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Recently developed epoxy paste adhesives, reactive hot melts, adhesive film tape and 
polyurethane adhesives are presented for structural bonding in the automotive 
industry. Paste adhesives usually require a precure stage to obtain handling strength 
of the joints and to guarantee wash-out resistance of the adhesive in the paint baths. 
This step can be omitted with reactive hot melts and adhesive film tape, which are 
solid before and after their application. In addition they allow an improved working 
hygiene. Some mechanical properties of the adhesives are shown such as lap shear 
strength and peel strength as well as lap shear strength as a function of the bondline 
thickness. Results of the excellent durability of epoxy one-component pastes, 
reactive hot melts and adhesive film tape are given from cyclic environmental and 
salt spray tests. 

KEY WORDS Epoxy adhesives; polyurethane adhesives; reactive hot melts; ad- 
hesive film tape; mechanical properties; environmental resistance. 

1 INTRODUCTION 

During recent years adhesive joints have received increasing inter- 
est in the automotive industry with emphasis 

- to reduce and even eliminate spotwelding of steel, 

t Presented at the Tenth Annual Meeting of The Adhesion Society, Inc., 
Williamsburg, Virginia, U.S.A., February 22-27, 1987. 
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- to improve corrosion resistance, 
- to bond substrates, especially polymers, which cannot be joined 

- to allow engineers new ways in the construction of vehicles and to 

- to improve the efficiency of production lines. 

Similar to adhesives for the aircraft industry, structural adhesives 
used by the automotive industry have to fulfill demanding perfor- 
mance profiles with respect to the mechanical and environmental 
properties of the joint, the application and curing properties of the 
system as well as to its storage conditions (see Figure 1). Critical 
for good adhesion are defined chemical and physical properties of 
the substrate surface and its interactions with the adhesive.'-3 In 
contrast to the well-defined surfaces of the aircraft industry, e.g. 
pretreated a l u m i n i ~ r n , ~ ~ ~  car manufacturers extensively use oily 
steel and are reluctant to invest in surface pretreatment because of 
the incurred cost premium. 

Major developments are ongoing to fulfill the requirements for 
engineering adhesives. Out of these only a few highlights can be 
given now on epoxy paste adhesives, reactive hot melts, adhesive 
film tape and two-part polyurethane adhesives. 

by conventional fastening techniques, 

reduce the number of parts of a car, 

linite elements method 1 

tesling 01 

aluminium 

structural members 
Joint design Substrate 

wetting 

hot cure 
room temperature 

modulus irradiation 

FIGURE 1 Major factors determining performance of an adhesive for the 
automotive industry. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
5
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



DEVELOPMENTS IN STRUCTURAL ADHESIVES 155 

Some typical and important aspects of their application and 
curing characteristics, their mechanical strength and their environ- 
mental durability will be dealt with. 

2 APPLICATION AND CURING PROPERTIES 

When epoxy or polyurethane adhesives crosslink in a polyaddition 
reaction, a polymer is formed with a glass transition, T,, varying 
with the structure.6 The T, shifts to higher temperatures as the 
degree of reaction and the crosslinking density  increase^.^ Figure 2 
shows the typical scanning calorimetric profile of the reaction of the 
epoxy resin bisphenol-A diglycidylether with the hardener diamino- 
diphenylmethane, at different stages of cure. Towards increasing 
temperatures T, is followed by an exothermic peak, until complete 
cure has been accomplished. The area of the peak is calculated to 
give the reaction enthalpy and the degree of cure. The higher the 
degree of cure, the better normally becomes the mechanical and 
environmental performance.' 

Figure 3 shows the typical curing reaction of bisphenol-A 

2 

50 100 150 200 Temperature pC) 

FIGURE 2 Glass transition, T8, and exothermic reaction of an epoxide system as a 
function of the degree of reaction (DSC-diagram, heating rate = lO"/min). Epoxide 
system: Bisphenol-A diglycidylether + diaminodiphenylmethane. 
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207 'C 

50 100 150 200 250 300 350 
Temperature ("C) 

FIGURE 3 Curing reaction of bisphenol-A diglycidyl ether with dicyandiamide 
(DSC-diagram, heating rate = 2O0C/min). 

diglycidyl ether with dicyandiamide in air atmosphere. When the 
exotherm is measured as a function of time, in the isothermal mode, 
the extent of cure can also be calculated. Small amounts of 
accelerators or catalysts can be seen to shift the exotherm to lower 
temperatures, as seen in Figure 4. 

Another important property, the rheological behaviour of a 

1 3 5 7 9 11 13 15 17 
Accelerator concentration (%) 

FIGURE 4 Temperature T,, of the exothermic reaction maximum of an epoxy 
system as a function of the amount of accelerator (experimental product). 
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q (Poise) 

0 5 10 15 20 
Temperature ("C) 

Time (min) 

FIGURE 5 Dynamic flow viscosity of epoxy-2-part adhesives as a function of 
temperature and time. - XW 455-A2 and - - - LSU 202-41, both cured with XW 
441-BZ. 

typical thermoset adhesive, is shown in Figure 5 .  The dynamic flow 
viscosity of the epoxy resin is automatically plotted with time and 
temperature (Rheometrics RDA-700 Dynamic Analyzer). The vis- 
cosity of the adhesive can be obtained at any temperature or time at 
a specific heating rate before gelation 0c~ur.s.~ A graph of the 
viscosity at constant temperature with time measures the stability of 
the adhesive (see Figure 6). 

F r) (Poise) 10' 

10' 1 
0 500 1000 f O C  2000 I 2500 13mO hrs 

3 4 months 

FIGURE 6 Stability of an epoxy-1-part adhesive, RW 213-37, at 75°C as a function 
of its storage time at RT from measurements of the dynamic flow viscosity. 
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The basic relationship between the chemical structure of the 
components of a system, the curing reaction and the material 
properties have to be used in order to fulfill the demanding 
performance profiles of adhesives for the automotive industry. 
Usually, the best performance can be achieved with heat curing 
systems. In the car industry the heat of the paint baking process is 
used to effect this cure. However, for the handling of parts on a 
production line an initial or green strength is needed for an adhesive 
joint prior to passing through the ovens for paint baking. In 
addition, the solidification prevents paste adhesives from con- 
taminating cataphoretic paint baths. Depending on the chemical 
structure of the reaction partners, adhesives can be formulated with 
a tailor-made precure time to achieve handling strength (see Figure 
7). This green strength is already obtained for new one-component 
epoxy paste adhesives after a few seconds of induction precure or 
some minutes of oven precure. These minimum reaction times at 
certain bondline temperatures can be increased, if required for 
application. 

With two-part epoxy adhesives handling strength at room tem- 
perature is obtained after a reaction time of 10-20min, which 
decreases with higher temperatures. The low heat conductivity of 
parts made from fibre-reinforced polyester, e.g.  sheet molding 
compound (SMC), bulk molding compound (BMC) etc., increases 

250 

200 

50 

0 1  10  10 0 100 0 1000 0 
Time (min) 

FIGURE 7 Time until handling strength at different temperatures for various 1- 
and 2-part epoxy adhesives. 
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the time required for the curing cycle. Therefore, more reactive 
adhesives are needed. So two-part epoxy adhesives have been 
formulated with cycle times for manufacturing of even 1.5min at 
80°C at a pot life of about 4 min. 

Another important factor for adhesive application is its physical 
form, which is again dependent upon the chemical formulation. 
Although car manufacturers are more and more using application 
robots on production lines, working hygiene gains increasing 
interest. New adhesives have been developed which are applied in 
the solid state as adhesive film tape and interest is now being 
expressed in adhesives which are solidified during application as 
reactive hot melts. Such adhesives are wash-out resistant and save 
the precuring step. 

3 MECHANICAL PROPERTIES 

With the application of adhesive to bond primary structures, impact 
resistance is of some concern to the automotive makers. Epoxy 
adhesives are thermally durable, but can be quite brittle unless 
modified for impact r e s i~ tance . '~ '~  Both the chemistry of modifymg 
adhesive epoxy systems for impact resistance, while allowing little 
or no sacrifice to processing, mechanical properties, and environ- 
mental resistance, and methods development for toughness evalua- 
tion, are currently the subjects of intensive research efforts. A great 
deal of attention has been focused on the toughness (impact 
resistance) of thermoset matrix resins used in composite 
te~hnology.'~.'~ Similar methods can be applied to the toughness of 
adhesives. 

Typical examples of the lap shear strength, the T-peel, and the 
roller peel of one-component pastes, of reactive hot melts, and of 
adhesive film tape are presented in Figure 8 to illustrate the 
possibilities of formulation and flexibilization. The T-peel of one- 
component paste adhesives, a critical property in engineering, can 
be significantly improved by formulation as seen from the com- 
parison of pastes 1 and 2. New reactive hot melts are under 
development. They can be formulated to have properties varying 
from those of high strength adhesives to sealant type products. With 
film adhesives the possibilities of formulation to change properties is 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
5
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



160 

22 

20 

18 

16 
E 
& 14 
r_ p 12 

E e  
-: 10 
m 

u 
4 6  

4 

2 

0 

U. T. KREIBICH AND A. F. MARCANTONIO 

1 Pasle 2 Holmell 1 

Film 1 Film 2 
0 Lap shear strength 

T-peel 

Roller peel n Hotmelt 2 Holmell 3 
n 

FIGURE 8 Lap shear strength, T-peel and roller peel of epoxy-based 1-part paste 
adhesives, reactive hot melts and adhesive film tape. Cure: 30min at 180°C, 
Substrate: Steel. oiled. 

more restricted. So the key to a high performance adhesive, 
fulfilling the demanding specifications of the automotive industry, is 
the creative choice and careful balance of the ten or more 
compounds making up an adhesive, many of which can react or 
interact with each other. Of course, the adhesive strength depends 
on its relaxation behaviour with temperature. A significant change 
is observed during the glass transition. 

The strength of an adhesive joint strongly depends on the stresses 
imposed during the tests. Especially the most common test methods 
such as the lap shear test and the peel test show rather in- 
homogeneous stress distributions depending on the geometry of the 
test specimen and the stress environment.I6 Adhesive strength is 
also influenced significantly by the bondline thickness. Joints of 
aluminium and SMC with epoxy adhesives show a decay of the lap 
shear strength with increasing bondline thickness (see Figure 9). 
The effect is the more pronounced, the higher the resistance of the 
adhesive and of the substrate is to deformation. 

In Figure 9 the reactive hot melt shows cohesive failure in the 
bondline of the aluminium joints, whereas material failure is 
observed in the SMC, i .e. pull-out of glass fibres, with two-part 
epoxy and polyurethane adhesives at all bondline thicknesses 
considered. The fact, that SMC fails at different levels of load (see 
Figure 9) can be explained by the increased resistance of the lap 
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FIGURE 9 Lap shear strength of a reactive hot melt and of epoxy and 
polyurethane 2-part adhesives as a function of the bondline thickness. Substrates: 
SMC with E-modulus loo00 N/mm2, Aluminium, Test: Lap shear strength after I S 0  
4587. 

Stress INlmm<) 

14 . 
12 - 

10 20 30 40 50 60 70 
Strain (%) 

FIGURE 10 Stress-strain-diagrams of epoxide and polyurethane 2-part adhesives. 
Test: Tensile test after I S 0  R 527. 
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shear specimens towards bending moments and plastic deformations 
under stress depending on the elastic modulus of the adhesives 
used. Stress-strain diagrams in Figure 10 show the higher elastic 
modulus of the epoxy adhesive compared with the polyurethane 
adhesives with higher energy absorption and higher elongation. 

This comparison of data illustrates the importance of stress 
analysis which affects the components as shear stresses, normal 
stresses and their superpositions. The choice of the test method and 
the test geometry is crucial, in order to obtain relevant results from 
calculations for design with adhesives. Suitable data are provided, 
e.g., by measurements of tubular, blunt-joined test specimens in the 
tensile-torsion test. l7 

4 ENVIRONMENTAL DURABILITY 

Adhesives for the automotive industry have to match with the 
lifetime of a car without major changes in strength and aspects of 
failure. The durability of adhesive joints in corrosive environments 
heavily depends on the chemical interlocking of the adhesive and 

20 

4 

2 

I + 
Exposure time (d) 

20 40 60 80 100 

FIGURE 11 Cyclic environmental resistance of epoxy-based 1-part adhesives, 
reactive hot melts and adhesive film tape as a function of the exposure time (cycles: 
-2OT to + 7OoC/100% rel. humidity). Cure: 30 min at 180"C, Substrate: Steel, 
oiled, Test: Lap shear strength after I S 0  4587. 
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I Paste2 

Film 2 
Hotmelt 1 
Film 1 
Paste 1 

I t 

Exposure time (h) 0 250 5po 

FIGURE 12 Saltspray resistance of epoxy-based 1-part adhesives, reactive hot 
melts and adhesive film tape in function of the exposure time. Cure: 30 min at 180°C 
Substrate: Steel, oiled, Test: Lap shear strength after IS0 4587. 

the substrate surface. Cyclic environmental and salt spray test are 
well established methods to predict the durability of adhesive joints 
from accelerated aging. They combine the effect of plastification 
and the chemical effect of degradation of the adhesive joint by 
water or salt solutions, which reduce the adhesive strength. The 
evidence of these tests is, however, limited, especially if they are 
performed at elevated temperatures. Then the polymer can be in 
the rubbery state. This facilitates the penetration of humidity and 
solutions into the polymer network over that in the glassy state, 
which is the typical physical state of many structural adhesives in 
the joint. 

Figure 11 shows the excellent corrosion resistance of adhesive 
joints of oily steel with the epoxide paste adhesive 2, the reactive 
hot melt 1 and the adhesive film types for 90 days exposure. But, 
also, the semistructural and the sealant type reactive hot melts 2 
and 3 show improved durability, always at cohesive fracture of the 
adhesive. This is especially remarkable, since the flexible, rubbery 
phase dominates in highly flexible adhesives. 

Salt spray tests after DIN 50021 with lap shear samples (see 
Figure 12) also show an outstanding durability of the new paste 
generation 2, the reactive hot melts and the adhesive film tape. 
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5 CONCLUSION 

New generation paste adhesives are under development. They show 
handling strengths after short induction cure, improved toughness 
and environmental resistance. Excellent mechanical properties and 
durability can also be achieved with new solid adhesives. They are 
applied as reactive hot melts with different degrees in flexibility or 
as adhesive film tape. Comparisons of strength data obtained with 
different test methods show the big influence of geometry of the 
specimens, the stresses applied and the bondline thickness. In 
addition, the modulus and the behavior in plastic deformation of 
both substrate and adhesive are determining factors. This needs 
proper consideration and the design of adhesive joints for optimum 
strength now becomes a crucial factor for the usage of adhesives in 
the automotive industry. 
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Designations of Experimental Products (all are from Ciba-Geigy) 

EP-Paste 1 = XD 911 
EP-Paste 2 = Le 10193.6 
EP-Hotmelt 1 = JW 873.6 
EP-Hotmelt 2 = JW 974.2 
EP-Hotmelt 3 = JW 973.1 
EP-Film 1 = KU 868 
EP-Film 2 = KU 920 
Epoxy 3 
PUR 1 
PUR 2 

= Le 10192 + Le 10168 (1 : 1) 
= HS 1212 + HS 1308 (1 : 1) 
= HS 1026 + HS 1116 (1 : 1) 
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