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ABSTRACT: The quality of interfacial adhesion of ara-
mid/epoxy composites affects the mechanical perform-
ance of the material, and thus there is a need to improve
the condition by using the ultrasound-based interfacial
treatment. To do so, an ultrasonic transducer has been
developed and evaluated under various operational con-
ditions when it is installed in the winding system. It has
demonstrated several key characteristics such as low
power, high amplitude (more than 80 um), and continu-
ous working (more than 8 h) without water-cooling. Sub-

sequently, experiments were carried out to determine the
mechanical performance of the polymer material with
and without ultrasound treatment, showing that the
ultrasonic treatment has improved the interfacial per-
formance up to 10%, compared with those without any
ultrasound-treatment. © 2009 Wiley Periodicals, Inc. ] Appl Polym
Sci 113: 1816-1821, 2009
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INTRODUCTION

Aramid/epoxy composites are widely used in mili-
tary, aviation, spaceflight, industry, civil engineering
structure, and so forth,'® as they are immune not
only to corrosion but also to electrical conduction. In
addition, they demonstrate high strength, high mod-
ulus, low weight, and high fatigue strength. Some
composite specimens reported by some of the
authors® have been shown to be easily shear-
destroyed, and this is usually caused by the poor
wetting resistance of the material, which creates a
weak interface due to short periods of wetting.
There are several techniques that have been reported
to improve the interfacial adhesion, and these
include both the chemical and plasma treatments.”™®
However, it is difficult to control the chemical treat-
ment on the surface of aramid, and the process is
usually time-consuming. In addition, the higher
power used for the chemical treatment can result in
damages in the aramid fiber. On the other hand, the
improved mechanical performance of aramid after
plasma treatment cannot be sustained after the treat-
ment is removed. In light of the above, a novel ultra-
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sonic technique is introduced to improve the
interfacial adhesion of aramid/epoxy composites.
The details are discussed below.

An ultrasonic transducer for the interfacial treat-
ment was designed and constructed. It is required
that the transducer be operational without water-
cooling and that the resulting ultrasonic vibration
system is created on the basis of a theoretical model
that has characteristics such as low power consump-
tion, high amplitude (more than 80 pm), and contin-
uous working (more than 8 h) without water-
cooling. Furthermore, the working surface of the
vibration system designed should satisfy the needs
of high winding speed of the fiber.

THEORETICAL ANALYSIS OF ULTRASOUND
TREATMENT ON THE INTERFACE OF
FIBER AND RESIN

The mechanical strength of composites is realized
through the interaction between the fiber and resin,
and this can be enhanced through ultrasonic treat-
ment. A series of tests carried out in the Mecha-
tronics Laboratory at Harbin Institute of Technology
in China showed that ultrasound can enhance the
strength between the fiber and epoxy through vari-
ous effects, which include cavitation, subsequent sec-
ond-order effect, great mechanical effect, and
temperature effect, so that at the surface of the ara-
mid fiber, the interface of aramid/epoxy and viscos-
ity of resin can achieve a better performance than
those without. As a result of the above factors, the
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Figure 1 Schematic of the ultrasound-based treatment
system on interface of composites (1, coiler; 2, ultrasonic
vibration system; 3, resin bath; 4, fiber).

wetting performance of fiber embedded in resin is
improved.

Removing gases using ultrasound

During the winding process of fiber, when the fiber
embodied in resin is drawn out of the resin bath
continuously, the gas impurities can easily be mixed
into the resin, and the bubbles created are absorbed
by the holes on the fiber surface. This effect reduces
the interface strength of composites and the bubbles
arisen from the impure gases form the stress points
in the composites. It is important to note that the
ultrasound offers an important solution to effectively
remove the gases, as acoustic pressure can drive the
bubbles out of the resin. In addition, the ultrasound
used can decrease the viscosity of resin, which
makes the bubbles mobile and thus easily removed.

Corrosion function of ultrasound

The winding aramid fiber is exposed not only to the
impurities but also to oxygen, which is easily
absorbed to form a dirty surface on the fiber, caus-
ing the surface energy of fiber to be reduced dramat-
ically compared with that of a clean fiber. This
results in an incomplete contact between the aramid
fiber and the resin, thus affecting the mechanical
strength, especially the shear strength. When an ul-
trasonic treatment system is switched on, with the
parameters being optimized, the acoustic cavities
would oscillate, causing ultrasonic cavitation devel-
oped inside the resin. The cavities expand under the
negative pressure of ultrasound and shrink under
positive pressure. Under high acoustic pressure con-
ditions, the cavities explode at an extremely high
speed for an instant to create an enormous shock
wave, which results in huge destruction on the dirty
surface of the fiber. This characteristic is termed as
the corrosion function of ultrasound, by which the
wetting of fiber can be improved.

Dispersion function of ultrasound

When ultrasound is used to treat the interface
formed by the two media, fiber and resin, the acous-

tic steaming at a high speed arising from ultrasonic
cavitation, termed the second-order effect of ultra-
sonic cavitation, causes the resin to disperse on the
fiber surface evenly and quickly, which is called dis-
persion function of ultrasound. It is important to
note that evenness of resin on the fiber affects the
wettability performance. As a result, the fiber may
accomplish good wettability performance

Temperature effect of ultrasound

During the winding process, when the fiber impreg-
nates into the resin, the choice of low viscosity of
resin will improve wettability. When ultrasound is
applied to the two media, the enormous energy of
the ultrasound is focused on the interface, which is
subsequently converted into heat energy. The tem-
perature of resin rises as a result, and this is called
the temperature effect of ultrasound. In summary,
the temperature effect benefits the decrease of vis-
cosity, surface tension, and surface energy, thus
improving wettability.

THE COMPONENTS OF THE ULTRASOUND
SYSTEM FOR THE COMPOSITE
INTERFACE TREATMENT

The winding-forming technology is used to make a
specimen for tests using the NOL (spell it out) hoop.
A schematic of the ultrasound-based treatment sys-
tem is illustrated in Figure 1 and the experiment
setup photo is shown in Figure 2, where the aramid
fiber embedded in resin is drawn out of the resin
bath at a certain speed, which is required to go
through the two mounted squeezing rollers, and
subsequently the fiber is treated by the ultrasonic
transducer, excited by a generator operating at a cer-
tain frequency. It is important to point out that the
frequency of the generator varies automatically with
the resonant frequency of the transducer excited,
termed trace-frequency. The trace-frequency is eval-
uated to ensure that the trace-precision is good

Figure 2 The experiment setup photo. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 3 Schematic diagram of the ultrasonic vibration system (1, pre-stress bolt; 2, rear plate; 3, piezo-ceramic; 4, front

plate; 5, cascade horn).

enough for the application. After being heat-dried at
a certain temperature for a certain period, an NOL
hoop specimen for tests is created, shown in the Fig-
ure 4, and subsequently is cut into several parts for
the shear-destroy tests. The main purpose of this
experiment based on an NOL hoop is to evaluate
the shear strength of the material after the ultrasonic
treatment and to cross-compare it with those with-
out any ultrasonic treatment.

DESIGN OF AN ULTRASONIC VIBRATION
SYSTEM FOR THE TREATMENT OF
INTERFACIAL ADHESION OF COMPOSITES

The parameters of the ultrasonic vibration system
are specifically chosen, based on the extensive prior
research by some authors,”'’ and it is reported that
an optimum condition can be reached when a vibra-
tion system runs at a frequency of 18-22 kHz, with a
signal amplitude of 30-80 pm and the treatment
time of 3040 min. However, the detailed design of
the vibration system for the treatment was not dis-
cussed in the published papers; the speed of wind-
ing reported was 10 mm/min, and it was lower
than the speed of 1 m/min set in this work. Based on
the prior work reported, a cascaded horn is developed
in this work to ensure the amplitude of 80 um at the

working surface of the horn, under continuous winding
conditions without water-cooling.

In this work, the working surface of the vibration
system is 4 mm x 20 mm, rectangle-shaped, which
is very well suited to the high winding speed of
fiber because the rectangle-shaped working surface
makes the ultrasonic energy more focused on com-
posites compared to the other shaped working sur-
face. As a result, the vibration system functions
effectively at 20 kHz and the output amplitude of
the transducer operates at 80 pm.

Design of transducer

The schematic diagram of the longitudinal piezoelec-
tric transducer is shown in Figure 3. The dimension
and material of the designed transducer are shown
in Table I, where I3, I, and [; satisfy the equation at
a designed frequency,'' and the amplitude magnifi-
cation of the transducer is 2.6.

Design of the cascaded horn

The cascaded horn designed in this paper is com-
posed of the two parts, with one shape being eche-
lon and the other exponential. The horn is made of
titanium alloy because it has some advantages over

TABLE I
Dimensions and Materials of the Designed Piezoelectric Transducer
Name Material Diameter (mm) Length (mm)
Internal External
diameter diameter
Piezo-ceramic PZT-8 20 50 5
Front plate Super hard aluminum 50 62
Rear plate Mild steel 50 60

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 The NOL hoop specimen for tests. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

the others in terms of low acoustic impedance, high
strength, and good corrosion resistance.

Design of the echelon-shaped horn

When the amplitude node location in the echelon-
shaped horn is designed at the common border
between the large end and the small end of the step
horn, illustrated in Figure 3, I, and I5 of the step-
shaped horn can be given by the propagation equa-
tion,'? ie., I, = Is = 61.25 mm, which is material de-
pendent, as titanium alloy was chosen in this case.
The boundary condition may satisfy the acoustic im-
pedance at the amplitude node location, and thus
the amplitude magnification of the step horn under
the condition of non-loads can be worked out, ie,

Vel

Ufl

MP,; = =625

where vy is the vibration velocity at the input end
of the echelon-shaped horn, and v is the vibration
velocity at the output end of the step-shaped horn.

Design of the exponential-shaped horn

The input end of the exponential-shaped horn is
4596-mm long and 45.96-mm wide, ie., a; = 45.96
mm, b; = 45.96 mm. The area value of the input end

is s; = @y x by. The output end of the exponential-
shaped horn is 20-mm long and 4-mm wide, ie., a; =
20 mm, b, = 4 mm. The area value of the output end
is s, = ay x by, which satisfies the equations below:

ay = ay - e 2Pile
b, =by - e~ 2Bals
52 — az . bZ — Slefz(ﬁl+ﬁ2)lﬁ — 51672[316

where B = By + Po, f1 and B, are the decay constants
of the length and of the width, respectively, and B is
the decay constant of area. The resonance length of
the exponential-shaped horn is /¢ = 138 mm. The
coordinate of the amplitude node in the exponential-
shaped horn is xs = 47.95 mm. The amplitude mag-
nification of the exponential-shaped horn is MP, =
5.138. So the amplitude magnification of the cascade-
shaped horn is:

MP = MP1 X MP2 =32

which is well accorded with demands.

EXPERIMENTS

To study the effects of the ultrasonic treatment on
interfacial property between aramid and resin, a series
of tests on the composites was carried out, these being
achieved under the conditions in which different ultra-
sonic amplitudes were generated and the results
obtained are cross-compared with those from the non-
ultrasound treatment. The materials are made of ep-
oxy, and acid anhydride is used as curing agent to
wind the NOL hoop specimen at a speed of 1 m/min,
shown in Figure 4. All the reported and experimen-
tally obtained values of the interfacial shear strength
are analyzed and evaluated in relation to the GB1416-
88 standard. In this work, five NOL hoop specimens
were wound under the same ultrasonic conditions,
with each NOL hoop specimen being cut to eight parts
for shear strength tests. During the process of winding,
human error made the results disperse to some extent.
Therefore, a statistical method was introduced to eval-
uate the data obtained. The dispersion coefficient
V, (%) is given below

TABLE II
Shear Performance of Composites Treated at Different Ultrasonic Amplitudes

Untreated by

Ultrasonic amplitudes (um)

ultrasound 29 34 40 48 56 68 78
Average of shear strength (MPa) 48.1 48.86 49.6 52.1 52.9 50.95 49.1 37.5
Range of shear strength (%) - 1.58 3.11 8.31 9.97 2.850 2.07 —22.03
Disperse coefficient (%) 3.54 2.21 2.51 2.07 1.57 4.08 5.66 6.2

Journal of Applied Polymer Science DOI 10.1002/app
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Vp _ Ximax — Ximin
Xi

where Xjm.x 1S the maximum value, X, is the mini-
mum value, and x; is the average value of shear
strength at certain ultrasonic amplitudes respectively.

To show the improvement of shear strength in
percentage compared with the value of shear
strength without the ultrasonic treatment, the data
obtained from the ultrasound treatment have been
evaluated by the relative of shear strength, AT/T,
which is given by the equation below.

g_x,-—x
T  x

where x is the value of shear strength without the
ultrasonic treatment, and AT/T is range of shear
strength (%).

The reported values shown in Table II are the sta-
tistical values of shear strength, range of shear
strength, and of the corresponding dispersion coeffi-
cient when the winding speed is 1 m/min.

Table II shows that the shear performance was
significantly improved by 10% when the dispersion
coefficient was 1.57%. These values were obtained at
the ultrasonic amplitude of 48 pum.

Scanning electron microscope (SEM) photos of the
destructive NOL hoop specimen are shown in Fig-
ure 5, obtained under conditions when the ultrasonic
treatment amplitude varies. Images in Figure 5(b,c)
were obtained when the ultrasonic amplitude was
48 ym and of 78 pm, respectively; in Figure 5(a),
there was no treatment. As shown in Figure 5, the
surface of the fiber was covered by little resin, and
thus the shear performance was decreased due to
the wettability performance degradation. The result
shown in Figure 5(b), obtained at the ultrasonic am-
plitude of 48 pm, achieved the best performance
over the range from 29 to 78 um both in terms of the
shear performance and of the wettability, with
which the stability of composites tends to increase.
The fiber shown in Figure 5(c) is subjected to the ul-
trasonic treatment at amplitude of 78 pm, and it
shows that the interface adhesion has been
destroyed totally by the cavitation arisen from ultra-
sound, which causes the resin being difficult to
adhere to, this being nearly the same as that from
Figure 5(a).

The experimental results obtained are in good
agreement with those obtained from the theoretical
discussions. Experiments carried out demonstrated
that the wetting performance of fiber embedded in
resin was improved, with which both the interfacial
adhesion strength between the fiber and resin and
the mechanical performance of composites improved
accordingly.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Scanning electron microscope photos of destruc-
tive NOL hoop specimen (a) under the condition of
the nonultrasound treatment; (b) at ultrasonic amplitude
of 48 um; and (c) at ultrasonic amplitude of 78 pm.

CONCLUSION

A novel ultrasound-based polymer winding equip-
ment has been specifically set up and evaluated in
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this work to evaluate and determine the interfacial 3.

characteristics between aramid and resin. The exper-
imental results obtained have confirmed that the
shear strength of polymer was improved by 10% 5

when treated by ultrasound with an optimized set- 6.
ting, compared with those without the ultrasound 7.
treatment.

10.
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