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ABSTRACT

The adhesion between an alumina ceramic and a glass fibre-reinforced polyester
matrix composite has been investigated. The effect of various alumina surface
treatments, including degreasing, etching, plasma, grit-blasting and silanisation, was
evaluated. The physical and chemical surface properties were investigated by
microscopy, profilometry, contact angle measurements and X-ray photoelectron
spectroscopy. The analysis showed that the treatments removed organic contaminants
from the alumina, resulting in higher surface free energies. Alumina/composite test
specimens were prepared by a vacuum moulding technique, and the adhesive strength
was evaluated using the fixed arm peel test. All surface treatments had a pronounced
effect on the peel strength, and the adhesion was improved compared to the as-
received alumina. This was verified by investigation of the fracture surfaces. The
silane treatment produced a thin silane layer on the surface and had the greatest effect
on the adhesive strength. This could be explained by the silane acting as an adhesion
promoter between the alumina and the composite, better wetting of the more planar
silane treated surface by the thermoplastic polyester, and a more defect-free
alumina/polyester interphase.
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1 Introduction

Protection against high-velocity impact from objects such as projectiles is a major
issue in many military and also civilian applications. In many cases, hybrid armour
systems consisting of a ‘hard’ ceramic strike face and a ‘soft’ metal or composite
backing are used for ballistic protection in both vehicles and body armour. The role of
the ceramic is to erode and blunt the hard tip of the projectile, while the role of the
backing material is to absorb the residual energy of the eroded projectile and
fragments of the cracked ceramic [1-4]. One of the advantages of employing
ceramic/composite hybrid armour, compared to materials such as steel and
aluminium, is that more lightweight systems can be designed. The load on vehicle or

soldier is reduced and the mobility is thereby improved.

Impact of a projectile on a ceramic strike face will result in fragmentation and
cracking of the ceramic tile, since the ceramic dissipate kinetic energy from the
projectile by fracture [5]. Furthermore, tensile stresses will appear on the back of the
tile, i.e. at the interface between the ceramic and the backing material that is bonded
to it. The extent of the tensile stresses depends primarily on the intensity of the impact
shock wave that reaches the back face, and on the reflection of the stress waves back
into the ceramic. A big difference in mechanical impedance between the two bonded
materials will result in a low transmission of energy. Most of the incident energy will
then be reflected back into the ceramic, thus increasing the tensile stresses and the
cracking of the tile. It is therefore desirable that the two bonded materials have
impedances that are relatively similar or, when an adhesive is applied, that the
impedance of the adhesive is similar to the impedance of the ceramic (and preferably
also that of the backing material) [1]. Although this may be difficult to achieve in
practical terms, it is nevertheless believed that one aspect of armour systems that
could increase the ballistic performance, is the tuning of the interface between the
materials that are bonded together [6].

The effect of the adhesive and the adhesive bondline in armour systems has also been
investigated by modelling [3, 7]. Zaera et al. [7] concluded that a thicker layer of the
adhesive in a ceramic/metal armour system results in a higher area of plastic

deformation of the metal backing plate, giving higher absorption of the kinetic energy
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of the projectile. On the other hand, in order to reduce the fragmentation of the
ceramic tile, the thickness of the adhesive layer should be reduced as much as
possible since this is expected to increase the erosion of the projectile. These are two
opposing effects. The fragmentation of the ceramic material, which will reduce the
erosion of the projectile is, however, expected to be of greater importance. The effect

of the interfacial adhesion between materials was not discussed in refs. [3, 7].

The effect of the interfacial bond in armour systems have been investigated by several
authors. This includes surface treatment of some of the most common ceramic
materials, such as alumina, boron carbide and silicon carbide [5]. The main purpose of
the surface treatment is to remove weak boundary layers (e.g. oils and greases) from
the surface, maximise the degree of molecular contact between the surface and the
adhesive, and to ensure that the intrinsic adhesion forces across the interface are
sufficient to achieve adequate bond strength [8]. Methods to prepare ceramic surfaces
for adhesive bonding include grit-blasting [9-11], abrasion [12], plasma [13-15], laser
ablation [9, 16], sol-gel [10, 11] and silane treatment [17-19]. In some of these
studies, the main focus was on the evaluation of the effect of the adhesive bondline
between ceramic tiles and a metal backing plate. Nevertheless, in all the listed studies
it was found that the adhesive strength to the ceramic could be improved by surface
treatments when an adhesive was employed to bond the materials together. As a
special application, bonding to dental ceramic materials is also a much discussed topic
[20].

Although the adhesion between different materials has been investigated, little work
has been published on the subsequent effect on the ballistic performance of armour
systems. One exception is the work conducted by Harris et al. [9, 16]. They found that
the adhesive bond strength to both alumina and silicon carbide could be improved
when employing epoxy adhesives. They suggested that this was due to an increased
concentration of hydroxyl groups on the ceramic surfaces as the result of a laser
treatment. An increase in hydroxyl group concentration will provide for better
chemical interaction with the epoxy adhesive, thus improving the bond strength.
Harris et al. also conducted ballistic testing on panels that were made from ceramic
tiles backed by adhesively bonded sheets made from a ballistic fibre [21]. The testing

suggested that improved ceramic/adhesive bond strength had an effect on the ballistic
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performance of the panels, e.g. by giving less delamination between the ceramic and
the backing. This could also explain the improved resistance to multi-hit that was

observed upon multiple projectile impacts.

A number of different quasi-static test methods have been used to evaluate the
adhesion to ceramic materials, including butt joint, double lap shear, shear by
compression loading, asymmetric wedge, flexural and peel tests [9-12, 15-17, 19, 22,
23]. However, one common challenge for many of these tests is that the fabrication of
test specimens can be quite complicated, and also that one particular test may be
required for one particular type of bonded joint. In cases where at least one of the
adherends is relatively flexible, the peel test may therefore be an attractive alternative.
The test specimen in a peel test can usually be prepared by bonding, or fusing, the two
adherend sheets together, making the specimen preparation quite simple. There are a
number of different types of peel tests for measurement of adhesion. However, the
basic principle is relatively similar for the different peel tests, in that the average peel
force per unit width of a rectangular specimen, i.e. the peel strength, is determined
[24]. For adhesion testing of a relatively flexible adherend, such as a fibre-reinforced
composite material, and a rigid substrate, such as a ceramic material, different
variants of peel tests have been employed [25-27]. For flexible-to-rigid assemblies,
where the flexible adherend is a fibre-composite, one alternative is the fixed arm peel
test [28]. Here, the peel angle is maintained constant by allowing the rigid substrate,

which is attached to a jig, to move along a linear bearing system during the test.

In the present work, the effect of surface treatment of an alumina ceramic on the
adhesion to a glass fibre-reinforced polymer composite has been investigated. The
composite matrix was thermoplastic polyester. Alumina tiles that are representative of
alumina used in light-weight body armour were subjected to different surface
treatments. The resulting alumina surfaces were investigated by scanning electron
microscopy, profilometry, contact angle measurements and X-ray photoelectron
spectroscopy, meaning that both topographic and chemical information about the state
of the surface was obtained. Test specimens of the alumina and the composite were
prepared by a vacuum moulding technique, in which the use of adhesive was not
necessary to obtain good adhesion between the two materials. The alumina/composite

adhesion was thereafter investigated by the means of the fixed arm peel test. The
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ballistic effect of the adhesion is not discussed in this paper, but is currently being

investigated.

2 Experimental

2.1 Materials

The alumina (aluminium oxide, Al,O3) investigated was Alotec 98 SB from
CeramTec (Plochingen, Germany). The alumina content of the ceramic was 98%,
with density 3.8 g/cm?®, porosity < 2%, medium grain size 6 pm, Vickers hardness
13.5 GPa, and Young‘s modulus 335 GPa. The size of the alumina ceramic tiles was

150 mm x 150 mm x 10 mm.

The composite that was used was glass fibre in a thermoplastic polyester (low-
melting-temperature polyethylene terephthalate, LPET) matrix, delivered by Comfil
(Gjern, Denmark). The LPET polymer has been shown to form a consolidated matrix
with low porosity content in vacuum-assisted moulding processes [29]. A woven
fabric of glass fibre and LPET (balanced twill 2/2) was employed. Composite yarns
were first produced by blending glass fibres and thermoplastic fibres in a
commingling process. For the consolidated composite material, the fibre content was
57% by weight and 42% by volume, and the density was 1.87 g/cm®.

The y-glycidyloxypropyltrimethoxysilane (GPS) coupling agent, used for surface
treatment of the alumina, was supplied by Sigma Aldrich. GPS is a commonly used
coupling agent, but it was not expected to form covalent bonds with the thermoplastic
polyester. However, some degree of mutual solubility, causing interdiffusion of
molecular chains, and thereby increasing the interaction between the two phases, was

expected.

2.2 Surface treatments

Several surface treatments were applied to the alumina ceramic for improved
adhesion to the glass fibre/polyester composite, as summarised in Table 1. In addition
to the surface treatments, the as-received alumina was also subjected to surface

analysis and peel testing for determination of adhesion strength.
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Table 1 Surface treatment procedures.

Surface treatment | Procedure

As-received n/a

Degreased acetone degrease

FPL etched acetone degrease; etching in two parts sodium dichromate,

ten parts sulphuric acid and 30 parts water; 10 min at 55-
60°C

Plasma treated

acetone degrease; plasma treatment in Ar; 100 sec at gas
flow 10 sccm, pressure 20-25 Pa, RF generator power 100 W
and frequency 13.56 MHz

Grit-blasted

acetone degrease; grit-blasting with aluminium oxide grit < 1

mm; acetone wash

Silane treated

acetone degrease; silane treatment in 1 wt.% GPS; one hour
hydrolysis in pH 5 water; 10 min immersion; 60 min drying
at 93°C

The investigated surface treatments were:

— Acetone degrease: The alumina was immersed in acetone for at least 15

minutes, thoroughly rinsed with acetone, and then allowed to dry at room

temperature. The acetone degrease was also applied to the alumina prior to the

other surface treatments.

— FPL etch: The alumina was etched in a chromic-sulphuric acid solution made

of two parts sodium dichromate, ten parts sulphuric acid, and 30 parts water

by weight [30]. The solution was kept at 55-60°C, and the tiles were immersed

for 10 min, rinsed in distilled water, air dried for 10 min, and finally dried at

60°C for another 10 min. The FPL etch is frequently used on aluminium in the

aerospace industry and was included as a benchmark reference.

— Plasma treatment: The plasma treatment was conducted in a mixture of air and

argon (Ar) in a Piccolo plasma chamber from Plasma Electronic. The

treatment was conducted at a chamber pressure of 20-25 Pa, an Ar gas flow of

10 sccm, an RF generator power of 100 W, and a frequency of 13.56 MHz.

The ceramic tiles were plasma treated for 100 sec.
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— Grit-blasting: Grit-blasting was conducted using iron-free aluminium oxide
grit with varying shape and grain size up to 1 mm (K 040, Trond T. Wikant,
Norway). The chemical composition of the grains also varied. After the grit-
blasting, the alumina tiles were washed in acetone.

— Silane treatment: Silanisation of the alumina was performed ina 1 wt.%
solution of GPS in distilled water [31, 32]. The pH of the solution was
adjusted to 5.0 using acetic acid, and the solution was then continuously
stirred for 60 min at ambient temperature, using a magnetic stirrer, for
hydrolysis of the silane methoxy groups, see Figure 1. The silane was then
deposited on the ceramic tiles by immersing them in the solution for 10 min;
after which they were dried at 93°C for 60 min.

(a)
OCH,
H,CO- SI_\/\ + 3H,0
OCH, /W
OH
|
HO- si
I 0N 4+ 3CH,0H
OH o]
(b)

0 /9
O—C{<::>%C—CH2—CH2—O
n

Figure 1 (a) Hydrolysis reaction of the GPS silane. (b) Chemical structure of
polyethylene terephthalate (PET).

2.3 Microscopy
Scanning electron microscopy (SEM) was performed on a Hitachi SU6600 Schottky
Field Emission Analytical SEM. In some cases, the samples were coated with a 10 nm

thick layer of a Pt/Pd alloy prior to imaging. The acceleration voltage was between 1
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kV and 10 kV, with the higher acceleration voltage employed for the coated samples.

The secondary electrons detector was employed to obtain the images.

Light microscopy was performed on a Carl Zeiss Axio Imager M1m microscope. The
investigated samples were first polished employing a selection of diamond particle

dispersions to obtain an even surface without scratches.

2.4 Surface topography

For measurement of surface topography, a SENSOFAR PLp 2300 non-contact, light
profilometer from Schaefer Tec was used. The sample was scanned at three different
locations. Each scan consisted of 201 planes in the z-direction, with a step length of

0.1 um between the planes. Three different surface parameters are reported here [33],
that is, Sar, Sa, and Sy. The parameter Sy, is the relative increase (in %) in surface area

of a rough surface, compared to a completely planar surface. Sg; is defined as

-A
S, :M.loo% (1)

r
flat

where Asougn Is the surface area of a surface with roughness, while Agqq is the surface
area of a completely planar surface. The average height deviation of the surface, S,, is

defined as

N M

5, == > > (x.y,) @

=1 i=1

where M and N are the number of points in y- and x-direction, respectively, and ) is
the height of each point relative to a fixed plane. The root-mean-square height

deviation of the surface, Sq, is defined as

1 N M

Sy =JWZZn2(xw Y,) 3)

=1 =1
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The use of the letter S indicates that the entire three-dimensional surface was used to

calculate the surface parameters [33].

2.5 Compositional analysis

X-ray photoelectron spectroscopy (XPS) was conducted using an AXIS Ultra DLD
spectrometer from Kratos Analytical. A monochromatic Al Ka anode with hv =
1486.69 eV was employed. The emission was set to 10 mA, and the pass energy was
set to 160 eV with a step size of 1eV for the survey scans, and 20 eV with a step size
of 0.1 eV for the high resolution scans. Charge neutralisation was applied since the
samples are poor conductors. The XPS spectra were analysed by means of the
CasaXPS program (Casa Software Ltd.).

2.6 Contact angle measurements

Contact angle measurements were conducted for water and diiodomethane by a
contact angle goniometer equipped with an automatic dispenser (ramé-hart
instruments co., Model 200). The advancing contact angle was measured by placing a
5 uL drop of the liquid on the surface, and then increasing the drop volume in steps of
5 uL. Measurements were made after each step. Measurements were also made at
multiple locations on the surface. A sufficient number of measurements were made in
order to bring the standard deviation of the average value below 1 mJ/m?. The
dispersive and polar components of the surface free energy were calculated by the
supplied (DROPimage® Standard) program by means of the two-liquid method. This
uses the ‘extended Fowkes theory’ by assuming the geometric mean for both the polar
and dispersive parts of the work of adhesion, i.e.

1/2

W2 =y, +cosO) =2(358 ) +2(72) (4)

where 0 is the contact angle, y1 and vy, are the surface free energies of the liquid and
solid, respectively, and the superscripts d and p denotes the dispersive and polar

components of the surface free energy.
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2.7 Test specimen preparation

Rectangular ceramic/composite specimens were prepared for peel testing. First, five
layers of the woven glass fibre/polyester fabric were placed on the surface treated
alumina tile. The fabric was extended beyond the edge of the alumina tile, as
illustrated in Figure 2(a), to form the material for a peel arm. Along the same edge, a
fluoropolymer film was placed between the ceramic and the fabric, extending 20 mm
from the edge. The film was placed there to act as a starter crack during the peel
testing. Thus, the specimen length available for testing was around 130 mm. Second,
the ceramic/fabric was heated to 215°C for 75 min under vacuum. A custom-made
vacuum oven, where the bottom part consisted of a heated aluminium plate and the
top part consisted of a silicon bag attached to a metal frame, was employed. The
silicon bag provided an air tight sealing, and thus allowed for the formation of
vacuum inside the ‘chamber’. The high temperature resulted in melting of the
thermoplastic polyester fibres, and subsequent consolidation of the composite matrix
upon cooling. Third, after cooling the panel of the ceramic tile and the consolidated
composite material where cut into five peel test samples of width 20 mm, see Figure
2(b). An illustration of the peel test specimen, with the dimensions indicated, is shown
in Figure 2(c). As a result of the production process (no adhesive was applied), the
polyester matrix provided the adhesion between the alumina and the composite. Thus,
there was direct contact between the alumina and the polyester, as illustrated in the

ceramic/composite cross-sections shown in Figure 3.

The thickness of the consolidated composite was 1.9 + 0.1 mm, which was found to
be satisfactory for the peel testing. Peel tests employing a thinner composite peel arm
resulted in composite fracture close to the crack tip due to bending. The somewhat
high variation in composite thickness was a result of the relatively low fibre volume
and the flow of the molten polyester during the vacuum-assisted production. It should
be pointed out, however, that fibre content (i.e. number of fibres) was the same

independent of peel arm thickness.

2.8 Peel testing

The fixed arm peel test was used to evaluate the adhesion between the surface treated
alumina and the consolidated composite material [28]. The testing was performed
using a Zwick BZ 2.5/TNL1S testing machine together with a custom-built test fixture.
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The test fixture consisted of an angled specimen holder attached to a table on a linear
bearing system. The peel angle was set to 45°. (The actual angle at the crack tip was
obviously much lower than 45°.) Higher angles could not be used as this resulted in
breaking of the composite arm during testing. To prevent slipping, the specimen was
attached very firmly to the holder by a clamping mechanism. This experimental set-up
allowed the specimen to slide sideways when the composite peel arm was gripped and
a pulling force was applied, see Figure 4.

o
;.‘i‘!. Foph ".n

(LW

(

4
i
ke
‘f(r

Figure 2 Peel test specimen fabrication: (a) Lay-up of alumina, fluoropolymer
film and alumina tile, and (b) five numbered specimens cut from consolidated

alumina/composite panel. (c) Illustration of a tested peel test specimen with the
dimensions indicated.
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(@) (b)

Composite Polyester matrix

Figure 3 Microscopy images of a cross-section of the consolidated glass
fibre/polyester composite bonded to the as-received alumina substrate. (a) Composite

with fibre lay-up visible in contact with alumina. (b) Close-up of the

alumina/polyester matrix interface from an area with no glass fibres.

The crosshead speed of the test machine was set to 2.93 mm/min, which resulted in an
average crack growth rate of the propagating crack of 10.0 mm/min [28]. During the
testing, a force versus displacement curve was recorded, and this curve was then used
to evaluate the peel strength of the specimen. The force was set to zero prior to
gripping the peel arm.

Around 120 mm of peel fracture could usually be established for each alumina
surface. In the region close to the starter film, however, abnormalities in the form of
irregular high loads were observed prior to the establishment of a propagating crack.
The data from this region, as well as data from the end of the specimen, were
therefore not included in the calculation of the average peel strength. Thus, the region
between a crosshead displacement of 10 mm and 30 mm was taken into account,
which corresponded to around 70 mm of peel fracture in the 45° set-up. (For the silane
treated alumina, the length of the peel fracture in this region was varying from 62 mm
to 70 mm. This can be attributed to the ‘stick-slip’ behaviour described in Section
3.2.) The peel strength was obtained by dividing the average force in the analysed
region with the average specimen width in the same region. A minimum of five
specimens for each surface treatment were tested.
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()

Figure 4 Fixed arm peel test at 45°. (a) Before the test, and (b) detail from the

initial test phase.

3 Results and discussion

3.1 Surface analysis of alumina

3.1.1  Scanning electron microscopy

SEM images of the alumina surfaces are shown in Figure 5. The ceramic grains of the
as-received surface are clearly visible, as well as grooves between the grains. The
degreased, FPL etched and plasma treated surfaces are not shown here since the
appearance is similar to the as-received surface. However, the grains are not visible
on the grit-blasted surface, which seems to have been eroded by the aluminium oxide
grit. On the silane treated surface, a cross-linked silane layer that was formed when
depositing and drying the hydrolysed silane is clearly visible. The thickness of this
layer, however, seems to vary on the alumina surface. In some areas, the layer is thick
enough to completely cover the grooves between the ceramic grains, and only the top
of the grains are visible, see Figure 5(c). Pores in the surface have also been filled and
are covered by the silane. In other areas, the silane layer is much thinner, and the

grains are still clearly visible, see Figure 5(d). A silane layer nevertheless seems to be
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present on the surface also here. This variation in layer thickness on the surface was

also observed visually.

B (:. 5t

: N A
4.0kV 12.3mm x5.00k SE 2014-02-05

%

! [ LI R I | T 1 1 1 1] ] 1] ] 1
1.0kV 18.3mm x4.00k SE 201 -15 10.0um 1.0kV 18.2mm x5.00k SE 2013-11-15 10.0um

Figure 5 SEM images of alumina surfaces. (a) As-received, (b) grit-blasted, and

(c) 'thick’ and (d) ‘thin’ silane layer on silane treated alumina.

3.1.2  Profilometry

The surface roughness measurements of the surface treated alumina showed that the
surface area parameter, Sq;, was relatively similar for most surfaces. The data are
given in Table 2. Surface treatments that do not significantly alter the topography of
the surface are not expected to change the surface area. For example, the acetone
degreased surface does nothing but remove a thin layer of contaminants on the
surface, and the value of Sy, should therefore be similar to the 64.5% for the as-
received alumina. This was indeed the case. However, the surface area of the grit-
blasted and the silane treated surfaces deviated from the other alumina surfaces. The
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grit-blasted surface gave a higher surface area, with a value for Sy, of 127.7%, as well
as higher values for S, and Sy. The silane treated alumina, on the other hand, gave a
lower surface area with a value of Sy of 36.6%. This can be explained by the presence
of the cross-linked silane layer. The high standard deviance for the surface area, see
Table 2, can be explained by the different coverage of the silane layer, giving

different thicknesses in different areas of the surface, as shown in the SEM images in

Figure 5.
Table 2 Results from profilometry of surface treated alumina.
Surface treatment Surface parameter

Sa (Hm) Sq (M) Sar (%)
As-received 0.87 £0.33 1.11+0.40 64.5+ 8.8
Degreased 0.73+0.18 0.95+0.23 61.0x+7.4
FPL etched 0.73+0.22 0.93+0.27 82.7+19.6
Plasma treated 0.70£0.19 0.90 £0.23 76.7+4.4
Grit-blasted 1.44 +0.15 1.82+0.16 127.7£4.7
Silane treated 0.64£0.18 0.84+0.31 36.6 £21.3

3.1.3  X-ray photoelectron spectroscopy

The elemental composition of the surface treated alumina is given in Table 3. When
the as-received alumina surface is acetone degreased, the content of carbon is
decreased from 28.7% to 14.1%. This shows that the acetone degrease is relatively
efficient in removing contaminants from the alumina surface. It seems that the
additional FPL etch is even more efficient in cleaning the alumina, as the Al/C ratio is
increased from 1.9 to 2.4, compared to the degreased alumina. After the silane
treatment, the carbon content is significantly increased to 35.7%. (The silane
treatment was conducted on a previously degreased alumina surface.) The increase is
the result of the silane layer being present on the surface, leading to coverage of most
of the underlying alumina. The Al/O ratio is relatively similar at 0.5 for most surface
treatments. The lower Al/O ratio of the alumina surface, compared to what would be
expected from bulk alumina, is due to the presence of aluminium hydroxides in the
outer surface layer. This elevates the measured O concentration. For the grit-blasting
and silane treatments, the Al/O ratio is reduced to 0.4. For the silane treated surface,
this can be explained by the additional contribution from the oxygen that is present in

the GPS molecule. Hence, relatively more oxygen is present on the surface, firmly
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attached in the form of the cross-linked silane layer. The reason for the decreased
value for the grit-blasted surface is believed to be contamination from the aluminium

oxide grit used in the grit-blasting.

Table 3 XPS results for surface treated alumina.
Surface treatment Elemental concentration (at.%o)

Al 0] C Si Ca F S Cr Others
As-received 22.3 [ 43.6 | 28.7 | 3.9 1.0 - - - 0.6
Degreased 269 | 535 (141 |28 |10 |- - - 1.6
FPL etched 269 (559 111 |16 |05 |- 1.3 129 |-
Plasma treated 256 | 520 |140 |23 |20 |36 |- - 0.4
Grit-blasted 224 | 556 |152 (33 |12 |03 |- - 2.0
Silane treated 16.7 | 430 | 357 |44 |03 |- - - -

3.1.4  Contact angle measurements

The contact angle measurements are an important complement to the surface
roughness and XPS data because the surface free energy of a material is very
important for the wetting and adhesion properties of the surface. Contact angles are
also quite sensitive to changes in the topmost molecules of the surface. The results
from the contact angle measurements are given in Table 4. The calculated surface free
energy of all alumina surfaces measured here was far lower than the theoretical
surface free energy of quasi-amorphous Al,Os. The latter is given as 1520 mJ/m? for
y-alumina and 1760 mJ/m? for a-alumina [34]. The structure of the present surfaces is
also quite complex, as observed in the SEM images in Figure 5, consisting of crystals
of a few micrometres size and with clearly visible crystal planes. Measured surface
free energies for alumina can be quite varying, depending on the type of alumina,
crystal structure and orientation, and the polar (acid-base) component as measured by
water can also vary with the pH [35]. However, values quite similar to our results
have also been found by others [9], so these are as expected for commercial alumina
tiles. The large deviation from the theoretical value(s) is usually explained by organic
contamination, which may be present even in clean rooms and is difficult to remove
completely [36]. The XPS results also show a considerable amount of carbon and
other “foreign’ molecules on the surface. As can be seen from Table 4, the total

surface free energy is always increased as a result of the different surface treatments.
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This is a good indication that carbon-based contaminants were present on the as-

received alumina surface, and that these contaminants are to some extent removed by,

e.g., the degreasing step in acetone. It is interesting to note that the increase in total

surface free energy is mostly the result of an increase in the dispersive component of

the surface free energy, while the polar component does not change very much as a

result of the cleaning procedures. However, the grit-blasting and silane treatments

result in a decrease of the polar component. For the silane treated surface, this is

obviously the result of the deposition of additional organic molecules on the surface.

Table 4 Contact angles and surface free energies of surface treated alumina.
Surface treatment | Contact angle (°) Surface free energy (mJ/m?)
Water Diiodomethane | Polar Dispersive | Total
As-received 454+1.0 |70.4+0.6 31.0 22.6 53.6
Degreased 326+03 |489+04 30.6 34.9 65.5
FPL etched 256+£05 |375+0.6 30.4 40.8 713
Plasma treated 16.7+£05 |348+04 32.9 42.1 75.0
Grit-blasted 40.3+0.7 |30.3+0.4 21.6 44.1 65.7
Silane treated 39.6+04 |256+0.6 21.1 45.9 67.0

With the reservation that the two-liquid method for surface free energy is a debated,
although much used, method there are some explanations that may be attempted,
especially when seen together with the XPS results. The cleaning steps result in less
organic contaminants on the surface, but do not remove these completely. It has been
proposed that the polar component of the surface free energy is more sensitive to very
small amounts of contamination than the dispersive component. This is because of the
longer range of the dispersive van der Waals forces than the polar forces [37], as the
latter are only operating in the topmost atomic layer. If even only one (strongly
adsorbed) monomolecular layer of contaminant is left, the polar forces are mostly due
to the structure of that layer, while the dispersive forces increase with a decreased
layer thickness because of the undelaying aluminium. XPS also probes a depth of a
few nm, which is more than a monomolecular layer thickness. In addition, the
roughness of the alumina surface must be taken into consideration, as the layer
thickness is probably not uniform. The increased dispersive component for the silane
treated surface is, however, not easily explained by this argumentation. The amount of

silicon in the surface is higher than the other samples, and this must be due to the
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silane groups in this relatively thick layer (as seen from the SEM pictures in Figure 5),
but this increase is not very high compared to the as-received sample and cannot alone
explain the increased dispersive component. The contact angles, and thus the surface

free energies, may be corrected for the surface roughness by using Wenzel’s equation,
cosd” =rcosd ()

where 0" is the apparent (measured) contact angle and is 0 the ‘true’ angle. The ratio r
is the roughness ratio which is defined as the ratio of the true area of the solid surface
to the apparent area. This ratio can be calculated from Sg; from the profilometer
measurements and will lead to higher angles and lower calculated surface free
energies. However, given the inaccuracy of the profilometer measurements, we judge
this will not give a considerable improvement of this discussion and we have
therefore chosen not to do this. The calculated high dispersive component of the
surface free energy is mainly a result of a lowered contact angle of diiodomethane,
and one should be aware of the possibility of this liquid partly dissolving some of the
surface layer. This will result in an artificially high dispersive component. Given these

uncertainties, we have chosen not to discuss the contact angle results in more detail.

3.2 Peel test results

All the different surface treatments resulted in an increase in peel strength from the
initial value of 9.6 N/mm of the as-received surface, see Table 5. The peel strength
after the acetone degrease and the FPL etch were 13.8 N/mm and 15.7 N/mm,
respectively, while the highest value was recorded for the silane treated alumina with
a peel strength of 19.9 N/mm. Thus, there was an increase of 100% relative to the as-

received alumina.

In cases with relatively poor adhesion, such as for the as-received alumina, the crack
was usually propagating in a stable manner. However, as the alumina/polyester
adhesion was increased, a higher tendency of unstable crack growth was observed.
This ‘stick-slip” behaviour [38] is illustrated in Figure 6, where examples of peel
curves are shown. In some sections along the length of the peel specimen, the crack
then propagates at much higher velocity than during the stable crack growth, thus

releasing the high loads that have been building up.
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In Figure 6(a), the stable crack growth of the as-received alumina can be seen. The
stable crack growth makes it relatively straightforward to calculate an average value
of the peel force. As the alumina/polyester adhesion is increased, more unstable crack
growth is observed. This is clearly illustrated in Figure 6(b) and Figure 6(c) for the
acetone degreased and silane treated alumina, respectively. An average value of the
peel force could be calculated also in these cases. However, the difference between
the highest and lowest measured force is of a different magnitude when the unstable

crack growth behaviour occurs.

In the type of joints that were tested here, there are several possibilities for the locus
of failure of the propagating crack. These include: (1) interfacial failure between the
alumina ceramic and the polyester matrix of the composite, (2) cohesive failure in the
polyester matrix, (3) interfacial failure between the glass fibres and the polyester
matrix, and (4) inter- or intralaminar failure in the composite, including fibre
breakage. In most cases, combinations of these failure modes, such as e.g.
simultaneous matrix failure and fibre/matrix failure, will probably occur. Therefore,
to determine what the failure mode was in the tested joints, the fracture surfaces were
evaluated visually using a stereo microscope. One advantage of using this technique
at a relatively low magnification, is that a larger area can be evaluated compared to
other microscopy techniques. Hence, a better overview of the fracture surface of
several specimens can be obtained but at the expense of not being able to detect
smaller details. For example, a thin layer of polyester on the alumina may be
interpreted as alumina/polyester interfacial failure, while the failure may actually be
cohesive within the polyester matrix.

As can be seen from Table 5, there is a general trend that the locus of failure
apparently shifts from the alumina/polyester interface towards cohesive within the
composite material with increasing peel strength. For the as-received alumina, mainly
alumina/polyester interfacial failure is observed. However, for the silane treated
alumina, which gave the highest peel strength, little of the failure appears to be
interfacial. Thus, the growing crack is forced to propagate inside the composite when
the adhesion between the alumina and the polyester is increased.
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Figure 6 Peel curves for alumina surfaces: (a) as-received, (b) degreased and

(c) silane treated.
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Table 5 Peel test results obtained for surface treated alumina.

Surface treatment Peel strength Locus of failure by visual observation
(N/mm)

As-received 9.6+0.6 Mainly interfacial, some cohesive’

Degreased 13.8+0.9 Mixed interfacial and cohesive

FPL etched 15.7+0.9 Mixed interfacial and cohesive

Plasma treated 126 £0.6 Mainly cohesive, some interfacial

Grit-blasted 13.2+19 Mainly cohesive, some interfacial

Silane treated 199+23 Cohesive

3.3 Failure surface fractography

To obtain a better understanding of the failure mode, a more detailed investigation of
the fracture surfaces was needed. In addition to the visual observations, scanning
electron microscopy was therefore used to evaluate the fracture surfaces. In Figure 7,
SEM overview images that were prepared by merging several micrographs are shown.

The SEM investigation at relatively low magnifications was able to confirm the visual
observations. Interfacial failure is mainly observed for the as-received surface and, as
can be seen from Figure 7(a), little of the composite material is attached to the
alumina side of the fracture. This seems to change for the substrates that gave higher
peel strengths. For example, more composite is left on the degreased and FPL etched
substrates, see Figure 7(b-c), and there seems to be a combination of
alumina/polyester interfacial failure and failure within the composite material. This
behaviour is also seen to a varying extent for all the other substrates, with the
exception of the silane treated substrate. On this substrate, which gave the highest
peel strength, very little interfacial failure could be observed and the failure was

almost exclusively in the composite material, see Figure 7(f).

More detailed SEM images of the fracture surfaces are shown in Figure 8. An
example of alumina/polyester interfacial failure on the as-received substrate is shown
in Figure 8(a-b). Little of the thermoplastic matrix remains on the ceramic side of the
fracture surface, the alumina grains are relatively bare, whereas the imprints of the

grains are clearly observed on the opposite composite fracture surface. These two

! The term ‘cohesive’ in the table relates to all types of fracture modes where the crack propagates
inside the composite material, thus away from the alumina/polyester interface.
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observations, which are a sign of a relatively low degree of adhesion between the
ceramic and the composite, were typical also for the other surfaces where interfacial
failure was seen. Ductile drawing during fracture of the thermoplastic that was
attached between the grain boundaries on the ceramic surface is also evident from the

SEM images.

On some of the substrates, such as degreased alumina, the higher magnification SEM
revealed areas with a thin layer of polyester on the alumina. An example is shown in
Figure 8(c), where there is a transition between failure that is clearly in the polyester
matrix on the left side of the image, and failure close to the alumina surface on the
right side of the image. In the latter case, the failure is also in the polyester matrix,
and a thin layer of the matrix is left on the surface. In these areas, the alumina grains
are not clearly visible but, as discussed above, the locus of failure may misleadingly
be interpreted as interfacial by the visual observations. It should be pointed out that a
combination of alumina/polyester interfacial failure, cohesive matrix failure and
composite failure was observed on these substrates, and that the failure mode on most

of the substrates is relatively complex.

The unstable (‘stick-slip”) fracture behaviour during the peel testing could also be
identified in the fracture surfaces. Rapid crack propagation through the polyester
matrix produced a relatively smooth surface, while slower crack propagation
produced a rougher surface. This is similar to observations described for
thermoplastic polymers in the literature, as reported by Greenhalgh [39], with slow
fracture typically giving ductile drawing and fibrillation (several examples are shown
in Figure 8), while rapid fracture gives a more plane fracture surface with uniformly
distributed thermoplastic globules. In fact, small globules less than 100 nm in size
were observed in the rapid fracture region in the joints tested here, as shown in Figure
8(d). However, smearing of the thermoplastic matrix may also occur under certain

stress states [39]. (This was observed, but is not shown here.)

As expected from the observations discussed above, very little of the failure on the
silane treated substrate was interfacial between the alumina and the polyester. Most of
the surface was covered with composite material, including glass fibres, and in some

places only polyester matrix material. Thus, the specimen failed mainly inside the
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composite, with much of the crack propagation taking place in the fibre/matrix
interface. This is illustrated in Figure 8(e-f), where examples of fracture surfaces
obtained from crack propagation in the composite material are shown. Glass fibres on
one fracture surface and imprints of glass fibres on the opposite fracture surface are
clearly visible. On the whole, the appearance of the silane treated substrate indicated
that the adhesion was higher compared to the other surface treatments, particularly
when compared to the as-received alumina substrate. It should be noted, however, that
composite failure was to some extent observed in all the tested joints, as illustrated in
Figure 7.

3.4 Adhesion mechanisms

There was a good correlation between the measured peel strengths of the different
alumina substrates and the failure modes observed by SEM. A relatively low peel
strength and mainly alumina/polyester interfacial failure was observed for the as-
received substrate. This correlates well with the high carbon content, as measured by
XPS, and the relatively low surface free energy, as determined from contact angle
measurements, of the surface. Thus, a layer of contamination is probably responsible

for lowering the interfacial adhesion.

The FPL etched substrate (that was included as a reference) gave a slightly higher
peel strength than the acetone degreased surface. There are also some indications that
there was less alumina/polyester interfacial failure after the FPL-etching, although
this remains somewhat uncertain and would require a more detailed investigation by
SEM. Nevertheless, the FPL etched alumina had a lower carbon content (some traces
of sulphur and chromium originating from the etchant were also detected), and a
higher surface free energy as the result of the dispersive component of the surface free
energy being increased after etching (indicating that the contaminating layer had been
partly removed, or become thinner). This indicates that the etching was more efficient
in removing the contaminants on the surface, and that better interfacial adhesion was

obtained.
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Figure 7 SEM overview images of the alumina side of the fracture surfaces. The
overview images were produced by combining several images. (a) As-received, (b)
degreased, (c) FPL etched, (d) plasma treated, (e) grit-blasted, and (f) silane treated

alumina. The crack growth direction was from left to right.

One effect of improved alumina/polyester interfacial adhesion is that the propagating
crack is forced to find another path away from the interface. Once the propagating
crack is directed away from the alumina/polyester interface, other energy absorbing
fracture mechanisms will occur in the glass fibre composite. These include
fibre/matrix interfacial failure and fibre breaking, as was indeed observed by SEM in
Figure 8(g). Combinations of fibre/matrix failure and matrix failure close to the fibre
surface have also been observed by SEM. However, fracture mechanisms that involve
breaking of fibre will absorb significantly more energy compared to matrix, i.e. the
ductile drawing of polyester that was observed for alumina/polyester interfacial
failure, or fibre/matrix bond failure [40]. The higher strength of the fibres will thus
give higher measured peel strengths. Another mechanism that will absorb energy in
fibre-composites is localised fibre bridging in the zone behind the crack tip [39, 41,
42]. Here, unbroken fibres connect the two fracture surfaces, forming a ‘bridge’ that

may contribute considerably to the higher fracture strength.

The silane treated substrate gave the highest peel strength and the failure was mainly
in the composite material. It is well known that the coupling agent GPS has the
potential to be an effective adhesion promoter in aluminium/epoxy adhesive joints
[31]. The proposed mechanism by which it functions is that the silane that is
deposited on the surface acts as a covalent ‘bridge’ between the aluminium oxide,
which is always present as a top layer of varying thickness on aluminium surfaces,
and the epoxy adhesive. This mechanism has been verified experimentally [32, 43,
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44]. GPS has also been used with good result to increase the adhesion between epoxy
and ceramics, such as alumina and boron carbide [10, 18]. For the alumina ceramic
used here, it is possible that there is a covalent interaction between the surface and the
silane. The chemistry of the aluminium surface is quite similar to the alumina, since

both are in fact aluminium oxide.

10.0kV 12.4mm x4.00k SE 2014-02-27

500nm

-

3 Matrixdr};\ i
- \.@nd fibrillation

b

\
N

- 1 i i
10.0kV 12.4mm x900 SE 2014-02-27 50.0um 5.0kV 13.7mm x1.20k SE ) 40.0um

26

Dette er en postprint-versjon / This is a postprint version.
DOl til publisert versjon / DOI to published version: 10.1016/j.ijjadhadh.2015.07.015



9)

Fibre
breakage

5.0kV 34.4mm x500 SE 7/2/2014 100um

Figure 8 SEM images of fracture surfaces. Alumina/polyester interfacial failure
on (a) alumina side and (b) composite side (of as-received substrate). (c) Matrix
failure near alumina surface (degreased substrate). (d) Small globules in rapid
fracture region of matrix (composite side of silane treated substrate). (e) Fibre/matrix
failure, matrix drawing and fibrillation (ceramic side of plasma treated surface). (f)
Fibre/matrix failure (composite side of silane treated surface). (g) Fibre breakage

(composite side of silane treated surface).

On the other hand, is not obvious that the interaction between the silane and the
polyester is of a covalent nature. The chemical structures of the two do not indicate
that a reaction forming a covalent bond will take place. Nevertheless, the measured
surface free energies may partly explain why the silane treated substrate gave the
highest adhesion to the polyester composite. The surface free energy of a polished
surface of the neat polyester (no glass fibre) was also measured. The total surface free
energy for the polyester was 51.2 mJ/m?, while the polar and dispersive components
were 6.5 mJ/m? and 44.7 mJ/m?, respectively. Thus, a low polar component and a
relatively high dispersive component were measured. This result is most comparable
to the surface free energies of the silane treated and grit-blasted surfaces in Table 4.
The more similar surface free energies of the surface and the polymer indicate that the
two organic compounds (silane and polyester) also have similar solubility parameters
[45]. This will promote better adhesion between the surfaces as the molecules of the
two surfaces may diffuse into each other. This is a well-known mechanism when
bonding polymers [46]. Another factor that may play a role is the roughness of the
surface. The silane treated surface was relatively flat, with the lowest measured
surface area, while the grit-blasted surface had a relatively high roughness, see Table
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2. Thus, the more flat silane treated surface may be more easily wetted than the
rougher grit-blasted surface if the viscosity of the molten polymer is too high. The
polymer may then not be able to penetrate the cracks and crevices on the grit-blasted
surface, resulting in an effectively lower interfacial contact area, which may be why
the lower peel strength is observed. VVan der Waals forces, combined with better
wetting of the available surface area, are then possibly the main reasons for the high

peel strength of the silane treated surface.

4 Conclusions

The adhesion between an alumina ceramic and a glass fibre-reinforced polyester-
matrix composite could be significantly improved after different surface treatments of
the alumina. Contact angle measurements and XPS showed that the acetone
degreasing removed organic contaminants from the as-received alumina, resulting in
higher surface free energies. This effect alone will considerably increase the
interfacial adhesion, as was indeed confirmed by the higher peel strength that was
measured after cleaning of the alumina surface. Further cleaning was obtained by a
subsequent chromic-sulphuric acid etch (FPL etch), resulting in the peel strength

being increased even further.

Silane treatment of the alumina with GPS had the greatest effect on the peel strength.
There may be several explanations for the increased adhesion that was measured on
this substrate. First, covalent bonds are possibly formed between the alumina and the
silane, resulting in a strong interaction between the two phases. Second, van der
Waals forces are more likely responsible for the interfacial attraction between the
silane and the polyester. However, the measured surface free energies indicated that
the solubility parameters of the cross-linked silane layer and the polyester are
relatively similar, which may give mutual diffusion of the two polymers and thus
promoting better adhesion. Third, the silane treated surface had a lower surface area
than the other surfaces, but the smoother surface combined with improved wetting
will probably reduce the number of defects in the alumina/polyester interface. Poor
wetting, on the other hand, such as e.g. on the as-received alumina, will result in areas
where there is no direct contact between the alumina and the polyester, thus creating

defects in the interface. As a preliminary conclusion, it can be assumed that although
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the surface area of the silane treated alumina is lower, the alumina/polyester

interphase will be of a higher quality.

The peel strength of the tested joints could be correlated to the appearance of the
fracture surfaces. There was a clear trend that the locus of failure shifted from
alumina/polyester interfacial failure towards cohesive failure within the composite
material when the peel strength was increased. An additional observation was the shift
from stable to unstable crack propagation. Thus, an increasing level of adhesion
between the alumina and the thermoplastic polyester gave a shift in the crack path of
the propagating crack. The higher alumina/polyester adhesion directed the crack to
propagate inside the fibre-composite, away from the alumina surface. This will

initiate fracture mechanisms that involve the reinforcing glass fibres, which absorb

more energy and, hence, higher peel strengths are observed.
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