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This study investigated the effect of surface roughness for improving interfacial adhesion in hybrid materials
with aluminum (Al)/carbon fiber reinforced epoxy composites (CFREC). The surface roughness of the Al was
controlled using different types of sanding paper and varied sanding times. Al surface roughness were evaluated
using static contact angle (CA) and 3D surface scanning measurements after the different sanding processes. Lap
shear strength (LSS) tests were performed to evaluate the interfacial adhesion between CFREC and Al with the
different Al surface treatments. The theoretical maximum cohesive strength (TMCS) and work of adhesion, W,
between the Al and CFREC were correlated with surface energy of epoxy adhesive and LSS. The surface energy of
epoxy adhesive and TMCS between CFREC and Al exhibited a proportional relationship. The TMCS was also
directly related to the LSS between Al and CFREC. It was found that an optimum sanding process yielding a R,
1.4 ym Al surface roughness exhibited the highest work of adhesion, as well as the largest LSS and TMCS for
hybrids of Al-CFREC. Proper Al surface control in these materials shows real promise for enhancing the me-
chanical properties for aerospace, automotive and other practical applications.

1. Introduction

Composite materials are currently finding greatly increased usage in
a variety of fields, such as military, aerospace, rope, construction and
automobile, due to their favorable mechanical properties and light-
weight [1-3]. Factors that tend to limit composite usage include cost and
difficult manufacturing processes that are not readily adapted to mass
production. Composite-metal hybrid structure bonding methods have
been proposed as a partial solution to these problems [4-6].

The bonding technique has been divided into several main methods.
First, the common technique of physical and mechanical bonding
methods. More recently, the self-piercing riveting (SPR) has been
developed to prevent peeling damage in composites during, for example,
the drilling processes [7]. These methods, being developed and under
study using friction, include: stir welding (FSW) [8], friction stir blind
riveting (FSBR) [9], friction stir spot joining (FSSJ) [10], mechanical
clinching [11], laser assisted metal, and plastic (LAMP) [12]. Another
method was to bond dual materials using structural adhesive is by

chemical bonding [13-15]. Recently, several studies had been con-
ducted on bonding methods that contribute to the reduction of noise and
vibration by filling the voids between interface parts. Moreover, some of
these methods may also significantly simplify the manufacturing
process.

If a structural adhesive is used, it was recommended it satisfy US
Federal Standard, FS-MMM-A-132B [16], and that its interfacial adhe-
sive properties was measured by T-peel [17,18], and the lap shear
strength (LSS) test [19] etc. In addition, it is essential to understand the
composition of the chemical adhesive, and the adherend surface to
facilitate the optimization of the chemical bonding process.

Da Silva et al. studied creep and bonding strength effects for a variety
of adhesives. They experimentally demonstrated that adhesive strength
depends on adhered, adhesive thickness, adhered strength and hardness
the surface treatment between adherend and adhesive, curing time,
surface roughness [20,21]. Kahraman used FEM simulations and ex-
periments to evaluate the effects of adhesive thickness on bonding
strength and Fracture [22]. Tezcan investigated the effect of surface

* Corresponding author. Department of Materials Engineering and Convergence Technology, Gyeongsang National University, Jinju, 52828, Republic of Korea.

E-mail address: jmpark@gnu.ac.kr (J.-M. Park).

https://doi.org/10.1016/j.compositesb.2019.04.022

Received 5 January 2019; Received in revised form 10 April 2019; Accepted 22 April 2019

Available online 23 April 2019
1359-8368/© 2019 Elsevier Ltd. All rights reserved.


mailto:jmpark@gnu.ac.kr
www.sciencedirect.com/science/journal/13598368
https://www.elsevier.com/locate/compositesb
https://doi.org/10.1016/j.compositesb.2019.04.022
https://doi.org/10.1016/j.compositesb.2019.04.022
https://doi.org/10.1016/j.compositesb.2019.04.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2019.04.022&domain=pdf

D.-J. Kwon et al. Composites Part B 170 (2019) 11-18

roughness on the bonding strength under static and dynamic loading _
conditions and reported that there was low strength at surface rough- §
nesses of R, < 0.1 pm and R, > 2.5 pm, with the maximum strength oc- ‘g
curs between 1.5 and 2.5 pm [23,24]. It was observed that high surface =
roughness results in high adhesive strength by evaluating the cleavage %
joint strength subsequent grit blasting and diamond polishing method ]
[25]. It was also found that an optimum value of surface roughness E R
existed with respect to the tensile strength of the adhesion, although a
relationship between peel test and surface roughness was not as obvious
[26]. However, they confirmed that the cleaning of adhered surface was (E
an important factor in bonding strength development because it affects e
both oil and abrasion. Based on these studies, Ghumatkar investigated 5
optimal surface roughness values were found by studying the effect of E
adhered surface roughness on the adhesive bonding strength using the g
single strap joint test [27]. g’
In this study, modified surface of Al was produced using different g
sanding processes; Specimens using these Al modifications were tested %
to determine the effect of surface roughness on LSS, TMCS, and work of é
adhesion between CFREC and the Al In addition, static CA and 3D ;m toan
surface scanning measurements were used to explore how the use of Peene
different types of sanding paper and sanding times effected the surface
roughness changes of the Al. Specimens of these materials were also NE
tested to see how the surface roughness modifications effected LSS, E
surface energy, W, TMCS, etc. S|l ana
=l N T N~
2. Experimental
ks
2.1. Materials E
Elnmaoaac
| 883% 2
The materials used in this study were CFREC (UD high speed cured,
TB carbon Co., Ltd., Korea) and aluminum (Al-5052, Henan Xinyu non-
ferrous metal Co., Ltd., China). The CFRP composite was manufactured “";
using T-700 grade carbon fiber (Toray, Japan), YD-128 epoxy (Kukdo E
Chemical, Korea) and dicyandiamine hardener (Adekakorea, Korea). g|zlSe523
The plate specimens of both Al and CFREC were optimized to the size of E
10 mm width x 60 mm length x 2mm thickness, which was cut by a 2 _
diamond cutter (MBS 220E, Proxxon Co., LTD., Japan) to produce lap § Ng
shear test specimens. A high stiffness structural adhesive (D type, Kospol ‘g E °
Co., Ltd., Korea) was used in manufacturing the dual material g | 83T 3
specimens. kS
, K
2.2. Methodologies é %
2.2.1. Surface roughness of Al by sanding, and 2D and 3D observation of 2 ;:: nwe =N
surface conditions E* i
The surface of Al was exposed to different sanding treatments to 2
investigate for the difference in adhesion strength. The surface rough- I~ “E
ness was measured by using 3 types of sandpaper (p120, p220, and ?j E
p400) of sandpapers (Mirka gold, Mirka Co., Ltd., U.S.A.) and for ols 22999
different elapsing times of sanding (30s, 60s, and 180s). A sanding § EITIIAQ
machine (Mirka ROS625CV, Mirka Co., Ltd., U.S.A.) was performed at _[; 5
12,000 RPM, with air pressure of 5kg/cm? After sanding process, §le %0
acetone was used to remove remaining residual particles on the Al E § 2
surface, followed by drying at 40 °C for one day. The 2D surfaces of the E & Lohey %
Al were observed using a USB type microscope (AM7013MT, Dino lite E Elyw Y os] g
Co., Ltd., Taiwan). A 3D optical surface profiler (NV-2700, Nanosystems N S
Co., Ltd., Korea) was used to observe the 3D nature of the Al and to %" = g
measure the roughness of the Al. Changes in R, of the Al surface GRS S
roughness, as a function of the different sanding treatments, were g % £
recorded. In addition, the contact angle (CA) of Al was measured using S| e E
distilled water for the different conditions of surface roughness. To bS] é 8889 g
facilitate these CA measurements a uniform water droplet with 1 mm § 2
diameter was placed on the Al surfaces of different roughness with a % :
syringe pump. = § % ) %
2 = =
= 4 <A «
= B
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Fig. 1. (a) Correlation between LSS, surface energy, and TMCS of CFRP-Al hybrid material and actual surface of cured epoxy adhesive over time; and (b) schematic
modeling of fracture mechanism for single and multi-materials.

2.2.2. Lap shear test of dual materials of CFREC/Al with different sanding prepared based on ASTM D5868. Seven experiments were carried out

conditions using Al with different surface roughness specimens. The data were
A universal testing machine (UTM) (AGS- XOK, Shimadzu Co., Ltd., obtained by averaging the results of 7 tests, except for the maximum and
Japan) was used for the lap shear test. The sub-sized specimens were minimum values. Lap shear strength (LSS) between CFREC and Al were
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Fig. 2. Schematic modeling of the interface with curing and degradation.

evaluated using the following equation:

F
Lap Shear strength (LSS) = W

a

(€8]

where F is the failure force of the specimen, and A, is the ‘adhesive area’
of between CFREC and Al [28].

2.2.3. Evaluation of CA, work of adhesion, W, and TMCS of the dual
materials, for different Al surface conditions

The CA measurements are generally used to analyze the surface en-
ergy of Al and adhesive materials. In this study, the static CA mea-
surement was used to evaluate the surface energy of Al with different
roughness using four different kinds of solvents (i.e., distilled water,
formamide, ethylene glycol and diiodomethane) on the Al surfaces.

The total surface energy, y 7, is the sum of the Lifshitz-van der Waals
component, y 1% and acid-base component, y “E. The calculation of the
above components, following the modified young-Dupre equation of the
work of adhesion, W, can be expressed as [29]:

1 1
W, =7r.(1+cos @) =2(y"vi") + 2[(]/;7/2)2 + (7;}';)2] 2)

A common approach in considering solid surface energy is to express
them as a sum of dispersive and polar components, which can affect the
work of adhesion, W, between the structural adhesive and the Al sub-
strate. The work of adhesion between the adhesive material and Al was
determined to provide insight and knowledge of the interfacial
adhesion.

The TMCS formula was used to predict the adhesive strength be-
tween different materials using surface energy, which can be expressed
as [30]:

<2Ey>%
o, =|—

na

Where op, is the theoretical maximum cohesive strength, E is Young’s
modulus of epoxy adhesive, a is a crack length, v is the surface energy of
adhesive. This empirical formula was derived by analyzing the corre-
lation using the TMCS, work of adhesion, interfacial adhesion, solid

surface energy and LSS. TMCS of epoxy adhesive was obtained using
equation (3) with E, 7.3 GPa, Poisson’s ratio, 0.4, and a,1 cm.

3

3. Results and discussion
3.1. Correlation among LSS, TMCS and surface energy

Table 1 summarizes the determined surface energies for the epoxy
adhesives with different curing times as well as W, and TMCS of these
epoxy adhesives determined from the static contact angle measurements
along with equations (2) and (3). The values of yP and ys for epoxy
adhesive decreased with increasing curing time comparing to those with
twenty minutes curing. Even after the curing state of the epoxy adhesive
exceeds over 100%, the values of y? and ys decrease because the reac-
tivity of epoxy adhesive decreases as the aging time increases at such a
high 180 °C. The work of adhesion between Al and the epoxy adhesive,
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W,, decreased as the surface energy of the epoxy adhesive decreased.
The higher the surface energy of epoxy adhesive, the higher the work of
adhesion between the dual materials. This can be also because the sur-
face energy of the epoxy adhesive decreases as the curing time increases.
TMCS exhibited that the cohesion strength of epoxy adhesive at the
interface decreases with increasing curing time due to decreased self-
cohesion of the epoxy adhesives. It may be because TMCS indicates
the degree of cohesion of the epoxy adhesive unlike W,. As the curing
time of epoxy adhesive increased, the bond strength between the in-
ternal polymer chains of epoxy adhesive improves [31,32]. As the curing
time increases, the active functional groups present on the surface of the
epoxy adhesive decreases and thus the surface energy decreases. TMCS
can be used to approximate the level of self-adhesion of the epoxy ad-
hesive themselves, whereas the work of adhesion at interface can be
analyzed using W,. TMCS involves the surface energy of only the ad-
hesive, whereas W, entails the surface energy between the adhesive and
the matrix. Nonetheless, W, and TMCS exhibited a proportional rela-
tionship, as demonstrated in Table 1 and Fig. 1.

Fig. 1(a) and Table 1 show LSS, TMCS and surface energy for epoxy
adhesive for the dual material as functions of curing time. The adhesive
strength (e.g. the LSS) decreased with different curing times. Apparently
the adhesive was not cured well until 15 min curing time (at which time
the LSS was approximately 3 MPa). Clearly sufficient time was needed
for the composition of the epoxy adhesive to change from a gel to a more
solid state. At 15 min cure time the solidification by curing had started to
occur and thus interfacial epoxy adhesion between Al and CFREC could
be formed. The maximum LSS was observed to occur at 20 min curing
time. As expected, the adhesion strength increased as the curing time
increased. As shown in Fig. 1(a), some discoloration occurred during
curing, which was attributed to the relatively high 180 °C curing tem-
perature. The surface energy of the adhesive also decreased with
increasing curing time due to deteriorated epoxy adhesive due to the
longer exposure to the high 180 °C temperature.

Fig. 1(b) shows the schematic modeling of the fracture mechanism
for single (TMCS) and dual-materials (interfacial adhesion as ILL) based
on equation (3). The TMCS can be used to predict the cohesive strength
between identical two materials. Since TMCS also exhibited a similar
trend with LSS and surface energy of epoxy adhesive, thermodynamical
surface energy and practical mechanical LSS should be consistent with
each other. Fig. 2 shows schematic plots of the change in morphology at
the interface during the curing process of the epoxy adhesive with
increasing cure time. These sketches exhibit pre-curing, optimal curing
and then the degraded condition associated with over-curing. This latter
state can be related to a reduction in LSS, surface energy and TMCS. In
summary epoxy adhesive can need an optimum curing time. In case they
have a curing time longer than the optimum time, the epoxy adhesive
can undergo thermal aging in the cured states. It resulted in the reduc-
tion of adhesion between dual materials due to decreased surface en-
ergy. It could be expected that the adhesion between the dual materials
could be comparatively predicted by calculating TMCS if the surface
energy of the adhesive could be obtained.
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Fig. 3. Photos of surface of sandpaper: (a) p120; (b) p220; and (c) p400 surfaces.
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Fig. 4. (a) Photos of R, of Al surface with different sanding processes; and (b)
R, of Al surface with different sanding time.

3.2. Effect of Al roughness of Al on adhesion of dual materials

Fig. 3 exhibits optical microscope photos of the surface of the
different sandpapers used in this study (note, the higher the sandpaper’s
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p-number the lower the sandpaper roughness). Fig. 4(a) shows the
surface R, obtained using a 3D optical surface profiler machine for
different sanding conditions. This 3D profiler was to scan the samples in
each of the X, Y, and Z directions by using a 3D profiler. The R, scanning
in the Z direction of surface yields the average roughness value of the
surface. The parameters representing the state of roughness are dis-
played in various forms. The value of ‘Arithmetical mean height being
the mean surface roughness’ indicated by S, (in ISO 25178-2, 2012) was
used as R, in the equipment in this work [33]. As sanding time increased,
more uniform surfaces could be formed. In case p120, rough surface can
be formed in a short time, whereas in p400 case surface roughness did
not change in either short or long sanding time.

Fig. 4(b) shows R, of Al resulting from different sanding conditions
based on Fig. 4(a). R, increases rather rapidly in the first 30 s of sanding,
for all three sand papers, followed by decreases in R, for two sandpapers
while it remains relatively constant for the fine sand paper during the
next 30s and R, changes only slightly for the next 120s for all three
sandpapers. In case P120, surface roughness, R, increased approxi-
mately 4 times more compared to neat Al case, 0.42 pm. However, after
180 s sanding time, R, became more uniform state as R, to be 1.4 pm. In
p220 like 120 cases, with increasing sanding time R, increased with 30 s
sanding time, and then decreased with increasing further. In the p440
case R, exhibits the rather reduced increment after sanding for 30s,
however, it continued to increase gradually.

Fig. 5 shows the static CA results for specimens sanded with the three
different sand papers versus sanding time surface treatments. Before
sanding the Al specimens exhibited a CA of just under 95°. The CA
changed dramatically with sanding treatment for the P120 sandpaper,
the CA remained relatively constant during the first 30 s of sanding
rapidly dropped to below 60° in the next 30 s and then remained rela-
tively constant in the next 120s. For the p220 sandpaper, the CA
increased initially to over 100° at 30s sanding time after which it
steadily decreased to near 75° at 180 s sanding time. The p400 sand-
paper behaved distinctly differently, after an increase of 2 or 3 degrees
in the first 30 s of sanding time its CA remained relatively constant at
about 95° to 180s.

The surface roughness of Al was also changed significantly with
increasing sanding time and comparing the surfaces suggests that the
P120 sandpaper is optimal.

Fig. 6 shows the LSS for dual material specimens using structural
epoxy adhesives between CFREC and Al with different surface rough-
ness, and their surface energy of Al and LSS. The shorter the sanding
treatment time, the lower the LSS and the lower the surface energy.
While the effect of surface roughness is important, too short of sanding
time exhibited he larger R, deviation as shown in Fig. 4. Since the short
sanding treatments did produce a uniform surface, resulting in a lowered
adhesive force. Fig. 6(a), shows that there is a minimal effect on when
the sandpaper producing the lower roughness was used. Use of the rough
sandpaper and increased sanding times resulted in higher adhesion be-
tween CFREC and Al as well as a more stable and uniform R,. Fig. 6(b)
shows that there is an approximately proportional relationship between
the LSS and the surface energy of epoxy adhesive. The higher the surface
energy, the larger the LSS.

Based on the experimental outcomes of Figs. 4-6, two important
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Fig. 6. LSS of CFRP-Al hybrid materials and surface energy of Al with different sanding processes: (a) the correlation between LSS and ys with different sanding
condition; and (b) empirical formula form vy versus LSS (Average of LSS of CFRP/Al y, of pure Al: 42.5mJ/m?).

factors were identified. First, if the sanding process was performed
within 30s regardless of the type of sandpaper, the roughness level
increased sharply compared to the surface roughness of the initial ma-
terial. However, the adhesion was not enhanced stably because of the
uneven surface roughness. Second, if the sanding time was set as one
minute or more depending on the type of sandpapers, the surface
roughness becomes uniform. It is also possible to identify the optimum
R, of surface for reinforcing the adhesive strength between dual mate-
rials via a variety of other experiments. However, it could be concluded
from this study that the state having R, of 1.4 pm with uniform surface
was the optimum surface roughness of Al for reinforcing the adhesive
strength.

Fig. 7 shows the work of adhesion, W, between Al and the epoxy
adhesive and LLS for the different sandpapers used to produce surface
roughness versus sanding time. The W, initially decreased and then
increased which is attributed to the longer sanding times, producing
non-uniform-rough surfaces which prevents good bonding. The
increased adhesion, exhibited after 30 s sanding is considered to be due
to more uniformly rough surfaces. W, and LSS exhibited similar trends
with sanding time. Ultimately, appropriate sanding treatments were
effective for improving adhesion in the dual materials specimens. It was
important to obtain the optimum physical surface roughness because
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adhesion depends on the R, of the surface as well as the chemical
composition of the materials. The most improved adhesion was obtained
by using the rougher sandpaper, P120, for at least 1 min.

Fig. 8 exhibits schematic modeling of three patterns of the interfacial
conditions for three different sanding processes. As expected, the surface
roughness of Al increased with increased sanding time. The interfacial
adhesion between sanded Al and epoxy adhesive increased over that of a
neat Al specimen. Controlling the roughness of the matrix using sand-
paper was found to be an important parameter affecting on adhesion
between dual materials. From the sanding process for more than one
minute, the surface roughness of the Al matrix exhibited a specific R,
value with the different composition of the sandpapers. It could be ex-
pected that the adhesion strength can be enhanced by obtaining the
optimum R, between dual materials.

4. Conclusions

A goal of this work was to improve the interfacial adhesion between
an epoxy and Al by varying the surface roughness of the Al. The surface
roughness of the Al was controlled by using different types of sandpapers
and varying the sanding time. The R, decreased steeply in the first 60 s of
sanding and then increased. Static CA and work of adhesion, W, also
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Fig. 8. Schematic modeling of the interface using different roughness typed Al
with different sanding times: (a) 30; (b) 60; and (c) 180s.

changed with different surface roughness. Static CA increased up to 30 s
of sanding time and then decreased which was possibly related to the
uniformity of the roughness. The change in surface energy of epoxy
adhesive with curing time was consistent with the measured TMCS and
the LSS of the dual specimens. The suitable surface roughness of Al can
contribute to optimal mechanical interlocking and associated proper-
ties. In this study, P 120 sand paper with longer sanding time, resulted in
both high W, and LSS. This is attributed to the longer sanding times
resulting in increased surface energy of Al with an associated improved
W, between Al and epoxy adhesive. Furthermore, the increased surface
energy results in improved mechanical adhesion. Properly-controlled
roughness of the Al surface combined with maximized LSS associated
with favorable CA, Al surface energy, as well as optimized curing and
TMCS of epoxy adhesive all contributed to the maximum LSS.
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