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Wear of Knife by Rubber in a Blade-Type Abrader
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ABSTRACT : The rates at which various knives are worn against the rubbers were measured at 25
*C and 100 °C using a new blade-type abrader, in which the frictional and normal forces could be mon-
itored continuously during abrasion. The rate of wear of the knife was determined by measuring the
worn width of the knife tip using a scanning electron microscopy. Natural rubber, pelybutadiene
rubber, styrene-butadiene rubber, and acrylonitrile-butadiene rubber were used to investigate the ef -
fect of rubber type on the wear rate of steel knife. In an attempt to understand the effect of ma-
terial type of knife on the wear rate of knife, steel, tungsten carbide, TiN coated tungsten carbide,
and zirconia were selected as the knife material. Worn surfaces of steel knife and zirconia knife
were found to be relatively round and smooth, while that of tungsten carhide knife was rough. The
rates of wear of steel knife varied more than 10 times depending on the rubber type. A zirconia
knife was estimated to be the most resistant to wear by rubber. A tungsten carbide knife was much
better than a steel knife, but slightly inferior to the zirconia knife.

Introduction

A metal scraper is abraded away when it slides
against rubber."® It is known that macremolecular
free radicals are formed due to the breaking of
molecular chains when polymeric materials are
subjected to severe mechanical shear stresses.
The reactions of those radicals are dependent on
both their reactivity and that of surrounding
media.* Evdokimov ef al.! found that the surface ac-
tivity of polymers in the course of wear has a big
effect on the wear rate of the counter body such
as steel. They suggested that the electropositive
plastics tend to saturate the steel surface with de-
gradation species of polymers, leading to reduction
of wear while electronegative plastics tend to
cause decarbonization of a steel surface indicating
a higher rate of wear of steel,

in contrast, Gent et al.> studied the detailed

mechanisms of the reaction of macromolecular rad-
icals with a metal blade. They found that the rate
of wear of steel is much higher in nitrogen than in
air, and the stability of free radicals generated
from the rubbers is related to the rate of wear of
the blade. For instance, the radicals from styrene-
butadiene rubber (SBR)} and natural rubber (NR)
are stabilized by resonmance and produce severe
wear of the blade in a nitrogen atmosphere (due
to the long lifetime). On the other hand, the highly
reactive radicals generated from polybutadiene
rubber (PB) and ethylene-propylene rubber (EPR)
cause the blade to wear a bit (probably due to the
preference of internal reactions with other molec-
ules). A harder metal blade tends to be more resist-
ant to wear. Based on these results, Gent et al. pro-
posed a hypothesis that free radicals generated by
mechanical rupture of polymers under frictional
conditions can react directly with metals.
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Table L. Recipes and Cure Conditions for Various Rubber Compounds

ingredients (phr) UPB UNR USBR USBR1 UNBR UHNBR FPB FSBR
Taktene-220 100 - - - - - 100 -
SMR-5CV - 100 - - - - - -
SBR-1502 - - 100 - - - - 100
Plioflex-1028 - - - 100 - - - -
Nipol-1042 - - - - 100 - - -
Therban-1746 - - - - - 100 - -
N-330 (HAF) - - - - - 50 50
Zinc oxide 5 5 5 +5 5 - 5 5
Stearic acid 2 2 2 2 2 - 2 2
Santocure NS° 1 0.6 1 1 0.8 1 1
Sulfur 2 25 2 2 1.75 - 2 2
Dicumy! peroxide - - - - - 3 - -
ZDMA’ - - - - - 5 - -
Cure Condition 150X60 14550 150%60 150x60 170% 40 160 x50 150X 60 150 %60

(°CX min.}

”N-cyclohexylf2-benzothiazole-sulfonamide.
*Zinc dimethacrylate.

In this study, the rates of wear of various knives
including a zirconia knife were studied as a func-
tion of rubber type in order to further understand
the chemical aspects of wear mechanism between
knife and rubber. Morphology of worn surfaces of
the knives were also investigated using a scanning
electron microscopy.

Experimental

Materials. High cis-1,4-polybutadiene (Taktene-
290, Polysar co.), styrene-butadienc copolymer
(SBR-1502, 23.5% of styrene from Polysar Co. and
Plioflex-1028, 48% of styrene from Goodyear Tire
& Rubber Co.), natural rubber (SMR-5CV, Malay-
sia). butadiene-acrylonitrile copolymer (Nipol-1042,
98.5% of acrylonitrile from Zeon Chemicals), and
hydrogenated putadiene-acrylonitrile (Therban-
1746, 33.5% of acrylonitrile, 4% of residual double
bond from Miles Inc., Polysar Rubber Division)
were used. The formulation for each rubber com-
pound is given in Table 1. The blades used in this
study include steel knife (Stanley utility blades, 11-
921 heavy duty style, Stanley Tools Co.), tungsten
carhide knife (sharpened to a razor edge with sub-
micron grain size carbide, Special Blades, Inc.},
TiN coated tungsten carbide (Special Blades, Inc.),
and zirconia knife (made from transformation

66

toughened zirconia, Special Blades, Inc.).

Preparation of Rubber Sample. All the rubber
samples were mixed by vsing a two-roll mill (C. W.
Brabender) for about 10 minutes, at about 80 °C ex-
cept the carbon black filled compounds. The black
master-batch was mixed using a Midget Banbury
internal mixer for about 6 minutes at about 120 °’C,
and then the cure agents were added using a two-
roll mill for 10 minutes. Optimum cure conditions
were determined using a torque rheometer
{Monsanto type R-100) at 150°C. A hot press
(Dake type 44-954) was used to cure rubber sam-
ples. The cure condition for each rubber compound
is given in Table I. The dimension of rubber disk is
shown in Figure 1.

Wear Apparatus. A new version of Gent and
Pulford’s blade wear apparatus® was designed in
this study. A schematic diagram is shown in Figure
9. Strain gauges were used for measuring both the
normal and frictional forces during the wear meas-
urements. For wear measurements, a cylindrical
disk of rubber bonded to an aluminum backing
plate was rotated by an electric motor (Bodine
Electric Co., type NSH-55RH) at a rotation speed
of 10 rev./min about its axis, while a stationary
knife was pressed against the flat surface of the
rubber disk. The frictional torque M is monitored
continuously, and held constant during an ex-
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Figure 1. Dimensions (unit: mm) and shape of wear speci-
men.
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Figure 2. A schematic diagram of a new wear apparatus.

periment by advancing the knife appropriately.
The rubber disk was surrounded by a heating
chamber equipped with a round electrical heating
core for high temperature experiment. The new
machine constructed in this study was found to
give representative data on rates of wear of rub-
bers by comparing it with others.’
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Figure 3. Mean reaction force F at 7 on the surface of the
specimen when the torque M 1s applied through a knife.

Determination of Wear Rate of Rubber. The
rate of wear was determined by measuring the
loss in weight of the rubber sample and aluminum
backing plate before and after abrasion, using a
chemical hbalance (Mettler, model AE200). The
welght loss was divided by the number of re-
volutions to get the loss in weight per revolution,
mg/rev.

Calculation of Frictional Work Input, W, The
torque M (Nm) is regarded to hecamed by two
equal frictional forces F (N} acting at the mean ra-
dius of the disk 7={(r+r.)/2 on each half of the
knife blade, where r,, 7; are the outer and inner ra-
dii of the disk, 19 and 6.25 mm respectively, as
shown in Figure 3. Thus,

F= (1)

vz

The work W; done against friction per unit area
and per revolution by each half of the knife is
given by

M
W =— 2)
e (
Determination of Wear Rate of Knife. Four
different knives were worn against various rubber
compounds under the same frictional torque of
0,176 Nm, corresponding to 549 J/m* of frictional
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work calculated from equations (1) and (2). The
worn knife edge for unfilled rubbers was obtained
after 2,500 to 8,000 revolutions. In the case of fill-
ed rubbers, the worn knife edge was obtained after
about 10,000 revolutions. Then the worn knife was
carefully broken into a roughly rectangular piece
with dimensions of 10%x5 mm. The worn edge of
the broken knife piece was then observed using
SEM (Princeton Gamma-Tech, model SX-40). The
worn thickness L and the angle of the knife were
measured to determine the wear rate of the knife.
Two assumptions were made in the calculation of
the wear rate of knife. First, the original shape of
the knife tip is a triangle. Second, the worn sur-
face of the knife is flat as shown in Figare 4. Then,
the voluie loss v of the knife per revelution s
given by

w2

~ o tan(8/2) (3)

¥

where # is number of revolution, & is the angle of
the knife tip, w is the distance that one side of the
blade edge had receded, and L is the worn width of
the knife tip. The ecalculated volume loss was
found to show a reproducibility of about 30%.*

Results and Discussion

Worn Surface of Knife. All the knives in the
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Figure 4. Sketch of assumed abraded volume of the knife.
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study were initially sharp with a blade tip width of
less than 2 um as shown in Figure 5. As can be
seen n Figure 6A, the worn surface of a steel
knife was always found to be smooth and round.
However, the surface of a tungsten carbide knife
worn against filled styrene-butadiene rubber
(FSBR) showed a rough texture as shown in Fig-
ure 6B. The rough surface may be due to the
breaking out of a few micremeter-scale small par-
ticles from the knife tip by the action of frictional
sliding. When this knife tip was coated with ti-
tanium nitride, the worn surface appeared to be

Figure 5. Knife edges of four different. new knives; A:
steel knife; B: tungsten carbide knife; C: TiN coated
tungsten carbide knife; D+ zirconia knife.

A

Figure 6. Worn surfaces of four different knives at a coﬁ-

stant frictional torque 0.176 Nm and at room temperature

abraded against filled styrene-butadiene rubber (FSBR) for
about 10,000 rev; A: steel knife; B: tungsten carbide knife;
C: TiN coated tungsten carbide knife; D¢ zirconia knife.

The direction of wear is shown by arrow.
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rather smooth and round, but eroded by small pits,
less than 0.5 um (Figure 6C). In the case of a zir-
conia knife, the worn surface appeared to be
smooth and round, similar to that of a steel knife
{Figure 6D).

Effect of Rubber Type on Wear of Knife. In
an attempt to investigate the effect of rubber type
on the wear of a steel knife, wear rates of steel
knives abraded against various rubber compounds
at a constant frictional torque of 0.176 Nm
{corresponding frictional work of 549 ]/m® were
measured (Table II). Wear rates » (m%rev.) of
knives reported here were calculated from worn
witlth L and tip angle & under the assumption of a
triangular cross-section. From the results, the
wear rates v of the steel knives abraded against
various unfilled rubber compounds at 25°C vary
by a factor of more than 10 times, depending on
the type of elastomers, although Young's modulus
E of the rubber is approximately the same. It can
also be seen that USBR, UNR and UNBR cause
more rapid wear of the steel knife than UPB and
UHNBR do. Generally, the harder materials give a

higher wear rate of the counterpart material when
they are subjected to frictional sliding under a cer-
tain load. Therefore, the big differences in wear
rates of knives is unlikely to be simply a result of
difference in hardness of the rubbers.

In order to explain the big differences in wear
rate of knives, reduction R in wear rate of rubber
with the revolutions was also determined. The
higher value of R indicates the smaller decrease in
wear rate of rubber throughout the measurements.
It was previously® found that the decrease in wear
rate of rubber with the revolutions was due to con-
tinuous blunting of the knife. It is interesting to
note that the wear rates of unfilled rubbers appear
to be closely related to the wear rate of the knife,
i.e., an elastomer which causes rapid wear of a
steel blade is itself worn away more rapidly by a
sharp blade than by a blunt one and the blunter
knife generally causes the most decrease in wear
rate of rubber. It is also interesting to note that
the effects are greater at 100 °C. Smaller frictional
torques were employed with the unfilied materials
at 100 “C because for larger torques, the rates of

Table II. Wear Rate ¢ (m*/rev.) of Steel Knife Pressed against Rotating Rubber Surface for s=3,000~10,000
Revolutions at a Frictional Torque M Generally of 0.176 Nm (549 J/m®), Worn Width L (um), Reduction R in
Wear Rate of Rubher by Wear of the Knife, and Tensile (Young) Modulus E (MPa)}

L o{ X 10M) Jie
{pm) (m*/rev.)

Unfilled Rubbers at 25°C

rubber type E #
(MPa) {revolution)

UPB 1.7 5,100
UHNBR 22 7,000
UNBR 1.6 7,100
UNR 1.8 5,800
USBR’ 20 3,300
USBR1 15 4,300

1.5 11 0.87
1.9 1.2 0.76
4.0 5.3 0.52
5.0 10.3 .53
3.5 8.7 0.35
4.9 13.3 0.29

Unfilled Rubbers at 100 °C

UPB* 1.7 10,2(H) 3.4 27 (.54
USER 20 8,900 6.2 10,3 0.25
Carbon-black-filled Rubbers at 25°C
FPB 56 10,500 3.0 20 0.77
FSBR 6.9 9,600 10.0 24,7 0.33
Carbon-black-filled Rubbers at 100 °C
FPB 56 9,000 7.5 14.9 0.13
FSBR 6.9 10,100 12.8 38.6 0.09

“Final wear rate of rubber relative to initial rate. The higher value represents the smaller decrease in the wear rate of rubber

during the specified revolutions.
*Frictional torques of 0,125 and 0.063 Nm respectively,
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wear were excessively high. Nevertheless, the
blade was more worn down at 100 °C and the rate
of wear of the rubber was reduced to a greater ex-
tent at 100 °C.

The wear rate of a steel knife is generally great-
er in the case of abrasion against filled rubbers
than against unfilled rubbers, as shown in Table 11,
except in the case of FPB. The wear rate of a
knife against FPB was found to be even lower than
that against several unfilled rubbers (USBR1,
USBR, UNR, and UNBR) although this compound
has a much higher modulus, about three times
more, due to the addition of carbon black.

It was previously concluded™ that relatively-
stable {ree-radical species created during abrasion
cause wear of a steel blade. It now appears to be
that this process is more rapid with a sharp blade
and is associated with more rapid wear of the elas-
tomer itself by a sharp blade. On the other hand,
wear appears to be lower with both sharp and
blunt blades for materials which form relatively-
stable radicals (high-styrene SBR, for example)
than for those in which the radicals formed by
abrasion cause decomposition {(NR) or continued
crosslinking (PB). Thus, there appears to be an op-
timum reactivity of the macroradicals created by
fracture that gives minimum wear, possibly when
they can link two molecules together to repair
molecular rupture but do not cause further
changes in the network. In order to further study
the chemical effect mentioned above, three other
knives were also examined.

Effect of Knife Material on Wear of Knife.
The rates of wear v of four different knives worn
against two carbon-biack-filled rubbers (FSBR and
FPB) were measured at a constant frictional

torque of 0.176 Nm (549 J/m®). They are shown in
Table 1. From the results, there 1s a considerable
difference, more than five times, in the rates of
wear of knives depending on the knife material
when they are abraded against the same rubber, a
filled styrene-butadiene compound (FSBR). A zir-
comia knife was estimated to be the most resistant
to wear by the FSBR and the steel knife to be the
least resistant, A tungsten carbide knife and a TiN
coated tungsten carbide knife were found to he
much better than the steel knife, but slightly in-
ferior to the zirconia knife.

If we again consider the effect of the rubber on
the wear rate of the knife, the wear rates of steel
are about 12 times faster and wear rates of zir-
conia are 6 times faster against FSBR than against
FPB.

Conclusions

1. Worn surfaces of steel knife and zirconia
knife against the rubbers were smooth and round.
The surface of a tungsten carbide knife was rough
and it became rather smooth and round when the
knife tip was coated with titanium nitride.

2 The wear rate of steel knife abraded against
various rubbers varied by a factor of more than 10
times. Some materials such as styrene-butadiene
rubber, acrylonitrile-butadiene rubber, and natural
rubber, cause rapid wear of the blade and rapid de-
crease in wear rate of the rubber itself, whereas
polybutadiene and hydrogenated acrylonitrile-bu-
tadiene rubber do not.

3. A zirconia knife is the most resistant to wear
by rubber. A tungsten carbide knife and a titanium
nitride coated tungsten carbide knife are much

Table ITl. Wear Rate s (m’/rev.) of Various Knives at Room Temperature, Calculated from Worn Width L
(um) at about #=10,000 Revolutions and at a Constant Frictional Torque of 0.176 Nm (549 J/m®
under Air Atmosphere

rubber type knife type # L v (x10')

(revolution} (Wm} {m"/rev.)
FSBR Steel 9,600 10.0 24.7
FSBR Tungsten Carbide 10,000 55 5.8
FSBR TiN-coated Tungsten Carbide 12,000 6.5 6.7
FSBR Zirconia 10,000 45 4.9
FPB Steel 11,000 3.0 2.0
FPB Zirconia 12,0006 2.0 08
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better than a steel knife, but slightly inferior to
the zirconia knife.
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