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Flow characteristics of seven commercially available one-component epoxy adhesive pastes were
measured using a controlled shear stress rheometer and a controlled shear rate rheometer over a
temperature range from 5°C to 60°C. Combining data obtained from both controlled rate and
controlled stress experiments over a wide range of shear rates, we observed Newtonian flow (shear
stress proportional to shear rate) at very low shear rates, a plateau “shear thinning” region at
intermediate shear rates, and a second region of linear dependence of shear stress on shear rate at
high shear rates. The adhesive pastes exhibited a very broad range of rheological behavior. Two flow
parameters important to adhesive application technology, the plastic viscosity and the apparent yield
stress, were measured for each adhesive. The plastic viscosity ranged from 11.6 to 329.5Pa-s; the
apparent yield stress ranged from 56.2 to 413 Pa. The temperature dependence of the rheological
parameters of the epoxy adhesive pastes was also determined. The results are reported as the
activation energies, E, and E,, of plastic viscosity and apparent yield stress, respectively. The
apparent yield stress 0? each adhesive paste was much less sensitive to changes in temperature than
was the plastic viscosity. This suggests that the processing characteristics are likely to show qualitative
as well as quantitative changes with temperature.

KEY WORDS Rheology; non-Newtonian fluid; adhesive flow properties; yield stress; plastic
viscosity; temperature dependence.

INTRODUCTION

One-component adhesives based on filled epoxy formulations have been used or
proposed for use in automotive manufacturing processes for various structural
and semi-structural applications. These adhesives usually contain liquid epoxy
resins mixed with reinforcing fillers and solid curatives. They are chemically
stable at room temperature for extended time periods and are processed as
pumpable liquids or pastes. The application performance of paste adhesives is
strongly affected by many material and process variables, including paste
viscosity, yield stress, flow rate, thermal stability, application temperature, and
cure temperature and time. Since most commercial one-component epoxy
adhesives contain not only epoxy resin with curatives but also fillers, plasticizers,
rubber modifiers, pigments, and other additives, their rheological behavior is
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rather complicated. A characterization of the flow properties of typical commer-
cially available epoxy adhesive pastes is a necessary first step in understanding
and modeling the adhesive application process.

In this study, the flow characteristics of one-component epoxy adhesives were
determined using both a controlled shear stress rheometer and a controlled shear
rate rheometer. The flow measurements were conducted over a wide range of
shear rates. Temperature dependence of the rheological parameters was also
examined.

EXPERIMENTAL

Materials

Five convection-oven-curable and two induction-curable one-component ad-
hesives were provided by their respective manufacturers. These adhesives are
designed for semi-structural applications with standard industrial equipment. The
manufacturer-supplied specifications of these adhesives are listed in Table I. The
adhesives were stored under refrigeration to prolong their shelf life. Prior to
rheological measurements, the adhesive samples were allowed to reach thermal
equilibrium at room temperature (about 25°C).

Controlled shear stress rheometry

Flow curves of the one-component adhesives were generated with a Carri-Med
Model 500 Controlled Stress Rheometer. Due to the presence of relatively large
size filler particles in the adhesives, a parallel plate configuration with 40 mm
diameter plates was employed for flow behavior studies. The apparent shear rate
of the parallel plates was calculated at the edge of the plates, where maximum
shear occurs. Gap size of the parallel plates was initially varied from 0.20 mm to
1.00 mm. It was found that the gap size did not affect the measured flow data and

TABLE 1
Description of one-component epoxy adhesives
Adhesive Filler
sample Manufacturer Trade name wt %
ES-1 Ciba Geigy XB-3131 25
ES-2 American Cybond-4531 40
Cyanamid
ES-3 American Cybond-4551 30
Cyanamid
ES-4 W. R. Grace Terokal- 25
3919-US
ES-5 Uniseal AP-116 HY 40
ES-6 Widger Chem- WC-2390 60
ical Corp.
ES-7 Widger Chem-  WC-2290B 40

ical Corp.
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a 1.00 mm gap was then used for all measurements. Samples were subjected to a
controlled shear stress, also calculated at the edge of the plates, that varied
linearly with time according to a preset stress ramp rate. The rate of shear stress
increase was approximately 12.5 Pa/sec. Data were collected at constant tem-
perature for temperatures ranging from 5°C to 60°C. Data acquisition and
analysis were accomplished with a manufacturer-supplied software package.

Controlled shear rate rheometry

A Rheometrics Mechanical Spectrometer Model RMS-800 was used to measure
the flow characteristics of the one-component epoxy adhesives under constant
shear rate. A 25 mm diameter parallel plate configuration with a 1 mm gap was
used for all measurements. Rate sweep measurements were conducted from 0.001
to 0.1 sec™! with five rate intervals per decade. The adhesives were subjected to
steady shear for 300 seconds at the given shear rate prior to the measurements to
minimize shear history effects. Isothermal rate sweep measurements were made
at 5, 15, 25, 35, 45, and 55°C.

RESULTS AND DISCUSSION

Controlled shear stress rheometry

Room temperature (25°C) flow (shear stress vs. shear rate) curves of the
one-component epoxy adhesives measured by the controlled-stress rheometer
(Carri-Med) are shown in Figure 1. Also shown in the figure is the curve for pure
Epon 828, a typical low molecular weight epoxy resin, for reference. The Epon
828 exhibits Newtonian flow behavior; i.e., shear stress is proportional to shear
rate (0 =17y, where o is the stress, y is the shear rate, and 7 is termed the
(Newtonian) viscosity). As shown in the figure, all of the adhesive pastes studied
clearly show strong deviations from simple Newtonian flow. The non-linearity in
the low shear region of the paste flow curves indicates that a simple linear model
such as the Bingham equation o = o, + n7, where o, is designated as yield stress,
is also not adequate for prediction of the flow behavior of the adhesives.
Moreover, a comparison of data for the different adhesives indicates that the
materials possess very different flow characteristics. The highest shear stress was
observed from the ES-7 material. Three of the adhesive pastes: ES-1, ES-2, and
ES-4 showed similar flow behavior represented by a linear shear stress-shear rate
relationship at high shear rates and an apparent yield stress. The yield behavior in
filled polymer systems is time or shear rate dependent, therefore, the apparent
yield stress is not an intrinsic material property. The yield phenomenon is
discussed in more detail in the next section of this paper. The ES-5 and ES-7
pastes exhibit much higher resistance to flow (as represented by the slopes of
their flow curves) than do the other adhesive pastes. The ES-3 paste shows strong
non-linearity in the low shear region and higher terminal viscosity in the
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FIGURE 1 High shear rate flow curves of the one-component epoxy adhesive pastes.

Newtonian flow region. Microscopic examination of the adhesives indicates that
the filler particle size in the ES-3 is about three times larger than that in other
adhesives. More importantly,. the fillers in ES-3 tend to form even larger
(macroscopic) aggregates which can strongly affect the flow properties of the ES-3
paste.

It is well known that Newton’s law of viscosity does not adequately describe the
mechanical response of polymeric fluids such as filled polymer solutions.'* The
flow behavior of the adhesive pastes in the high shear rate region (when
¥>0.1sec™!), however, can be represented empirically by the Casson equation:*

o= (05" + (n¥)"*) )

where g, is the apparent yield stress and 7 is the plastic viscosity. Matsumoto et
al.** and Bauer et al.® applied the Casson equation to fit high shear rate flow data
in studies of suspensions of rigid particles in polymer solutions. They reported
that the agreement between the Casson equation and the experimental data was
generally very good. It is, however, difficult to extract a mechanistic description
of the rheological behavior from the Casson equation. The rheological behavior
of the adhesive pastes predicted by the Casson equation approaches that given by
the Bingham equation at very high shear rates (higher than 10s™'). This is an
important point since many of the process engineering calculations at high shear
rates could be accomplished by employing the mathematically simpler Bingham
model. Figure 2 provides an example of fitting the Casson equation to the flow
curve data of ES-1 at 25°C. Similar agreement between the Casson equation and
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FIGURE 2 Representation of ES-4 flow data at 10°C fit by the Casson equation.
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experimental data was found for other adhesive pastes in this study. The Casson
parameters of the adhesive pastes are listed in Table II. The apparent yield stress
0, at room temperature varies from 56.2 Pa (ES-1) to 413 Pa (ES-7) while the
plastic viscosity 7 ranges from 11.6 Pa - s (ES-3) to 329.5Pa - s (ES-7). Since the
Casson equation provides a very good representation of the flow properties of
these adhesive pastes in the high shear rate region, the Casson parameters ¢, and
7 can be useful for designing adhesive application processes. For instance, the
shear rates typical to adhesive dispensing for automotive applications range from
5 to 100s™'. The flow properties could be easily represented or extrapolated using
the Casson parameters due to the linear relationship between shear stress and

shear rate in the high shear rate region.

TABLE II

Summary of processing properties of one-component epoxy adhesives

Yield stress' Viscosity? Activation Energies’
Adhesive at 25°C at 25°C T, E, E,
sample (Pa) (Pa-s) of (kcal/mole)

ES-1 56.2 395 —38 2372 7.614
ES-2 97.1 30.2 -24 25.61 2.825
ES-3 313 11.6 -33 29.37 6.919
ES-4 144 225 -36 20.44 5.735
ES-5 174 155.2 -42 24.92 7.119
ES-6 273 22.1 -36 22.41 3.875
ES-7 413 329.5 -38 20.06 4.170
Epon 828° 0 15.7 -18 28.01

! Apparent yield stress g, and plastic viscosity 7 were calculated by fitting Casson equation to the

flow curves of adhesive pastes.

2 E, and E, designate activation energies of wscos:ty and apparent yield stress respectively.
The flow parameters of pure Epon 828 resin included here are for comparison purposes. These

adhesives may or may not contain Epon 828 in their formulations.
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Rheological properties of adhesives are important considerations in selection of
adhesives for manufacturing processes. The apparent yield stress o, is a
significant parameter in determining the extent and stability of flow and can affect
the quality of the final bond. The existence of an apparent yield stress and
associated ‘“‘shear thinning” typically make pumping and dispensing less re-
producible and more difficult. Qualitatively, a low value of apparent yield stress
can be expected to result in improved flow uniformity. For materials with high
apparent yield stress, intermittent dispensing can result in unstable flow at the
beginning and end of each application cycle. Moreover, the adhesive flow profile
(velocity distribution) as well as the flow rate (dispensing output) are affected by
the presence of an apparent yield stress. The ratio of the apparent yield stress to
the pressure drop in a given flow path is an important parameter for the adhesive
dispensing. A high yield stress at application temperatures can prevent the
adhesive from fully wetting a rough adherend surface, and can thus interfere with
establishment of intimate contact during bonding. On the other hand, the
existence of a substanial yield stress contributes to good sag resistance during
processing and improves resistance to adventitious displacement of the adhesive
during subsequent stages of processing prior to cure. For example, a minimum
yield stress of about 10 Pa is necessary to prevent a 1.0 mm thick layer (assuming
a 2.0g/cm’ density) from sagging under gravitational stress. As shown in Table
I1, every sample of the one-component epoxy adhesive pastes examined possesses
an apparent yield stress g, higher than the estimated minimum yield stress of
9.8 Pa.

The second Casson parameter listed in Table II, the plastic viscosity, 7,
provides a convenient quantitative measure of the paste viscosity in the high shear
rate region. Proper viscosity is required for each specific application of the paste.
A paste with high viscosity may experience excessive viscous heating during
pumping and high shear rate application. Since the filled adhesive pastes usually
exhibit a yield phenomenon, they are forced to flow through the dispensing
device in a so called “plug flow” fashion. The shear rate across the flow path is
not uniform as in the case of a highly viscous Newtonian fluid. Thus the shear rate
tends to be much higher near a solid boundary depending upon the relative
contributions of yield and viscous components of the paste. A detailed treatment
of viscous heating in non-Newtonian fluids is not within the scope of this study,
but it should be noted that local viscous heating in the high shear region may
occur when dispensing a non-Newtonian fluid at high volumetric flow rates. On
the other hand, the filler particles may not be well suspended in the paste if the
viscosity is not high enough to prevent settling. Most of the one-component epoxy
adhesive pastes surveyed possess plastic viscosity ranging from 11.6 to 39.5Pa - s.
Two, ES-5 and ES-7, are five to ten times more viscous (see Table II).

Controlled shear rate rheometry

The flow behavior of filled polymer systems at low shear rates measured by
controlled shear rate rheometry is usually different from that measured at high
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shear rates by a controlled stress method. Figure 3 shows steady state flow curves
of ES-7 at low shear rates. Data were collected at constant shear rates (y between
0.001sec™* and 0.1sec™") at different temperatures. The well-known principle of
time-temperature superposition’ has been applied to the flow curves at different
temperatures. Rong and Chaffy adopted this method for filled polymer systems.®
According to the superposition procedure, flow curves such as those in Figure 3
are shifted horizontally along shear rate axis to an arbitrarily chosen reference
temperature until they coincide with the curve measured at the specified
reference temperature. A shift factor ar, dependent only on temperature, is
defined by a7y =¢T./7(T). The time or rate dependence of a relaxation
phenomenon can be examined from the superposed curves. As shown in Figure 4,
the master flow curve shows a good superposition of individual flow curves. The
master flow curve also shows that the flow behavior of ES-7 at very low shear
rates is Newtonian. Contrary to the flow characteristics measured by controlled
stress rheometry at high shear rates, the master flow curve does not show an
intrinsic yield stress. The absence of an intrinsic yield stress suggests that the
apparent yield stress measured at high shear rates is a time (or shear rate)
dependent phenomenon. '

Low shear rate flow data of other one-component adhesives were collected in
the same fashion as for the ES-7 sample. Strong shear history effects on low shear
rate flow curves were observed for ES-2 and ES-4 materials, and superposition of
flow curves was not satisfactory. A complete characterization of the time and
history effects on the flow properties is beyond the scope of this paper.

Figure 5 shows the flow behavior of ES-2 paste in an expanded shear rate
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FIGURE 3 Steady state low shear rate flow data of ES-7 adhesive at different temperatures.
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FIGURE 4 Master flow curve of ES-7 in the low shear rate region.
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FIGURE 5 Flow characteristics of ES-2 over a wide range of shear rates. Both RMS-800 (low shear
rate) and Carri-Med (high shear rate) data are shown.
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region by plotting the low shear rate data (7 <0.1sec™') obtained from the
controlled shear rate instrument (Rheometrics RMS-800) and the high shear rate
data (y=0.1sec™!) measured from the controlled stress apparatus (Carri-Med
Model-500) on a log—log plot. There are three characteristic regions in the flow
curves of this material: a Newtonian region at extremely low shear rates, a
plateau region where shear thinning or ‘‘apparent yielding” occurs, and another
region of linear dependence of shear stress on shear rate at high shear rates.
Similar to the flow behavior of ES-7 in Figure 4, ES-2 does not show an intrinsic
yield stress as the stress decreases in the very low shear rate region. Flow curves
of ES-7 in an extended shear rate range are illustrated in Figure 6. Other epoxy
adhesive pastes also show similar flow behavior and are omitted here. As
described in previous sections, the ES-7 material exhibits a very high value of
apparent yield stress (0o =413 Pa at 25°C) when measured at high shear rates.
Such high apparent yield stresses are reflected by the high plateau stresses in
Figure 6. This material also does not possess an intrinsic yield stress; just as for
ES-2, the stress decreases in the very low shear rate region. Such highly
non-Newtonian rheological behavior has been observed and documented for filled
polymer systems by Onogi et al.® and Matsumoto et al.*® The non-linearity
between observed shear stress and shear rate in filled systems is attributed to the
particle—particle interactions as well as the formation of a three-dimensional
structure in the filled fluids. At very low shear rates, local viscous forces are only
sufficient to force the filler particles to move in concert with the resin medium.
The observed shear stress is, therefore, proportional to shear rate. The
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FIGURE 6 Flow characteristics of ES-7 over a wide range of shear rates. Both RMS-800 (low shear
rate) and Carri-Med (high shear rate) data are shown.
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interparticle three-dimensional structure in a filled fluid is due to van der Waals
interaction. It is easily broken down, therefore, by the local viscous forces at
higher shear rates. Layer formation or particle migration can occur at intermedi-
ate shear rates, leading to the development of a particle-free zone near the wall of
the rheometer plates.'! This effect greatly influences flow behavior of the pastes
as the particle-free zone lowers the observed viscosity markedly.'"'? ‘“Shear
thinning” (a decrease of viscosity with shear stress) occurs in this region of shear
rates. It should also be pointed out that the observed apparent yield stress o,
from Figures 1 and 2 corresponds well with the shear thinning stress in the
plateau region in Figure 5. The apparent yield stresses observed in Figures 1 and
2 cannot be interpreted as the intrinsic yield stresses of the filled paste. Rather,
they are critical shear stresses at which the pastes just begin to flow under
prescribed shear stress ramping rates. Since industrial adhesive paste application
devices operate at high shear rates and high stress ramps at start-up, the apparent
yield stress oy is still a very useful parameter for designing adhesive application
processes and for selecting application equipment.

An apparent yield stress observed in a fluid is generally interpreted in terms of
some sort of macroscopic structure in the fluid. A minimum stress is required to
break the structure in order to produce flow.*>!? This weak three-dimensional
structure undergoes some structural change under strain, as shown by shear
thinning. Such a phenomenon can also be described in terms of the response of
the three-dimensional structure to specific time dependent shear stress.*>!2

Temperature dependence of rheological parameters

The flow properties of adhesive pastes are strongly termperature dependent.
Figures 7 and 8 show representative flow curves of selected epoxy adhesive pastes
measured at different temperatures ranging from 5 to 60°C. As discussed in the
previous section, the Casson equation fits these flow curves well. The Casson
parameters o, and 7 obtained from curve fitting are used for the studies of the
temperature dependence of adhesive rheological behavior. The activation
energies of plastic viscosity, E,, given by:

E,=—Rd(In n)/d(1/T) )
and of apparent yield stress, E,, given by:
E,=—Rd(In 0,)/d(1/T) 3)

can be found from the slope of the semi-log plots of the plastic viscosity 7 or the
apparent yield stress o, against the reciprocal of the absolute temperature 7. R is
the gas constant. Figures 9 and 10 show such plots. While In g, vs. 1/T curves are
straight lines in the temperature range examined, In n vs. 1/T plots are slightly
non-linear, indicating that there is a slight dependence of the activation energy on
temperature. The slope of In#n vs. 1/T curve increases slightly at higher 1/T
(lower temperature). Average values of E, are reported in Table II to allow
comparisons to be made between the adhesive pastes. Adhesive paste ES-3 shows
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the highest E, while ES-7 is the least sensitive to temperature in terms of plastic
viscosity. The measured activation energies of all of the filled epoxy pastes are
lower than E, for pure Epon-828 resin, as shown in Table II.

Matsumoto et al.*’ and Bauer ef al.® found that the apparent yield stress, oy, is
essentially independent of temperature. In our survey of the one-component
epoxy adhesives, however, apparent yield stess, 0y, decreases with increasing
temperature. The apparent yield stress is not as sensitive to temperature as the
plastic viscosity. The activation energy, E,, ranges from 2.825 kcal/mol for ES-2
to 7.614 kcal/mol for ES-1. Numerically, E, is less than one third of the value of
E, for each adhesive paste.

SUMMARY

Flow characteristics of seven one-component epoxy adhesive pastes were
measured using a controlled shear stress rheometer and a controlled shear rate
rheometer over a temperature range from 5°C to 60°C. The methodology
presented here is generic and can be extended to other non-Newtonian adhesive
pastes. The adhesive pastes studied exhibit a wide range of rheological behavior,
Flow curves at high shear rates (y > 1.0sec™"), obtained using controlled shear
stress rheometry, fit very well to the Casson equation. The two parameters of the
Casson equation, plastic viscosity n and apparent yield stress gy, vary from 11.6
to 329.5Pa-s and from 56.2Pa to 413 Pa respectively. Controlled shear rate
experiments at low shear rates reveal that the filled epoxy adhesive pastes do not
possess true yield stresses. Combining data obtained from both controlled rate
and controlled stress experiments of these adhesives, we observed a Newtonian
region at very low shear rates, a plateau of ‘‘shear thinning” region at
intermediate shear rates, and a second region of linear dependence of shear stress
on shear rate at high shear rates. The shear stress in the shear thinning plateau
correlates well with the apparent yield stress for each adhesive paste. The
apparent yield stress was attributed to filler particle interactions and to the
formation of interparticle structure in these filled systems. Flow behavior of these
filled adhesives can be easily extrapolated using the reported Casson parameters
when needed for high shear rate applications such as simulating the paste flow in
a dispensing process. The temperature dependence of the rheological parameters
of the one-component adhesive pastes was measured and reported as the
activation energies, E, and E,, of plastic viscosity and apparent yield stress
respectively. The activation energy of plastic viscosity, E,, varied from
29.37 kcal/mol (ES-3) to 20.06 kcal/mol (ES-7). The apparent yield stress for
each adhesive paste was much less sensitive to changes in temperature than was
the plastic viscosity. The relative contribution of the plastic viscosity and the
apparent yield stress to the flow of adhesive, therefore, change with temperature.
This suggests that the processing characteristics are likely to show qualitative as
well as quantitative changes with temperature.
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