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Mechanisms of strength loss which affect the durability of epoxy adhesive bonds in moist
environments were investigated for electroplated zinc and cold rolled steel substrates. Activation
energies for adhesion loss, formation of corrosion product on the substrate surface, and moisture
diffusion in the adhesive were determined experimentally. For cold rolled steel substrates, the
activation energy for adhesion loss was identical, within experimental error, to the measured
activation energy for moisture diffusion in the adhesive. Both of these values were substantially less
(=40%) than the activation energy for formation of corrosion product. This confirms the previous
results of Gledhill and Kinloch (J. Adhesion 6, 315 (1974)), who attributed strength loss to
thermodynamic instability of the adhesive/substrate interface due to the presence of moisture. In
contrast, for electroplated zinc substrates, activation energies for adhesion loss and corrosion product
formation were essentially equal, and were both significantly higher than that for moisture diffusion.
Consequently, it was concluded that corrosion of the electroplated zinc layer was responsible for bond
strength loss. Formation of corrosion product in the bond was not, therefore, a post-failure
phenomenon as was the case for cold rolled steel.

KEY WORDS Structural adhesives, environmental durability; galvanized substrates; lap shear
strength; corrosion; failure mechanisms.

INTRODUCTION

The increased use of zinc-coated steel in automotive applications has been
motivated primarily by efforts to improve corrosion protection in typical service
environments. While the presence of a sacrificial zinc layer does offer a degree of
enhanced corrosion protection, successful incorporation of zinc-coated steels into
automotive production requires compatibility with processes such as painting and
joining, if the full advantages of these materials are to be derived.

Depending on the particular application, both welding and adhesive bonding
have been used to join zinc-coated steels. These processes have not been entirely
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free of difficulties, however. Some of these difficulties, like weld tip maintenance
and selectivity of adhesive materials for particular types of coated steel, had been
anticipated based on experience with other metallic substrates, primarily cold
rolled steel. In the area of adhesive bonding, however, additional problems such
as the influence of surface morphology and chemical heterogeneity on adhesive
bond strength and durability, have only emerged as a result of systematic
investigations using particular materials.'” For example, by evaluating the
performance of various epoxy adhesives bonded to different types of zinc-coated
steels, it was shown that unaged bond strength was greater for electroplated zinc
substrates, which had considerable surface roughness, than for relatively smooth
“hot dipped” zinc-coated substrates.' Likewise, durability of bonds to zinc-coated
steels was found to depend on the degree of chemical heterogeneity in the oxide
layer of the substrate.?

Perhaps the most significant conclusion of work carried out thus far in the
adhesive bonding of zinc-coated steels is that the environmental durability of
bonded joints is intimately related to the corrosion of the substrate. This has been
confirmed by numerous authors.'”® For electroplated substrates Arnold* has
shown that retention of initial bond strength in a cyclic moisture, salt water
immersion environment is proportional to zinc coating weight. Also, Maedo, et
al.® have suggested that trace elements other than zinc in the oxide layer of hot
dipped substrates actually enhance interfacial corrosion (and thereby accelerate
the loss of adhesive bond strength) compared with the zinc oxides typically found
on electroplated zinc substrates.

However, there is still a very important question which has not been answered,
and this is whether substrate corrosion initiates bond failure, or whether corrosion
is a post-failure phenomenon. This is not just of passing interest—the answer to
this question will determine the approach to take to maximize bond durability. If
diffusion of water into the adhesive is the rate limiting process, retardation of this
process (by choosing adhesives which have low moisture diffusivities, for
example) will increase bond durability. However, if bond strength loss is
coincident with substrate corrosion, then the proper strategy to increase
durability is to retard corrosion initiation by protecting bond edges with an
appropriate conversion coating (e.g., zinc phosphate), together with an electro-
deposition primer. It is, therefore, the main purpose of this work to determine
the mechanism of strength loss in moist environments for bonds to zinc-coated
steel substrates.

For epoxy adhesive bonds to cold rolled steel, Gledhill and Kinloch® have
shown that magnetite (Fe;O,) forms on the failure surfaces of bonds exposed to a
moist environment. Furthermore, they found that the activation energy of
adhesion loss in a moist environment was comparable to the activation energy for
moisture diffusion in typical epoxy adhesives. Formation of the corrosion
product, however, occurred with an activation energy significantly higher than
that measured for adhesion loss. Thus, for bonds to cold rolled steel, it was
argued that corrosion occurred after loss of adhesion between the adhesive and
the substrate, the loss of adhesion being due to thermodynamic instability of the
adhesive/substrate interface to the presence of moisture.
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Following the approach of Gledhill and Kinloch,® we have measured activation
energies for model adhesive bonds to electroplated zinc substrates, and for the
same adhesive bonded to cold rolled steel. In separate experiments we also
measured the activation energy for the diffusion of water into the adhesive which
was used to bond these materials. By assuming that diffusion of moisture into the
adhesive joint is accurately modeled by the diffusivity which is measured in the
sorption experiments, a straightforward comparison of the various activation
energies provides the basis for establishing probable mechanism of adhesion loss
in moist environments for these two important substrates.

EXPERIMENTAL

Materials

Substrates Sheet steel (Republic Steel, Inc.) with an 8.7 um layer of electro-
plated zinc which had a coating weight of 0.18 kg m~2, as well as 1010 cold rolled
steel, were used as substrates. The thickness of the electroplated zinc substrate
was 1.1 mm, while that of the cold rolied steel was 2.7 mm. Standard single lap
shear coupons, 25.4 X 101.6 mm, were prepared in accordance with ASTM
D1002. The cold rolled steel samples were grit blasted with a suspension of 200
mesh silica in water at 500 kPa, and cleaned with acetone prior to bonding. The
elctroplated zinc samples were cleaned with trichloroethane and acetone prior to
bonding.

Adhesive An unfilled, two-part epoxy adhesive was used to bond both substr-
ates. This adhesive was a mixture of 100 phr D.E.N. 431 epoxy novolac (Dow
Chemical), 50 phr Epirez 5048 (Interez, Inc.), and was catalyzed by 9.5 phr AP5
(1-(2-hydroxypropyl)-2-methylimidazole from Archem, Inc.). The fully-cured
adhesive, which has been extensively investigated in other contexts,”® has a glass
transition temperature (measured by differential scanning calorimetry) of 143°C,
and shows excellent adhesion and durability to both cold rolled and electroplated
zinc substrates.’

Adhesive sample preparation and testing
Lap shear samples were made with a 12.7 mm bond overlap and a 0.127 mm bond
thickness. Bondline thickness was maintained by incorporation of a length of
copper wire of the appropriate diameter into the bond prior to adhesive cure.
Samples were assembled in a bonding fixture designed to give a constant 100 kPa
clamping pressure. The fixture was heated to the cure temperature before lap
shear assembly.

The samples were given an initial cure at 150°C for twenty-five minutes in a
forced air oven. All samples were then post cured through the following cycle
which simulates a typical automotive paint bake process.

1) 75 minutes at 160°C
2) Cold tap water quench
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3) 30 minutes at 135°C
4) 45 minutes at room temperature
5) 20 minutes at 135°C
6) 45 minutes at room temperature
7) 40 minutes at 160°C.

After exposure to the appropriate environment (see below), lap shear strengths
were determined by testing the samples on an Instron (Model TTC) test machine
using a crosshead speed of 1.27mmmin~'. Mean lap shear strengths for a
particular condition (e.g., time of exposure at a given temperature) were
determined from a set of five samples.

Sample preparation for diffusivity determination

Cast sheets of the adhesive were prepared in the following manner. The resin
mixture was degassed at 100°C for five to six hours, maintained under vacuum
over night, and then reheated to 100°C for four hours. The mixture was then
cooled and the appropriate amount of imidazole catalyst added under vacuum,
after which the mixture was poured into a glass plate assembly to form sheets.
The glass plate assembly consisted of two mold release (Frekote 44) treated,
Pyrex glass plates separated by stainless steel shims (approximately 0.85 mm
thickness). A bead of silicone adhesive was used around the periphery to contain
the liquid adhesive, and the assembly was held together with binder clips.
Following a 24 hour gelation at room temperature, the sheets were cured for
thirty minutes at 150°C, cooled to room temperature, then demolded. Rectangu-
lar samples 32 x 12.7 X 0.85 mm were cut from the cured sheet using a diamond
saw, then were post cured through the simulated paint cycle described above.

Environmental exposures

Adhesive samples Lap shear samples were first dip coated in a paraffin wax
(except for the actual bonded areas), then were immersed in distilled water baths
maintained at constant (+1°C) temperatures of 35, 45, 60, and 80°C. Periodically,
sets of five samples were removed from the baths, dried, then tested within one
half hour, which is much less than the characteristic time for significant loss of
moisture due to diffusion. Percent strength retention as a function of exposure
time at each temperature was determined with respect to samples maintained at
room temperature in a desiccator.

Diffusivity samples Thin rectangular samples of predetermined mass were
labeled for identification, then immersed in distilled water baths maintained at
constant (+£1°C) temperatures of 30, 45, 60, 73, and 83°C. For each of four
samples at the immersion temperature, percent mass gain due to moisture
sorption was determined as a function of time by removing samples from the
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environment, wiping with cheesecloth to remove surface moisture, then weighing
with an analytical balance. Equilibrium moisture content was approximated from
the horizontal portion of the % mass gain versus time curve for each
temperature.

Determination of activation energies

Adhesion loss Fractional strength retention versus time data were modeled as
simple exponentials. Generally this representation of the data was excellent; the
correlation coefficients were in all cases better than 0.97. The rate of adhesion
loss could, therefore, be approximated with a temperature-dependent constant k
of the standard Arrhenius form:

Fractional Strength Retention ~e ™%,

where k = A exp(—E,/RT).

The activation energy (E,) was determined from a plot of In k vs. 1/T.

Formation of corrosion product For bonds to zinc-coated steels, formation of
corrosion product on bond failure surfaces created a very distinct dark gray area,
which began along the bond edges and extended inward. (This is discussed in
more detail below.) With increasing exposure time, this dark area gradually
covered the entire bond. The encroachment of this area as a function of time can
be quantitatively expressed via the fractional decrease in non-corroded area. The
non-corroded area was traced on paper for each sample of a given set (i.e., for
each temperature and exposure time), and the weight of this tracing was
compared with the weight of a tracing of the initial bonded area for the same
sample.

As in the case of adhesion loss, the decrease in non-corroded area as a function
of time can be effectively modeled as an exponential, with a rate constant which
can be plotted as a function of temperature to yield the appropriate activation
energy.

Moisture diffusion in the epoxy adhesive If it is assumed that diffusion of
moisture into the adhesive is Fickian, the diffusivity can be determined from the
initial slope of a percent moisture uptake versus square root of time curve.” By
further assuming a temperature dependence of the Arrhenius form for the
diffusivity, the activation energy for moisture diffusion can be calculated in the
same manner as described above.

Scanning Electron Microscopy Lap shear failure surfaces were gold-coated and
examined in an ISI Model DS-130 scanning electron microscope.
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FIGURE 1 Fractional moisture uptake versus square root of time at five temperatures. Points shown
are mean values of four samples.

RESULTS AND DISCUSSION

Activation energy for moisture diffusion

A plot of fractional moisture uptake versus the square root of time divided by A,
the sample thickness, for the five immersion conditions is shown in Figure 1. With
experimental variability, linearity is maintained up to at least 60% of the
apparent equilibrium value for each temperature. Linear least squares fits to the
data gave correlation coefficients =0.9. It is also important to note that all
immersion temperatures are considerably less than the “dry” glass transition
temperature of the system (143°C), as well as the “wet,” i.e., moisture-
equilibrated, value of approximately 95°C."°

If we assume that the diffusion is Fickian, the diffusivity (D) at each
temperature can be determined’ from

D = (/16)(slope)>.

The value of the slope is calculated from the linear portion of a plot of moisture
uptake versus the square root of time divided by sample thickness. In these plots,
moisture uptake is expressed by the quantity [M(r) — M(0)]/[M () — M(0)],

TABLE 1
Mean values of the diffusivity and equilibrium moisture content at
various temperatures

D(10%cm?sec™)  [M(=) — M(0))/M(0) X 100% T(°C)

4.21(£0.37) 8.9(£0.1) 30

6.87 (+0.16) 8.9(10.2) 45
23.9(+1.7) 8.9(£0.1) 60
41.9(£1.7) 8.6 (+0.1) 73
69.4 (£5.3) 9.3 (+0.1) 83
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FIGURE 2 Arrhenius plot of In D versus reciprocal absolute temperature. Solid curve is least
squares fit of all data.

where M(¢t) is the mass of the sample at time ¢, M(0) the initial dry mass, and
M() the apparent equilibrium value. Calculated mean values of D and the
equilibrium moisture content (in %) at the various test temperatures are given in
Table I. From these values it can be seen that D increases with temperature, as
expected, but that there is little variation in the equilibrium moisture content over
this temperature range.

An Arrhenius plot of In D versus the reciprocal absolute temperature is shown
in Figure 2. Each of the points represents the calculated temperature dependence
for a particular sample. The line through the points is the linear least squares fit
of all the data. This gives an activation energy of 49.6 kJ mol™!, with a standard
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FIGURE 3 Fractional strength retention for bonds to cold rolled steel. Curves are exponential fits to
the data points.
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FIGURE 4 Fractional strength retention for bonds to electroplated zinc. Curves are exponential fits
to the data points.

error of 1.8kJ mol~'. This value for the activation energy is somewhat higher
than other selected values quoted in the literature®, and may be a reflection of the
rather high crosslink density of this particular system.®

Activation energy for adhesion loss

As anticipated from the variation in lap shear strengths (mean initial value for
electroplated zinc = 13.0 + 1.5 MPa, for cold rolled steel =21.4 + 1.2 MPa), there
was a good deal of scatter (anywhere from 5 to 10%) in the strength retention
versus time data shown in Figures 3 (cold rolled steel) and 4 (electroplated zinc).
However, data at each temperature could be effectively modeled as a simple

TABLE 11
Rate constants (hr™') for various processes
as a function of temperature

A. Adhesion Loss, Cold Rolled Steel
k(80°C)=1.985x 107
k(60°C) =5.889 x 107*
k(45°C)=3.098 x 10~*
k(35°C)=1.603x 107*

B. Adhesion Loss, Electroplated Zinc
k(80°C) = 8.479 x 10>
k(60°C)=1.192x 107*
k(45°C) =4.937 x 107*
k(35°C)=2.325x107*

C. Formation of Corrosion Product
k(80°C)=1.239x 102
k(60°C)=2.117x 1073
k(45°C)=8.981 x 107*
k(35°C)=3.750x 107*
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FIGURE 5B Arrhenius plot of Ink versus reciprocal absolute temperature for adhesion loss to
electroplated zinc.

exponential decay, as is shown by the solid curves in Figures 3 and 4. The
calculated rate constants (k) for each temperature are given in Table II.

For the cold rolled steel substrates, the appropriate Arrhenius plot (Figure 5)
gives an activation energy for adhesion loss of 49.0kJ mol™!, with a standard
error of 3.4kJmol™'. This is essentially equal to.the activation energy for
moisture diffusion given above. For electroplated zinc, however, the activation
energy was found to be 71.0kJ mol™" (with a standard error of 7.4 kJ mol™),
which is significantly higher than that found for either moisture diffusion, or
adhesion loss for cold rolled steel.

Activation energy for corrosion of electroplated zinc

The formation of a corrosion product on adhesively bonded electroplated zinc
substrates was, as pointed out above, quite noticeable. In fact, a clear delineation
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of corroded and non-corroded areas could be made by visual inspection. The
appearance of the failure surfaces after varying exposure times at 60°C is
illustrated in the sequence of photographs in Figure 6.

It was also of interest to examine, on a microscopic scale, the morphology of
the substrate in the corroded and non-corroded regions. Figure 7A shows a
scanning electron micrograph of the non-corroded area. This surface morphology
of closely packed, plate-like zinc crystals is typical of the electroplating process.?
In contrast, Figure 7B shows that the corroded surface is characterized by a
significantly altered morphology. This is similar to the appearance of a basic zinc
chloride corrosion product on failure surfaces of samples exposed to a high
humidity, salt water immersion cycle.? Although its identity was not determined
in the present case, the corrosion product is probably zinc hydroxide, which forms

A) 72 hours.

B) 336 hous.

C) 1040 hours.

FIGURE 6 Failure surfaces of bonds to electroplated zinc showing corrosion ingress and loss of
bonded area after various exposure times at 60°C.
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FIGURE 7 A) Scanning electron micrograph of non-corroded area of electroplated zinc substrate.
B) Micrograph of corroded area showing altered morphology.

100 B~

Percent Non—corroded Area

3000

Time thr}

FIGURE 8 Percent non-corroded bond area versus time for electroplated zinc. Curves are
exponential fits to the data points.
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FIGURE 9 Arrhenius plot of Ink versus 1/T for formation of corrosion product on electroplated
zinc.

on zinc surfaces subjected to environments (such as the adhesive bond subjected
to high temperature water immersion) which are oxygen deficient.’

Figure 8 shows the measured decrease in non-corroded area as a function of
time at various temperatures and Figure 9 is the corresponding Arrhenius plot for
the temperature dependence of the rate constant (see Table II for individual
values). This plot gives an activation energy of 68.7 k] mol™!, with a standard
error of 5.3kJ mol™'. Considering the experimental uncertainties, this activation
energy is essentially equivalent to the value of 71.0kJmol™' measured for
adhesion loss. It is also equivalent to the 67 kI mol™' reported by Gledhill and
Kinloch® for the formation of magnetite in bonds to cold rolled steel. Finally, it is
interesting to note that the activation energy of 68.7 kJ mol™! quite close to the
70.3kImol™" difference in standard enthalpies of formation for ZnO and
Zn(OH),." Since the surface originally consists of a substantial oxide layer,? this
activation energy could be a direct reflection of the transformation of the oxide to
the hydroxide.

The mechanism of adhesion loss

It is clear from a comparison of the activation energies listed in Table III that the
rate limiting step in adhesion loss for steel substrates is the diffusion of water into
the epoxy adhesive, since the activation energy for adhesion loss and that for
moisture diffusion are equal, and both are significantly less than the activation
energy for formation of corrosion product in the bond area. This accords with the
conclusions of Gledhill and Kinloch,® although these authors did not measure the
diffusion coefficient for their adhesive system.

For the same adhesive bonded to electroplated zinc, on the other hand, the
activation energy for adhesion loss is essentially equal to the activation energy for
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TABLE III
Activation energies (kJ mol™') for various processes
Process Activation energy

Moisture diffusion 49.6 (£1.8)
Adhesion loss, cold rolled steel 49.0 (1£3.4)
Adhesion loss, electroplated zinc 71.0(x7.4)
Corrosion, cold rolled steel 67*
Corrosion, electroplated zinc 68.7 (£5.3)

® Reference 6.

formation of corrosion product in the bond. Both of these values are significantly
higher than that for moisture diffusion into the adhesive. Thus, bond strength loss
is controlled by corrosion of the electroplated zinc layer, rather than by diffusion
of moisture.

CONCLUDING REMARKS

Since moisture diffusion into the adhesive is the rate determining step for
adhesion loss of bonds to cold rolled steel, degradation of bond strength can, in
principle, be retarded by using adhesives which have low moisture diffusivities. If
the activation energy is sufficiently increased at the same time, it is even
conceivable that substrate corrosion could become the dominant factor. How-
ever, as long as the presence of water results in adhesion loss, i.e., the interface is
thermodynamically unstable in a moist environment, this mechanism cannot be
entirely eliminated. An alternative approach to enhancing moisture stability has
been described which entails the application of a zinc phosphate conversion
coating followed by an electrodeposition primer prior to bonding.” In this way,
the stability of bonds to cold rolled steel substrates can be enhanced significantly,
so that in effect the moisture-induced strength deterioration can be eliminated.”

The measured activation energies for adhesion loss, moisture diffusion, and
substrate corrosion (Table III) clearly show that corrosion of the electrodeposited
zinc layer is responsible for bond strength loss. In practice, for adhesively bonded
zinc-coated steel, it is therefore essential to provide reliable protection to bond
edges to retard the initiation of corrosion. A very effective means of doing this is
also the application of a conversion coating together with an electrodeposited
primer.

It may not be possible to prevent strength loss entirely in the ways discussed
above, particularly for bonds which are subjected to stress and moisture
simultaneously, as well as to aqueous electrolyte and thermal fluctuations, which
are present under many service conditions. However, it is likely that a substantial
increase in durability will acompany these measures.

Finally, since different types of zinc-coated materials are currently available
commercially, it is also pointed out that adhesive bonds to hot-dipped substrates
will in all likelihood be more susceptible to strength deterioration via substrate
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corrosion than bonds to electroplated substrates. Due to segregation of trace
elements at grain boundaries during the solidification of hot-dipped coatings, the
bonding surfaces of hot dipped zinc substrates contain significant quantities of Al,
Pb, and Mg.? Depending on their relative electrode potentials, these elements
will either drive the corrosion of the zinc at an increased rate relative to the
electroplated substrates, which are ‘“pure” zinc, or they will corrode preferen-
tially themselves, again contributing to enhanced interfacial corrosion.’
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