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Abstract

In this paper, the model based on melt diffusion and Flory—Huggins free energy theory for predicting the weld-line strength of injection
molded amorphous polymers and polymer blends parts were modified by considering the diffusion thickness in the interface as a function of
contact time. The modified model for weld-line strength prediction of homopolymers and polymer blends were, respectively, used to evaluate
the weld-line strength of Polystyrene (PS) and Poly(methylmethacrylate) (PMMA), and that of PS/PMMA blends. The model predictions
show that the theoretic predictions as a function of temperature and contact time for PS, PMMA and PS/PMMA (80/20, 70/30) are in good
agreements with corresponding experimental results. However, the model predictions for PS/PMMA (20/80, 30/70) blends are much higher
than experimental results. The morphology in weld-line regions for PS/PMMA (20/80, 30/70) shows lack of dispersed PS phase. Near the
weld-line regions, dispersed PS phase is highly oriented along the weld-line. In theoretic prediction for polymer blends, three kinds of
diffusion: Polymer A—Polymer A and Polymer B—Polymer B self-diffusions and Polymer A—Polymer B mutual diffusion were considered.
This is why model predictions for PS/PMMA (20/80, 30/70) blends are higher than experimental results.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: PS; PMMA; Blends

1. Introduction

The injection molding is one of the most attractive
polymer processes in industry. It is especially used to
produce a wide variety of complex geometry articles (e.g.
precision gear wheel, hampers... etc.) in a single operation
and low wear of the processing equipment. High production
rate, short cycle times and low percentage of scrap are also
accounting the advantages that make. This process is very
attractive from engineering and economical point of view.
However, molding complicated parts, multi-gated mold
cavities and cavities containing inserts may generate serious
difficulties in terms of mold filling and final production
especially. In fact, molding of such parts usually produces
weld-line once the melt fronts have joined either by
impingement flow or around an insert [1,2]. Weld-lines
also form when jetting occurs along the flow path where the
flow is suddenly accelerated (e.g. near the gate) [3].
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Although the weld-lines are formed as the mold is being
filled, their structure, shapes, and properties are affected by
the entire injection molding cycle. It is well known that the
weld-line is a potential source of weakness. The weld-line
structure and properties are mainly due to [4-6]:

e orientation of molecules along the weld-line rather than
across it as a result of deformation of polymer after the
two polymer melt fronts collide;

e partial cooling of the melt front at the interface leading to
skin formation and

e formation of a relatively sharp V-notch at the weld-line
caused by the entrapped air which is forced to the wall.

In unfilled amorphous polymers the properties of a weld-
line will depend on whether the polymer chains had enough
time to diffuse across the interface to form a strong bond [7].
The weakness of the weld-line is attributed to the
incomplete bonding at the interface, to the molecular
orientation parallel to the interface and to the existence of
V-notches at the surface around the weld-line [7]. Kim and


http://www.elsevier.com/locate/polymer

2912 S. Guo et al. / Polymer 45 (2004) 2911-2920

Suh [8] presented a model for the strength of the weld-line
based on the self-diffusion of molecular chains across the
polymer—polymer interface and on the molecular orien-
tations parallel to the weld-line plan generated at the melt
front. Their results are presented in terms of melt
temperature for a given contact time. Model prediction
and experimental results are found to compare fairly well.

A number of studies have focused on the effects of
processing parameters like melt temperature, holding
pressure, holding time, injection velocity and mold
temperature on weld-line structure and properties of
thermoplastics [4,8—22]. The results showed that weld-
line strength could be greatly improved by selection of
suitable injection molding processing parameters. Melt
temperature, injection velocity, holding pressure, holding
time and mold temperature will all affect weld-line strength
to various degrees depending on materials. In general, high
melt temperature, high hold pressure and high mold
temperature can produce high weld-line strength. The melt
temperature is the most important parameter for influencing
weld-line strength. It is obvious that the processing
parameters beneficial to molecular diffusion across weld-
line can improve weld-line strength. Other innovative
techniques such as tooling modification [23], multi-live
feed injection molding process [24], an asymmetric packing
flow produced by proper design of the two gates [25] and
shear controlled orientation in injection molding (Scorim)
for improvement of weld-line strength were also investi-
gated [26]. Besides processing parameters, weld-line
strength also greatly replies on the properties of materials
[14,27-29]. For unfilled polymers, the lowest weld-line
strength was obtained for brittle amorphous polymers and
rod-like polymers like PS, PMMA, SAN, LCP, Acetal etc.,
higher values are usually obtained for ductile amorphous or
crystalline polymers such as PP, PE, PBT, PET, PVC and
PC. Using PMMA having different molecular weight,
Mening [30] found that the weld-line strength decreases
with increasing molecular weight. His results are in
agreement with the self-diffusing approach of Kim and
Suh [8].

The V-notch formation in amorphous polymers is
attributed to a viscosity increase in the outermost layer of
molding. The particular problem can be partially overcome
by adequately placing vent in the weld-line area [31]. The
trapped air may also cause local heating and polymer
degradation thereby contributing weld-line weakness [32].

For semi-crystalline polymers, the situation is even more
complicated. Indeed, in addition to the above mentioned
parameters, the degree of crystallinity, the size and the
distribution of the crystallites in the weld-line region have
also important effects on the weld-line strength [33-35].
The effect of processing parameters (mold and melt
temperatures, cooling rate, and injection pressure) is
however found to be similar to the observed for their
amorphous counterpart [10,11,36—38]. The more pro-
nounced shrinkage of the semi-crystalline polymers as

compared to amorphous ones is found to have an important
effect on the V-notch which forms a sharp ridge upon
cooling [39,40]. The presence of inhomogeneities (abraded
particles, impurities, mold release agent) is also found to
affect weld-line strength through nucleation of crystallites
[39,40]. Mielewski et al. [41] identified the cause of weld-
line weakness in polypropylene systems containing a
hindered phenolic antioxidant additive. A combination of
techniques, TEM, Izod impact strength and tensile strength
measurements and XPS confirmed that a major cause of
weakness in polypropylene weld-lines was the accumu-
lation of a heat stabilizer additive on the flow front tip and
the surface of the part. In the case of immiscible polymer
blends weld-lines are found to be much weaker than for
homopolymers [42—-44]. The situation is even more
complicated by the presence of preformed structural
differences and minor phase concentration gradients in the
weld region [45-48]. Using compatibilizers to stabilize and
reduce minor phase dimensions is found to increase weld
strength [44,49]. The presence of compatibilizer is also
found to narrow the weld-line region. In all cases, failure
occurs at the weld-line. Welded samples are found here also
to be very sensitive to processing conditions [S0—52].
Increasing mold temperature and injection temperature for
example help restore the strength loss but never to the point
where the strength reaches that of the unwelded samples
[43].

Attempts to quantify the weld-line strength have been
presented. Models based on molecular diffusion have been
used for homopolymers [8,53,54] and for immiscible
polymer blends [43]. Kim and Suh [8] assumed that the
entire load is ‘beard’ by the bounded area of the specimen.
This idea is expressed in the following equation [8]:

AO_AN)

y» M

Oy = Ub(
where o, and oy, are the tensile strength of the injection
molded part with and without weld-line, respectively, A is
the initial cross-sectional area of the interface, Ay is the non-
bonded area, and Ay — Ay is the bonded area at specific
contact time.

They [8] further supposed that the time variation rate of
the non-bounded area is given by Fick’s Law of diffusion:
dA DAG
N 22X )

dr kT
where C is the constant, D is diffusion coefficient, and & is
the Boltzmann constant, 7 is the absolute temperature, AG
is the free-energy difference, and written as:

AG = —2yAy — TAS,, 3)

where 7 is the surface tension, and AS,, is the entropy of
mixing determined from the Flory—Huggins theory of
lattice [62].

With an expression of the entropy of mixing given by the
Flory—Huggins lattice theory they obtained an expression of
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the new bounded area as a function of the contact time and
other parameters appearing in Eq. (1)—(3). Detailed
calculations will be given in a coming section. From Eq.
(1) they then obtained an expression for oy, as a function of
the same set of parameters. Hamada et al. [54] proposed a
useful parameter, weld-line index ¢ to estimate weld-line
property of injection molding.

h 9
b= J & ay 4
-hJt T

where 2 h is thickness, ¢ is time, 71s viscoelastic relaxation
time of polymer melt which was measured using cone plate
type rheometer. The relationship of 7 with mechanical
property of injection moldings with a weld-line was
discussed for PS and PC. Polymer melt whose 7 was
relatively short can easily enhance the entanglement across
the weld-line interface and weld-line strength. Polymers,
which have large weld-line index basically, tend to have
high weld-line strength. Weld-line index itself considers not
only material property, but also molding conditions such as
temperature, pressure etc.

Pecorini and Seo [53] assume that sufficient interpene-
trates has occurred when the chains have diffused one radius
of gyration obtained the following equation for the healing
time:

th = Ry/2D, )

where using the following equation for the self-diffusion
coefficient Dy

2 2
- EE) e
270 J\ M M .1
where p is the melt density, T is the processing temperature,
R is the gas constant, M, is the critical molecular weight, M
is the absolute molecular weight, and my,_r is the zero-shear
viscosity at the critical molecular weight and processing
temperature. With a detailed rheological characterization,
they obtained the healing time as a function of temperature.
The theoretical results compared well to weld-line Izod
experimental data. Mekhilef et al. [43] extended the
approach of Kim and Suh [8] to the case of immiscible
polymer blends. Contribution to the weld-line strength from
AA and BB self-diffusion was taken into account using Kim
and Suh [8] approach. While AB diffusion was also taken
into account using an expression for the free energy
comprising the entropy of mixing of two different
components and a contribution of the free surface of each
constituent. Details of the approach will be given in Section
4 of the present work. Comparison of model predictions
with experimental results obtained with a polycarbonate
(PC) and high-density polyethylene (HDPE) blends showed
that the model predicts fairly well the experimental data for
a concentration and temperature utilized. Discrepancy
between model predictions and experimental data for
certain composition was attributed to the fact that their

approach, unlike the one of Kim and Suh [8], does not take
into account molecular orientation which may take place at
the flow front due to the so-called ‘fountain flow’, nor does
take into account the effect of temperature gradients that
might be generated during the non-isothermal filling. Their
set of experimental results did not allow to explore a wide
range of filling temperature and hence to study the effect of
temperature on the weld-line strength. Indeed the processing
condition required by their specific blend did not allow for a
good evaluation of the effect of minor phase (HDPE) to the
weld-line strength as the lowest injection temperature and
the contact time used for their experiments always resultin a
coagulate healing of the HDPE phase.

In this study, weld-line strength results for immiscible
blends of constituents having similar processing conditions
will be presented. Experimental data for different compo-
sitions and processing conditions will first be shown and
then compared to a modified Mekhilef et al. [43] model.

2. Experimental

2.1. Materials

The materials used in this study are PMMA (Plexiglas™
V052, MI = 2.8 g/10 min, p = 1.19 g/em®, M,, = 55,700)
supplied by AtoHass and PS (polystyrene 101, MI = 2.2
¢/10 min, p = 1.04 g/lem®, M,, = 295,000) supplied by
Novacor Plastics Division.

2.2. Blending

PMMA and PS were dried at 80 °C prior to blending for
5 h to remove all the moisture. PMMA and PS with different
composition ratios (PS/PMMA: 80/20, 70/30, 30/70, 20/80
by weight) were blended in a Haake twin-screw extruder at a
screw speed of 60 rpm and a temperature profile ranging
from 160 °C near the hopper to 200 °C at the die exit. The
extrudate was then continuously cooled in a water bath and
then pelletized.

2.3. Injection molding

PS, PMMA and their blends were dried at 80 °C for 4 h
prior to injection molding. All samples were prepared on a
Nissel fully hydraulic 68 tons injection molding machine
having a maximum injection capacity of 114 cm*/shot. The
molded contained two ASTM standard dogbone-shaped
cavities for mechanical testing for both welded and non-
welded specimens in this study is shown in Fig. 1. The
specimen without a weld-line (here called ‘NWL’) and
those with weld-line called “WL’. Injection time is 10 s,
cooling time is 25 s, injection temperatures are 180-260 °C,
and mold temperature is 32 °C. Specimens with and without
weld-line were prepared.
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Fig. 1. Schematic diagram of mold cavity used for injection-molding
samples with and without weld-line (a) no weld-line, (b) with weld-line.

2.4. Measurement and characterization

Tensile tests are made at room temperature using an
Instron tensile testing machine at a cross-head speed of
5 mm/min at room temperature according to ASTM D638
standard method.

For rheological behavior, the samples were compression
molded at 200 °C into 25 mm disks in diameter and ca.
1.5 mm in thickness. A Bohlin Rheometer CS was used to
measure the dynamic viscoelastic properties of PS, PMMA
and their blends with parallel plate geometry. Measurements
were performed in the frequency range from 0.01 to 10 Hz
at temperatures between 180 and 240 °C by steps of 20 °C.
The measurements were done in a nitrogen atmosphere to
avoid premature thermal degradation of the samples. Strain
values were kept with the linear region. The zero viscosity
(10) has been determined from cole—cole plots of " versus
1. The activation flow energy of PS, PMMA and their
blends were calculated according to Arrhenius Equation
o = A e®/RD where A is a constant, E, is the flow
activation energy. Table 1 shows the zero shear viscosity
and flow activation energy obtained from dynamic
measurements.

3. Experimental results

During extrusion and injection molding processes,

Table 1
Zero shear viscosities and flow activation energy of PS/PMMA blends

amorphous polymers properties exhibit significant vari-
ations throughout the thickness due to phenomena such as
matrix orientation, residual stress, etc. which affect the
tensile strength [55]. Orientation is always much more
important in layers close to the surface than in the core [56].
Increasing melt temperature can significantly reduce the
overall level of orientation in the molded part. It has shown
that at high frequency, PS and PMMA show a power-law
behavior. It is interesting to note that, in the low frequency
region, the viscosity of PS is greatly influenced by the
temperature, whereas a slight decrease is observed for
PMMA, therefore, the tensile strength would be affected.
Fig. 2 shows the tensile strength of homopolymers PS-NWL
and PMMA-NWL as a function of the melt temperature. For
PS-NWL, the tensile strength decreases dramatically with
increasing melt temperature, while for PMMA-NWL, a
slight decrease is recorded.

The effect of the weld-line on the morphology of both
PS-WL and PMMA-WL specimens, was observed as
straight line in the middle of cut samples. Fig. 3 shows
the relationship between the melt temperature and the
tensile strength of PS-WL and PMMA-WL. For both
polymers, the weld-line strength increases with increasing
the melt temperature. It was postulated that for PS-WL, the
depth of weld-line is mainly related to the melt temperature
[8,57]. It decreases with increasing the melt temperature. It
is the time the polymer has to spend to diffuse across the
interface, relative to relaxation or reentanglement time that
appears to determine the weld-line strength.

In polymer blend, the viscosity ratio appears to be the
dominant parameter in controlling the effect of melt
temperature upon the tensile strength. However, when the
viscosity of the matrix is lower than that of dispersed phase
e.g. PS/PMMA-NWL, the viscosity ratio of PS/PMMA-
NWL blend is relatively close to unity and decreases with
melt temperature. Then, the matrix behavior (PS) got the
better of dispersed phase (PMMA). Also, for the low
interfacial tension found with PS/PMMA (1.5 mNm ), a
very thin interfaces as well as an intimate contact is
observed due to the presence of specific interaction. It was
shown that PS/PMMA-NWL exhibits a droplet-matrix
morphology for concentration of the minor phase (PS) as
high as 35 vol% [58]. This might be attributed to the fact
that a low interfacial tension prevents the phases from break
up and coalescence. The tensile strength is found to be
decreased with increasing melt temperature (Fig. 2).
However, for PMMA/PS-NWL blend, it is surprising that

PS/PMMA 100/0 80/20 70/30 30/70 20/80 0/100

1o (Pas) 180 °C 9512 % 10° 1.089 x 10° 1.371 x 10° 3.442 x 10° 4.017 x 10° 3.406 x 10°
200 °C 1.738 x 10° 2.099 x 10° 2425 % 10° 5.855 % 10° 6.545 x 10° 5.637 x 10°
220°C 7.107 x 10* 6.109 x 10* 6.803 x 10* 1.544 x 10° 1.496 x 10° 1.332 % 10°

E, (kJ/mol) 121.0 134.0 139.7 144.4 153.0 150.7
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Fig. 2. Effect of injection temperature on tensile strength of PS/PMMA
without weld-line.

despite the blending by PS, the PMMA matrix behavior is
changed (Fig. 2). The morphology of PMMA/PS-NWL
consists of tightly packed dispersed phase in matrix. This
might indicate that coalescence of PS has not yet occurred.
The tensile strength increases as the melt temperature
increases. Otherwise, in addition to the viscosity ratio effect,
the morphology, size and shape play a major role on
controlling the blends behavior.

However, for PS/PMMA-WL, the weld-line strength
increases with increasing the melt temperature. As shown in
Fig. 3, the amplitude of the weld-line strength increase in
PS/PMMA-WL blend is higher than that observed with
PMMA/PS-WL. This means that the bonding and the V-
notches formation at the interface seem to be important
parameter on weld-line strength variation. Fig. 4 shows
the effect of the PMMA content on the tensile strength of
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Fig. 3. Effect of injection temperature on tensile strength of PS/PMMA with
weld-line.
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Fig. 4. Effect of PMMA content on tensile strength of PS/PMMA blends
without weld-line.

PS/PMMA-NWL. The tensile strength increases with
increasing PMMA content (Fig. 4). While the tensile
strength of PS/PMMA-WL decreases with increasing
PMMA content (Fig. 5). The volume content close to
80 vol% could be defined as a ‘phase inversion point’, since
the weld-line increases.

Fig. 6 shows the SEM of cross and longitudinal sections
of weld-line morphology for PMMA/PS-WL (70/30) blend
(melt temperature 240 °C). On the longitudinal section, in
addition to the V-notch formation, the weld-line appears to
consist of escaped and/or deformed PS particles oriented
parallel to the weld-line (Fig. 6a). But the dispersed PS
phase is absent at the weld-line (Fig. 6b). At cross section, a
rougher surface (500 pwm) is observed at skin region,
attributed to the dispersion PS phase accumulation.

35
301 u
] 1
LN !
~ 1
S 25t ~m- 8. /
= N 0 /
= \ 220°C ,’
=) o A /
E 20 | ®. \\ ,
n N !
o N )
2 15f LN
o}
'_
10} o—°
200°C
5 1 1 1 1 1 1
0 20 40 60 80 100

PMMA content, %

Fig. 5. Effect of PMMA contents on tensile strength of PS/PMMA blends
with weld-line.
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b. longitudinal section, center of weldline

C. cross section, skin

d. cross section, center

Fig. 6. SEM photographs of cross and longitudinal sections of weld-line for PMMA/PS (70/30) (injection temperature: 240 °C).

However, a shiny surface with smooth topography is
observed at the center (Fig. 6¢ and d).

4. Theory

Kim and Suh [8] have developed a model for the
prediction of weld-line strength as a function of temperature
and contact time for glassy and amorphous polymers.
Mekhilef et al., [43] have widen this study to the prediction
of weld-line strength as a function of temperature and
contact time for immiscible polymer blends. The weld-line
strength is proportional to molecular bonding area across the
interface. The weld-line strength o, may be expressed as

AO_AN)

y» (M)

Oy — O'b(

where o, and oy, are the tensile strength of the injection
molded part with and without weld-line, respectively, A is
the initial cross-sectional area of the interface, Ay is the non-
bonded area, and Ay — Ay is the bonded area at specific
contact time.

Ay variation rate with ¢ can be given by Fick’s Law:
dAy _DAG
dr kT
where C is a constant, D is diffusion coefficient, and k is the
Boltzmann constant, 7 is the absolute temperature, ¢ is the

contact time, AG is the free-energy difference, and written
as:

AG = —2yAy — TAS,, 3)

2

where 7 is the surface tension, and AS,, is the entropy of
mixing determined from the Flory—Huggins theory of
lattice [62].

AS,, = —kTAy 8x Sngln(1/2) ©)

where ox and dn are the diffusion thickness and the number
of lattice per unit volume, respectively.

Combining Egs. (2)—(7), (dAx/df) may be expressed as:

1 CD

In the model prediction for amorphous polymers proposed
by Kim and Suh [8] and the model prediction for immiscible
polymer blends proposed by Mekhilef et al., [43], dx is
considered as a constant. Hence, integrating Eq. (8), the
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model prediction for amorphous polymers is given by [8]:

cD
Iw - exp{— = (—2y+ kT dx 8n01n(1/2))t} 9)
Oy kT

The model prediction for immiscible polymer blends is
expressed as [10]:

C\D 1
Iv —q— d)erxp{%(Z'yA + kT SxABnAln(E))t}

Op

CgD 1
- (l’)%exp{ iTB (Z'YB + kT SXBSHBIH(E))t}

CugD

- (1 — $a — ¢2B)CXP{ - %[VA + v — RT6xp

X (p—A AIn ¢y’ + s $p'In ¢’ + xap ¢A/¢B/) ]f}

M, My
(10)

here we consider x as a function of time, dx = 2(Dr)"?, we
rewrite the models as follows:

for glassy and amorphous polymers:

Oy CD 4 12 (1) 1/2]}
— =1- ——| 2y — —kTD"“8nln| — 11
o exp{ kT[ b% 3 nln > 7 e (11)

for amorphous polymer blends, the model prediction for
weld-line strength is given by:

C\D
Tw -1 - ¢,§exp{ — ZAZA [27A - %kTDXZBnAln(l/Z)t”Z]t}

Oy kT
CgD 4
- qBZBeXp{ - B3 [273 - —kTDg/zanBln(l/z)z”z]t}
kT 3
— (1~ ¢4 — ¢p)
CagD
Xexp{ - %[YA + v — %RTDi\%SrzABtW

(72 baln -+ 2 doin by + xwdads) |}
(12)

In this work, we will use Eq. (11) for predicting weld-line
strength of PS and PMMA, and Eq. (12) for predicting the
weld-line strength of PS/PMMA blends.

Self-diffusion can be calculated by following equation
[59].

Dn = (ApkT/36)R*/M (13)

where A is Avagodro’s number, R’/M is essentially a
constant for any bulk polymer. If 1) is known, it is possible to
predict D. The viscosities of PS, PMMA and PS/PMMA are
shown in Table 1. The viscosity at other temperatures can be
easily calculated by Arrhenius equation. Fox and Allen [60]
has reported that the constant R*>/M for PS and PMMA is
4.68 x 1077 and 3.72 X 10~ "7, respectively.

The mutual diffusion coefficient D,p is given by

following expression [61]

N,
Dag = (1 — ¢)AOW

1 1
X(N¢+N(1—¢>) +2|XAB|)kT (14)
where ¢ is volume fraction of dispersed phase, A, is the
mobility coefficient, N, is the degree of polymerization for
entanglement and N is the degree of polymerization.
Usually for Agy # Agg and N, # Ng, the diffusion
coefficient is given by

o1 — ¢)

Dy =Dy— 7 (15)

AT+ k(1 - @)
where
Do = 2lyx) _ Ao

o = 2IxaB kT Agg, k= —, N <N, (16)

Aoa
N, Apg N

Dy = 2lxaplkTAgp—=, k=84

0 XAB 0B Ns Aos Ng an

N <N,

According to Rouse theory [62], the friction & can be related
to the viscosity:

1 36M,

= =_""Y 18
é AO pRZNA Mocr ( )

where M, is molecular mass of a monomer unit, 7y, is a
critical viscosity which is given by:

Mcr 34 .
Moer = Mo M if Mw > Mcr
w

Mo = (3 ) My < M (19)
where 1), is zero shear viscosity, M, is a critical molecular
weight. M, =2M,, M, = pRT/G°, G° is the plateau
modulus. 7, and G’ can be measured by oscillatory
rheometer. 7, is listed in Table 1. In literature [63], G° is
equal to 4.5 X 10° dyne/cm2 for PMMA, 180°C, and
2.0 x 10° dyne/cm2 for PS, 190 °C. In our measurement,
G is taken G’ corresponding to when tan & is minimum at
plateau region [64], G° is equal to 1.7 X 10° N/m? for PS,
180 °C, and 4.45 x 10° N/m* for PMMA, 180 °C which
coincides with that reported in literature. Introducing the
friction coefficients in the diffusion equation, we can
calculate D,p.

The surface tension from literature is listed in Table 2
[64].

5. Model predictions

Figs. 7 and 8 show the prediction of the weld-line
strength as a function of contact time at different melt
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Table 2
Surface tension (mN/m) of PMMA and PS

Sample 7y (mN/m) —dy/dT (mN/m °C)
20 °C 150 °C 200 °C

PS 40.7 314 27.8 0.072

PMMA 42.7 31.0 26.5 0.090

temperatures for pure PS and PMMA, respectively. The
bonding area at the weld-line increases with the increase of
contact time and temperature. The total bonding can be
achieved at 280 and 300 °C within 10 s for PS and PMMA,
respectively. However, when the melt temperature drops
close the glass temperature, incomplete bonding is occurred.
Since the diffusion of molecular chains at temperature close
glass temperature of the materials is weaken. For polymer
blends, the bonding area at the interface of PS/PMMA
(80720, 70/30, 20/80) increases with the rise of contact time
and melt temperature (Fig. 9). However, the bonding area
for PS/PMMA blends (80/20 and 70/30) increases faster
with contact time and temperature than for PMMA/PS
blends for PMMA matrix does. In this temperature range
T > 160 °C, both phases contribute to the adhesion of the
melt fronts. This slow increase is also awarded to the
variation of the diffusion coefficient D of PMMA and D,y
for PMMA matrix blend are lower than D of PS, and D,p
for PS matrix blend, respectively.

5.1. Validation of the model prediction

As shown in Figs.10 and 11, for PS, PMMA, PS/PMMA
(80/20), PS/PMMA (70/30), the predicted o,/ay, is found in
good agreement with experimental results. However, for
PMMA/PS (80/20), PMMA/PS (70/30), the predicted o, /o,
is much higher than the experimental results. Since, in our

1.0

0.8

0.2

time, s

Fig. 7. Model predictions for weld-line strength of PS as a function of
temperature and contact time.

1.0

0.8

0.6
b.Q

o 0.4

0.2 [/

time, s

Fig. 8. Model predictions for weld-line strength of PMMA as a function of
temperature and contact time.

model for polymer blends, we consider three kinds of
diffusion:. PMMA-PMMA, PS-PS, PMMA-PS which all
contribute to weld-line strength. But in fact, there is only
one kind of diffusion, matrix PMMA self-diffusion for
PMMA/PS (80/20, 70/30). The dispersed PS phase highly
oriented along the weld-line inhibits the diffusion of PMMA
on weld-line. Then, we can conclude that the weld-line
strength for amorphous homopolymers and their blends, and
where the viscosity of the matrix lower than that of
dispersed phase, can be modeled by Fick’s diffusion Law.
However, the use of the model taking into account just the
coefficient diffusion, as well as the operating parameters,
e.g. melt temperature and contact time overestimate the
orientation and size of dispersed phase at weld-line. The
weld-line strength is not only attributed to diffusion
phenomenon, as well the bonding area. Therefore, it is
important to consider the orientation effect at weld-line.

1.0

0.8
0.6
b_Q

o 0.4

0.2

time, s

Fig. 9. Model predictions for weld-line strength of PS/PMMA (80/20) as a
function of temperature and contact time.



S. Guo et al. / Polymer 45 (2004) 2911-2920 2919
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/o,

o 0.4}
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Fig. 10. Comparison of model predictions for weld-line strength of PS and
PMMA with their corresponding experimental data.

This might that for PMMA/PS blend, the predicted /0y,
goes away from experimental results (Fig. 11).

6. Conclusions

A model based on Flory—Huggins lattice theory and
Fick’s law for predicting the weld-line strength of injection
molded polymer parts has been modified by introducing
diffusion thickness as a function of temperature and contact
time. The modified model has been used to predict the weld-
line strength of injection molded parts for PS, PMMA and
their blends as a function of injection temperature and
contact time. The model predictions for amorphous PS and
PMMA are in good agreement with the experimental
results. For PS/PMMA blends, (PS is matrix), the model
predictions for PS/PMMA (80/20), PS/PMMA (70/30)
match with experimental data. However, the model does

0.9

0.8

0.7 |

0.6

0.5

o,

= 04

0.3 -

0.2

0.1

0.0 1 1 1 1 1 1
140 160 180 200 220 240 260 280

Temperature, °c

Fig. 11. Comparison of model prediction for weld-line strength of
PS/PMMA (80720, 70/30, 20/80) blends with experimental data.

not take into account the orientation difference and the
absence of dispersed phase in the weld-line region. The
tensile strength of injection molded PS/PMMA-WL blends
decreases, while the tensile strength without weld-line
increases with the increase of the PMMA content.
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