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Epoxy dispensing is one of the most critical processes in microelectronic packaging. However, due its
high viscoelasticity, dispensing of epoxy is extremely dif�cult, and a lower viscoelasticity epoxy is desired
to improve the process. In this paper, a novel method is proposed to achieve a lowered viscoelastic epoxy
by using ultrasound. The viscoelasticity and molecular structures of the epoxies were compared and ana-
lyzed before and after experimentation. Different factors of the ultrasonic process, including power, pro-
cessing time and ultrasonic energy, were studied in this study. It is found that elasticity is more sensitive
to ultrasonic processing while viscosity is little affected. Further, large power and long processing time
can minimize the viscoelasticity to ideal values. Due to the reduced loss modulus and storage modulus
after ultrasonic processing, smooth dispensing is demonstrated for the processed epoxy. The subse-
quently color temperature experiments show that ultrasonic processing will not affect LED�s lighting.
It is clear that the ultrasonic processing will have good potential to aide smooth dispensing for high vis-
coelastic epoxy in electronic industry.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Dispensing is a key technology in microelectronic packaging,
and to guarantee quality, it must be meticulously accurate. The dis-
pensed under�lling material protects neighboring interconnec-
tions from short-circuiting and releases residual stress [1]. The
most widely used under�lling material is epoxy as it is an excellent
electrical insulator and highly stable [2�4]. Typically, the required
amount of epoxy is usually on the nanoliter scale with a high
degree of consistency (>95%) [5�8]. Yet, due to high viscoelasticity,
dispensing of epoxy is extremely dif�cult [9]. Epoxy is tough to
break and residual amounts collect on the nozzle. As it accumu-
lates on the nozzle, dispensing consistency will diminish and
blockages will form. Therefore, an epoxy with improved viscoelas-
ticity is urgently required for smooth dispensing.

Two popular methods are employed to lower the viscoelasticity
of epoxy, either a diluent is added or the epoxy is heated [10,11].
Though both methods will rapidly reduce the viscoelasticity of
the epoxy, its properties are also greatly affected [12]. The modi-
�ed epoxy may have reduced reliability, which makes it unsuitable
for encapsulation. Moreover, heating degrades epoxies, which may
cause deformations in the electronics and aggravated stresses dur-
ing encapsulation. It is necessary to �nd a better way for improving
the dispensing ability of epoxy.

It is well accepted that the high viscoelasticity of epoxy origi-
nates from disorder and entanglement of molecular chains [13].
Therefore, it can be inferred that if the molecular chains are
streamed by external energy at low temperatures and become
ordered, the epoxy will have a lower viscoelasticity with main
properties unchanged, and is easier to be dispensed.

One promising option to lower the viscoelasticity of epoxy is
ultrasonic processing. Ultrasonic processing is widely used in poly-
mers degradation [14�16] by generating acoustic cavitation
[17,18]. High pressures are produced by ultrasounds due to burst-
ing of the numerous bubbles that rapidly form by ultrasonic vibra-
tions in liquids [19]. The pressure gradient can be large enough to
drive high-energy chemical reactions, which can modify both
organic and inorganic materials [20�22]. However, recent studies
also have demonstrated suitable pressures and a relatively smaller
energy can be obtained by regulating factors that affect ultrasound
sonochemistry, such as ultrasonic intensity, solvent choices, poly-
meric properties, etc. [23]. Besides, studies also proved that the
sonochemical degradation for polymers only takes place when

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2015.06.026&domain=pdf
http://dx.doi.org/10.1016/j.ultsonch.2015.06.026
mailto:chen.lojade@gmail.com
http://dx.doi.org/10.1016/j.ultsonch.2015.06.026
http://www.sciencedirect.com/science/journal/13504177
http://www.elsevier.com/locate/ultson
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their molecular weights are higher than 30,000, below such value
no further degradation happens; these effects have been veri�ed
in all types of macromolecules in solution and include both organic
and inorganic polymers in organic solvents and various polymers
in aqueous media. However, the very large pressure produced in
the interfacial region around cavitation bubbles when bubbles col-
lapse, and the liquid motion in this vicinity can generate very large
shear and strain gradients, these will cause molecules around the
cavitation bubble streamed very rapidly and become ordered,
causing solely physical changes [24,25]. As the average molecular
weights of uncured epoxy resins are usually less than 4000 [26],
it is possible to lower the viscoelasticity of epoxy with its main
properties unchanged by using suitable ultrasound power to
stream molecules only.

In this paper, an experimental setup is developed to improve
the dispensing ability of epoxy by ultrasonic processing to reduce
its viscoelasticity. In order to prove reduced viscoelasticity while
maintaining its main properties, the dynamic modulus and infra-
red spectrum are compared and analyzed before and after ultra-
sonic processing. Ultrasonic power, processing time, and
ultrasonic energy is varied and compared in order to �ne-tune
the different factors involved with ultrasounds. Finally, it is
demonstrated with a jet dispensing experiment that smooth dis-
pensing is easily achieved for a processed epoxy. The subsequently
color temperature experiments show ultrasonic processing will not
affect LED�s lighting. This clearly indicates that the ultrasonic pro-
cessing has good potential in aiding the smooth dispensing of a
high viscoelastic epoxy during microelectronic packaging.
2. Experiment setup and results

2.1. Experiment setup

As shown in Fig. 1, the experimental setup consists of a com-
puter, a self-developed sandwiched piezoelectric transducer
(a) Experimen

(b) Experimenta

Fig. 1. Experim
(PZT), an ultrasonic generator (USG) (Uthe, USA), and a 3-axis
motion platform. The computer controls the USG, which drives
the transducer. The transducer, which includes a piezoelectric dri-
ver and a horn, is �xed on the platform with one end immersed in
the epoxy. Once the PZT driver is excitated by the USG, ultrasonic
vibrations are generated. The ultrasonic vibrations then propagate
through the horn until they reach the epoxy, resulting in numerous
bubbles needed and causing them collapse.

According to Suslick et al. [24], the reliable and effective inten-
sity of ultrasonic power for laboratory-scale sonochemistry ranges
from 50 to 500 W/cm2. Therefore, the maximum ultrasonic power,
Emax which is large enough for ultrasonic processing but without
introducing too much local energy can be calculated as follows:

Emax 6
pd2J

4
ð1:1Þ

where d is the diameter of the horn end, of which used in the exper-
iment is 3.6 mm; J is the intensity of ultrasonic power, in this exper-
iment the minimal value 50 W/cm2 is chosen. So according to Eq.
(1.1), the maximum power of the PZT driver Emax was chosen as
5 W.

In order to maximize the order of generated bubbles, the piezo-
electric transducer was purposely designed to vibrate in the axial
direction only with its working frequency at 63 kHz.

To ensure all the epoxy in the beaker is well and uniformly pro-
cessed, the beaker was rotated slowly by the 3-axis motion
platform.

The epoxy resins used in the experiment was Diglycidyl Ether of
Bisphenol-A (DGEBA, CAS No. 25068-38-6) with a number average
molecular weight, Mn < 700 (corresponding to n = 0, or 1), which
was purchased from Ausbond Co. Ltd without further puri�cation.
Their structures are shown in Fig. 2. In order to eliminate possible
curing reactions during the ultrasonic processing, each experiment
took about 10 mL epoxy only, without any harder and curing accel-
erator. The entire processing time was about 5 min.
t scheme 

l equipment 

ent setup.



Fig. 2. Structures of epoxy used in experiment (DGEBA).
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2.2. Experimental results and discussion

To verify whether the �ow properties of the epoxy are improved
after ultrasonic processing, rheology properties are characterized.
In rheology, �uid viscoelasticity is usually studied with the
dynamic mechanical analysis [27] in the following steps. First, an
oscillatory force (stress) is applied to the �uid and the resulting
displacement (strain) is measured by a rotational rheometer.
Then the dynamic modulus G can be obtained by analyzing the
relationship between the stress and strain. The dynamic modulus
G consists of storage modulus G0 and the loss modulus G00, which
represent the elasticity and the viscosity, respectively.

G … G0 þ iG00 ð1:2Þ

In the experiment, the oscillatory rheology was performed with
a Kinexus rotational rheometer (Malvern) at room temperature,
25 �C, for a frequency range of �0.1�40 Hz. A cone-and-plate
geometry was employed with a radius of 20 mm and cone angle
of 5�.

The dynamic modulus G of epoxy is shown in Fig. 3. It can be
seen that after processing, there is a clear reduction in both the
storage modulus, G0, and the loss modulus, G00. However, there is
a more severe drop observed for G0. This can be explained as
follows:

As there are numerous bubbles generated in the rotating beaker
and they collapse randomly, the forces applied on the epoxy can be
seen as multiple oscillating stress and strain. Therefore, from the
linear viscoelasticity theory, the response of storage modulus, G0,
and the loss modulus, G00 under thus conditions can be phe-
nomenological expressed as [28,29]:

G0ðxÞ …
Xn

i…1

Gi
ðxisiÞ

2

1 þ ðxisiÞ
2 ð1:3Þ
G00ðxÞ …
Xn

i…1

Gi
xisi

1 þ ðxisiÞ
2 ð1:4Þ

where n is the total times of oscillating forces, i represents the ith
time of oscillating forces; Gi, xi and si are the corresponding
dynamic modulus, oscillating frequency and relaxation time,
respectively.

So, the sensibility of storage modulus, G0, and the loss modulus,
G00 to the oscillating frequency x can be represented by the
Fig. 3. Dynamic modulus of epoxy before or after processing.
derivations of the above equations to x, and are written as follows,
respectively:

‰G0ðxÞ�0 …
Xn

i…1

Gi
2xis2

i

ð1 þ ðxisiÞ
2Þ

2 ð1:5Þ

‰G00ðxÞ�0 …
Xn

i…1

Gi
1 � x2

i s3
i

ð1 þ ðxisiÞ
2Þ

2 ð1:6Þ

Thus, the discrepancy of the sensibility of the two moduli to the
oscillating frequency x can be written as:

‰G0ðxÞ�0 � ‰G00ðxÞ�0 …
Xn

i…1

Gi
2xis2

i þ x2
i s3

i � 1

ð1 þ ðxisiÞ
2Þ

2 ð1:7Þ

As the transducer vibrates at a high frequency up to 63 kHz, the
oscillating shear frequencies resulted is usually larger than 106 1/s
[18]. Considering that the relaxation time of uncured epoxy is usu-
ally at 10�2�10�4 s level [30,31], it can be easily calculated that Eq.
(1.7) is usually larger than zero, which means that storage modu-
lus, G0 is much more sensitive to oscillating forces than the loss
modulus, G00 under such ultrasonic processing conditions.

Interesting, after 5 days, there is a clear trend that both G0 and
G00 is gradually recovering. This minimization of natural entropy
indicates that there are few chemical reactions during the process
and the main properties are soundly maintained.

To fatherly con�rm this, the infrared spectrum of the epoxy
after processing was obtained and compared with that of epoxy
before processed. A Fourier transform infrared spectrometer
(FT-IR) (Thermo Nicolet AVATAR 360) was used with spectral range
coverage from 4000 to 400 cm�1 at room temperature of 25 �C. The
resolution was up to 1 cm�1.

As shown in Fig. 4, the infrared spectrum transmittances of the
epoxy samples are nearly unchanged before and after ultrasonic
processing, no additional peaks or signi�cant changes of the IR
absorption spectrum are observed. Peaks and their corresponding
functional groups are listed in Table 1. The peaks at 915 and
1132 cm�1 that are attributed to the epoxy rings [32�34] are also
Fig. 4. Comparisons in infrared spectrum transmittance before and after
processing.



Table 1
Peaks of epoxy group and their corresponding functional groups.

Wave number
(cm�1)

Tentative band assignment Roles

2966 C�H stretching [35,36] Reference
peak

1606 C@C of aromatic rings stretching [33] Reference
peak

1510 C�C of aromatic stretching [33] Reference
peak

1296 Aliphatic C�O stretching [34] Reference
peak

1416 �CH3 bending [35,36] Reference
peak

1248 C�O aromatic stretching [37] Reference
peak

1184 C�O aromatic ring stretching [33] Reference
peak

1132 C�O�C ether group stretching [33] Epoxy peak
1036 C�O�C of ethers stretching [33] Reference

peak
915 C�O of oxirane group stretching [33] Epoxy peak
873 C@CH twisting [34] Reference

peak
831 C�O�C of oxirane group stretching

[33]
Reference
peak
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presented in processed samples and their intensities had not sig-
ni�cantly changed. So are other peaks. These suggest that the
ultrasonic processing did not lead to heavy disintegration or mod-
i�cation of the epoxy structure.

3. Parameters study

A previous study showed that the energy released from bubble
bursts has a tight connection with the ultrasonic parameters [23],
which would further affect the properties of the processed epoxy.
Therefore, the effects of several of these parameters, including
ultrasonic power, processing time and ultrasonic energy, on the
viscosity and elasticity of epoxy are studied and analyzed here.

3.1. Effects of ultrasonic power

To test the effects of ultrasonic power, different powers (1, 2.5
and 5 W) were used and compared while all other parameters were
maintained constant. The processing time was 5 min. As shown in
Fig. 5, it is evident that increasing the ultrasonic power will reduce
both G0 and G00. Therefore, increasing the power reduces both the
viscosity and elasticity of epoxy. This is likely due to an increasing
Fig. 5. Effects of ultrasonic power on viscoelasticity reduction.
amount of chains streaming with increasing ultrasonic power. In
order to maximize the reduction of G0 and G00, a larger power is
needed.

3.2. Effects of processing time

Next, the processing time was considered. Times of 2, 5 and
10 min were analyzed while maintaining the ultrasonic power at
5 W and all other parameters were kept constant. The effects of
the processing time on viscoelasticity are shown in Fig. 6.
Clearly, increasing the processing time will reduce G0 of epoxy sig-
ni�cantly. However, G00 is nearly unchanged under different pro-
cessing times, leading to the conclusion that viscosity is less
sensitive to the processing time than the elasticity.

3.3. Ultrasonic energy and viscoelasticity reduction

Finally, the effect of the transducer energy on the viscoelasticity
reduction is determined. The transducer energy is a function of
both the power and the process time. Thus, the effects of the same
energies with different combinations of power and time are stud-
ied in the following two experiments. First, the ultrasonic power
was kept at 2.5 W and the sample was processed for 10 min.
Second, the ultrasonic power was kept at 5 W and the sample
was processed for 5 min. As shown in Fig. 7, the same reduction
is achieved under the same ultrasonic energy, with little change
in G0 and G00. Both the viscosity and the elasticity are nearly the
same in the whole frequency domain. This indirectly concludes
that the reduction in viscoelasticity is achieved by streaming the
entangled molecular chains with ultrasonic energy.
4. Jet dispensing veri�cation

Since the viscoelasticity of the epoxy was successfully reduced
via ultrasonic processing, smooth dispensing should be easier to
achieve. To verify this, jet dispensing experiments are conducted
on an automatic jet dispenser (AXXON Jet-6000), and monitored
by a high-speed camera (FAST-CAM SA1.1) which captures images
at a high-speed rate (10,000 frames per second) and a high resolu-
tion (768 � 768 pixels), shown in Fig. 8. A high-intensity LED light-
ing, with a luminous �ux of 13,000 lm, was used as a lighting
source. The epoxy was preprocessed by ultrasound for 5 min with
a power of 5 W, and then dispensed with curing harder
(isophoronediamine and salicylic acid) and phosphor powder
(10% by weight). Without ultrasonic processing, the higher vis-
coelasticity of the epoxy will generate more resistance. Thus, the
epoxy was dispensed half way and then recoiled back to the nozzle,
Fig. 6. Effects of processing time on viscoelasticity reduction.



Fig. 7. Effects of the transducer energy.

Fig. 8. Jet dispensing experiment setup of epoxy after ultrasonic processing.

(a)Unsuccessful dispensing    (b) Smooth dispensing 
before processing            after processing 

Fig. 9. Dispensing comparisons before and after ultrasonic processing.

Fig. 10. Lighted LEDs after dispensing.

Table 2
Effects on the LED�s color temperature.

Sample Color temperature of
unprocessed LED (K)

Color temperature of
processed LED (K)

1 7538 8001
2 7445 7352
3 7514 7330
4 8185 7782
5 7947 7932
6 7529 7873
7 8065 7824
8 7942 7391

Average 7770.625 7685.625
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shown in Fig. 9a. As expected, smooth dispensing was achieved
after the ultrasonic processing due to the lower viscoelasticity,
shown in Fig. 9b.

As for LED packaging, one of the most concerning issues is the
color temperature [6]. In order to verify whether the ultrasonic
process of epoxy brings in any effects, the dispensed LEDs are
cured, packaged and lighted, as shown in Fig. 10. And then the
color temperatures of the LEDs are measured and compared with
those without ultrasonic processing, as listed in Table 2. It can be
seen that the color temperature is almost the same under the
two conditions. The average color temperatures of unprocessed
and processed LEDs are 7770.625 and 7685.625 K, respectively.
The discrepancy is only 1% that suggests that ultrasonic process
of epoxy brings in little effect on the LED�s color temperature.
5. Conclusions

In this paper, a novel method is proposed that uses ultrasound
to lower the viscoelasticity of epoxy for smooth dispensing in
microelectronic packaging. The experiment setup for this method
was also developed. The viscoelasticity and infrared spectrum
transmittances of epoxy were compared and analyzed before and
after ultrasonic processing. The effects of ultrasonic power, pro-
cessing time and ultrasound energy on the viscoelasticity degrada-
tion were also studied and discussed. The jet dispensing
experiments were then setup to verify the ultrasonic processed
results. After that, the color temperature experiments were carried
on the dispensed LEDs to evaluate the effects of ultrasonic process-
ing on LED�s lighting.

Through this method, the viscoelasticity of the epoxy was effec-
tively lowered with little effect on its main properties. Over a short
time, the epoxy was gradually recovering, showing no permanent
degradation. Viscoelasticity was reduced due to acoustic streaming
of the molecular chains rather than cleaving of the chains, which is
highly reversible. Looking at the individual parameters of ultra-
sound processing, it was found that the elasticity of the epoxy is



20 Y. Chen et al. / Ultrasonics Sonochemistry 28 (2016) 15�20
more sensitive to ultrasonic processing than its viscosity. To
achieve ideally low viscoelasticity, large amounts of power and
long processing time is required. In conclusion, this method would
greatly improve the microelectronic industry, leading to quicker
packaging times with an improved consistency.
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