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(Abstract)

Durability of a variety of sheet molding componds (SMC)/ adhesive /metal systems
involving steel, aluminum, phase a-SMC, Budd SMC, and polyurea adherends and
polyurethane and epoxy adhesives has been investigated. Three specimen geometries with
different modes of stress were employed: lap shear, wedge, and butt torsion. Specimens
were exposed to an environmental cycle or to fixed conditions of temperature and humidity
with or without load.

For phase a-SMC/urethane/ELPO steel adhesive bonds, all visually determined
adhesive failure occurs at the SMC/adhesive interface, and it is in reality a mixture of
interfacial failure and near surface SMC debonding. The near surface SMC material and
the thin layer of primer on the SMC surface are the weak links in the bond. An
improvement in durability of phase a-SMC/urethane/ELPO steel adhesive bonds requires
an increase in the strength of the outer layer of the SMC material.

The metal surface preatreatment proved to be very important for the durability of
phase a-SMC /urethane/aluminum adhesive bonds. The adhesive bonds prepared with
solvent cleaned aluminum primed with epoxy or phenolic primer displayed poor durability.
This is attributed to the contaminants on the aluminum surface after solvent cleaning which
hinder the interactions of aluminum surface species with primers. The use of alkaline
cleaned aluminum primed with diisocyanate primer improved durability only in dry air

conditions. This can be explained by the high susceptibility of the NCO functionality to



water, which can rapidly weaken the primer/aluminum bonds. Priming alkaline cleaned
aluminum adherends with phenolic or epoxy primers improved dramatically the adhesive
bond durability under all testing conditions. Enhanced durability is attributed to chemical
and hydrogen bonds established between components of phenolic and epoxy primers and
aluminum surface species. Reflection absorption FTIR studies of the interactions between
identical or similar compounds that exist in the primers, e.g. diglycidyl ether of bisphenol
A, phenol, and methylene diphenyl diisocyanate, and alkaline cleaned aluminum surface
species indicated chemical processes.

Exposure of bonded samples at 60°C for up to seven days did not reduce the
residual strength. Some loaded samples failed during durability tests, indicating that
loading is a significant factor in durability. Butt torsion samples proved to be much more
sensitive to stress and temperature than the lap shear and wedge samples, showing the
important role of the mode of stress in durability. Humidity had a detrimental effect on
durability for all systems investigated. For the system Budd SMC/adhesive/ELPO steel an
epoxy adhesive exhibited better durability than a polyurethane adhesive. Enhanced
durability is explained by higher cohesive strength, a lower moisture absorption rate and
higher resistance to hydrolysis of the epoxy adhesive. An increase in bondline thickness
proved to be beneficial for adhesive durability, a fact attributed to a more uniform stress

distribution in thicker bonds.
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60°C (140°F), 7 days.

Failure results. Phase a-SMC/urethane/solvent cleaned,
phenolic or epoxy primed aluminum lap shear samples.

60°C (140°F), 85% RH, 7 Days.

XPS results (Atomic %). Phase a-SMC/urethane/solvent
cleaned, phenolic, or epoxy primed aluminum lap shear
samples. 50% load, 60°C (140°F), 85% RH.

Failure results. Phase a-SMC/urethane/alkaline cleaned unprimed
aluminum lap shear samples. 60°C (140°F), 7 days.

XPS results (Atomic %). Phase a-SMC/urethane/alkaline
cleaned aluminum lap shear samples. 50% load, 60°C (140°F),
dry air, 7 days.

Failure results. Phase a-SMCl/urethane/alkaline cleaned
diisocyanate primed aluminum samples. 60 °C (140 °F), 7 days.
(Samples which survived the test).

Failure results. Phase a-SMC/urethane/alkaline cleaned
diisocyanate primed aluminum samples. 60°C (140°F), 7 days.
(Samples which failed during the test).
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XPS results (Atomic %). Phase a-SMC/urethane/alkaline
cleaned diisocyanate primed aluminum samples. 50% load, 60°C
(140°F), 7 days.

Failure results. Phase a-SMC/urethane/alkaline cleaned phenolic
primed aluminum samples. 60°C (140°F), 7 days. (Samples
which survived the test).

Failure Results. Phase a-SMC/urethane/alkaline cleaned phenolic
primed aluminum samples. 60°C (140°F), 7 Days. (Samples which
failed during the test).

XPS results (Atomic %). Phase a-SMC/urethane/alkaline cleaned
phenolic primed aluminum samples. 50% Load, 60°C (140°F),

7 days.

Failure results. Phase a-SMC/urethane/alkaline cleaned epoxy
primed aluminum samples. 60°C (140°F), 7 days. (Samples
which survived the test).

Failure results. Phase a-SMC/urethane/alkaline cleaned epoxy
primed aluminum samples. 60°C (140°F), 7 days. (Samples
which failed during the test).

XPS results (Atomic %). Phase a-SMC/urethane/alkaline cleaned
epoxy primed aluminum samples. 50% load, 60°C (140°F), dry air,
7 days. Failure in the Instron test.

Failure results. Phase a-SMC/urethane/alkaline cleaned-epoxy
primed aluminum samples. 1.25 mm bondline thickness. 60°C
(140°F), 7 days. (Samples which survived the test).

Failure results. Phase a-SMC/Urethane/alkaline cleaned epoxy
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Table 48.

Table 49.

Table 50.

primed aluminum samples. 1.25 mm bondline thickness. 60°C
(140°F), 7 days. (Samples which failed during the test).

XPS results (Atomic %). Phase a-SMC/urethane/alkaline cleaned
epoxy primed aluminum samples. 1.25 mm bondline thickness, 60°C
(140°F), 7 days.

Failure results. Phase a-SMC/urethane/alkaline cleaned epoxy
primed aluminum samples. 0.200" thick SMC adherend. 60°C
(140°F), 7 days.

Failure results. Alkaline cleaned epoxy primed aluminum
furethane/alkaline cleaned epoxy primed aluminum lap shear
samples. 50% load, 60°C (140°F), 7 days.
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1. INTRODUCTION

1.1. General comments

The use of composite materials is becoming increasingly important in the automotive
industry. This is due to the advantages offered by composites over traditional materials
(metals): reduced weight, cost, and the number of components needed. Composites are
also corrosion resistant. A good example of the extensive use of composites in car
manufacturing is General Motors' all purpose van, which has composite panels which are
adhesively bonded to a steel subframe [1]. These metal-composite structures allow the
optimum use of the properties of both materials. The steel is strong and tough and takes
the stresses; the composite is compliant, corrosion- and dent-resistant, and can be molded
into complex shapes. To reduce weight, other metals, including aluminum, are likely to be
used as alternatives to steel for manufacturing of the subframe [1].

It is of special interest that adhesively bonded metal-composite structures maintain
their performance during the service life of the automobile. Adhesively bonded structures
may rapidly lose strength under normal operating conditions [2]. The durability problem in
adhesively bonded polymeric composites is complicated by the viscoelastic behavior of
composites due to the polymeric nature of the matrix. The adhesives, being polymeric
materials, also have a viscoelastic behavior. So, there is a potential for viscoelastic failure
for both the adhesive and the composite adherend; thus the bonded composite structure is a
dual viscoelastic problem [3]. To determine durability, a number of test methods have been
developed. Most attention has focused on the bonding of metals; fewer studies have been

concerned with other structurally bonded systems [4].



1.2. Objectives of the present research '

At the initiation of this research (1987), limited published data on durability of metal-
composite bonded structures used in the automotive industry were available. To fully
exploit the potential of these structures, a detailed investigation of their durability is
necessary. The general objective of this study was to develop a fundamental understanding
of durability in structures in which SMC (sheet molding compound) was adhesively
bonded to metals. The following program objectives were identified:

- establish experimental conditions that will be valuable for accelerated durability
evaluations of SMC/metal adhesive bonds, by exploring different limits of temperature,
humidity, and stress level

- study three test specimen geometries (lap shear, wedge, and butt torsion) to assess
the mechanical factors involved in bond failure

- use surface analysis techniques to better understand the failure mechanism

- investigate the effect of metal surface pretreatment on the durability of SMC /
adhesive/metal adhesive bonds

- explore the metal/primer interfacial interactions and the role of the interfacial
region or interphase in determining the durability performance

- investigate other factors which affect durability: adhesive type, bondline
thickness, and adherend thickness

- recommend procedures and material selection (primers, adhesives) and
modification of the adherend that will enhance durability of SMC/adhesive/metal structures.

The successful conclusion of such a research program will give the designers and
manufacturers in the automotive industry: a better characterization of their products, and

guidelines for selection of materials, modification of the existing materials, introduction of



new materials and design of bond configurations to obtain more durable adhesively bonded
structures.

The approach used accelerated laboratory tests, and it was designed to include a
combination of harsh environmental conditions (elevated temperatures, high relative
humidity) and analysis of failed test specimens. To achieve a fundamental understanding
of principal stresses that cause failure, three specimen geometries with different modes of
stress were employed: lap shear which has a mixed mode of stress (shear and tensile),
wedge which is loaded almost exclusively in tensile, and butt torsion which has almost a
pure shear mode of stress.

The influence of various factors which affect the durability of the phase a-
SMC/urethane/ELPO steel adhesive bonds was investigated first. Next, the influence of
the adhesive type on the durability for the system Budd SMC/adhesive/ELPO steel was
studied. Finally, the durability of the phase a-SMC/urethane/aluminum system in
correlation with the type of aluminum surface pretreatment was investigated. The
aluminum/primer interfacial interactions were studied, and their role in determining the

durability performance of phase o-SMC/urethane/aluminum was addressed.



2. LITERATURE REVIEW

2.1. Sheet molding compound (SMC)
2.1.1. Formulation and chemistry

Sheet molding compounds are highly filled, glass fiber-reinforced thermosetting,
unsaturated polyester resins. They are used to make automobile body panels [5]. The
advantages of SMC for automotive applications are the flexibility in formulation and
properties: excellent mechanical and electrical properties, good thermal resistance and
stability, rapid cure times, low mold shrinkage and low cost [6]. A typical sheet molding
compound formulation is given in Table 1 [7]. Unsaturated polyester resins result from the
reaction of mixtures of saturated and unsaturated dicarboxylic acids (or their anhydrides)
with glycols. Most of general purpose resins used for molding compositions are based on
phthalic anhydride, maleic anhydride and propylene glycol. For improved and specialized
properties, other raw materials may be used, allowing an enormous flexibility by variation
in type and quality of the components. A schematic representation of the polyesterification

reaction is given below.

o
i COOH OH Ho
CH —C \ + + 1 -2
& —c~° 2 HC=CH—CH,0H et~
il COOH
0
maleic anhydride isophthalic acid propylene glycol
CHj3 CH,

i |
OH-[OC—CH =CH-COO—CH,=CH-00C COO—CH—CH20}—-H
hef :
y4

The unsaturated polyester resins formed in this way have low molecular weights, the

number-average molecular weight ranging between 1800 and 2500 [8]. They are dissolved












































































































































































































































































































