
The effect of silane coupling agent on the peel strength of copper/prepreg/copper
composites was investigated. The composite consisted of one or two sheets of
prepregs covered by two copper plates. The prepreg was prepared by hand dry-

lay-up technique using an epoxy resin and an electrical resistant glass fabric (E-glass
style 2165). 4,4’-Methylene dianiline (MDA), an aromatic amine, was used as curing
agent. Curing times for prepreg and composite at 120°C and 170°C were 15 min and 1h,
respectively. γ -Aminopropyl trimethoxy silane (APTS) was used as coupling agent. The
effect of APTS on the adhesion of epoxy/glass and epoxy/copper interfaces was investi-
gated by two methods. In the first method, the surfaces of the glass fabric and/or the cop-
per plates were treated by APTS. In the second method, APTS was directly added to
epoxy resin. In addition, the effect of additional resin on the adhesion strength was also
studied by the latter method.

Iranian Polymer Journal, 1122  (3), 2003, 201-210

Amir Ershad Langroudi1, Ali Akbar Yousefi2, and Kourosh Kabiri1

(1) Department of Colour, Resins and Surface Coatings; (2) Department of Plastics

Iran Polymer and Petrochemical Institute, P.O. Box: 14965/115 Tehran, I.R. Iran

Received 18 May 2002; accepted 5 January 2003

Effect of Silane Coupling Agent on Interfacial
Adhesion of Copper/Glass Fabric/Epoxy Com-

posites

silane;

coupling agent;

adhesion;

epoxy;

composite.

A B S T R A C T

Key Words:

Due to their excellent electrical,
thermal and mechanical properties,
and strong adhesion to many sub-
strates, epoxy resins are widely used
in industrial applications such as
adhesives and composites [1-3].
Epoxy resin based composites are

used as laminates for printed circuit
boards, composite rotors for high-
speed induction motors, automotive
parts, engineering hardware compo-
nents, aerospace, etc. [4-9]. 

However, for such applications
high performance needs to be(*)To whom correspondence should be addressed.
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INTRODUCTION



achieved through good mechanical properties.
The high specific strength along the fibre direction

is an important advantage of fibre reinforced polymer
composites and the fibre/matrix interface is generally
the weakest part of these composites. Thus, the inter-
face/interphase of a fibre reinforced composite plays a
very important role in its mechanical properties.

In order to achieve the composite with higher
mechanical properties many efforts have been made to
improve interfacial properties [10-12].

There are many methods and treating agents for
surface treatment of glass fibres based on protecting
fibres from damages and improving the adhesion
between fibre and matrix. Effects of silane-coupling
agents on mechanical properties of composites have
been studied for a long time [11-15]. The dependence
of interfacial adhesion strength on silane-coupling
agents or sizing agents has been investigated by micro-
mechanical methods [16-18]. On the other hand, flaws
on the surface of glass fibres have a significant effect
on the fibre strength. As a result, the surface treatment
of glass fibres for improving interfacial adhesion
simultaneously leads to the increase in fibre strength.
This strengthening effect can be explained by the fill-
ing and/or healing of the surface flaws [19].

As a consequence, the increase in fibre strength due
to surface treatment affects the mechanical properties
of glass fibre composites, because the fibre strength
determines the ultimate load bearing capacity of the
composites.

Due to the viscoelastic nature of the polymeric
coupling agents, they are able to dissipate mechanical,
thermal and other types of stresses encountered in
metal-polymer systems. Stresses develop primarily
during post-cure cooling of thermoset resins due to
thermal expansion coefficient mismatch between the
metal and polymer. Epoxy resins’ thermal expansion
coefficients exceed that of steel by an order of magni-
tude. Excessive internal stresses have been cited as
principal reason for the failure of some adhesion sys-
tems [20, 21].

However, in majority of investigations, the cou-
pling agent is primarily applied onto metal substrate
and/or glass fibre surfaces. This surface treatment step
is followed by the curing step. Therefore, if the cou-
pling agent is applied in this manner, the additional
steps are disadvantageous, especially, when the com-
posite fabrication is accomplished in place via a lami-
nating technique using untreated glass fibre or metal

substrate.
There are two basic methods for lamination tech-

nologies as called wet and dry lay-up laminating. The
choice of lamination technique depends on the viscosi-
ty of the used epoxy resin. Wet lay-up implies the use
of liquid resins to impregnate the fibre matrix, whereas
in dry lay-up technique, the reinforcement is impreg-
nated with a solution of the resin. The solvent is flashed
off and the result is a dry  resin impregnated sheet,
which is used to prepare the laminate [2].

In this paper,γ-aminopropyl trimethoxy silane
(APTS) is used as silane-coupling agent. The epoxy-
based composite is prepared by dry lay-up lamination
technique. A bisphenol-A type epoxy resin and a gener-
al curing agent 4,4’-methylene dianiline (MDA) were
used as epoxy matrix system.
This research work was carried out to attain two goals.
The first goal was to investigate the influence of the
silane-coupling agent on the improvement of peel
strength of a copper/epoxy/glass composite. The sec-
ond target was to compare the changes in mechanical
properties with the manner of  APTS’s application:
(a) The surfaces of glass fibre and metal substrates
were firstly treated in a dilute APTS solution and after
curing, thereafter they were used in composite fabrica-
tion.
(b) The silane coupling agent (APTS) was directly
added to epoxy system (i.e., with no surface treatment
of step on glass fibre and/or metal substrate).

EXPERIMENTAL

Materials
The used epoxy prepolymer, diglycidyl ether of bisphe-
nol A (DGEBA), was liquid at room temperature with a
low polydispersity index (n = 0.12, LY556 from Ciba-
Geigy). The curing agent was an aromatic diamine;
4,4 -methylene dianiline (MDA) purchased from
Aldrich. A silane derivative, γ-aminopropyl trimethoxy
silane (γ-APS from Merck) was used as a coupling
agent and a cross-linker of epoxy matrix. These
reagents were used as received.

Copper plates (12.5 x 2.5 x 0.4 mm, Sarcheshmeh
Copper Company, Kerman, Iran) were degreased with
a detergent solution, rinsed with distilled water and
acetone and dried at the end. After degreasing, the
plates were chemically etched as follows [22]:

Plates were immersed in a 25% aqueous solution of
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ammonium persulphate for 3 min, rinsed with distilled
water, dried at room temperature and used immediately
in preparation of peel test samples. Plain weave E-glass
fabric (style 2165) with the weight of 121 g/m2 was gra-
ciously supplied by Porcher Prague Industries, Czech
Republic.

Prepreg Preparation
The composite material is prepared by hand dry lay-up
technique using a plain-woven E-glass fabric (style
2165). For each series of tests, a piece of E-glass fabric
of appropriate dimensions was cut and weighed.
Depending on the weight of the fabric piece, the need-
ed amount of epoxy resin (LY556) along with a stoi-
chiometric quantity of the curing agent (MDA) were
separately weighed as matrix system. Epoxy/curing
agent ratio was adjusted at 100/27 and matrix system
(i.e., epoxy plus curing agent) to glass fabric ratio at
32/68, respectively. To improve the dissolution of the
curing agent and the wettability of the matrix system-
glass fabric, a 50% (w/w) acetone solution of MDA
was used. The mixture of epoxy resin and hardener was
applied on the fabric piece using an aluminium roller
on a Teflon supporting sheet. The coated fabric pieces
were incubated in an oven at 120 C for 15 min. The
prepreg material was then removed from the oven and

cooled down to room temperature and immediately
used for peel test.

Silane Surface Treatment
In some experiments, which will be mentioned later,
the surfaces of glass fabric and/or copper plates were
treated with a silane solution. For this propose, the
glass fabric and/or copper plates after etching were
impregnated with a 0.1 M solution of the silane for
15 min prior to prepreg preparation. The coated fabric
pieces and copper plates were removed from the silane
solution and pre-cured in an oven at 100 C for 10 min.

Introduction of Silane into Epoxy System
To investigate the effect of silane on adhesion quality
of the studied composites, different arrangements for
silane addition were used. A reference composite was
prepared without any silane surface treatment. Other
composites were prepared with either only one treated
surface (glass fabric or copper) or both prior to resin
addition. Hereafter, this method of treatment is called
direct treatment .

To decrease the complexity of large-scale produc-
tion of composites, the silane was introduced into the
epoxy system (indirect treatment). To compensate the
difference in silane quantity at the interface with
respect to direct treatment, the effect of additional resin
was also investigated by changing the percentage of
resin in prepreg preparation (viz. 0, 50, 75 and 100%).
To attain this goal, the percentage of silane was kept the
same in both methods of treatment. The percentage of
silane in first method was determined from the glass
piece weight change before and after treatment. This
weight difference (i.e., 9% of glass fabric weight) was
assigned to anchored silane. 

The same quantity of silane was added to resin in
the second method.

T-Peel Test
The peel strength at room temperature was measured in
T-peel test, using Instron 6025 universal testing
machine. The peel test specimens have been fabricated
by placing one and / or two layers of prepreg in
between two copper plates. Then, the composite speci-
men was placed between two aluminium plates,
pressed (20 kPa) and cured at 170 C for 1 h.

Three categories of peel test were carried out. The
test conditions, the number of prepreg, silane treatment
type and the effect of additional resin are presented in

Table 1. Different categories and sample codes.
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Table 1. For the sake of brevity, S and D symbols are
selected for indicating single or double layers of
prepreg in peel test specimens. The E-symbol is select-
ed for indicating the peel specimens in which the silane
is being introduced in the epoxy resin with various
additional resin contents. In these categories, two lay-
ers of prepreg are used in the peel specimens. The peel
rate was 254 mm/min in tests.

Characterization
Differential scanning calorimetery (DSC) is carried out
in the temperature range 25-300 C by Polymer
Laboratory (PL-DSC) instrument. The instrument was
calibrated using high purity samples of Indium and
Zinc. The base line was drawn by placing empty pan
and sapphire from Polymer Laboratory in the sample
holder, setting the same range of temperatures as that of
tested epoxy samples.

Optical micrographs (using Carl Zeiss Jenapol
optical microscope) were taken using a photo camera
(35 mm electronic BCA M) at 200 x magnification.

Infra-red spectroscopy of epoxy samples was car-
ried out using a Br ker FTIR spectrophotometer (IFS-
48 model).

RESULTS AND DISCUSSION

The DSC thermogram of the epoxy system cured with
MDA aromatic amine is presented in Figure 1. The
exothermic peak at 167 C is attributed to the reaction
of epoxy resin with MDA. 

Figure 2 (curves a and b) exhibits the isothermal
curing of the epoxy resin with MDA hardener in 120
and 170 C under air atmosphere at a heating rate of
30 C/min, respectively. According to these thermo-
grams, the complete curing times of the epoxy system
are about 32 and 15 min at 120 and 170 C, respectively.

Furthermore, the curing condition of siliconized
epoxy system was characterized by DSC. During the
chemical reaction between epoxide groups and amino
groups of silane coupling agent the temperature rises to
120 C [23].

Therefore, the pre-curing of prepregs was selected
at 120 C for 15 min as mentioned in the experimental
section. This condition partially cures epoxy composite
with or without coupling agent but the time is not suf-
ficient for the completion of epoxy curing. After this
treatment, the surface of prepreg was less sticky com-
pared to non-treated prepreg. Therefore, the partially
cured prepreg could be easly used in an industrial scale,
in which transport and maintenance are important espe-
cially in the fabrication of composites.

Other advantages of two-stage curing are: less
shrinkage and over-flow of resin outside of composites
when they are curing under pressure at high tempera-
ture during the post curing step. The post curing was
performed at pressure of 20 kPa at 170 C for 1 h. A
pressure of 20 kPa is sufficient for mechanical entan-
glement between major components of the composite
(i.e., copper plates and prepreg). Applying 20 kPa also
results in elimination of voids from the interface of
prepreg and copper.

Post curing at 170 C is in the range of maximum
peak of thermogram in Figure 1. The post curing time

Figure 2. Isothermal DSC thermogram of epoxy resin with

MDA at two temperatures: (a) 120OC,  with heat of reaction

18.36 J/g; (b) 170OC, with heat of reation 14.64 J/g.
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is selected longer than its theoretical value (Figure 2).
Prolongation of curing time to one hour guaranties
completion of epoxy curing. Therefore, it is expected
that the maximum of strength in the composite is
attained. According to the data sheet of Ciba Geigey
Company, the tensile strength of this epoxy with hard-
ener HY2962 after curing schedule of 15 min at 120 C
and post-curing of 2 h at 150 C is 62-72 MPa [24]. To
highlight the effect of glass fabric and silane on the
strength of composite, T-peel test was carried out on a
composite system which does not contain these com-
ponents. The mean T-peel strength of this sample is 3
MPa. Addition of glass fabric to the epoxy system has
some advantages and disadvantages. For diminution of
peel strength when using prepreg in place of epoxy, the
effect of silane and the manner of its application were
investigated. 

Adhesion strength of copper/prepreg/copper sys-
tems was measured by 180 peel test to investigate the
effect of coupling agent on adhesion strength. Figure 3

shows the results of peel test of the samples with single
layer prepreg. As seen in Table 1, four types of samples
were tested to investigate the effect of the silane treat-
ment on different elements of the specimens. Figure 4
compares the values of Figure 3 to those of the control
sample (i.e., S1 sample with no silane treatment). These
Figures clearly show that the maximum peel force (N)
and the peel strength (MPa) values increase with
increasing silane surface treatment of copper plates,
glass fabric pieces and both. However, the maximum
peel force and the peel strength values are the highest
when both surfaces of glass and copper are treated with
silane. But the silane treatment on glass fabric induces
more adhesion effect than on its copper plates.

Figure 5 compares the results of peel test on the
series D samples (i.e., double layers of prepreg between
copper plates) with the control sample D1. The varia-
tions of values change in the same trend as shown in
Figure 4. As seen in Figures 4 and 5, the peel strength
ratio can be increased up to about 5 and 38 folds of the

Figure 3. Peel test on the sample with one layer prepreg (i.e.,

S1-S4), (a) maximum peel force (N), (b) peel strength (MPa).

(a)

(b)

Figure 4. Comparison between (a) the peel force and (b) peel

strength values of the samples S2-S4 with the sample S1.

(a)

(b)
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control samples, respectively. This effect can be
explained by adhesion improvement in peel sample. In
copper/prepreg/copper samples, the adhesion strength
is strongly related to the interfacial phenomena. The
interfacial phenomena include chemical bond forma-
tion, weak boundary layer formation, and mutual inter-
diffusion at interface, among others.

To investigate the interfacial phenomena in the
interface copper/prepreg, the copper surface after silane
treatment and after peel test were analyzed using infra-
red spectroscopy and optical microscopy. Figure 6
shows IR spectrum of the copper plates surface after
silane treatment, uncured epoxy with MDA hardener
and cured epoxy with MDA and APTS. Considering the
penetration depth of IR beam, IR spectrum offers infor-
mation about 0.8µm below the film surface [25]. In
this Figure, the peak at 655 cm-1 may be attributed to
copper oxide [26]. The silane film grafted onto copper
plate can be considered as a primer. The primer peaks
at 1123, 957 and 811 cm-1 are related to Si-O-Si bonds [27-30].

The peak at 3425 cm-1 is related to OH band and Si-OH
group. These peaks also overlap with amine peak from
the coupling agent [27, 30]. This suggests that a part of
the silane was hydrolyzed and reacted with the copper
surface. In addition, changes in the weight of copper

(a)

(b)

Figure 5. Comparison between (a) the peel force and (b) peel

strength values of the samples D2-D4 with the sample D1.
(b)

Figure 6. Specra of : (a) the copper surface silane treatment,

(b) uncured epoxy resin + MDA, (c) cured epoxy resin +

MDA+ APTS.
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plate and / or glass fabric piece after surface treatment
indicate that the glass and / or copper surface is partial-
ly covered with a thin silane layer. These siliconized
surfaces were not affected by aging in distilled water at
temperatures up to 98 C for 24 h and in KOH solution
at 70 C for 4 h. It is believed that silanes are chemical-
ly bonded to glass or copper through Si-O-Si or Cu-O-
Si bonds. As mentioned, the silane can directly bond to
epoxy resins through its amine group [31, 32].

Formation of a network structure proceeds in two
steps. The order of steps depends on the mode of addi-
tion of silane to the system (i.e., adding or surface treat-
ment). For example, when silane is added to epoxy sys-
tem, the order of step can be written as follows
(Figure 7). In the first step, the epoxide ring of the
epoxy resin reacts with the amino group of the γ-

aminopropyl trimethoxy silane. Completion of this
reaction can be confirmed by disappearance of the
epoxide bond (913 cm-1) in IR spectrum. In addition,
the peaks appearing at 2980 and 2850, 1370 cm-1 also
confirm the formation bond of SiOCH2CH3 and
Si(CH2)3, respectively [23].

In the second step, γ-aminopropyl trimethoxy
silane reacts with oxide or hydroxyl groups on the sur-
face of copper or glass fabric.

Figures 8a-8c represent the photograph of separat-
ed surfaces of specimens after peel test and optical
micrographs of the etched copper surface, and the sur-
face of copper plate after peel test, respectively. In
Figure 8b, it is observed that the copper surface is an
oxide, free from grease and impurities. In addition,
grain boundaries are observed after etching. In

Iranian Polymer Journal / Volume 12 Number 3 (2003) 207
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Figure 7. The reaction of coupling agent with the surface of copper / glass epoxy system.
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Figure 8c, it is observed that matrix residues are left on
the separated copper surfaces after peel test, whereas
no resins are attached to the untreated surface.

The results of optical microscopy confirm a higher
peel strength in peel test specimens when the surface is
treated with the silane. This may be explained due to
the strong polar active sites present on the surface of
copper plates / glass fibres. They are imparted by ionic
sites of silicon and oxygen atoms and are responsible
for the formation of strong intermolecular adhesion
between the treated copper plates / E-glass and matrix
resin, which are absent on the untreated surface of cop-
per / glass fibres. On the other hand, the mechanical
entanglement, better wetting and spreading characteris-
tics of resin may be responsible for a higher peel
strength in specimens with double layer prepregs in
comparison with single layer.

Figure 9 compares the values of peel strength in the
third series (i.e., E samples) with the control sample
E1. For more information, the data related to sample
D3 are also presented in this Figure. As seen in this

Figure, the peel strength increases with the percentage
of additional resin. However, when silane is added to
epoxy resin, its efficiency on the peel strength is less
than when it is coated on the surface of glass.

Furthermore, for achieving the same values of
strength for the samples E5 with D3, a 100% addition-
al resin is needed. It may be explained by this fact that,
when silane is introduced to resin, its percentage on the
interface resin with copper and glass is lower than
when it is treated directly on these surfaces. Therefore,
the percentage of strong polar active sites is decreased
on the surface of glass fibre, which is responsible for
the formation of strong interactions between E-glass
and epoxy resin. The decrease in peel strength can be
the result of the reaction of surface of glass or copper
with the epoxide ring of the additional epoxy resin.

CONCLUSION

Prepregs are fabricated in place by hand dry-lay-up

Figure 8. Photography of different surfaces of specimen : (a) Separated surfaces after the peel test, (b) the etched surface of cop-

per at 200 x, and (c) the surface of copper plate after peel test at 200 x by optical microscopy, respectively.

(b)

(c)(a)
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technique using epoxy resin LY556, curing agent
(MDA) and E-glass fabric. The composite specimens
are composed of one or two layers of the prepreg cov-
ered by two copper plates. γ-Aminopropyl trimethoxy
silane used as coupling agent. The silane coupling
agent significantly improves the peel strength of the
epoxy/glass and epoxy/copper interfaces by bonding
directly to glass, copper and epoxy. However, the silane
effects on the adhesion improvement in the epoxy/glass
interface are more efficient than that at epoxy/copper
interface. These effects could be explained by more
efficient chemical reaction of glass fabric surface with
the coupling agent and also by mechanical interlocking. 

It was observed that the coupling agent is less effi-
cient on the peel adhesion when it is added directly to
epoxy resin. In this case, increasing the additional resin
to composite specimens may retrieve weaker peel
adhesion.
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