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A marked improvement in the interlaminar shear strength and flexural strength of aramid/
epoxy composites is observed when the fibres are pretreated in an ammonia or ammonia/
nitrogen gaseous discharge (plasma) to introduce amine groups on to the fibre surface.
Scanning electron and optical microscopic observations are used to examine the microscopic
basis for these results. Scanning electron micrographs of shear fracture surfaces show clean
fibre /matrix separation in composites made from untreated fibres, indicative of weak interfacial
bonding. In contrast, shear fracture surfaces of composites containing plasma-treated fibres
exhibit clear evidence of fibre fibrillation and matrix cracking, suggesting stronger interfacial
bonding. Optical microscopic examination of flexure specimens shows that enhanced strength
results mainly from reduced compressive fibre buckling and debonding, due to an increase in
fibre /matrix interfacial bond strength. This increase is not accompanied by any significant
change in the interlaminar fracture energy or flexural modulus of the composites, but there is
an appreciable loss in transverse ballistic impact properties. These results are also examined in
terms of the observed increase in fibre/matrix interfacial strength.

1. Introduction

The use of advanced fibre-reinforced organic matrix
composites has grown substantially in recent years.
This has been due to major advances in composite
mechanical properties which have resulted from the
use of strong, high-modulus reinforcing fibres such as
carbon, aramid and, more recently, polyethylene. At
the same time, attention has been paid to the develop-
ment of improved matrix materials as well as to
chemical and other types of fibre surface modification
to control fibre/matrix interfacial characteristics,
in order to improve composite impact resistance or
damage tolerance, fatigue life and environmental
durability.

Fibre/matrix adhesion in advanced composites
results from mechanical, physical or chemical inter-
actions at the fibre/matrix interface, and considerable
effort has been directed at characterizing the surface
energetics of fibres and identifying relationships be-
tween wetting behaviour and interfacial bond
strengths [1-5]. A variety of fibre surface treatment
and modification techniques has been developed to
improve interfacial bonding and to enhance fibre pro-
cessability. Aramid fibre-reinforced ' composites are
characterized by a relatively low fibre/matrix inter-
facial strength and the primary aim in improving
interfacial bonding has been to maximize filament
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wettability, with chemical bond formation as a sec-
ondary objective. This has involved both etching [6]
and chemical modification [7-10] of the filament
surface. The improvements in interlaminar properties
achieved by more aggressive treatments [7, 8] have
been accompanied by substantial losses in filament
strength. However, milder chemical treatments [9, 10]
and ammonia or monomethylamine plasma treat-
ments [11, 12] have resuited in significant improve-
ments in interlaminar properties of aramid composites
without accompanying mechanical degradation of the
filaments. Despite this success, however, there is
conflicting evidence about the relative contributions
of chemical interactions (principally covalent chemical
bonding) and physical interactions (dispersive forces,
dipole—dipole interactions, or acid—base interactions)
to improvements in interlaminar properties.

Also of interest in fibre-reinforced composites is the
relationship between the microscopic deformation
and failure processes which occur at the fibre/matrix
interface, and the interlaminar and tensile properties
of the material. Flexural properties depend primarily
on the tensile, compressive and shear properties of the
reinforcing fibres and, to a lesser extent, those of the
matrix, as well as the fibre/matrix interfacial bond
strength. The transverse ballistic impact properties are
also determined mainly by the fibre tensile modulus
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and strength, and the level of interfacial bonding. The
interlaminar shear strength is governed by the shear
properties of the composite components and interface
while the interlaminar fracture energy (both tensile
and shear failure modes) depends predominantly upon
matrix fracture energy and to varying degrees upon
crack branching and fibre bridging across crack faces,
fibre pull-out and interfacial bond strength {13, 14].
While improved bonding between fibre and matrix
results in more efficient stress transfer at the interface,
the extent to which composite tensile and interlaminar
properties are affected is difficult to estimate.

This paper considers the chemical aspects of treat-
ment of aramid fibres in ammonia or ammonia/
nitrogen plasmas to introduce surface amine groups,
the response of tensile and interlaminar properties
{shear strength, flexural modulus, flexural strength, frac-
ture energy and ballistic impact resistance) of aramid/
epoxy composites to the surface treatment, and the
microscopic basis for failure in these composites.

2. Materials and techniques

2.1. Aramid fabric

Aramid fabric (Kevlar® 49, style 352, 1150 denier) was
obtained from Du Pont (Australia) Ltd. The fabric
was woven and scoured by Clark-Schwebel Fiber
Glass Corp. Because commercially scoured Kevlar 49
has residual processing aids on the fibre surface [1, 2],
the fabric was cleaned by Soxhlet extraction in water
and then acetone, and dried for 24 h at 105 °C before
further use.

2.2. Plasma surface treatment of aramid fabric
Plasma treatments were carried out with ammonia in
a Plasmaprep 500XP plasma reactor. The plasma was
generated by a 13.56 MHz capacitively coupled dis-

charge in a cylindrical chamber 23 cm long and 21 cm

diameter. Fabric samples of 20cm x40cm were
mounted on a Perspex® rack in the chamber, which
was evacuated to a pressure of 10~*torr (1 torr
= 1.333 x 102 Pa) prior to the admission of the am-
monia. A reactor power of 100 W, a pressure of
0.25 torr and a gas flow rate of 20 standard cm® min ™!
were used for the plasma treatment. In an attempt to
increase the degree of reaction, without resorting to
excessive reaction times and power,  a mixed
ammonia/nitrogen plasma with a flow rate of 10
standard cm3® min~"! for each component gas was also
used. After plasma treatment the samples were left in
flowing gas for 15 min before the chamber was eva-
cuated and air admitted, in order to allow for the
decay of residual surface radicals.

2.3. Chemical characterization of
plasma-treated fabric

Plasma treatment in ammonia or ammonia/nitrogen
results in the incorporation of amine groups on to the
aramid fibre surface. The surface concentration was
measured by dye assay, using the technique described
by Allred [12]. Briefly, amine groups on the fibre
surface were protonated by acid treatment, and the

counter anion was exchanged for the dye anion. The
bound dye was then eluted with a base and its concen-
tration determined spectrophotometrically. The azo-
sulphonate dye Crocein Orange G (CI 15970, Sigma
Chemicals C-3268) was chosen because it has only one
binding site and is available in relatively high purity.
Dye concentrations were measured using the absorp-
tion maximum at 480 nm.

The number of surface amine groups per square
nanometre (nm?), N, is given by

6.023C

N = Swa O

where M is the molecular weight of the dye, W is the
weight of the fabric sample (g), C is the dye concentra-
tion (p.p.m.) in a 10 cm® sample, and A is the specific
surface area of the fibre (m? g~ !). The specific surface
area was calculated to be 0.233 m2 g~ * for the 11.9 pm
diameter aramid fibres (density 1.44 gcm ™ 3).

2.4. Aramid/epoxy composite fabrication
Aramid/epoxy composites were fabricated from both
untreated and plasma-treated fabrics and the diglyci-
dyl ether of bisphenol A (DGEBA) (Shell Epon 828)
and diaminodiphenyl methane (DDM) [15]. Fibre
treatment times are given in Table I. The fabrics were
impregnated by passing samples through a solution
containing 120 g DGEBA, 324 g DDM and 234 ¢
methyl ethyl ketone. The solvent was removed by
initial evaporation at room temperature for 30 min
and then at 80 °C for a further 15 min. The impregna-
ted fabric composites (20 plies) were cured for 2 h at
80°C and 2 h at 120°C at a pressure of 350 kPa. The
matrix content was nominally 33% by weight. Indi-
vidual values are listed in Table I.

2.5. Interlaminar shear strength
The interlaminar shear strength of the composites was
determined using the four-point shear test method of
Browning et al. [16]. Specimen dimensions were nom-
inally 50 mm x 10 mm x 4 mm, with a span to depth
ratio of 11.5. Specimens were conditioned at 23 °C and
50% relative humidity for 24 h before testing in an
Instron testing machine at a crosshead speed of
2 mmmin~?,

The interlaminar shear strength, 7, for the four-
point test is given by the expression

3P
T = ~—
4bd @)
where P is the failure load, b is the beam width and d is
the beam depth.

2.6. Flexural properties

The flexural modulus and flexural strength of the
composites were determined in accordance with
standard flexure test procedures [17] using a three-
point loading system and support span length/depth
(L/d) ratios recommended by Zweben et al. [18].
Modulus specimens were tested at L/d = 60 and 32.
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TABLE I Matrix content and mechanical properties of aramid/epoxy composites

Plasma treatment Matrix Interlaminar Flexural Flexural Interlaminar
content shear strength modulus strength fracture energy
(wt %) (MPa) (GPa) (MPa) (Im~?)
None 33.6 242 + 04 31.0+£ 0.7 305 + 16 587 + 59
(9 samples) (5 samples)
Ammonia 32.8 309 £ 0.5 325+ 11 421 + 18 522 £ 63
(30s) (6 samples) (4 samples)
Ammonia 326 332412 3254£08 442 4 18 539 4+ 98
(5 min) (5 samples) (6 samples)
Ammonia/nitrogen 32.3 294 423 315413 390 + 19 619 + 81
(5 min) (5 samples) (4 samples)

For L/d = 60, specimens nominally 300 mm x 13 mm
x 4 mm with a span of 240 mm were tested at a speed
of 20 mm min 1. For L/d = 32, specimens nominally
150 mm x 13 mm x 4 mm with a span of 128 mm were
tested at a speed of 5 mm min~"'. The flexural strength
was measured by testing the modulus specimens with
L/d = 32 to failure at a speed of 5 mmmin~".

The flexural modulus (tangent modulus of elas-
ticity), Eg, and the flexural strength, were calculated
from the relationships

L>m

B = g ®
3PL

ST @

where L is the length of the support span, m is the
slope of the initial linear portion of the load—deflection
curve, and P, b and d are defined as above.

2.7. Interlaminar fracture energy

The opening mode (Mode 1) interlaminar fracture
energy or critical strain energy release rate, G, was
determined by the compliance method using double
cantilever beam (DCB) test specimen geometry
[19, 20]. The general expression for Gy, is

P dC

Ghre 2b da

)
where P, is the load required to extend a crack of
length a in a specimen of thickness b, and C is the
specimen compliance. The compliance method is
based upon the beam theory assumption that each
half of the DCB specimen behaves as a cantilever
beam in which C is given by

C = ka? 6)

where k is a constant for a particular test specimen
and is determined by fitting a third-order power curve
to experimental C versus a values.

"Beam specimens of dimensions 57 mm x 14.5 mm
x 4 mm containing mid-ply starter cracks at one end
were cut from composite panels. The starter cracks
were produced by partially inserting a 0.075 mm thick
layer of Teflon film between the mid-plies during
composite lay-up. The test method requires a trans-
verse tensile load to .be applied at the beam end
containing the starter crack. This was accomplished
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by adhesively bonding P-shaped aluminium end-tabs
containing loading holes to the upper and lower com-
posite surfaces, so that the loading line coincided with
the specimen end. Specimens were tested at a cross-
head speed of 1 mmmin~'. The load-point crack
opening displacement (COD) was recorded using an
extensometer with a gauge length of 5 mm. For each
treatment, specimens with various length starter
cracks were loaded elastically and C was measured
from the load, P, versus COD curves. The crack was
extended by a few millimetres in each of a series of
loading/unloading cycles, and its length from the load
line was measured using a travelling microscope.
Although beam theory assumes the cubic relation-
ship given in Equation 6, Berry [21] and Russell [22]
have used an empirical nth order power curve and a
third-degree polynomial, respectively, to relate C and

.a for composite materials. In order to calculate Gy,

values from the interlaminar fracture experiments, the
most appropriate model for fitting the compliance
versus crack length data (power curve or polynomial
curve), was determined from plots of log(compliance)
as a function of log(crack length). The plots obtained
were linear (an example is shown in Fig. 1) and con-
sequently a power fit was used.

2.8. Ballistic impact properties

The transverse ballistic impact properties were deter-
mined using the Materials Research Laboratory gas-
gun facility [23] and 17 grain fragment-simulating
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Figure 1 Plot of log(compliance) versus log(crack length) for a
series of untreated aramid/epoxy composite specimens (each
symbol refers to a specific specimen with a different starter crack
length).



projectiles [24]. The V5, data (projectile velocity at
which the probability of target penetration is 50%)
were determined according to the procedures of MIL-
STD-662 E [25].

2.9. Fracture surface examination

The fracture surfaces were coated with gold, and were
examined in a Cambridge S250 Stereo-scan Mark 2
scanning electron microscope (SEM) using secondary
electrons.

3. Results and discussion
3.1. Plasma surface amination of aramid
fabrics
Cleaned aramid fabric was plasma-treated in am-
monia for times ranging from 0.25-20 min. The num-
ber of amine groups incorporated on to the fibre
surface increases rapidly to a value of 0.4 groups/nm?
after a 30s treatment time. Beyond this time, the
degree of surface amination increases more slowly
(Fig. 2). Treatment in a mixed ammonia/nitrogen
plasma instead of an ammonia plasma increases the
degree of surface amination, e.g. for a treatment time
of 5 min, the surface amine concentration increased
from 0.56-0.71 groups/nm? for the chosen reactor
conditions.

3.2. Interlaminar shear strength

The interlaminar shear strength of the aramid/epoxy
composites was calculated using Equation 2. The re-
sults in Table I show that ammonia plasma treatment
of aramid fibres for 30 s (surface concentration of 0.4
amine groups/nm?) results in a 28% increase in inter-
laminar shear strength. Fibre treatment for 5 min (0.56

amine groups/nm?) results in a further 10% increase .

in composite interlaminar shear strength. The higher
level of surface amine groups (0.71 groups/nm?) gen-
erated by treatment in a mixed ammonia/nitrogen
plasma does not result in further improvement. The
increase in interlaminar shear strength after plasma
treatment of the aramid fibres is due to an increase in
the fibre/matrix interface strength. There is clear evid-
ence of this in the fracture surfaces shown in Fig. 3.
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Figure 2 Degree of aramid fibre surface amination as a function of
treatment time. (O) ammonia plasma, ( +) ammonia/nitrogen
plasma.

With untreated fibres, the composite has failed at the
fibre/matrix interface, while with ammonia plasma-
treated fibres this is no longer the dominant failure
mode, and the composite has experienced additional
shear failure within the fibre and the matrix. The
interlaminar shear strength results are in general
accord with the work of Stoller and Allred [26], who
observed similar effects of ammonia plasma treatment
of aramid fibre surfaces in T-peel experiments on two-
ply laminates. The interfacial bond strength was
shown to increase with surface amine concentration
up to about 0.8 amine groups/nm?, after which there
was no further increase.

3.3. Flexural properties

Fig. 4 shows typical three-point flexure load versus
deflection curves for composites containing untreated
aramid fibres (a) and ammonia or ammonia/nitrogen
plasma treated fibres (b). All materials exhibited sim-
ilar linear load—deflection behaviour up to a load of
about 150 N. Flexural modulus values were calculated
from the slopes of the linear elastic portions of the
load—deflection curves using Equation 3 and are pre-
sented in Table I. It is evident from Fig. 4 and from
Table 1 that plasma treatment of the fibres has no
significant effect on the flexural modulus of the result-
ing composite. This result confirms the general expec-
tation that the flexural modulus is determined primar-
ily by the tensile and compressive properties of the
fibre and matrix, rather than by interfacial properties.
However, work by Zweben et al. [18] suggests that
care should be taken in determining the flexural
modulus of composite specimens. In particular, if the
L/d ratio is too low, the beam deflection may contain
shear as well as bending components, giving an appar-
ent flexural modulus lower than the true flexural
modulus. In order to investigate the effect of L/d ratio
on apparent flexural modulus, experiments were car-
ried out for two different values of L/d, 32 and 60. The
flexural modulus results in Table I are for L/d = 60.
The results for L/d = 32 were approximately 2.5 GPa
lower, suggesting a small shear contribution to the
beam deflection at L/d = 32 and an even smaller
contribution at L/d = 60.

The load—deflection behaviour of all specimens be-
came non-linear above loads of 150 N, but composites
made from untreated fibres and treated fibres behaved
quite differently (see Fig.4). Specimens made from
untreated fibres started to fail at relatively low deflec-
tions, although they did not fail catastrophically until
much higher deflections. However, with composites
made from plasma-treated fibres, the load continued
to increase until catastrophic failure took place. The
flexural strengths of the composite specimens were
calculated from the maximum loads using Equation 4
and are presented in Table I. These results show an
increase of about 38% after 30 s plasma treatment of
the fibres and about 45% after 5 min treatment. As for
the interlaminar shear strength, there is no significant
difference between the ammonia and ammonia/
nitrogen plasma treatments. While the numerical val-
ues of flexural properties in three-point loading of a
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rectangular composite beam are readily determined
by standard experimental procedures, the mechanism
of flexural failure is more difficult to ascertain. In
general, it is a complex process in which tensile,
compressive and shear failure modes may be induced
to varying degrees in each of the composite phases.
Non-linearity in flexural load—deflection behaviour of
aramid fibre-reinforced composites has been observed
in extensive studies by Zweben [18, 27] and Allred
[28, 29]. It is believed to be due to compressive failure
in the flexural test specimens. It has been shown that
the compressive stress—strain curves of unidirectional
aramid/epoxy composites are strongly non-linear
[27] and that the compressive strength is only about
20% of the tensile strength [30, 31]. The latter has
been attributed to a buckling or kinking failure in the
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Figure 4 Plot of load as a function of beam deflection for aramid/
epoxy composites made from (a) untreated fibres and (b) ammonia
plasma-treated fibres.

4176

Figure 3 Interlaminar shear fracture surfaces of aramid/epoxy
composites made from (a) untreated fibres, showing clean fibre/
matrix separation, (b) ammonia plasma-treated fibres, showing
fibre fibrillation, and (c) ammonia plasma-treated fibres, showing
matrix cracking,

aramid fibres [30] or to a combination of low fibre
compressive strength and a low fibre/matrix inter-
facial strength [31].

Microscopic examination of the failure modes in
flexural test’ specimens made from untreated and
plasma-treated fibres shows that the former contain
more extensive fibre buckling and debonding which
extend further into the composite from the com:
pression surface. Both sets of specimens also failed on
the tensile surface at maximum strain. Microscopic
examination of the tensile surface showed matrix crac-
king and fibre/matrix debonding along fibres trans-
verse to the tensile stress direction. These results
indicate that the enhanced flexural strength of plasma-
treated fibre composites occurs mainly as a result of a
decrease in the extent of compressive fibre buckling,
which is, in turn, due to increased fibre/matrix inter-
facial bonding.

3.4. Interlaminar fracture energy

The Gy, values for the untreated and plasma-treated
aramid/epoxy composites, determined using Equa-
tion 4, are presented in Table I. The exponents for the
compliance versus crack length fits were found to be in
the range 2.5-3.0 and the results show that there is no
significant change in interlaminar fracture energy after
fibre surface modification.

It bas been established that composite interlaminar
fracture energy is sensitive to and governed by the
fracture toughness of the matrix resin up to a limiting
resin toughness, beyond which the interlaminar frac-
ture energy does not increase in the same proportion
as that of the matrix [32-34]. This has been attributed
to the limitation imposed on the resin deformation
zone by the composite fibre plies. However, the extent
to which composite interlaminar fracture energy is
dependent upon the fibre/matrix interfacial properties
is much less certain. Marom et al. [35] measured the
Gy, values of carbon and aramid fibre composites
containing the same epoxy matrix and attributed a
higher value of G, for the carbon/epoxy composite



to its higher interfacial bond strength. However,
Alesi et al. [36] studied interlaminar fracture of
aramid/vinylester and aramid/polyester composites
in which the aramid fabric had been surface treated to
modify the interfacial properties, and found that G,
was governed almost entirely by the matrix resin
properties with only a marginal contribution from
interfacial properties.

In the present work, scanning electron micrographs
of the DCB fracture surfaces of untreated fibre com-
posites showed that fracture occurred predominantly
in the matrix, with only small areas of fibre/matrix
separation. A similar predominance of matrix failure
was observed in fracture surfaces of composites made
from treated fibres, and in those areas where
delamination at the fibre/matrix interface was ob-
served, there was increased evidence of fibre fibrilla-
tion, in accord with a higher fibre/matrix interfacial
bond strength. However, it is clear from the similar Gy,
values for the treated and untreated fibre composites
that the fibre/matrix interfacial bond strength is only
a minor contributor to G.

3.b. Ballistic impact properties
The Vs, ballistic limits of composites from untreated,
ammonia plasma- and ammonia/nitrogen plasma-
treated aramid fibres are given in Table 11, together
with their areal densities (20 plies) and resin contents.
For composites containing nominally constant
amounts of epoxy resin (32.5% by weight) a 30 s fibre
treatment by ammonia plasma diminishes the com-
posite ballistic performance against 17 grain fragment-
simulating projectiles by 9.5%. A 5 min fibre treat-
ment in either ammonia or ammonia/nitrogen lowers
the ballistic properties by an additional 3%-4.5%.
Factors which influence the resistance of aramid
composites to penetration on ballistic impact and the

TABLE II Ballistic impact properties of aramid /epoxy composites

precise mechanisms involved are not yet clearly
understood. It is widely recognized that the ballistic
performance of aramids is higher in the form of flex-
ible fabric than in a reinforced resin composite
[37, 38], and that those resin systems which promote
composite mechanical and interfacial properties dim-
inish the ballistic properties. For example, the flexural,
compressive and interlaminar shear properties of
aramid/epoxy composites are superior to those of
aramid/polyester or aramid/vinylester composites,
while the ballistic properties are inferior [39] (Table
III). It has also been established that addition of low-
energy fibre finishes or sizing, which reduce
fibre/matrix adhesion and hence mechanical proper-
ties, enhances ballistic resistance by promoting energy
absorption via fibre debonding and delamination [36,
40]. The results presented in Tables I and II, which
show that fibre treatment in an ammonia plasma
enhances the flexural and interfacial shear strength in
aramid /epoxy composites while significantly decreas-
ing the ballistic properties, are consistent with pre-
vious work.

4. Conclusions

Ammonia plasma treatment of aramid fibres results in
changes in interface sensitive mechanical properties of
aramid epoxy composites. Marked increases in the
interlaminar shear and flexural strengths and a signi-
ficant decrease in ballistic resistance are related to the
introduction of surface amine groups which enhance
the interaction between the fibres and the epoxy
matrix, resulting in changes in composite failure mech-
anisms. The interlaminar shear results are in accord
with SEM examinations of fracture surfaces which
show clean fibre/matrix separation in the untreated
fibre composites and fibre fibrillation and matrix frac-
ture in composites containing treated fibres. Optical

Plasma treatment Matrix content

Areal density

V5o ballistic limit Vso/areal density

(wt %) (kgm™?) (ms™1) [(ms™')/(kgm™?)]

None 332 5.27 311412 59.0

Ammonia 34.1 5.34 28549 534

(30s)

Ammonia 314 5.13 260 + 10 50.7

(5 min)

Ammonia /nitrogen 315 5.14 265 + 17 51.6

(5 min)

TABLE III Effect of matrix resins on the mechanical and ballistic properties of Kevlar® aramid composites®

Resin type Flexural Flexural Compressive Interlaminar Vs, ballistic
modulus strength strength shear strength limit®
(GPa) (MPa) (MPa) (MPa) (ms™1)
Epoxy 303 310 138 30.5 280
Polyester 31.0 228 117 20.7 320
Vinylester 31.0 241 117-138 214 323

Resin content 35%, areal density 9.28 kg m 2. Data are taken from [39].

®64 grain fragment-simulating projectile.
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microscopic examination of test specimens shows that
the increased flexural strength of treated fibre com-
posites can be attributed to a lower degree of com-
pressive fibre buckling due to enhanced interfacial
bonding. The flexural modulus and interlaminar frac-
ture energy are unchanged by plasma treatment. The
flexural modulus results reflect the dependence of
flexural modulus on tensile and compressive proper-
ties of the fibres, with only a small contribution from
the fibre/matrix interface properties. The interlaminar
fracture results are in accord with SEM examinations
of fracture surfaces showing clear evidence of predom-
inantly matrix failure in both untreated and treated
fibre composites.
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