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ABSTRACT

The Durometer hardness test is one of the most commonly used measurements to qualitatively assess and compare
the mechanical behavior of elastomeric and elastomeric-like materials. This paper presents nonlinear finite element sim-
ulations of hardness tests which act to provide a mapping of measured Durometer Shore A and D values to the stress-
strain behavior of elastomers. In the simulations, the nonlinear stress-strain behavior of the elastomers is first represent-
ed using the Gaussian (neo-Hookean) constitutive model. The predictive capability of the simulations is verified by com-
parison of calculated conversions of Shore A to Shore D values with the guideline conversion chart in ASTM D2240. The
simulation results are then used to determine the relationship between the neo-Hookean elastic modulus and Shore A and
Shore D values.

The simulation results show the elastomer to undergo locally large deformations during hardness testing. In order
to assess the potential role of the limiting extensibility of the elastomer on the hardness measurement, simulations are
conducted where the elastomer is represented by the non-Gaussian Arruda-Boyce constitutive model. The limiting exten-
sibility is found to predict a higher hardness value for a material with a given initial modulus. This effect is pronounced
as the limiting extensibility decreases to less than 5 and eliminates the one-to-one mapping of hardness to modulus.
However, the durometer hardness test still can be used as a reasonable approximation of the initial neo-Hookean modu-
lus unless the limiting extensibility is known to be small as is the case in many materials, such as some elastomers and
most soft biological tissues.

INTRODUCTION

Durometer (Shore) hardness' is one of the most commonly used hardness tests for elas-
tomeric materials. Durometer hardness measurements, which assess the material resistance to
indentation, are widely used in the elastomer industry for quality control and for quick and sim-
ple mechanical property evaluation.! The hardness value is primarily a function of the elastic
behavior of the material. The nondestructive and relatively portable nature of the test enables
property evaluation directly on elastomeric products or components. This feature has also led to
the use of hardness tests in mechanical property evaluation of soft tissues such as skin’* and
tumors surrounded by soft tissues.’

Durometer hardness is related to the elastic modulus of elastomeric materials. Several theo-
retical efforts have been conducted in the past to establish the relationship between hardness and
elastic modulus.5” However, most of these efforts have been based on linear elasticity, even
though the indentation in durometer hardness tests involves significant large-scale nonlinear
deformation. Gent® obtained a simple relation between the elastic modulus and durometer Shore
A hardness by approximating the truncated cone indentor geometry as a cylinder and using the
classic linear elastic solution for the flat punch contact problem. Briscoe and Sebastian’ consid-
ered the actual shape of the Shore A indentor and linear elasticity theory to obtain a prediction
using an iterative solution. The difference between the Gent and the Briscoe and Sebastian results
was as large as 15% to 25% for durometer hardness values larger than 50A. In this paper, the
ability of durometer Shore hardness tests to provide properties for the stress-strain behavior of
elastomers for small to large deformation is assessed. Fully nonlinear finite element analyses are
conducted to simulate the durometer hardness tests. The nonlinear stress-strain behavior of the
materials is modeled using the Gaussian (neo-Hookean) model and the Arruda-Boyce eight-
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chain non-Gaussian model. The latter constitutive model captures the limiting extensibility of
elastomers (and also of soft tissues®) and thus permits evaluation of the relevance of correlating
the durometer measurements to limiting aspects of material behavior. Durometer tests for Shore
A and Shore D scales are simulated for the Gaussian (neo-Hookean) material. The ability of the
model to predict the corresponding Shore D hardness for a given Shore A hardness material acts
as a verification. A mapping of Shore A and D values to the elastic modulus predictions is then
provided. Comparisons of the new model with prior models are also given. The influence of the
limiting extensibility of elastomeric materials on this mapping is assessed.

MODELS
THE MODEL OF DUROMETER HARDNESS TESTS

The durometer hardness test is defined by ASTM D 2240,! which covers seven types of
durometer: A, B, C, D, DO, O, and OO. Table I shows the comparison of different durometer

scales.
TABLE I

COMPARISON OF DIFFERENT SCALES OF DUROMETER TESTS
Type A 10 20 30 40 50 60 70 806 90 100
Type B 10 20 30 40 50 60 70 80 90 100
Type C 16 20 30 40 50 60 70 80 90 100
Type D 10 20 30 40 50 60 70 80 90 100
Type DO 16 20 30 40 50 60 70 80 90 100
Type O 10 20 30 40 50 60 70 80 90 100
Type OO 10 20 30 40 50 60 70 80 90 100

Most commercially available products for durometer tests consist of, according to ASTM D
2240, four components: presser foot, indentor, indentor extension indicating device, and cali-
brated spring, as shown in Figure 1. The scale reading is proportional to the indentor movement
(Figure 2)

AL
-~ AL=L.-L 1
0.025mm 0 M

where H is the hardness reading; AL is the movement of the indentor.
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FiG. 1. — A typical durometer.
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FIG. 2. — Schematics of the working mechanism of durometers.

(a) Before the durometer is pressed down; (b) the durometer is pressed down.

A durometer essentially measures the reaction force on the indentor through the calibrated
spring when it is pressed into the material. The relation between the force measured and the
movement of the indentor is

F=0.55+3AL (2a)
for type A, B and O durometers; and

F=17.18AL (2b)
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for type C, D and DO durometers.

In durometer tests, as the durometer is pressed onto the specimen surface, the indentor pen-
etrates into the specimen, and is simultaneously pressed up into the device as well. This process
is depicted in Figure 2, where L, is the free length of the calibrated spring; d,, is the distance
between the indentor tip and the presser foot lower surface and according to ASTM D 2240, d,
= 2.5 mm; d, is the corresponding distance in the fully loaded condition. Since the lower surface
of the presser foot is always in contact with the specimen surface when the reading is taken, it is
straightforward to obtain (Figure 2)

AL+ (d,-0)=25 3)

The indentor is in equilibrium, therefore
F;’(h’)‘h=d1 =F 4)

where Fis the reacting force of the elastomeric specimen due to the indentor penetration denot-
ed by h. Therefore, the objective equations relating the hardness measurement to the stress-strain
behavior of the elastomers consist of Equation (3) and Equation (4). The exact form of F (h)
however is unknown. Gent® used the linear elastic Hertz contact solution for the case of a sim-
plified indentor shape. Briscoe and Sebastian’ considered the actual geometry of the indentor.
This method however requires computationally cumbersome numerical methods for the solution.
In this paper, we take advantage of developments in nonlinear finite element method (FEM) and
numerically simulate the hardness tests to obtain F' (k) in the form of a force vs indentation, F' vs
h, curve. The hardness scale reading is then obtained by finding the intercept point as shown in

Figure 3.
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F1G. 3. — Schematic of the method to obtain durometer readings.
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FEM MODELS FOR INDENTATION SIMULATIONS

Geometry. — The force vs indentation curve is obtained using a fully nonlinear finite ele-
ment simulation of the indentation test. Since the indentors have axially symmetric cross sec-
tions, it is effective to model the problem as an axisymmetric one. As shown in Figure 4, the ver-
tical boundary AD is subjected to the axisymmetric boundary condition, u |, = 0. In order to
reduce the influence from the specimen boundary, ASTM D 2240 requires that the test specimen
should be at least 6 mm in thickness and the locus of indentation should be at least 12 mm away
from any edges. Therefore, in Figure 4, AB = 15mm, BC = 8 mm . Due to the existence of fric-
tion, the lower surface AB of the specimen cannot move freely along the horizontal direction,

Ulp =ty =0.
D — C
V4
A AN N N B
r
FI1G. 4. — The finite element method model for simulations of indentation.

The boundary value problem is solved using the finite element code ABAQUS.
Axisymmetric 8-node, hybrid continuum elements with biquadratic interpolation of the dis-
placement field and linear interpolation of pressure are used to model the elastomer. Figure 5
shows the mesh used for the durometer A analyses. The indentor is modeled as a rigid surface
since it is much stiffer than the elastomers being tested. The mesh is refined in the vicinity of the
contact region where large gradients in stress and strain prevail. Several mesh densities were ana-
lyzed and an optimal mesh was finally chosen for use in all simulations. For durometer D analy-
ses, a similar mesh has been used with the exception of the shape of the indentor.
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