied, namely velocity of the cutting blade and
specimen pre-force (Stocek et al. 2017, 2015), geom-
etry of crack tip (Lake and Yeoh 1987) and specimen
thickness and blade sharpness. (Mars et al. 2022).

Based on the previous findings this study will focus
on addressing additional measuring conditions which
could potentially be responsible for affecting the
reliability and accuracy of the measurement. The main
goal is to subsequently decrease possible negative
effects of these conditions on the precision of the ISA
measuring methodology and thus improve it. Chosen
conditions in focus consist of cutting blades’ geometry
and sharpness, material’s relaxation time and its
polymer chain orientation and number of applied
measuring strains. These conditions have not been
investigated prior to this work or a detailed verification
of their effects is needed. Resulting effects of the
individual conditions will be compared through
intrinsic cutting energy Sy (Eq. 3) using reference
EPDM material (Table 5) with known intrinsic
strength Ty ~ 50 J/m?, which has been determined
using Near-Threshold Fatigue Crack Growth analysis.
(Stocek 2021) Using intrinsic cutting energy, Sy as the
final comparison tool ensures profound description of
the effects of the conditions on the measurement it-self
while retaining relation to the reference material.

2 Experiment and materials

The measurement principle shown in (Fig. 3) is based
on a standard ISA testing methodology presented in
(Fig. 4) consists of several steps and was thoroughly
described in Robertson et al. (2021). First, each test
specimen is preconditioned using maximal measuring
strain. Then an initial cut is performed ensuring the
position of the crack tip in the plane strain (PS) region
of the sample as is discussed in Stocek et al. (2013);
Stocek et al. 2020; Eberlein et al. 2020). Initial cut is
followed by a series of deformations using progres-
sively increasing measuring strains accompanied by
relaxation phase to account for viscous behaviour of

rubber. And finally, after each relaxation phase a
cutting sequence composed of three individual cutting
rates begins. First cutting rate is applied to establish a
well-defined crack path. Second stabilizes the crack
path and third, the lowest rate, minimizes the hystere-
sis at the crack tip so any remaining energy can be
associated only with breaking of polymer chains.

Through the analysis, stretching force, f;, cutting
force, f,. and displacement of sample and cutting blade
are being recorded. Data evaluation to obtain the
intrinsic cutting energy, Sy and subsequent intrinsic
strength, T} consists of determining tearing energy,
T and cutting energy, F.

For an edge cracked planar test specimen (PS), also
known as pure-shear sample (Fig. 3) the tearing
energy, T is dependent on the strain energy density,
W obtained by integration of strain function derived
from stress—strain curve and undeformed sample
length, Ly:

T=Wel, (1)

Cutting energy, F is the ratio of cutting force, f. and
specimen thickness, :

fe

t

F= (2)
The sum of the tearing energy, 7 and cutting
energy, F then equals to intrinsic cutting energy, Sy:

So=T+F (3)

Which can be used to determine intrinsic strength,
T()Z

T():S().b (4)

where b is a constant relevant to the blade’s geometry.
(Robertson et al. 2019, 2021; Mars et al. 2022).

2.1 Boundary conditions

To analyse reference S, value a default testing
protocol listed in Table 1 was used. Subsequently a
full study of effects of individual variation of bound-
ary conditions:

a)  number of measuring strains,

b)  duration of relaxation time,

c) repetition of blade,

d) orientation of the polymer chains,

e) geometry of the blade, were conducted.
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Blade's geometry
R [ um ]

t [mm]
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Fig. 3 A schematic of the ISA measuring principle (left), with: stretching actuator A; cutting actuator B; stretching load cell C; cutting
load cell D; razor blade E; sample F; clamping system G; Pure-shear specimen geometry (Right)

a)

b)

)

d)

To analyse the effect of the number of measur-
ing strains &y five sub—conditions were evalu-
ated as listed in Table 2. For each sub—
condition the lowest strain value ¢,,;,, was 1%
and the highest ¢,,,, 12% of L.

To analyse the effect of relaxation time, five
measurements were conducted using relaxation
time of 6 s, 60 s, 180 s, 300 s and 600 s.

The analysis of blade repetition, in other words
repeated use of the identical spot of the blade,
was carried out using 3 different type of blades,
whereas all applied blades had a thickness of 0.1
mm. The list of applied blades and their detailed
description is given in Table 3. This part of the
study focuses on the analysis of blade blunting
and its influence on the measured parameters.
Therefore, razor blades with different blade
surface treatment were selected and compared
with uncoated blades. It was assumed that the
surface treatment should ensure the stability of
the blade without dulling it. Therefore, each
single blade at the identical spot was applied for
Six separate measurements.

Together with the analysis of blade repetition an
analysis of the effect of specimen milling
direction was carried out. Two series were

@ Springer

performed with the milling direction perpen-
dicular to the cutting direction and parallel to
the cutting direction as described in Fig. 5. Prior
to vulcanization, rubber compound was pre-
pared on a double-roll mill, which induces
strong shearing flows in the uncured rubber, and
therefore the potential for a preferred orienta-
tion of polymer chains.

e) The analysis of blade’s tip geometry effect was
carried out using seven different blades with
various defining thicknesses ranging from 0.1
mm to 0.68 mm. Furthermore, a scanning
electron microscope (SEM); TESCAN VEGA
3, Tescan, Czech Republic; was used to evaluate
micro-geometry of blades’ tips thus obtaining
detailed tip radius R and tip angle 5 values for
individual blades. (Table 4)

Only one boundary condition was changed for each
performed analysis, others were left unchanged
according to default testing protocol. Analyses were
performed at 25 °C and three repetitions were per-
formed for each measurement.

Additionally, a FEM analysis using blades’ geome-
tries obtained by SEM was carried out to gain an
insight on which specific dimension of the blade has
the fundamental impact onto its’ effect. The analysis
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Fig. 4 ISA standard testing :
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Table 1 ISA default Boundary condition Value
testing protocol
Preconditioning speed 0.6 mm/Ly/min
Preconditioning maximal strain 50%
No. Precondition cycles 5
Depth of initial cut 18 mm
Relaxation time, tz 10 min
Cutting rates of blade, r; 10, 0.1, 0.01 mm/min
Displacements of the blade 4, 0.4, 0.04 mm
Number of measuring strains, ey 10
Strain values 1,2,3,4,5,6,7,9, 10, 12% of L,
Blade thickness, ¢ 0.1 mm

was designed and evaluated using ABAQUS CAE
2016 according to conditions and parameters listed in
Table 5 and assembly visualization in Fig. 6.

2.2 Material

Within the framework of this study ethylene-propy-
lene-diene rubber (EPDM) type Keltan® 4465
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Table 2 List of strain

o . Number of measuring strains, ey
range densities used in the

Strain values, % of L,

study

—_ 0 N W W

1,5, 12

1,2,5,8, 12

1,2,3,4,8, 10, 12
1,1,2,4,5,6, 8, 10, 12
1,1,2,3,4,5,6,7,9, 10, 12

Table 3 List of blades used for study of blade repetition influence

Blade thickness t, mm Producer Blade surface treatment Specification Customs code

0.1 Lutz Blades no treatment 0410.0100 S00673-0
Solingen/Germany

0.1 Lutz Blades Titan-Nickel 0410.0100/TiN S01648
Solingen/Germany

0.1 FortisBlades Ceramic 20.80.082.010 82089000
Zwevegem/Belgium

Perpendicular Parallel

~
—

‘ Cutting direction ‘

Fig. 5 Definition of polymer chains’ orientation towards
cutting direction

(ARLANXEO, Netherlands B.V.) was chosen as a
reference material. The compound was filled with 70
phr (parts per hundred of rubber) of carbon black (CB)
type N550 and crosslinked with a sulphur-based
curing system. The complete formulation is listed in
Table 6. The glass transition temperature of the
subject material was — 50 °C, whereas the value has
been determined using dynamic mechanical analyses
(DMA) performed with DMA Analyser TMA/
SDTA 841 (Mettler Toledo, Switzerland).

Rubber compound was prepared in a two-step
mixing procedure, where both steps were carried out
using an internal mixer SYD-2L (Everplast, Taiwan)

@ Springer

of 1.5 L capacity and with a fill factor of 0.7. In the first
step rubber and reinforcing fillers were mixed for 4
min with rotor speed set to 50 rpm and temperature to
150 °C. In the second step, the curing system and the
rest of the compound components were added and
mixed for 3 min at 35 rpm and temperature of 110 °C
thus completing the final batch. After mixing, the
compound was milled and sheeted using a two-roll
mill at a rolling temperature of 60 °C and subse-
quently stored for 24 h before curing.

Curing properties were determined using a moving
die rheometer MDR 3000 Basic (MonTech, Ger-
many), according to ASTM 6204 and the optimum
cure time, tgo, was found to be 7.16 min.

The pure-shear test specimens were cured using a
compression mould in a heat press LabEcon 300
(Fontijne Presses, Netherlands) at the temperature of
175 °C and with respect to the optimal curing time tg.
The geometry of the used test specimens is shown in
Fig. 3. The geometrical dimensions were as follows:
length Ly = 10 mm, width W, = 100 mm, radius of
gripping collars R = 3 mm and thickness B = 1.5 mm.

3 Results and discussion

This part of the study provides and discuss obtained
results of the effects of various ISA measuring
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Table 4 List of blades

- Blade thickness, t [mm]
used in the study

Tip radius, R [um]

Tip angle, f [°] Product number

0.1 0.46 57 S00673-0
0.13 1.2 46 S00505-0
0.15 1.04 53 S00494-0
0.2 1.08 51 S00486-0
0.3 0.94 53 S00484-0
0.4 1.24 55 S01262-0
0.68 1.78 47 $14529-0
Table 5 List of parameters Parameter Value

for FEM analysis
Analysis type
Analysis method
Sample model type
EPDM Hyper-elastic model
Sample element type
Sample element size
Blade model type
Blade element type
Blade element size
Loading—Displacement, U
Resulting Data

Static, General

Frictionless contact method

2D, Deformable Plane

Yeoh; C10 = 1.3, C20 = — 0.7, C30 = 0.3
3-node linear plane stress triangle, CPS3
0.1 um

2D, Rigid Wire

2-node 2-D linear rigid link, R2D2

0.08 pm

0.015 mm

Reaction force, Fg [N]; Max. Von Mises, Stress, ¢ [MPa]

Sample ey ey
g \V; \Vi

L— B
Thickness t, mm ‘

Fig. 6 FEM analysis assembly visualization

boundary conditions on to the resulting intrinsic
cutting energy, Sy. Furthermore, a relation between
geometrical properties of used blades and the resulting

intrinsic cutting energy S, has been investigated
through SEM images and FEM analysis.

Fig. 7 A shows the effects of the number of applied
measuring strains on intrinsic cutting energy Sy
according to conditions listed in Table 2. The resulting
linear trend shows slight decrease in Sy with increas-
ing number of measuring strains. However, consider-
ing the standard deviation for individual S, values the
overall decreasing trend is not considered significant.
This suggests that the testing protocol can be short-
ened by using lower number of measuring strains, thus
decreasing overall duration of the analysis

Fig. 7 B shows the effect of the duration of
relaxation time on intrinsic cutting energy S,. The
resulting linear trend shows slight increase in Sg with
increasing relaxation time. However, as in the previ-
ous case, if we consider individual values together
with their standard deviations the increasing trend is
not consider significant. This points out to the
assumption that the preconditioning phase and its
parameters introduced in Table 1 are sufficient to
counter the viscous behaviour of rubber. However, it
must be noted that this study focuses only on one
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Table 6 Rubber compound recipe

Production step ~ Component Chemical denotation Type Content, phr
Master Batch Rubber Ethylene-propylene-diene rubber EPDM 100
Filler Carbon black N550 70
Final Batch Antiozonant N-(1,3- Dimethylbutyl)-N’- phenyl-p-phenylenediamine ~ 6PPD 1.5
Activator Zinc oxide ZnO 3
Activator Ostadecanoic acid Stearic acid 1
Accelerator N-Cyclohexyl-2-benzothiazole Sulfenamide CBS 32
Cross-linking agent ~ Sulphur S 1.7

reference EPDM material. Different behaviour might
apply for different rubber types as their viscous
properties as is relaxation time varies. (Tobolsky
et al. 1944) This concerns not only type of rubber but
the whole rubber compound, as for example different
CB loading influence viscous behaviour as well.
(Mostafa et al. 2009)

Fig. 7 C firstly shows the effect of blade repetition
on intrinsic cutting energy S, for the standard blade
with untreated surface. The resulting trends show high
increase in Sy with each additional blade re-use up to
the maximal number of investigated repetitions. These
results correspond with previous study (Mars et al.
2022) where effects of blade sharpness on S, were also
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Fig. 7 A Effect of applied strain range density on intrinsic
cutting energy; B Effect of relaxation time on intrinsic cutting
energy; C Effects of sample orientation and blade repetition on
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intrinsic cutting energy for untreated blade; D Effect of blade
repetition on intrinsic cutting energy for coated razor blades
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investigated. However, in comparison with previous
findings these results show more linear than exponen-
tial increase in Sy. This could potentially make
detecting an error in blade re-use more difficult.
Furthermore, figure shows a significant offset in S,
when it comes to polymer chains’ orientation. Per-
pendicular orientation of polymer chains towards
cutting direction has shown higher S, values than
parallel orientation. This suggest that if the polymer
chains are oriented perpendicularly towards cutting
direction the blade has to overcome higher material
resistance by increasing cutting force. This confirms
that the knowledge of polymer chains’ orientation is at
outmost importance for the consistency and precision
of measurements

In Fig. 7D, on the other hand, the intrinsic cutting
energy, Sy values using treated blades for 6 repetitions
of the same blade location on each razor blade are
shown. Both surface treatments provide the ability to
protect the blade so that it does not dull and identical
values of intrinsic cutting energy, Sy, can be analysed
independent on the number of repetitions. All samples
analysed, were measured in the perpendicular direc-
tion. The ceramic coating ensured stable and identical
Sy values that were measured when the uncoated razor
blade was firstly used. Conversely, the TiN blade
coating, while also causing stable values independent
of the number of times the same blade site was used,
significantly increased the S, value. These increased
values may be due to either the higher friction
coefficient of the TiN treatment or the higher thickness
of the TiN surface layer compared to the ceramic
layer. These two parameters have a direct influence on
the measured cutting force and the resulting S, value.

Fig. 8A and B show the effects of blades’ geomet-
rical parameters on intrinsic cutting energy, Sy. The
first look on the data suggests that the thickness of the
blade is the leading influence as thicker the blade is the
higher increase in Sy can be observed. However, more
detailed look indicates that rather than the thickness of
the blade the micro-geometries are of the main
influence. More specifically, the data trend of tip
radius R (Fig. 8A) highly corelates with the trend of S,
where the larger tip radius is the higher S, was
evaluated whereas tip angle f§ shows opposite trend.
This is confirmed by Fig. 8C where the data are fitted
with a linear function showing highly increasing trend
in Sy with increasing tip radius and decreasing S, with
increasing tip angle. These findings are in great

agreement with previous works (McCarthy et al.
2007, 2010) where tip radius was found to be the most
influential variable when it comes to the blade’s
sharpness. The smaller the investigated tip radius was
the sharper the blade, resulting in decrease in cutting
force therefore decrease in intrinsic cutting energy Sy

Furthermore, the results of the influence of blades’
micro-geometry are supported by SEM photographs
showed in Fig. 9. The figure shows three individual
blades, and the measuring method used to obtain
values of their micro-geometries. Additionally, on
Fig. 9C a SEM photograph of used 0.13 mm thick
blade can be seen. This photograph was taken after the
measuring cycle and describes dulling mechanism.
The blade’s tip is highly deformed, visually increasing
its tip radius. Therefore, it can be assumed that in the
analysis of blade’s repetition (Fig. 7C) the same
dulling mechanism was present gradually deforming
the blade’s tip and thus increasing its radius and
subsequently obtained Sj.

Table 7 shows overall comparison of the effects of
the measuring boundary conditions through curve
slope value m obtained from the individual linear fits.
Although the values of slopes, m for the individual
dependencies are expressed quantitatively, their com-
parison can only be considered qualitatively due to the
different physical significance of the individual
dependencies. Thus, the comparison only expresses
the qualitative significance of the influence of the
individual methods from most to least influential and
cannot be compared and interpreted more physically
with each other.Repetition of uncoated blade44 (per-
pendicular) / 48  (parallel)Blade’s  angle,
B— 15.1Relaxation time, tR3.82Number of measuring
strains, €N— 1.93Repetition of ceramic coated
blade0.83Repetition of TiN coated blade— 0.44
Blade’s radius R was evaluated as the most influential
parameter with the highest effect on resulting value Sj.
Repetition of uncoated blade showed the second
highest effect followed by blade’s angle f. In
comparison with the first three conditions and param-
eters the effect of relaxation time as well as number of
measuring strains can be considered negligible.
Repeated use of the coated razor blade was found to
have no effect on the change in S, value, with the S,
values measured with the ceramic-treated razor blade
being identical to the first S, value measured on the
uncoated razor blade. However, reuse of the TiN-
coated razor blade, although measuring constant Sy
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Fig. 9 SEM photographs of blades’ tips according to their thickness: A 0.1 mm; B 0.68 mm; C 0.13 mm—USED
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Table 7 Comparison of the influence of the individual boundary conditions

Boundary condition

Influence of

and parameters Slope, m [-] parameters from

highest to lowest
Blade’s radius, R 220

Repetition of uncoated blade 44 (perpendicular) / 48 (parallel)

Blade’s angle, 8 -15.1
Relaxation time, tg 3.82
Number of measuring strains, e -1.93
Repetition of ceramic coated blade -0.83
Repetition of TiN coated blade -0.44

values, is significantly higher than the first value
measured on the uncoated razor blade.

3.1 FEM

Figures 10 and 11 show results of the FEM analysis.
The data follows expected correlating trends with
previous findings (Mars et al. 2019) namely increasing
reaction force Fr with increasing value of tip radius
R as well as increasing maximal Von Mises stress o
with decreasing value of tip radius R. Additionally, the
data shows a highly correlating trend between tip
angle f and maximal Von Mises stress o. This
indicates interlinked dependence of both tip radius
and tip angle and their mutual geometrical effect on
the practical measurement of intrinsic cutting energy

With demonstrated corelation between practical
measurement and data obtained through FEM analysis
a systematic FEM analysis of the influence of tip
radius R and tip angle f§ could have been carried out.
Figure 12 shows results of the systematic FEM
analysis. Circles represent data where tip radius
R was varied from 0.4 um up to 30 um. Triangles
represent data where tip angle § was varied from 35°
up to 130°. Red colour represents the results for
reaction force Fp whereas blue colour for maximal
Von Mises stress, g, which here expresses the stress
associated primarily with crack growth during cutting
with a sharp razor blade.When increasing the size of
tip radius, the reaction force increases linearly while
maximal Von Mises stress decreases following the
power law. In comparison when increasing the blade

So- angle, the reaction force increases following
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Fig. 10 FEM analysis: A Effect of tip radius R on reaction force Fg; B Effect of tip angle B on maximal Von Mises Stress &
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Fig. 11 Graphical
visualization of FEM
maximal Von Mises Stress
o according to blade
thickness: A 0.1 mm; B 0.68
mm
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Fig. 12 FEM systematic analysis of the influence of blade’s micro-geometries

polynomial order while maximal Von Mises stress
decreases in similar manner. Each of these trends is in
the figure represented by corresponding line and
equation.

It is clear that the reaction force as well as maximal
Von Mises stress are highly dependent on the blade’s
micro-geometry therefore it can be assumed the
practical measurement of intrinsic cutting energy S,

@ Springer

would follow similar dependence. Thus, noticeably if
the measurement is conducted using different blade
type even with the same declared thickness it must be
evaluated through reference material with known T to
obtain appropriate parameter b (Eq. 4) which will
reflect the influence of blade’s micro-geometries. As
was described in Fig. 7C and Fig. 9C, where effect of
blade’s repetition is shown, these changes to micro-
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geometry as tiny and trivial as they may seem have
actually significant impact on to the precision and
reliability of the measurement.

4 Conclusion

In this study, several sets of boundary conditions were
analysed to obtain a clear overview of their influence
on Coesfeld Intrinsic Strength Analyzer (ISA) mea-
suring methodology with final goal of improving and
increasing precision and reliability of the measure-
ment. The chosen conditions consisted of number of
applied measuring strains, duration of relaxation time,
specimen milling direction, blade’s repetition and
blades’ geometry. Using reference EPDM material
with known T, value the following findings were
obtained through measured intrinsic cutting energy,
So:

e There is no significant influence of number of
applied measuring strains on S,. This suggests that
the testing protocol can be shortened by using
lower number of measuring strains, thus decreas-
ing overall duration of the analysis.

e There is no significant influence of applied relax-
ation time for the used reference EPDM material.
However, it was noted that different behaviour
might apply for different rubber types, particularly
for higher Tg materials.

e For uncoated blade, there is a linear increase in S,
with each additional blade re-use. It was noted that
this phenomenon is due to the dulling mechanism
which deforms the very tip of the blade. Therefore,
a virgin uncoated blade must be used for each
measurement.

e Polymer chains’ orientation plays a significant part
in the measuring procedure thus consistency in the
sample orientation is highly advised.

e For coated blades, stable S, values are achieved
regardless of the number of times the same razor
blade spot is used. For the two surface treatments
analysed, ceramic and TiN, it was found that the
ceramic surface treatment provides completely
identical S, values to to the first S, value measured
on the uncoated razor blade. The TiN surface
treatment increases the S, value significantly.

e There is a clear influence of blade’s micro-
geometries on resulting S,. It was noted that value

of tip radius plays prime in the cutting mechanism,
followed by value of tip angle. Blades’ overall
thickness showed no influence. Evaluation of
parameter b through reference material with
known value of Tj is highly advised when different
blade type is used for the measurement.

e The overall resulting trends established blade’s
micro-geometry as the most influential condition
followed by uncoated blade’s repetition and poly-
mer chains’ orientation.

This extensive study therefore presents the sensi-
tivity of the Lake-Yeoh cutting test parameter for
measuring the intrinsic strength of rubber, thus
refining the analysis of this very important parameter
that can only be effectively determined by this
method. By applying the results of this study, it aims
to reduce standard deviations of the intrinsic strength
and unify the test method across the scientific com-
munity and industry that uses this method. Consider-
ing that the study was conducted only on single rubber
material, preliminary recommendations and defini-
tions of appropriate boundary conditions will be issued
after extending this study in a soon future about
analyses of varied rubber and polymeric materials.
Additionally, by extending this study to include an
analysis of the effect of a wider range of individual
applied boundary conditions, the intrinsic strength
analysis method can be further refined.
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