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ABSTRACT

Micro injection molding has recently gained tremendous
attention owing toan increasediemand for microelectromechanical
systens (MEMS) and microsystems which encompass a wide range of
industrial and engineering applications. Since the ssizd
microinjection molded parts and devices are typically on the order of
hundred of micrometers, its flowability of molten polymer innaold
cavity becomes important iaject the molten polymersuccessively
during the filling and packing stagehiring the injection molding.
Particularly, the rheological properties oie injection molding
materials playan important role irthe flowability duringaninjection
process due tdhe fact thatthe rheological properties are mainly
affected byshear rateindtemperature which are pragmatic approach
to change injection molding conditian¥he rheological properties
affecting the flowability of molte polymers are extensively
characterized by investigating fiber lehgtdistribution, volume
fraction, and heat transfer of inclusions so as to determine the crucial
parameters for the flowability inside miesized pitches and channels.

Therefore, we firstly fabricated a thin tensile specimen and



investigated the internal structures of the specieuasing MicreCT

to analyze the fiber length distribution of the samplése data
acquired by the Micr&€T was therprocesed by an image processing
to analyze quantitative probability density functisn cumulative
functions andprobability functiors. Also we compared it witlseveral
statistical fiber breakage modelsrom the fiber length distribution
results 3D internal structure of microinjection molded p#&s were
obtained The results of fiber orientation and flowabilitywere
compared witha numerical analysis by usirg commerciakoftware
tool (MOLDFLOW). Both the experimeat and numerical results
indicatal thatlong glass fibers, lowolume fractionand low thermal
conductivity of inclusionsshow better flowability. Effective elastic
modulus was measured and predicted by combining the theoretical

modes.

Keywords: microinjection molding, fiber length distribution, 3D

internal structurecomposites, nunneal analysis
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I. INTRODUCTION

1.1. Overview of injection molding

Injection molding has been considerewbst efficient polymer
processing method to fabricate from a large size of product such as a
bumper of car or a bezel of television to a micro size of chip or
connector for electronic devices as well as complex shaped product
and capability of mass prodimn. Since the products tend to
miniaturize, the micro injection molding became one of the key
method for micrescale producfl]. In case of manufacting a micro
size of product, it is very important to control of flowability of
materials due to high shear rate, solidification rate and viscosity.
Generally, iquid crystalline polymer (LCP) has been widely used for
injection molding because it has goawqessability because of a rigid
rod within material§2]. Moreover, it is well known that LCP has very
low melt viscosity which leads good processability duringatipn
molding process and minimize the defect from breal@je Low
viscosity compared with isotropic liquid is considered one of the

unique properties of LCP dnthis property comes from the ready

10



orientation of the LC molecules during flowing process. However,
since the orientation of LCP has resulted in rheological property show
anisotropic propertie§4] therefore, there should be a particular
inclusion to reduce the anisotropic property. Reinforced composites
have improvement in mechanical property and decrease anisotropic
characteristic, on the other hand, reinforcedmposites have
decreased flowabilityln this senseit is important to understand the

flowability depends on properties of inclusions.

11



Injection

Molding

Figure 1. Overview of injection molding
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1.2. Overview of FLD and Micro-CT

Characteristic of composites varies according to their properties of
contained materials such as length and orientation of fibers, the ratio
of the glass fibers and minerals as well as the species of included
materials [5-7]. Seweral methods have been developed so far to
observe the fiber length distribution (FLD) such as confocal laser
scanning microscopy[8-10]. However confocal laser aoning
microscopy is not good enough to analyze the length of fiber
distribution for complex shape geometries in thdeeensional
images due to its low resolution. It is possible to obtain 3D
information of FLD with high resolution in a natestructive wg [11,

12] by using MicreCT [13, 14]. In general, Xray Micro-CT is a
method for generating a three dimensional image by stacking a large
number of 2D cross section images, thus this technique can be applied
in various felds to investigate the internal structure such as, damaged
areag[15], porosity16] and bone microstructure for medical purpose
[17]. FLD enables us to anticipate the property of materials since the
fiber length is the key factan determining the mechanical property

[18-20], electrical property21], and thermal property of materials

13



[22-24]. Furthermore, FLD influences the processability of
composites because it varies with rheological behavior such as
flowability and viscosity[25, 26]. Besides FLD, estimation of the
species and amount of content in the material also plays an important
role in understanding the rheologl behavior[27-29]. Therefore, in
order to understand the characteristic of the mixed materials,
components analysis of the material is necessary. In tidy,stve
obtained the images of tensile specimens by using Midrowith

high resolution, then reconstructed the three dimensional data to
visualize into probability distribution function. The theoretical
analysis of flowability, i.e., processability is pented and the
theoretical analysis results were compared with the experimental
results. In the last of this studg,fiber clogging problenon the side

and on the front tip of micro connector was analyzed through 3D
constructed images, Micit@T images, ath the real pictures of micro

connector.

14



1.3. Objective of this work

In this study, for comprehensive understanding viscosity affected
by volume fraction, FLD and thermal conductivity is prior object to
investigate flowability and processability in micro scalemolded
part. We used two kinds of LCP based on differpraperties of
inclusions First of all, incineration experiment and Scanning electron
microscope (SEM) experiment were taken to verify volume fraction
and observe length of glass fiber visually. €eond of all, for
quantitative analysis of FLD, Mict@T and image processing were
performed then, the results were transferred theoretical models and 3D
structures. Finally, numerical analysis results were characterized by
commercial software MOLDFLOW. Th numerical analysis and
experiments both indicated tha fiber clogging problemwas
observed in a micro sized path. Particularly, we focused on the
influence of FLD in micro sized of connector under various conditions

such as flow rate, thermal condudatyv

15



Il. THEORETICAL BACKGROUND

2.1. Parameterseffect on viscosity

The variables related to viscosity are generally classified into 3

types: volume fraction, FLD and thermal conductivity.

2.1.1. Volumefraction

The volume fraction is one of the criticalajameter
determined the viscosity30]. Generally, the composite which
contains more glass fiber inside has a relatively worse viscosity since
glass fiber can acas an obstacle during micro injection molding
process. Therefore, the composite with lower volume fraction can
flow the narrowpath without interruption. However, there are certain
drawbacks associated with the decrease of volume fraction. Typically,
the lower volume fraction of composite increases flowability and
reduces mechanical property at the same time thus, both the
rheological property and mechanical property can be determined how
much volume fraction of inclusion such as glass fiber is included i
the materials. For this reason, when the marip or micreconnector

were fabricated by using injection molding process, it is necessary to

16



optimize the weight percent of volume fraction because fabricated
appliances with less volume fraction of ingtuss than it is needed
can have welformed shape, on the other hand, it might not be

appropriate to use due to poor mechanical property.

2.1.2. Fiber Length Distribution (FLD)

Another important parameter which influences on the viscosity
is a FLD. Durig the micro injection molding process, tHiber
clogging problenis frequently occurred problem which increases the
probability to manufacture defected appliances. Since the length of
glass fiber included in LCP is approximately up to 10@0jt is long
enough length to block the stream of the rest of material during
injection molding particularly at the few mifheters sized narrow
path. Consequently, consideration of the length of glass fiber, of
course, its distribution have become more and more imowhen
the micrescale of product like microonnector and microhip are
designed.Thus, t can be suggested that FLD influences on the
viscosity considerably which serve as a base to anticipate the

flowability.

17



2.1.3. Thermal conductivity

Usually, solidifiation rate is significantly affected by heat
transfer between mold temperature and melt temperature which means
that under the same temperature of mold, the solidification rate should
be defined based on the thermal conductivity of inclusions within the
material. This suggests that, the glass fiber which has higher thermal
conductivity can transfer heat between mold and materials relatively
quickly then, it would be solidified. Therefore, under the same

condition, it is difficult to flow the path beforeliihg the mold fully.

18



n(y) : strain
rate

Heat
transfer
depends on
Volume
fraction

Figure 2. Parameters influence on the viscosity.
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2.2.Theoretical models

In this study, three types of statistical modeling, i.e. Weibull
distribution function, Lognormal distribution and the generalized
extreme valu¢GEV) were used for comparison with experimental

distribution functiors. Equations are as followed.

2.2.1. Weibull distribution function

F(x; 6,6) — (% G)K_ e“(%) X = 0)
0 x<0

Where, k and | are shape parameter, scale parameter, respectively.

2.22. Lognormal distribution function

1 (In x-s)2
FOGHU) = XCI\/Z_'e 202 (x>0)

~

The O and 0 represent log |l ocation p

respectively.

2.2.3. The generalized extreme valugEV) function

20



FOx;p 0,3) =L ioFet® t(x) = (1+(=5)g) & ifg=0
’ eGw/s ifE=

The p,&G and 3 are | ocation parameter,

parameter, respectively
2.3.GeneralizedNewtonian fluid model

2.31. CrossWLF model

In order to analysis numerically, the Cra84%.F equation was
applied, since viscoelastic behavior is complicatgebthe solution,
instead of viscoelastic model, we use the generalimatonianfluid

model in this studyThe CrossWLF equation is given by

5
whered is the melt viscosity (Pa sk, the zero shar viscosity, g

the shear rate (1/s)” the critical stress level at the transition to

shear thinningn the power law index

21



lll. EXPERIMENTS

3.1. Samplecharacterization

3.1.1. Materials

Two types of composites weemprepared and investigated in
this study: S471 and S475 (Polyplastics, Vectra S471 and Vectra
S475) included with glass fibers and minerals were used as base
composites. S471 and S475 are denoted S1 and S2, respectively. Both
composites were available the form of cylindrical pellets. Besides
S471 and S475, micro connector was used which was made of S471 to
analyze the processability, i.e, flowability. Tensile specimens were
fabricated by an injection molding machine, then measured by Micro

CT to determie FLD[14].

3.1. Overview of analysis methods

3.2.1. Incineration

In this study, 3g of the cylindrical pellets were placed into a
squared crucible and heatad6@0°C for 24 hours in the stream of air

in a furnace (Nabertherm GmbH), then, the rest of the weight was

22



measured in ash to calculate the weight fraction of included glass

fibers and minerals.

3.2.2. Thermo Gravimetric Analysis (TGA)

The thermo gravintec analysis (TGA) was performed using
TA instruments TGA 2950, and the ratio of mass differences of
indefectible GB045 and sheshot GB045 micraconnector divided
into each two parts were evaluated as a function of temperature. The
samples were heaterbm 30 °C to 800 °C, then, the mass differences

were evaluated at the same temperature.

3.2.3. ThermoMechanicalAnalyzer (TMA)

Thermo Mechanical Analyzer (TMA) was employed by TMA
equipment (TAinstruments Q400) to acquire to information of
coefficiert of thermal expansion (CTE) of S1 and S2. The temperature
rate is 5 °C / min in the temperature range 23 °C to 230 °C.
Rectangular shaped small size of samples (4mm x 10mm, width and
length) for both flow direction and transverse direction of orientation

of inclusions were prepared by using laser cutter (jg10060).

23



3.2.4. ScanningElectron Microscope (SEM)

The Scanning electron microscope (SEM) method is one of
the more practical ways of observing a surface of materials. Surface
analysis was carried out thi FieldEmission Scanning Electron
Microscope(FE-SEM, JSM7600F) with 50~200 times magnification,
5kV of acceleration voltage and 8mm of working dista@éD).

Each specimen was coated before SEM examination.

3.2.5.Micro-CT imaging and image processig

Micro-CT system (Skyscan, 1172) with high resolution was
used to explore the micro structure of the glass fiber and minerals
within composites. Source voltage was 100 kV, which was powerful
enough for tomography to obtain 3D images. The data from MigGro
were analyzed quantitatively by using a commercial image analysis
tool (Media Cybernetics, Imagero Plus 6.0). After image processing,
the probability distribution function graph for graphical visualization
was obtained by numerical method of Matlablboa. For better

visual analysis, images from Mic®@T were combined for three

24



dimensional structure. A commercial image tool (image j) was used to

reconstruct 3D images.

3.2.6. Flowability test

A met al spiral shaped mol d with

1500em in a fine channel width of
measure the flowability of S1 and S2. A flow length which indicates

the flowability while the resin is flowing through the spiral channel at
different temperatures was compared with the tesol numerical

analysis by using a commercial tool (Autodesk Moldflow).

3.2.7. Universal testing machine (UTM)

Elastic moduli of samples were examined by using a universal
testing machine (UTM) (Instron, 8801) with 5 mm/min of the

crosshead speed accmgito ASTM D638 for tensile testing.

25
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Figure 3. Image of spiral ctannel.
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IV. RESULTS AND DISCUSSION

4.1. Anisotropic property of LCP

General understanding of the anisotropic property of LCP should
be taken prior to decide thgptimal process conditionf injection
molding since misotropic property might cause distortion. It is well
known fact that LCP appears anisotropic propeahgrmal expansion
is examinedby TMA. It can be seen from the data in Takle-low
direction of CTE vales for S1 and S2 are much lower thae
transrers direction of CTE values because, in general, LCP has a

molecular orientation along flow direction

27



Table 1. Coefficient of Thermal Expansion (CTE) results of S1
and S2.

CTE(Coefficient of Thermal Expansion) (10¢/°C)

Flow direction Transverse direction
S1 7.049 104.4
S2 24.07 66.34

28



4.2. Volumefraction and morphological analysis

4.21. Incineration

The weight fraction of glass fibers and minerals included in
S1 and S2r& shown in Figre 4 The weight fraction of the inorganic

inclusions is defined as:

Weight fraction (%) :%O_W) x 100 (1)

where, w is the weight of original sample, w is the weight of crucible
plus original sample and w' is the iglet of crucible plus ash after
incinerating the sample. As a result, the total weight fraction of
inclusion in S1 and S2 was confirmed @s14 % and 3065%, which
indicates that S1 has more glass fiber and mineral than S2, and that it
is envisaged eaclomposite system consisted of S1 and S2 may have
different rheological and thermophysical properties, i.e, different
flowability associated with different transition temperature and

viscosity [31], moreover,higher volume fraction in S1 could be

29



attributed to lower flowability because glass fiber acts as an obstacle

in channel.
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S1 S2

Before Incineration After Incineration Before Incineration After Incineration

Inclusions : 44.17 % Inclusions : 30.65 %

Figure 4.1. Incineration result of S1 and S2 with volume fraction
of glass fibers and minerals.
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4.2.2. Morphology analysis

The results obtained from the surface analysis IyguSEM
are presenteéfigure4.2 and Figure 4.%vith various magnifications.
There was a significant difference between the two specimens. As can
be seen from theFigure 4.2 and Figure 4.3the S1 reported
significantly longer glass fiber length than th2. Moreover, what is
interesting in these images is that not only the S1 has a longer glass
fiber but alsat contains moreamouns of glass fibershan that of S2,
which is a coincident result with incineration results abovdese
incineration experimenand surface analysis enable us to anticipate
the flowability. The length of glass fibers in the SEM image of S1 are
approximately 300um, thus, these glass fibers could get taagled

narrow path and act as hindrances.

32



Figure 4.2 SEM images of S1 with (a) X50 (b) X100 (c) X150 (d
X200.

33



Figure 4.3. SEM images of 2 with (a) X50 (b) X100 (c) X150 (d)
X200.
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4.3. Quantification of fiber length distribution

4.3.1. Image processing

It is worthy to note that FLD becomes significantly important
as manufacturing micrdevices, micrestructures, and micrmolded
parts since the channel path or pitch in the msizred products is on
the order of tens of micron to hundreds of microns which is
comparable to the length of inclusions. Therefore, the quantification
of FLD should be realized prior to investigating the fluidic properties
of molten polymer composites. In this sense, morpho&gi
characterization of both S1 and S2 was conducted so as to quantify the
FLD in each sample as shown in &ig 4.2 and Figure 4.3lt is
shown that fiber length of S1 seems to be longer than that of S2.
However, it needs more accurate, reliable, and detla set to assess
the distribution of fiber length. For better understanding of FLD,
Micro-CT was used to quantitatively analyze the internal structure of
S1 and S2, and then image processing was conducted by using
commercial software (Media CybernetitmiagePro Plus 7.0). A thin
tensile specimen (10 mm width x 1 mmin height) was produced to

induce the unidirectional fiber origtion along the flow direction.
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The images from MicCT pictures were filtered to emphasize the
horizontal drection of glass fibers, and then the total number of
detected glass fibers was counted. It is apparent that the length of
glass fibers in S1 is longer than that of S2 as shoviAgure 44a and

Figure 44b.
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Figure 4.4. Micro -CT images after image processing and countec
glass fibers of (a) S1 andb) S2
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4.3.2. FLD & Theoretical analysis

The numler the counted glass fibers frommage process
(Figures 44) were described into probability density function,
cumulative probability function and probability function as a function
of length of glass fibers with theoretical modél$e difference of
distibution between S1 and SB obvious from the results of
probability distribution function that the length of glass fibers in S1
was distributed ranging from 10 to
gl ass fibers i n S2ured.Zaagkiggredp). t o 500
This is similar result compared witihe results from SEM images,
hence, it is verified that S1 has longer glass fibers in quantitatively
and visually. The cumulative probability functions and probability
functions also support that S1 has larfggrgth distribution than S2
(Figure 4.6 and Figured.7). As shown inFigure 4.6 and Figure 4.7
near 100 m | engt h of gl &som thd grobabilitys e x i st
distribution function, it is found that the GEV function is most
coincident with expemental results, which mearthat the GEV
function is appropriate statistical model to anticipate the distoibu

of inclusions. This behavior is also represented as can be seen from

38



the Figure 4.6 and Figure 4.@mong the theoretical models the GEV
gives a reasonable explanation where glass fibers are shorter than 300

um.
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Figure 4.6. Cumulative distribution function of (a) S1 and (b) S2
with theoretical modeling function of Weibull, Lognormal and
GEV distribution function.
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