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ABSTRACT

This work investigates the hardness of both silicon rubber and polyurethane rubber cured by ionizing
radiation. Shore A Hardness is used to characterize the subject elastomers in relation to the crosslinking process.
Various formulations of both materials have been investigated in order to achieve the optimum cure conditions
desired. A small amount of the curing agent has been incorporated in some formulations in order to reduce the
required dose to achieve full cure conditions. Silicon rubber has shown improvements in hardness as absorbed dose
is increased, whereas hardness remained constant over a range of absorbed doses for polyurethane rubber.

INTRODUCTION

Silicon rubber belongs to an important class of special-purpose synthetic rubber which is partly inorganic
and partly organic'. They contain the repeat unit as shown in (I), where the main chain consists of a sequence of -
-Si—O~ units which is inorganic in nature while the attached groups are organic in nature,

Si O
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The attached groups are usually either methyl or phenyl, but some times a small amount of vinyl group is added
in order to be able to vulcanize it by heating in the presence of sulfur and accelerators. In this work
polydimethylsiloxane rubber (R=CH3) was used, and it was cured by heating with organic peroxide. The rubber
is vulcanized through hydrogen abstraction from methyl group by radicals derived from the peroxide: The initial
hydrogen abstraction reaction will lead to the formation of the --CH: radicals which will combine to give crosslinks
between polymer chains.

Polyurethane elastomers are manufactured in three different groups based on their processing characteristics
derived from molecular weight and terminal end-group functionality and are liquids, millable rubber and
thermoplastic elastomer. Of interest to this work is the liquid polyurethane which its process and detailed
technology is presented elsewhere2 . Prepolymer liquids are processed to produce a small but positive excess of
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NCO groups which are utilized in subsequent chain extension reaction. As the content of diisocynate is increased,
i.e. higher OH/NCO block ratio, then more NCO will be available to promote the chain extension process. A
unique feature of liquid urethane elastomers is that they can be processed to cover a range of hardness from 10-95
IRHD and (Shore A).

A type A "Durometer Hardness Tester" utilizes a truncated conical indenter as a probe. A schematic
diagram of the Durometer A instrument used in this work is presented in fig-i.
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Fig-1 (a) A scematic diagram of the Durometer A instrument; (b) geometric details of the truncated cone
indentor; (c.d) two different types of contact geometry for the " Durometer" indentation.

The correlation between the applied force F and hardness number HA is as follows3:

F = 0.55 + 0.075 HA (1)

where F is in Newtons and HA is hardness reading for the type A indentor. The associated hardness scale (linear)
is defined by the following conditions:
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HA = 0 , when y, = 0
HA = 100 , when y, = 2.5 mm
and y, + y2 = 2.5 mm

Considering Equation (1) and the boundary conditions, we determine the characteristic instrument spring stiffness
as 3 N/mm and the minimum force F,^ = 0.55, and maximum force F ^ = 8.05. Combining the relationships
we determine the instrument compliance as:

F - 0.55 + 3(2.5-h) (2)

where F in N, h in mm

In our measurements, the hardness number (HJ of a sample is calculated from the point of intersection of the
instrument compliance and the desired sample contact compliance (i.e. data points from Instron machine). Three
data points were measured per sample. The speed of the universal testing machine was 1 mm/min.

EXPERIMENTAL

1. Materials:

Commercially available polydimethylsiloxane elastomer known by Sylgard 184 (Dow Corning
Corporation, U.K) and Diphenylmethane 4-4' Diisocynate known by Diprane 54 prepolymer three component
elastomer system (Kemira Polymers U.K.) were used. The preparation of Diprane 54 prepolymer involves the
addition of C 54/55 (polyester polyol blend curative) which works as chain extender and Diprane C which is the
curing agent (1,4 Butane Diol) (Polymed Ltd.). Diprane 54 prepolymer can be prepared in various formulations
to give Shore A Hardness in die range of 55-95.

2. Sample preparation and irradiation:

Sylgard 184 was thoroughly mixed by hand using a weight ratio of 10 parts of base elastomer to one part
of curing agent. The mixture was then de-gassed by exposing to vacuum of 20 mm of mercury for 30 minutes and
then allowed to stand for 10 minutes to remove the final air bubbles. The mixture was then poured into a 25 ml
heated glass beaker which was treated with releasing agent for three times with heating in between. For chemical
curing the mixture was heated for two hours at 100 °C, and for radiation curing the mixture was heated for one hour
prior to irradiation. Three formulations were prepared for radiation curing, and one formulation was prepared for
chemical curing as presented in table-1.

Table-1 Formulations of silicon rubber.

Formulation Code Ratio of Curing Apent/Silicon Rubber

Si 0/10
Si-1* 0.5/10
Si-2* 0.25/10
SiC** 1/10

Note: * Samples were heated for 1 hour prior to irradiation at 100 °C.
** Samples were heated for 2 hours for chemical curing at 100 °C.
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Diprane 54 prepolymer was mixed by considering the following optimum processing temperatures:

Diprane C54/55 curative 40 °C
Diprane C 25 °C
Diprane 54 prepolymer 25 °C

and the mixed components was poured into pre-released molds heated to 80 °C. After preconditioning the
components to the recommended temperatures, the required quantities of Diprane C 54/55 and Diprane C curative
were mixed together by hand. Then, the required amount of Diprane 54 prepolymer was added to the vessel and
mixed thoroughly for approximately one minute. The mix was put under vacuum of 5 torr for 2 minutes until
bubbling ceased. Finally, the mix was poured into a 25 ml heated glass beaker which was treated with releasing
agent for three times with healing in between. Four chemically cured formulations were prepared to give hardness
shore A measurements of 55,60,80, and 90 as presented in table-2.

Table 4 Formulations of Polyurethane Rubber Samples Prepared for different hardness values.

Mixing Ratios:

Formulation Code Pu-1

Hardness (Shore A) 55

Diprane C54/55 100

Diprane C —

Ratio with 54 prepolvmer:

Diprane Curative blend 470

Diprane 54 prepolymer 100

Pu-2

60

95.6

4.4

250

100

Pu-3

80

90.7

9.3

165

100

Pu-4

90

86.2

13.8

125

100

Note:
The above ratios are in parts by weight and should be measured to an accuracy of ± 1 %.

3. Irradiation:

Irradiation was carried out at the Nuclear Technology Group 17,866 Ci Co-60 source in the Imperial
College of Science and Technology in London. The exact dose rate at the center of the source, at the time of
irradiation, was determined by Fricke dosimetry in accordance with ASTM D1671-72. A series of irradiations were
performed at different times and the average of five measurements was calculated to be 5.69 kGy/hr ± 1 %.

4. Hardness Measurements:

Both of silicon rubber samples and polyurethane samples were indented by a "Durometer A" type indentor
attached to the crosshead of an Instron Universal testing machine. No presser foot was used. The displacement
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was recorded through a sensor and the load was measured by the load cell of the instrument. Both measurements
were recorded at 1 second interval as the indentor moved into the sample.

RESULTS AND DISCUSSION

In the case of silicon rubber, Shore A Hardness measurements for the radiation-cured formulations were
determined as shown in fig-2. Si formulation was irradiated at four dose points and Shore A Hardness increased
v.ith absorbed dose. At 400 kGy the hardness was 25 % higher than chemically cured formulation. An absorbed
dose between 300-400 kGy will achieve full cure condition. Si-1 formulation was irradiated at five dose points and
hardness again, increased with absorbed dose. The absorbed dose required to achieve full cure condition was
lowered to almost 150 kGy. Si-2 formulation was irradiated at four dose points and hardness measurements were
determined. No ftirther reduction in the absorbed dose required for full cure condition was observed.

In the case of polyurethane rubber, Shore A Hardness measurements for chemicaUy cured formulations are
listed in table-3. All measurements are in agreement with supplier values. Three formulations were irradiated at
various absorbed doses and hardness measurements were determined as shown in fig-2. Pu-1 .NH formulation which
was not heated after mixing, was irradiated at three dose points. Another Pu-1 formulation was irradiated at four
dose points, and Pu-2 formulation was irradiated at three dose points. It is obvious from the graph that no curing
took place during irradiation for all three formulations. It is possible that a simultaneous oxidation reaction of the
samples was hindering the curing process. Further work has to be done on the irradiation of polyurethane
formulations in inert atmosphere.

en
m

C
•a

80

7 0 •

60

< 40 -

o 30

2 0 ^

10

I *
. V

•

D

81

SI-1

Sl-2
Sle

,. Sle

/

I
i i

100 200 300 400

Absorbed dose, KGy

Fig —2 Shore A Hardness measurements
as o function of absorbed dose for
various silicon rubber formulations.
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Fig—3 Shore A Hardness measurements
as a function of absorbed dose for
various polyurethane rubber formulations.
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Table-3 Shore A Hardness measurements of various polyurethane rubber blends.

Formulation Code Hardness Shore A

Pu-1
Pu-2
Pu-3
Pu-4

50
58
81
92

CONCLUSIONS

Shore A Hardness measurements of four silicon rubber formulations cured by ionizing radiation were
examined. Radiation curing demonstrated increased hardness with absorbed dose. An absorbed dose between 300-
400 kGy achieved full cure condition. Doubling the content of the curing agent reduced the required absorbed dose
for full cure to 150 kGy. Another three formulations of polyurethane rubber were irradiated at various absorbed
doses and their hardness shore A were evaluated. A minor influence on shore A hardness was observed.
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