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Abstract

1

Introduction
The room temperature curable polymer is one of the most preferably used

adhesives that offers the superior interfacial bonding strength in hybrid structures
such as fibre metal laminates

[1-4]

. Due to the excellent peel resistance and impact

strength, these adhesive layers can be applied to structures such as in automobiles and
wind turbines (e.g., to join composite blades to metal hubs). The dynamic
performance of the structure can play a crucial role

[5, 6]

in these applications.

Determining the high strain rate response of such structural adhesives requires not
only the reliable experimental characterisation but also the quantitative constitutive
prediction.
A number of experimental studies have been performed in the past decades on
the mechanical behaviour of amorphous polymers

[2, 7-12]

. It was found that the

deformation is significantly affected by temperature and strain rate

[13-15]

. A bilinear

relation was observed between the stress and the logarithm of strain rate for a variety
of polymers

[10, 13-15]

. The viscous nature of polymers or elastomers causes the

apparent rate sensitivity (e.g., in modulus and yield stress) even in the low loading
rate range

[16-20]

. The reliable measurement of dynamic behaviour of polymers offers

the physical insight in the development of a constitutive model. However, it is still
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challenging to experimentally measure the high rate response of a soft polymeric
material [18].
Various constitutive models have been developed to represent the mechanical
behaviour of polymeric materials on the basis of experimental observations

[16, 21-28]

.

Phenomenological models using empirical equations are widely accepted as they are
practically simple; and they can well describe the nonlinear deformation behaviour [18,
23, 29]

. An elasto-viscoplastic constitutive formula coupled with micromechanics and

statistical thermodynamics has been proposed to simulate the response of toughened
polymeric materials, such as toughened polycarbonate in both microscopic and
macroscopic scales

[30, 31]

. The nonlinear viscoelastic behaviour of epoxy-based

adhesives can be quantified by rheological

[25]

or time-hardening

[32]

models. A

constitutive model based on statistical mechanics was established for elastomers,
incorporating the interacting macromolecular networks

[16, 33]

. Many parameters are

often required to best correlate the model with experimental data. To reduce the
number of material parameters, a visco-hyperelastic constitutive model using a rate
dependent relaxation time scheme was developed for rubber-like materials under large
deformation

[34]

. Nonetheless, the model is only applicable to a limited range of

loading rates. A constitutive model should consider the strain rate sensitivity to enable
its wide applications.
The aim of the study reported here is to determine a constitutive model to
quantify the strain rate sensitive compressive behaviour of a two-component structural
3
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adhesive based on the experimental measurements. Uniaxial compression experiments
were performed to measure the mechanical response at the strain rates ranging from
0.001 to 2600 s–1. The strain rate sensitivity using empirical equations was proposed
into a visco-elasto-plastic constitutive model for the adhesive.

2

Experimental procedure
Hysol EA9309.3NA (Henkel AG, Germany) is a toughened two-component

epoxy adhesive that offers high shear and peel strength to metals (e.g., aluminium).
Cylindrical Hysol adhesive specimens for uniaxial compression experiments were
prepared with the nominal diameter d = 10 mm and length l = 15, 10, 6 and 4 mm.
The respective aspect ratio was l/d = 1.5, 1.0, 0.6 and 0.4. The quasi-static uniaxial
compression experiments were performed on the high aspect ratio specimens (l/d =
1.5 and 1.0) in an INSTRON 5569 (INSTRON, MA, USA) electromechanical
universal testing machine (respective strain rate ε̇ = 0.001 and 0.1 s–1). The real-time
deformation process was captured using a JAI (JAI Ltd., Japan) BM-500 GE high
resolution camera.
The low aspect ratio specimens (l/d = 0.6 and 0.4) were subjected to dynamic
compression in a split-Hopkinson pressure bar (SHPB) system. The SHPB system
consisted of the striker (length 800 mm), input (2000 mm) and output (2000 mm) bars.
All the bars of 20 mm in diameter were made of aluminium alloy AA7075. The
800 mm long striker produced a loading duration sufficient for a large deformation in
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the adhesive specimen. Three dynamic strain rates ε̇ = 1000, 2000 and 2600 s–1 were
achieved in SHPB testing. The specimen ends in all the quasi-static and dynamic tests
were lubricated with Castrol LMX grease to minimise the interfacial friction.
The incident, reflected and transmitted strain wave signals were measured with
the strain gauges mounted in the middle of the bars and then subjected to noise
reduction by fast Fourier transformation (Fig. 1(a)). The wave signals were
reconstructed at the bar-specimen interfaces, from which the resisting force and
deformation rate of a specimen were calculated. The difference between the axial
forces at the input (Fin) and output (Fout) ends of the specimen was normalised by
their average ((Fin+Fout)/2),

2

Fin  Fout

(1)

Fin  Fout

where η is the parameter to characterise the force equilibrium. The parameter η is less
than 6% for the SHPB load that can be indicative of the force equilibrium (refer to
Fig. 2). Force equilibrium at the specimen ends established at the early strain stage
suggests the insignificant inertial effect on the measured mechanical response. Thus,
the stress and strain histories were finally calculated in the specimen (Fig. 1(b)). The
strain linearly increases with time in the majority of the SHPB load. The dynamic
strain rate is defined as the slope of the linear portion. The SHPB system, analysis of
recorded wave signals and verification of stress uniformity were detailed in the
authors’ previous studies on several different materials [18, 35-37].
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Results and discussion

3.1

Stress–strain response
Fig. 3 shows the typical nominal stress–strain response of Hysol adhesives under

uniaxial compression at the strain rates ranging from 0.001 to 2600 s–1. At least four
specimens were tested under each strain rate condition. The tests at all the five strain
rates can be repeated with a deviation of <5%, indicative of consistent specimen
geometry and testing conditions between specimens. Note that the maximum strain
achieved at the strain rate 1000 s–1 is only approximately 0.3. This is caused by the
limited width of the incident pulse (i.e., the loading duration) in the SHPB test, which
is determined by the striker bar length (800 mm) and the wave velocity in the
AA7075 bar. The bulk stress–strain curves have the similar characteristics for all the
different rates. The elastic deformation is initially approximately linear, and then
nonlinear. The first peak value in the curve is defined as the yield strength σy. Beyond
the yield point, the flow stress first decreases and then increases with the strain,
implying the strain softening and hardening behaviour that dominate at different strain
stages.
Fig. 4 illustrates the deformation process of an adhesive specimen subjected to
quasi-static compression at the strain rate ε̇ = 0.001 s–1. Slight barrelling arises at the
large strains due to the interfacial friction at the specimen ends. The specimen volume
(V) was calculated from the recorded 2D image with the assumption of axisymmetric
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longitudinal deformation, and then normalised by the original volume (V0). The
procedure details can be found in the previous work

[18]

. As shown in Fig. 4, the

specimen volume change is less than 1%, implying that the adhesive material is
incompressible.

3.2

Effect of strain rates
The initial elastic modulus increases with the strain rate (Fig. 5). Note that the

initial modulus at the dynamic rates was calculated from the upper linear portion
(stress >50 MPa) of the elastic deformation in the curves, where the force equilibrium
parameter decreased to η<6.0% (Figs. 1(b) and 2). The strain rate sensitivity of the
modulus is caused by the viscosity of the adhesive. The constitutive elastic model for
a wide range of loading rates should therefore consider the effect of strain rates. The
yield strength also increases with the strain rate (Fig. 6). The previous research
suggests that the impact of strain rate on the yield stress is due to the secondary
molecular process

[38-41]

. Increasing the deformation rate makes the polymer stiffer,

thus resulting in the lower mobility of the molecule.
The true flow stress was calculated from the measured nominal stress–strain data
with the assumption of no volume change during the plastic deformation (refer to
Fig. 4). The true stress was then normalised by the true yield strength at the given
strain rate. Fig. 7 illustrates the variation of the normalised true flow stress with the
logarithm of strain rates at seven selected true plastic strains εpl = 0.1–0.7. The strain
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rate sensitivity represented by the slope of each curve in Fig. 7 is not constant, but
increases with the strain rate, i.e., the slope being from negative to positive. At a
specific strain rate, the true flow stress first decreases with the plastic strain when εpl <
0.3, and subsequently increases with the strain when εpl > 0.3 (Fig. 7). This further
suggests that strain softening dominates at low strains whilst strain hardening at high
strains. Therefore, the constitutive plastic model should incorporate strain softening,
strain hardening and strain rate effects.

3.3

A visco-elasto-plastic constitutive model
Based on the experimental observations, a visco-elasto-plastic constitutive

model was proposed to quantify the strain rate dependent compressive behaviour of
the Hysol adhesive. The model describes the initial viscoelastic behaviour, the
yielding point, the viscoplastic behaviour combining strain softening and hardening,
and the strain rate effects on these phenomena.

3.3.1 Viscoelastic behaviour
The viscoelastic behaviour of Hysol adhesives can be characterised by a
Maxwell model that contains an elastic spring and a viscous damper in series (Fig. 8).
The stress σ can be derived by integrating the following term over the time t:
t

 t  
d
  

 (t )   E exp  
0

(2)

where E is the elastic modulus, τ = η/E is the relaxation time and η is the viscosity.
Note that the average strain rate is used to describe the dynamic test (Fig. 1(b)). Thus,
8
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the strain rate can be considered to remain constant in both the quasi-static and
dynamic experiments, and the time is calculated by t = ε/ε̇. The stress σ is then related
to the strain by the integration of Eq. (2).


  
  E 1  exp    
   


(3)

Eq. (3) is only suitable for the general Maxwell element, e.g., with a constant elastic
modulus E and a constant relaxation time τ. However, in the viscoelastic response
both the elastic modulus and relaxation time are influenced by the temperature and
loading rate

[11, 15, 21, 41]

. In the present study, the temperature dependency can be

neglected because the mechanical tests were conducted at room temperature. Eq. (3)
can be rewritten to represent the viscoelastic stress σve:


 
 ve  E        1  exp  
      

 


(4)

where E(ε̇) and τ(ε̇) are the strain rate sensitive functions for the initial elastic modulus
and the relaxation time, respectively.
A term (1 + s ln(ε̇/ε˙0)) similar to that in the Johnson–Cook model was introduced
to quantitatively describe the strain rate effect on the initial elastic modulus while the
temperature sensitivity was ignored [42]:



E     E0  1  s ln 

 0



 


(5)

where ε˙0 = 1.0 is the reference strain rate, E0 is the initial elastic modulus at the
reference rate, and s is the strain rate sensitivity parameter for the elastic modulus.
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The molecular relaxation can be restricted if the stimuli time scale decreases (i.e., the
strain rate increases) or the temperature reduces. The logarithm of relaxation time can
be linearly related to the strain rate [43]:

 
     0  
 0 



(6)

where τ0 is a time related parameter and β is a dimensionless constant, both of which
can be determined experimentally. The viscoelastic stress σve is thus determined as a
function of both strain and strain rate.

 ve



 E0  1  s ln 

 0


   
   0  
   0 




 
 1  exp  
  0





   
  
  0   

(7)

3.3.2 Yield strength
The yielding behaviour of solid amorphous polymers has been extensively
reported in the literature

[9-11, 17, 19, 41]

. The cooperative model becomes one of the

established models to characterise the yielding behaviour, because it considers the
strain rate and temperature superposition principle of the yield stress

[44, 45]

. For

temperatures below the glass transition, the cooperative model can be used to
determine the compressive yield strength σy as a function of strain rate in the
following form:

y

 y0


2k


sinh 1 

T0
T0
V
 y

1/ n





(8)

where T0 = 298 K (i.e., 25 °C) is the room temperature, σy0 is the internal stress, k is
the Boltzmann constant, V is the arbitrary activation value, and ε˙y is the
10
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characteristic strain rate, and n is the material constant. These parameters can be fitted
from the experimental data.

3.3.3 Viscoplastic behaviour
To model the viscoplastic behaviour of Hysol adhesives, the strain softening and
hardening responses are assumed to be independent. Beyond the yield point, the true
flow stress is the sum of the yield strength, the increased stress due to hardening, and
the decreased stress due to softening [46]:

 vp  1   s   h

(9)

where  vp   vp /  y ,  s   s /  y and  h   h /  y are the true viscoplastic
stress σvp, softening stress σs and hardening stress σh normalised by the yield strength
σy, respectively.
The internal shear resistance gives rise to the softening behaviour of polymeric
materials. Based on the phenomenological description of internal stress evolution
during strain softening

[14]

, the following function was proposed for the normalised

softening stress at an effective plastic strain εp in the uniaxial compression test,



 s  A 1  exp  k1 p 



(10)

where A and k1 are the softening parameters. The strain rate sensitivity of softening
(Fig. 7) is quantified by integrating a factor (1 + Dsln(ε̇/ε˙0)) into the strain softening
Eq. (10) [42]. The parameter Ds is not constant but varies with the strain rate in a power
function,
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Ds  B  
 0 

C

(11)

where B and C are the material constants for strain rate effects on softening. Thus the
normalised softening stress  s becomes.



 s  A 1  exp   k1 p 



C

 
  
1  B   ln   

 0 
  0  

(12)

As the strain increases, hardening dominates the material behaviour. Physically,
the hardening mechanisms for the viscoplastic material can be categorised into
isotropic hardening and kinematic hardening. Isotropic hardening is related to the
growth of the anelastic domain whilst kinematic hardening the presence of
microstructural defects in the amorphous phase

[47]

. In terms of the viscoplasticity

theory, isotropic hardening is incorporated into kinematic hardening to calculate the
normalised hardening stress at a plastic strain εp:



 h  Dh 1  exp  k2  p 



(13)

where k2 is a hardening constant, and the parameter Dh can be calculated according to
the previous research:

Dh  1   p 

N

(14)

where N is another hardening parameter. Therefore, the normalised hardening stress

 h becomes,
 h  1   p 

N

1  exp  k   
2 p

Combining Eqs. (9,12,15) leads to the normalised viscoplastic stress  vp .
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 vp  1  A 1  exp   k1 p 



C

N
 
  
1  B   ln     1   p  1  exp   k2  p 

 0 
  0  



(16)
The material parameters A, B, C, N, k1 and k2 are dimensionless, which can be
determined from the experimental results.

3.4

Determination of material constants and model validation
The regression analysis was performed on the measured stress–strain data at the

four strain rates ε̇ = 0.001, 0.1, 1900 and 2600 s–1 (Fig. 3(a, b, d and e)) to determine
the material constants in the visco-elasto-plastic model (Table 1). Fig. 9 details the
procedure to calculate these constants in sequence. First, the elastic modulus as
measured from the initial linear portion of the stress–strain curves (Fig. 5) was
analysed with Eq. (5) to fit the constants E0 and s (correlation coefficient R2 = 0.960).
The other two constants τ0 and β for viscoelastic behaviour were determined by fitting
the stress–strain data prior to the yield point with Eq. (7) (R2 = 0.997). The measured
yield strength (Fig. 6) was then analysed to fit the material constants in Eq. (8) with
R2 = 0.992. Finally, the nominal stress and strain for the viscoplastic behaviour were
converted to true stress and strain data. The parameters in Eq. (16) were fitted from
the data (R2 = 0.981) and listed in Table 1. The material constants affect the
deformation behaviour of the adhesive in terms of the constitutive equations for the
elastic and plastic deformations (Eqs. (5,7,8,16)).
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The measured stress–strain data at the strain rate ε̇ = 1000 s–1, excluded from
the regression analysis, was used to validate the developed constitutive model and the
fitted material constants. The predicted stress–strain curve is compared to the
measured curve (Fig. 3(c)). Their good agreement suggests that the modified
constitutive model is reliable to represent the compressive behaviour of Hysol
adhesives in the range of strains and strain rates given in the present work.
The developed constitutive model may be applied to other structural adhesives if
their stress–strain response is similar to the Hysol’s visco-elasto-plastic behaviour.
Future experiments at more strain rates especially the medium range 1.0–100 s-1 are
required to generate a larger set of stress–strain data, in order to further validate the
model and thus develop more complete constitutive equations. Note that mechanical
properties of polymers are often dependent on temperature. If the adhesive is used in
the temperature range other than that reported here, or the service temperature varies
in the application, the temperature effect should be investigated and incorporated into
the constitutive model.

4

Conclusions
The uniaxial compressive behaviour of a two-component structural adhesive was

experimentally measured at the strain rates ranging from 0.001 to 2600 s–1 for the
development of a visco-elasto-plastic constitutive model. The conclusions were drawn
as follows.
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The compression experiments reveal that the stress–strain behaviour is
significantly influenced by the strain rate. Not only the yield strength but
also the elastic modulus increases with the strain rate. Beyond the yield point,
plastic deformation is dominated by strain softening at low strains and by
strain hardening at high strains. The flow stress is sensitive to the strain rate;
however, the rate sensitivity is not constant but increases with the strain rate.



These strain rate effects on both the elastic and plastic deformations are
quantified using specific empirical equations and incorporated into the
proposed visco-elasto-plastic model. The modified constitutive model as
experimentally validated can reliably characterise the compressive behaviour
of the adhesive in the range of strains and strain rates.
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(a) The recorded incident, reflected and transmitted wave signals in

the SHPB test of a Hysol adhesive at the strain rate of 1000 s–1, and (b) the
subsequently calculated stress and strain histories of the adhesive.
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Fig. 3

The representative measured (solid lines) nominal stress versus

strain curves of Hysol adhesives at different strain rates, compared to the fitted
or predicted curves (dashed lines).

22

P. Li

23/01/2020

Normalised Volume, V/V0

2

1.5

1

0.5

0
0

0.1

0.2

0.3

0.4

0.5

0.6

Strain

Fig. 4

Recorded deformation and calculated normalised volume of a

Hysol specimen at different strain stages under quasi-static compression at the
strain rate 0.001s–1.
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The initial elastic modulus of Hysol adhesives as a function of

strain rate.
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The yield strength of Hysol adhesives as a function of strain rate.
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Fig. 7

The relation between the normalised true flow stress and the strain

rate at various strain stages. Note that the true plastic strain εpl is used. The
normalised true flow stress for the εpl = 0.7 is 1.228 at the rate 0.001 s–1
(outside the figure).
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Fig. 8

A Maxwell model to characterise the viscoelastic behaviour of

Hysol adhesives.

Determine E0 and s according to
measured elastic moduli – Eq. (5)

Determine τ0 and β for viscoelastic
behaviour based on stress–strain
data prior to yield points – Eq. (7)

Determine σy0, n, V and y in terms of
yield strengths – Eq. (8)

Determine A, B, C, N, k1 and k2 for the
true stress versus plastic strain data
– Eq. (16)

Fig. 9

Flow chart of regression analysis to determine the material

constants in the developed visco-elasto-plastic constitutive model.
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List of Tables
Table 1

Constitutive parameters of the Hysol adhesive.

Parameter

Value

E0 (MPa)

1504

s

0.0479

ε˙0 (s–1)

1.0

τ0 (s)

243.9

β

2.011

T0 (K)

298

k (m2 kg s–2 K–1)

1.38064852×10–23

σy0 (MPa)

32.22

n

5.734

V (m3)

6.354×10–29

ε˙y (s–1)

20530

A

4.156

B

0.000228

C

–0.7645

N

3.844

k1

0.1936

k2

0.1090
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