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The interphase in an epoxy-aluminum system has been revealed and characterized using 
scanning electron microscopy, ion etching, energy-dispersive x-ray analysis, and nano- 
indentation. The interphase was of irregular thickness, nominally between 2 and 6 pm, 
and corresponds to a region of greater resistance to ion etching and a marked absence 
of the silica particles used in the epoxy adhesive. Nano-indentation tests, traversing 
various sections of the interphase from the aluminum to the bulk resin, showed that the 
interphase region had, on average, an effective elastic modulus (E/ (1-~v2))  that was 13% 
greater than that of the bulk resin, far from the aluminum. The interphase was also 
approximately 4% harder than the bulk adhesive. 

Keywords: Interphase (thickness, modulus, structure); mechanical properties; epoxy ad- 
hesive; SEM; ion etching: EDX; nano-indentation 

INTRODUCTION 

It is commonly believed that, in the interfacial region between a polymer 
and a solid substrate, a layer of polymer can be distinguished which has 
different properties from that of the bulk polymer. This “interphase” has 
been the subject of much interest in recent years because of its likely role 
in determining the mechanical properties and durability of adhesive 
joints, and matrix-fiber bonds in composite materials. The present paper 
examines the extent and mechanical properties of the interphase between 
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94 V. SAFAVI-ARDEBILI et al. 

an epoxy adhesive and an aluminium adherend. The work formed 
part of an ongoing effort to use ultrasonic nondestructive evaluation 
as a means of monitoring environmental degradation in adhesive 
joints. Multilayer sound wave propagation models applied to adhesive 
joints require estimates of the interphase elastic constants. 

Cuthrell [l] found that several unfilled (without inorganic par- 
ticles), untoughened (not containing rubber particles) epoxy resins dis- 
played an interphase consisting of “floccules” of polymer surrounded 
by resin of different structure. Chemical etching and indentation tests 
showed that the floccules were harder and more rigid than the sur- 
rounding epoxy, and that their size was a function of the initial rate of 
cure. These interfacial regions could extend from the adherend several 
hundred micrometers into the bulk resin. 

Hahn and Koetting [2] used ion etching and scanning electron 
microscopy to reveal the interphase in systems of expoxy-aluminum 
and phenolic-aluminum. Close to the aluminum, both adhesives had a 
lamellar structure oriented perpendicular to the metal surface, while the 
bulk resins had a globular morphology. There was an irregular bound- 
ary between these morphologies. As with Cuthrell [l], the chemical 
nature of the metal surface affected the morphology; Hahn and Koet- 
ting [2] did not find the lamellar structure when the aluminum surface 
was contaminated, as it was in the “as received” condition. 

The variation of shear modulus, G, through the interphase has been 
measured by Knollman [3] in an epoxy-aluminum systems using ultra- 
sonic Rayleigh waves. G increased from 1.9 to 2.5 GPa as distance from 
the aluminum increased from 0.1 to 0.4 mm. The extent of the interphase 
was increased by longer epoxy cure times. Williams et al. [4] also ob- 
served a softer interphase in fiber pull-out experiments with epoxy resin 
and carbon fibers that were either oxidized or coated with an adhesion- 
promoting commercial size. When carbon fibers were coated with P 

phenolic resin, the interphase was absent. Crompton [S] used trans- 
mission electron microscopy of ultramicrotomed sections cut normal to 
the interface to reveal two types of interphase in an epoxy-aluminum 
system. Changes in electron transparency occured over a distance of 
approximately 1 pm from the aluminum, and often contained a second 
distinctive region formed in the first 10 nm of resin adjacent to the inter- 
face. The boundary between the interphase and the bulk resin was highly 
irregular. The interphase seemed to contain, on average, less fumed 
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INTERPHASE IN EPOXY-ALUMINUM SYSTEM 95 

silica than the bulk, although a more pronounced characteristic was 
associated with differences in the polymer structure between the bulk 
and the interphase. These observations were unaffected by the alumi- 
num pretreatment, which was either an acid etch or a chemical con- 
version coat. 

Using single filament fragmentation tests as a function of tempera- 
ture, Skourlis and McCullough [6] found that the critical aspect ratio 
of fragments reflected an interphase having a glass transition tempera- 
ture less then that of the bulk resin. 

Cognard [7] used scanning acoustic microscopy to reveal a honey- 
comb-like interfacial structure parallel to the interface of an epoxy- 
gold system. The average cell diameter was approximately 15-30 pm, 
and the interphase was estimated to extend 3-4pm from the gold 
surface into the epoxy. 

Maguire et at. [8] have discussed the origin of the interphase and its 
thickness, which ranges several orders of magnitude, i.e. a few Angstroms 
up to several micrometers. They have reviewed the molecular dynamic 
simulations and related studies, and demonstrated the possibility of the 
formation of a thick interphase (of the thickness in the micrometer range) 
by introducing non-linearity in their model calculations. 

One possible explanation for the difference between the polymer 
structure in the bulk and the interphase of epoxy-aluminum systems is 
a localization of the curing agent at the aluminum interface. Using 
X-ray photoelectron spectroscopy and Fourier transform infra-red 
spectroscopy, Nakamae et al. [9] found that 4,4'-diaminodiphenyl- 
methane (DDM) adsorbed preferentially onto aluminum oxide. Simi- 
lar observations have been made by Affrosman et a!. [lo]. 

Using high surface area carbon black as the model surface, Wang 
and Garton [ll] showed the importance of the interfacial reactions 
for difunctional epoxy resins cured with either anhydrides or aromatic 
amines. Adsorption and catalytic effects produced an interphase with 
reduced cross-link density. 

EXPERIMENTS 

The interphase under investigation was that associated with FPL- 
etched [12] aluminum alloy Al-1100 bonded with the single-part paste 
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96 V. SAFAVI-ARDEBILI et d. 

epoxy, Hysol EA-9346. This adhesive contains 1 to 5% (by weight) 
hydrophobic S O ,  particles. Prior to the FPL etch, the aluminum was 
polished using a sequence of abrasive papers of up to 600 mesh, then 
using 5 pm polycrystalline diamond suspension on a hard pad to re- 
tain flatness. Next, a 1 pm polycrystalline diamond suspension was 
used on a soft pad, followed by a 0.05 pm alumina suspension. 

After the aluminum had been pretreated it was warmed to between 
40°C and 50°C to ease the spreading of the adhesive and reduce the 
incidence of voids. Bondline thickness was controlled at 0.4 mm using 
Teflon shms, and the adhesive was cured nominally at 120°C for one 
hour; Figure 1 shows the temperature-time history of a typical joint, 
recorded with a thermocouple embedded in the adhesive bondline. 

Four types of specimens were prepared, as shown in Figure2. A 
typical joint had lateral dimensions of 2.5 x 5cm. Types N and 0 
were prepared using an abrasive disk cutter, with aluminum alloy 
7075-T6 used as a second adherend for ease of handling. The inter- 
phase of type N specimens was examined in a plane perpendicular to 
the aluminum surface, while that of type 0 specimens was exposed at 
an angle of 6" from the plane of the aluminum surface. This effectively 
magnified the linear extent of the interphase by a factor of ten. Type P 
and M specimens were prepared with an ultramicrotome; type P being 
cut parallel to the 1100 alloy surface, type M cut at an angle less than 
6" to the original surface of the 1100 alloy. Type N and 0 specimens 
were polished using the same procedure described above for polishing 
the aluminum substrates, always taking great care to prevent the 
formation of relief at the adhesive-aluminum interface. 

The interfacial regions of type N and 0 specimens were etched 
using an argon ion mill, nominally operating at 4 kV with an ion 

40 iii 20 0 0 1 2 3 4 5 6 

time (h) 

FIGURE 1 
embedded in the bondline. 

Cure cycle for the EA9346 adhesive as measured with a thermocouple 
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INTERPHASE IN EPOXY-ALUMINUM SYSTEM 91 

indentations indentations 

2 

indentations indentations 

A1 
epoxy tYPe p 

FIGURE2 The four types of specimens with their dimensions (mm), showing the 
orientations of each series of nano-indentations. 

current of 0.1 mA. Cleaning was achieved at an angle of lo" relative to 
the surface for 20s, and etching at 35" for 200s. 

The interphase of type 0 specimens was examined using energy- 
dispersive x-ray analysis (EDX) to obtain spatial maps of the elements 
C,Si and Al. 

Nano-indentation tests were performed on all types of specimens 
using a custom-built instrument at the Kingston Research and De- 
velopment Centre of Alcan International Ltd. The device used a 
Berkovitch 3-sided pyramidal indenter, and had depth and force resol- 
utions of 0.4nm and less than 20pN, respectively. The loading and 
unloading were performed under displacement control at 20 nmjs. The 
maximum depth of indentation was approximately 200 nm, and zero 
dwell time at the maximum load was used to reduce creep effects. For 
each indentation, loading-unloading curves of the types shown in 
Figure 3a were obtained. To reduce the effect of noise, both the load 
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98 V. SAFAVI-ARDEBILI et al 

and depth data arrays were smoothed using a boxcar filter of 13 
points, as shown in Figure 3b. 

Using the method of Oliver and Pharr [13], the contact stiffness 
and the depth of indentation were calculated from the unloading data. 
The reduced modulus (E,  = E/(1-v2)) was then calculated taking into 
account the effect of the aluminum substrate using the empirical rela- 
tion suggested by Doerner and Nix [14] with the theoretically deter- 
mined parameters of King [lS]. In the Oliver and Pharr method for 
the analysis of indentation data, the unloading curve (load uersus 
depth) is fitted to a power law relationship, 

where P is the load, h is the indentation depth, and h, is the depth at 
which the indenter load returns to zero upon unloading (plastic defor- 
mation produces some hysteresis). The values of 6, m and h,, are 

300 
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indenlation depth (nm) 

300 , 
250 
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indentation depth {nm) 

FIGURE 3 
data; b. Filtered data, showing definitions of parameters h,, hi and h,,,. 

Load us. depth of indentation, loading and unloading curves: a. Unfiltered 
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INTERPHASE IN EPOXY-ALUMINUM SYSTEM 99 

obtained by first correcting the indentation depths, h, for the error 
introduced by finite machine compliance, and then fitting the load- 
depth data to Eq. (1). As suggested in [16], only the portion of the 
unloading curve between 40% and 90% of the maximum load was 
used in the curve fitting. This reduces the effect of creep during un- 
loading, and minimizes errors due to uncertainties in the description 
of the indenter geometry; errors which are greatest near the tip. The 
next step was to calculate the contact depth, h,, as 

where h,,, is the depth at maximum load and hi is the depth corres- 
ponding to the intersection of the depth axis (at zero load) and the 
tangent to the fitted unloading curve at the point of maximum load 
(Fig. 3b). The factor E is taken equal to 0.75 following the reference 
[13]'s line of reasoning. The contact depth is the distance between the 
tip of the indenter and the plane where the surface of the specimen 
departs from the faces of the indenter. The contact unloading stiffness 
at maximum load, dP/dh,  is the slope of the tangent line to the power 
law fitted curve. This stiffness value was used to obtain an uncorrected 
reduced modulus, E,,, using 

where p has a theoretically determined value of 1.167 [ls], and A is 
the cross-sectional area of the indenter as a function of distance from 
the indenter tip. Finally, E,, was corrected for the effects of diamond 
indenter and aluminum substrate elasticity to yield to reduced modu- 
lus of the adhesive, E,, using the relation 

where E,, and E,, are, respectively, the modulus of the aluminum 
substrate and the indenter, a is the square root of the indenter cross- 
sectional area, A, at maximum load, t is the thickness of the epoxy at 
the indentation site, and tl is a function of a/t as given in Ref. [IS]. 
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100 V. SAFAVI-ARDEBILI et al. 

RESULTS 

Figure 4 shows scanning electron micrographs of the interfacial region 
of an 0-type specimen. Because the interphase was exposed at an 
angle of 6", the effective magnification of distances perpendicular to 
the interface is 10 times greater than that indicated by the SEM; i.e. 
10 pm on the photograph in the direction perpendicular to the scale 
bar (or interface) represents 1 pm normal to the aluminum interface. 
Figures4a, b and c show the highly polished adhesive in the inter- 
facial region after ion etching, at progressively higher magnifications. 
The irregular adhesive-aluminum boundary is at the bottom of each 
figure. There is a distinct difference in the morphology of the bulk 

(8 )  

FIGURE 4 Scanning electron micrographs of the aluminum-epoxy interfacial region of 
an 0-type specimen; a,b,c. Increasing magnifications of the same area after polishing and 
ion etching; aluminum-adhesive boundary is seen near the bottom of each photograph. 
d. High magnification view of bulk adhesive after polishing and ion etching; e. High 
magnification view of bulk adhesive after polishing but before ion etching. 

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



INTERPHASE IN EPOXY-ALUMINUM SYSTEM 101 

(b) 

FIGURE 4 (Continued) 

adhesive and the region near the aluminum (within approximately 
20pm of the aluminum on Fig. 4b, corresponding to within 2 pm 
normal to the interface). The bulk adhesive appears to be rougher, 
with move voids. Comparison of Figures 4d and 4e, high magnifica- 
tion views of the bulk adhesive after and before ion etching, respect- 
ively, shows that this morphology difference is due to the ion etching. 
Comparing Figures 4c and 4d, high magnification images after ion 
etching of the interfacial region and the bulk, respectively, suggests 
that the interphase is more resistant to the ion etching than the bulk 
since the interphase is smoother. Similar features were observed in 
type N specimens. 

Energy-dispersive x-ray maps of carbon and silicon for an 0-type 
specimen after ion milling are shown in Figures 5a and 5b, respective- 
ly. Figures 5c shows the superposition of Figures 5a and 5b along 
with the A1 which is shown in blue. As with Figure 4, since these 
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102 V. SAFAVI-ARDEBILI et al 

(4 
FIGURE 4 (Continued). 

micrographs are of a 6" tapered surface, the effective magnification of 
the interphase is 10 times greater than indicated by the scale bar. The 
carbon map shows the extent of the adhesive with the blue arrows at 
the bottom of the figure indicating the boundary with the bare alumi- 
num. Comparison of the carbon and silicon maps reveals that the 
interphase has very much less silicon than does the bulk adhesive; in 
fact, no silicon was detected in this region (the small silicon signal 
evident in the interphase is background noise). This suggests that the 
SiO, filler particles are segregating during the application and cure of 
the adhesive. The extent of the interphase, as defined by the silicon- 
depleted zone, is indicated by the blue arrows in Figure 5b; in this 
case it is just over 30 pm in width (3 pm normal to the interface). 

Figure 4d shows the bulk epoxy after ion etching. It is possible that the 
observed pits are the result of a preferential etching of a softer polymer 
surrounding silica particles. The interphase, shown in Figure 412, being 
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INTERPHASE IN EPOXY-ALUMINUM SYSTEM 103 

(4 
FIGURE 4 (Continued). 

relatively free of silica, does not become similarly pitted by the ion 
etching. It is very unlikely that the pits reflect the removal of silica; 
since silicon is heavier than carbon it would not be preferentially 
etched. Moreover, the density of the pits on the surface is much 
greater than what would be expected from the amount of silica pres- 
ent in the adhesive; i.e. 1%-5% silica by weight would mean only 
0.5%-2.5% silica by volume. 

Figure 6 shows the reduced modulus of the adhesive, E,, versus the 
perpendicular distance from the aluminum for nano-indentation mea- 
surements done on five 0-type, five P-type and one M-type specimen. 
The results were similar for these types of specimens, indicating that 
preparation methods (polished or microtomed surfaces) were not in- 
fluencing the data. A comparison of data for t=20pm between 
0-type and P-type showed a 1% difference with no statistical signifi- 
cance. Each data point on the graph represents the average of 25 
indentations from a total of more than 400 indentations, each with a 
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104 V. SAFAVI-ARDEBILI et al. 

FIGURE 4 (Continued). 

maximum depth between 170 and 230nm. Data are not shown for 
measurements corresponding to distances less than 1 pm normal to 
the aluminum interface because of the possibility that the underlying 
aluminum affects the tests on such thin layers. Error bars on each 
point show the thickness span and the spread in E ,  values in terms of 
one standard deviation. As the distance normal to the interface dec- 
reases from 70pm to 1 pm, the reduced modulus increases such that 
the average E ,  for the interphase (distance normal to the interface, t ,  
between 1 pm and 5 pm) is 13% greater than the average in the hulk 
( t  > 20 pm) with a significance level of more than 99.9% ( t  test); specifi- 
cally, 3.65 GPa in the interphase and 3.22 GPa in the bulk. The same 
data, when interpreted for Berkovitch hardness, show that the inter- 
phase (defined here as between 1 pm-5 pm normal to the aluminum 
interface) is 4.2% harder than the bulk adhesive (0.275 GPa compared 
with 0.263 GPa) with a significance of 95% ( t  test). 
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INTERPHASE IN EPOXY-ALUMINUM SYSTEM 105 

(b) 

FIGURE 5 Energy-dispersive x-ray maps of the interfacial region of an ion-etched 
0-type specimen at a taper-angle of 6": a. Carbon (violet). Arrows indicate approximate 
aluminum interface; b. Silicon (yellow). Lower arrows indicate aluminum interface, 
upper arrows indicate approximate extent of silicon-depleted zone; c. Superposition of 
carbon and silicon maps with aluminum shown in blue. (See Color Plate I). 
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FIGURE 5 (Continued). 

w" 

FIGURE6 Reduced modulus, E,, us. thickness of remaining adhesive layer, t, as 
calculated from nano-indentation data on 0, P and M-type specimens. 

Figure 7 shows nano-indentation results on a single type-N speci- 
men. Because the lateral size of the indentation is comparable with the 
distance normal to the aluminum, t, the effect of the aluminum may 
influence the measurement for a greater depth into the adhesive. 
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h 

a“ 
9 
W” 

FIGURE7 Reduced modulus, E,. L‘S. thickness of remaining adhesive layer, t ,  as 
calculated from nano-indentation data on an N-type specimen. 

Nevertheless, for this case, the E ,  values were not corrected for the 
presence of the relatively stiff aluminum half-space in the lateral direc- 
tion, as there is no theory available to do this. 

DISCUSSION 

The nano-indentation results of Figures 6 and 7 indicate that the in- 
terphase is harder and has a greater reduced modulus of elasticity 
than does the bulk adhesive. This is consistent with the scanning 
electron micrographs of Figure 4, which show that the interphase is 
more resistant to the creation of surface roughness by argon ion etch- 
ing. It is also consistent with the observations of Cuthrell [l]. 

Figure 4 also reveals that the interphase boundary in this system is 
highly irregular, similar to the observations of Hahn and Koetting [2] 
and Crompton [S]. It is, therefore, to be expected that polished tapered 
sections through the interphase will produce a patch- wise heterogen- 
eous structure, resulting in considerable variation in nano-indentation 
data across such a region. 

One of the sources of error in nano-indentation testing is the deter- 
mination of the point at which the tip of the pyramidal indenter 
contacts the surface. This uncertainity has been demonstrated to be 
one of the causes of the “indentation size effect” [17]. To reduce this 
error, the location of the zero-load point at the start of loading was 
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108 V. SAFAVI-ARDEBILI et al. 

estimated by fitting a straight line to the load-indentation data points 
between 2 and 15% of the maximum load of the test. All indentation 
depths were then shifted so that zero load occurred at zero indenta- 
tion. This resulted in various total depths of indentation for individ- 
uals tests, as opposed to a constant intended depth of 200nm. Only 
indentations with a maximum depth of between 170 and 230 nm were 
then used to obtain the modulus. 

Nano-indentation tests can be complicated by a varying and uncer- 
tain machine compliance, and by uncertainity in the indenter-tip area 
function [16]. It has been shown [I81 that the latter is well-approxi- 
mated by a pyramid shape having a truncated tip. In the present 
analysis, the average machine compliance and the tip truncation 
length were estimated using data obtained on bare aluminum. The 
difference between the average calculated modulus of aluminum and 
the literature value (69 GPa) was minimized by taking the machine 
compliance and the tip truncation length as optimization parameters. 
These parameters were then used in the load-depth analysis pro- 
cedures to correct the depth data and calculate the tip area function, 
respectively. 

The apparent modulus and hardness of the adhesive can be affected 
by the proximity of the underlying aluminum substrate. It is common- 
ly believed, however, that the measurement of hardness is unaffected 
by a relatively hard substrate if the indentation depth is less than 1/4 
of the thickness of the soft layer [19]. In fact, it has been shown that 
the indentation depth can equal the coating thickness in cases where 
the coating is extremely soft compared with the substrate [20]. In the 
present experiments, the indentation depth was always less than 1/4 of 
the thickness of the remaining adhesive layer on tapered specimens. 

With respect to the measurement of Young’s modulus, there is 
greater uncertainity as to the effect of the substrate. For the case of 
epoxy on aluminum, Eq. (4) reveals that the effect of the substrate on 
the modulus becomes negligible only when the indentation depth is 
less than 1/15th of the epoxy layer thickness. This is why Eq. (4) was 
used to correct the modulus in the present data analysis. 

The present observation of silicon depletion in the interphase (Fig. 5 )  
is similar to that made by Crompton [ S ] .  It is possible that this phe- 
nomenon may be related to the fact that hydrophobic silica particles 
would be rejected by the advancing solid phase of an epoxy resin 
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INTERPHASE IN EPOXY-ALUMINUM SYSTEM I09 

that begins crosslinking preferentially from the aluminum surface. Re- 
call that earlier experimental work on other epoxies has shown that 
curing agents can adsorb preferentially on to the aluminum [9, lo], 
thereby possibly causing a local acceleration of crosslinking. The fate 
of hydrophobic silica particles can be predicted by an analysis of the 
change in the Helmholtz free energy of adhesion, AFadh, for a solid 
particle in a solidifying matrix: 

AF adh = y P s  - y P L  - Y S L  ( 5 )  

where y p s ,  ypL,  and ysL are the interfacial tensions between, respective- 
ly, the particle and the solid epoxy, the particle and the liquid epoxy, 
and the solid and liquid phases of the epoxy. Using the equation of 
state approach to interfacial tensions [2 11, the interfacial tensions of 
Eq. ( 5 )  can be expressed in terms of the surface tensions of the particle, 
liquid and solid phase, y p v ,  yLv, and ysv,  respectively. It can then be 
shown that AFadh will be positive when ypv < y L v  < ysv,  indicating 
that the particles would be rejected by the advancing solid phase, 
since their inclusion would increase the free energy of the system [21]. 
Although we do not have the solid and liquid surface tensions of the 
present epoxy, previous contact angle measurements at 24°C on two 
other single-part heat-curing epoxies gave values of ysv and yLv, res- 
pectively, of 34 and 32 mJ/m2 for one epoxy, and 39 and 27 mJ/m2 for 
the other [22]. If it is further assumed that the surface tension of the 
hydrophobic silica particles is comparable with that of siliconized 
glass [21], about 18 mJ/m2, then the above inequality in surface ten- 
sions would indeed be realized, supporting the possibility of this 
mechanism. This analysis shows only that the segregation of hydro- 
phobic silica particles may be thermodynamically favored. It does not, 
however, address the speed with which such particles would move in 
the liquid resin and, hence, the rate of segregation. A procedure for 
assessing this has been developed for hydrophobic particles in a wide 
variety of organic melts [21]. 

If silica is being rejected by regions of solidifying epoxy, then one 
may also expect to see evidence of its localization in the bulk, since it 
is known that cure proceeds heterogeneously by the growth of disper- 
sed "micro-gel'' regions. Figure 4d shows an electron micrograph of 
the surface of ion-etched bulk epoxy. It is seen that there are indeed 
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numerous islands (1.3 - 3 pm) of relatively void-free resin, similar in 
appearance to the void-free region of the interphase shown in Figure 4c. 

The observed interphase phenomena in the HYSOL EA9346 and 
Al-1 100 epoxy-aluminum system give rise to many questions which 
warrant future investigation. For example, are the observed phenom- 
ena general or specific to the adhesive used in this study? What are the 
chemical and physical mechanisms involved? How is the interphase 
affected by such variables as surface pretreatment and cure cycle? 

CONCLUSIONS 

The interphase in an epoxy-aluminum system has been revealed and 
characterized using scanning electron microscopy, ion etching, energy- 
dispersive x-ray analysis, and nano-indentation. The interphase was of 
irregular thickness, nominally between 2 and 6 pm, and corresponded 
to a region of greater resistance to ion etching and a marked absence 
of the silica particles used in the epoxy adhesive. Nano-indentation 
tests, traversing the interphase from the aluminum to the bulk resin, 
showed that the interphase region had, on average, an effective elastic 
modulus, EM1 - v2), 13% greater than that of the bulk resin far from 
the aluminum. The interphase was also approximately 4% harder 
than the bulk adhesive. 
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