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Abstract: The weld lines in injection molded parts arise as a result of the collision of two fronts of the
flowing material, which fills the mold cavity and are sometimes unavoidable. They decrease the me-
chanical properties and surface state of the moldings, due to insufficient connection of the fronts of
melted polymer streams. The paper discusses the reasons for the occurrence of weld lines in molded
parts, which have been divided into ones related to the design of the injection molded part, properties
of the injected material, injection mold construction and injection parameters. The design of the molded
parts should ensure even, smooth flow of the material in the cavity, but in the case of parts with many
injection points, holes, varied wall thickness, complicated and irregular structure the weld lines can not
be avoided. The type of material processed significantly influences the strength of the weld line area.
Too high viscosity of the material, fillers and large particles of the coloring agent highly oriented in the
weld line area, are the factors lowering properties of the molded part. Considering the design of the
injection mold, the most important aspects in forming proper parts with weld lines are correct venting
of the mold, small differences in the material temperature in all cavity areas, correctly selected injec-
tion points, avoiding jet filling of the cavity. The quality of such parts can be improved by changing the
injection conditions, mainly by increasing the mold and melt temperature, also increasing the holding
pressure and the injection speed. The possibilities of preventing the weld lines creation or reducing
the negative effects of their occurrence have been presented, e.g. by changing the design and location
of gates in injection molds, changing processing conditions or using unconventional methods of injec-
tion molding, like cascade cavity filling, push-pull and multiple live-feed injection molding, vibration
process. Further examinations in the range of cyclic heating/cooling of the injection mold are suggested
as the most promising regarding the quality of parts in the area of weld line, their strength and surface
state.

Keywords: injection molding, molded parts, weld lines, meld lines.

Charakterystyka wyprasek wtryskowych z obszarami laczenia strumieni
tworzywa
Streszczenie: Obszary taczenia strumieni tworzywa w wypraskach wtryskowych powstaja w wyniku

zderzenia si¢ ze sobg dwoch frontéw przeptywajacego tworzywa, wypetniajacego gniazdo formujace,
i sg niekiedy zjawiskiem nieuniknionym. Z powodu niedostatecznego potaczenia ze soba frontow stru-
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mieni uplastycznionego tworzywa pogarszaja si¢ wiasciwosci mechaniczne oraz stan powierzchni wy-
prasek. Omoéwiono przyczyny wystepowania obszaréw taczenia strumieni tworzywa w wypraskach
zwiazane z: budowa wypraski, wlasciwo$ciami wtryskiwanego tworzywa, konstrukcja formy wtry-
skowej oraz warunkami wtryskiwania. Budowa wyprasek powinna zapewnia¢ réwnomierny prze-
plyw materiatu w gniezdzie formujacym, jednak w wypadku wyprasek z wieloma punktami wtrysku,
otworami, zréznicowana gruboscia scianek, skomplikowanym ksztattem nie mozna unikna¢ powsta-
wania linii taczenia strumieni tworzywa. Rodzaj przetwarzanego materialu ma istotny wptyw na wy-
trzymato$¢ obszaru taczenia strumieni tworzywa. Zbyt duza lepko$¢ tworzywa, obecnos$é napetniaczy
i duzych czastek srodka barwiacego silnie zorientowanych w obszarze linii taczenia sg czynnikami
pogarszajacymi wlasciwosci formowanych wyprasek. Do najwazniejszych czynnikéw, uwzglednia-
nych podczas projektowania formy wtryskowej, decydujacych o wytwarzaniu poprawnych wyprasek
z liniami faczenia strumieni tworzywa zalicza si¢: prawidlowe odpowietrzanie formy, niewielkie r6z-
nice w temperaturze materialu we wszystkich obszarach gniazda formujacego, odpowiednio dobrane
punkty wtrysku oraz unikanie strumieniowego wypetniania gniazda. Jakos¢ takich wyprasek mozna
takze poprawi¢ w wyniku zmiany warunkéw wtryskiwania, gtéwnie zwiekszenia temperatury formy
i tworzywa wtryskiwanego, a takze zwigkszenia cis$nienia docisku i predkosci wtrysku. Przedstawio-
no mozliwosci zapobiegania powstawaniu obszaréw laczenia strumieni tworzywa lub ograniczania
negatywnych skutkéw ich wystepowania, np. w wyniku zmiany budowy i usytuowania przewezek
w formach wtryskowych, zmiany warunkéw przetwarzania lub zastosowania niekonwencjonalnych
metod wtryskiwania, takich jak: wtryskiwanie kaskadowe, pulsacyjne liniowe i rozdzielcze lub wi-
bracyjne. Dalsze badania w zakresie wtryskiwania z cyklicznym nagrzewaniem/ochtadzaniem formy
wtryskowej sa sugerowane jako najbardziej obiecujace pod wzgledem otrzymywania dobrych jako-
$ciowo wyprasek w obszarze taczenia strumieni tworzywa, o duzej wytrzymatosci i dobrym stanie

powierzchni.

Stowa kluczowe: wtryskiwanie, wypraski wtryskowe, obszary taczenia strumieni tworzywa.

The weld lines in injection molded parts arise as
a result of the collision of two fronts of the flowing
material, which fills the mold cavity and are sometimes
unavoidable [1-4]. They degrade the mechanical proper-
ties and surface condition of the moldings, due to insuf-
ficient connection of the fronts of plastic streams. This
is caused by, among other things, air bubbles between
them, and the orientation of polymer macromolecules
and filler.

The mechanism of the formation of visible traces on
the surface of the moldings at the place where the two
streams of material collide with each other has its base
in the viscoelastic properties of the polymer and is
dependent on the conditions of the injection molding
process. The liquid material, when flowing through the
cold channels of the injection mold, quickly solidifies at
the wall of the cavity. The material on the stream front
has a lower temperature than the material in the core.
When two fronts of cooled material collide with each
other, a V-shaped notch forms on the surface of the part
[5-8]. The formation of this notch is also favored by the
problem of air/gas evacuation from the place where the
fronts of the plastic streams collide. One solution is to
use a mold vacuum venting before injecting the mate-
rial into the cavity, also beneficial due to shortening the
time needed to fill it. The scheme of the formation of this
surface defect is shown in Fig. 1. The resulting V-notch is
not only a surface defect (increased surface roughness,
change in colour, gloss), but also a place of stress concen-

Fig. 1. The process of weld line forming (based on [5])

tration, which results in the weakening of the part, which
is particularly important when it is stretched or bent.
Figure 2 shows the model structure of the area of join-
ing of plastic streams, developed by Malloy [9]. In the
core of the part there is a stronger bonding of streams,
while in the surface layers unfavorable orientation of
macromolecules, which is the effect of the fountain flow
of streams in the mold channel, is the cause of the V-notch
formation and weakening of the material in this zone.
Depending on the angle at which two streams of the
material collide, one can distinguish the areas of the per-
pendicular (weld lines) and parallel (meld lines) connec-
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Fig. 2. Model depiction of the structure of the weld line area
(based on [9])

Rich bonding

339
1. Melt fronts 2. Weld line 3.Meldline 4. Cavity is filled
approach forms forms
Melt flow f : i T3 Meld:
front, ! |

Fovaoe ] o

Melt Melt Melt Melt
Fig. 3. Creation of weld and meld lines during filling of the ca-
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Fig. 4. Polyoxymethylene parts with: a) weld lines, b) meld lines
obtained at different injection velocity (v) and injection time

() [11]

tion of them (Fig. 3). The classification criterion is the
angle (0) between the tangents to the flow fronts at their
point of contact. It is assumed conventionally [10-12] that
if O <135° then this is the area of perpendicular joining,
and in the opposite case — parallel joining. Areas of paral-
lel joining of plastic streams are characterized by higher
strength and are less visible on the surface than perpen-
dicular joining areas. This is due to the more favorable
orientation of the macromolecules in the area in which
there is a parallel flow of the streams of the material in
relation to each other [12]. It has been shown that at the
angle in the range from 120° to 150° depending on the
type of material, the areas of joining streams are hardly
visible or completely invisible [9].

Figure 4 illustrates the weld and meld lines formation
in parts made of polyoxymethylene (POM), obtained
from 16-cavity mold with different cavities allowing
to form parts with holes placed near and far from the
gate [11]. Parts were formed at the processing conditions,
which were chosen so that the flow lines pattern on part
surface was visible (too short injection time, low injec-
tion velocity). The occurrence of areas of joining plastic
streams usually can be easily observed on the surface of
moldings [13-15]. Some examples of moldings with such
areas are shown in Fig. 5.

Fig. 5. Examples of injection molded parts with visible weld li-
nes [13-15]

The reasons for the areas of weld lines occurring in
parts can be divided into those related to [13]:

— construction of the molding (many injection points,
holes, varied wall thickness, complicated and irregular
structure causing a variable flow rate of the material in
individual areas of the cavity),

— properties of the injected material (too high viscos-
ity of the material, fillers, large particles of the colouring
agent),

— construction of the injection mold (incorrect venting
of the mold, different temperature of the material in the
individual areas of the cavity, incorrectly selected injec-
tion points, jet filling of the cavity),

— injection conditions (too low injection speed, too
low mold temperature and melt temperature, low hold-
ing pressure).

The areas of weld lines in injection molded parts are
usually not the result of imperfections of the processed
material, injection molding machine, mold or techno-
logical process and are difficult to eliminate, and result
mainly from the construction of the molded part. Traces
of weld areas are particularly visible on dark or trans-
parent moldings, with smooth and high gloss polished
surfaces, or on parts filled with glass fibres. The condi-
tions conducive to the formation of such defects are also
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additives that give special metallic effects, e.g. pearlescent
pigments or pigments with metal plates.

CONSTRUCTION OF THE INJECTION MOLDED
PART

The way of flow of the liquid material in the cavity has
a significant impact on the strength and appearance of the
surface of the weld area. First of all, it is necessary to ensure
that the flow fronts, after a collision, have the possibility of
a further parallel flow facilitating their connection.

The position of the joining area of the material streams
depends on the method of feeding the material to the cav-
ity and the location of the gates. The gate must be posi-
tioned in such a place that it will provide a weld area in
the part, in an unloaded place during use, or invisible to
the user. With multi-point cavity feeding, some gates can
be blocked to limit the number of streams of material,

which is not always possible. Sometimes, however, it is
even advisable to increase the number of injection points
in order to shorten the flow path, and receive collision of
melt fronts with a higher temperature and higher flow
velocity, and, as a result, obtain greater strength of the
joining areas (Fig. 6) [9].

The design of the molded parts should ensure even,
smooth flow of the material in the cavity. The ribs, the
projections in the moldings should be designed in the
direction of flow of the material to facilitate proper cav-
ity filling and venting. In the case of parts with holes, the
weld lines can not be avoided. The material during cav-
ity filling is divided into two streams flowing around the
mandrel forming the hole behind which the bonding is
formed. In this case, it is possible to design an additional
overflow channel to facilitate venting of the joining area
of the streams and their better connection (Fig. 7a) or a rib
of greater thickness to reinforce this area (Fig. 7b) [16, 17].

( 2
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Single gate
. - two weld lines
Maximum flow
- longer flow length
length (from gate)
\ J
N J
( )
A
o ~~
Weld lines\ Two gates
] ) N - three weld lines
Maximum flow - shorter flow length
length (from gate)
\ J
\ J
Fig. 6. Weld lines at different number of gates (based on [9])
a) b)
Melt flow Gate
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Split flow Split flow Hole (core pin)
Melt flow direction
Split
flow
Weld line
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Overflow . Overflow
tab pocket Weld line tab pocket Weld line

Fig. 7. Use of: a) an additional channel, b) a thick rib to improve the quality of the area of weld lines (based on [17])
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Fig. 9. Structure of the weld line zone in the longitudinal section of samples (small tensile bars) from the porous polypropylene:

a) unfilled and filled with 20 wt % of talc, obtained by using the X-ray scanner; b) the images from the layer located in the middle

of the sample thickness [20]

Another condition for obtaining correct moldings is
the even thickness of their walls. The type of injected
material and the value of its shrinkage are important.
The maximum thickness difference for moldings made
of amorphous and low shrinkage polymers is 25%, while
for semi crystalline polymers 15% [16].

PROPERTIES OF THE INJECTED MATERIAL

The type of material processed largely influences the
strength of the weld area. In the case of amorphous poly-
mers, this strength is higher than that of semi crystal-
line ones [16]. Plastics characterized by a higher melt
flow rate allow better packaging of the material in the
cavity and, as a result, increase the strength of the
parts. In polyethylene examinations [18] it was shown
that the tensile strength of moldings with the weld
area, made of polyethylene of the low melt flow index
(MFR = 0.35 g/10 min), is about 16% lower with respect
to the strength of moldings without this area. In the case
of polyethylene characterized by a high melt flow rate
(MFR =21.30 g/10 min), these differences were small and
only ranged from 3 to 5%.

The worse properties of the molding in the weld area
are the result of the orientation of the macromolecules
on the fronts of the colliding streams (Fig. 8a). The addi-
tion of fillers, especially fibrous ones, to the plastic results
in a deterioration of the strength properties due to the
placement of filler particles parallel to the fronts of the
material streams, as shown in Fig. 8b [19-21]. A similar
effect is caused by the use of a pigment whose particles,

of a length or width greater than the thickness or diame-
ter, are oriented along the flow line of the material, which
results not only in the strength properties but also in the
colour of part in the weld area [5]. The higher the filler
content and the longer the filler particles, the worse the
strength properties of the parts in the weld area.

The chemical foaming agent added to the injected
polymer can also influence the structure and mechani-
cal strength of molded parts with weld lines [20]. It was
found that the tensile strength of the porous samples
from unfilled polypropylene decreased of about 17% in
compare to solid ones. However, in the case of polypro-
pylene filled with 20% talc, the tensile strength of solid
and porous samples almost did not change. It can be
explained by different foaming conditions in the weld
line area in both cases. Examination of samples carried
out by the X-ray scanner (Fig. 9) revealed the presence
of numerous pores in the area of weld line zone in the
case of porous moldings made of unfilled PP, which is
the obvious reason for reducing their tensile strength. For
samples formed from PP filled with talc, a smaller num-
ber of pores in the areas of weld lines or even no pores
exactly in the stream connection line occur, due to the
hindering of the foaming process by the filler particles
gathered on the melt stream front.

INJECTION CONDITIONS
The quality of the bonding of colliding plastic streams

can be improved, to a certain extent, by changing the
injection conditions, mainly mold temperature, injection
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temperature or injection speed [2]. The liquid material
filling the cavity, in contact with the much cooler walls,
forms a layer of solidified material at the wall. The col-
liding plastic streams will only join in areas where the
plastic will be sufficiently plasticized, therefore the thick-
ness of the solid layer forming the skin of the part influ-
ences the width and depth of the V-notch formed in this
area. In tests of polypropylene + 20% talcum moldings
[6] and a polystyrene micro-parts [22], it was shown that
the temperature of the mold had the greatest influence on
the depth of the notch formed by the colliding streams of
plasticized material. The increase in the injection speed
and the temperature of the injected material has a ben-
eficial effect on the condition of the surface in the region
of the weld area. Increasing the mold temperature val-
ues and injection speed resulted in a 50% lower V-notch
depth and the width of the weld lines on the surface of
the polystyrene moldings [22]. In Fig. 10 the influence of
injection molding conditions: mold temperature, melt
temperature and injection velocity on created V-notch in
the weld area of parts made of PP filled with 20% of tal-
cum has been shown. The lowest depth of the notch and
the best quality of surface in the weld area was obtained
when the injection parameters had higher values: mold
temperature 80°C, melt temperature 220°C and injec-
tion velocity 84.6 mm/s [6]. Onken and Hopmann [23] in
investigations of polycarbonate parts determined that the
strength of weld lines depends mainly on melt tempera-
ture and holding pressure and stated that a higher melt
temperature has a positive impact on weld line strength,

Tf =20°C
T =180°C
v, =282 mm/s

50 E"" .

T,=80°C
T, =180°C

v, =282 mm/s

50 pm A

Tf= 80°C
T =220°C
v, =84.6 mm/s

_s0pm

Fig. 10. The influence of injection molding parameters on
the shape and the size of V-notch in the weld area of parts made
of PP filled with 20 wt % of talc [6]

while the strength declines with a higher holding pres-
sure. Therefore, by appropriate selection of injection
parameters, it is possible to influence both the strength
and condition of the surface of the moldings in the area
of weld lines.

MOLD CONSTRUCTION

Improper construction of the injection mold can also
lead to the formation of weld areas. The main reasons for
the occurrence of this defect include the incorrect design
of mold venting and uncontrolled temperature variation
in individual areas of the cavity. Sometimes, with a small
cross-section of the gate and a high injection speed, jet
injection may occur (Fig. 11) [18, 24]. The stream of melt
moves rapidly until it collides with the wall of the cavity
and then begins to curl. This promotes the unfavourable
phenomenon of the formation of areas of joining plastic
streams in a part.

a) l b)

Fig. 11. The scheme of the injection mold cavity filling: a) regu-
lar, b) jetting [18]

gate

Fig. 12. Changing the construction of gates to eliminate the
jetting during cavity filling: a) using a tunnel gate instead of
a point one (based on [9]), b) moving the gate to a different plane
than the runner and cavity (based on [23])
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The change of the gate structure, e.g. from point to tun-
nel gate (Fig. 12a) [9] or the use of a gate located not in the
channel and cavity axis (Fig. 12b) [24], allows to avoid jet
filling of the cavity and the formation of the weld lines.

INJECTION METHODS

In the case of large moldings, and especially thin-
walled ones, a multi-point feeding of the material to the
cavity is necessary. In order to avoid weld areas, it is pos-
sible to use hot runner molds, with cascade filling of the
cavity [5, 25-27]. In this process, the injection mold cav-
ity with heated channels is filled by successively open-
ing injection nozzles, arranged in the cavity in a manner
forming one face of the flow front, which results in the
lack of the weld area in the part (Fig. 13).

Sensor 1

| Closed nozzle

Sensor 2

o
Open nozzle I

© Opennozzle
® (Closed nozzle
@ Pressure sensor

Fig. 13. Cascade filling of the injection mold cavity (based on
[26])

Another injection molding method that allows the
elimination of the weld areas is the pulsating injection
process, in which a multiple, bidirectional flow of liquid
material in the cavity is applied [20, 25]. In this process,
molded parts with highly oriented macromolecules are
obtained, and in the case of composites also fibrous fill-
ers, as a result of the oscillating motion of the liquid plas-
tic stream in the cavity. There are two ways of pulsating
injection: push-pull (Fig. 14) and multiple live-feed injec-
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Fig. 14. The scheme of push-pull injection molding process: 1 -
injection mold, 2 - main plasticizing unit, 3 — additional plasti-
cizing unit [25]
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Fig. 15. Multiple live-feed injection molding process: 1 - plasti-
cizing unit of the injection molding machine, 2 - distribution
head, 3 - hydraulic systems, 4 — injection mold, 5 — runners, 6 —
area of weld line [25]

tion molding (Fig. 15). Multiple flow in two directions
reduces the possibility of occurrence of weld areas due
to distribution of material throughout the cavity, or, if
such areas are formed, they are characterized by much
greater strength than in the case of moldings produced
in the conventional injection molding process.

The improvement of the strength of the weld area is
possible due to the use of vibration injection molding
[9, 25, 28, 29]. In this process, plasticized material in the
mold is subjected to vibrations at low frequency, which
cause intense internal friction in the material, resulting
in local generation of heat and a better combination of
plastic streams. Figure 16 illustrates the vibration injec-
tion process. The mandrels move up and down using
a hydraulically actuated cam. The mandrels installed in
the mold travel on the road: the surface of the cavity and
below this surface. After a certain number of displace-
ments, the mandrels return to the initial position (to the
surface of the cavity).

A solution to the problem of visible traces of the joining
of plastic streams in molded parts there is a cyclic change
in mold temperature (heating/cooling) during the injec-
tion cycle, e.g. induction heating in the areas where they
occur and then cooling with water in the cooling chan-
nels system [28, 30-34]. In the injection phase at a higher
temperature, the polymer macromolecules are easier to

Reciprocating pins
N

-~ Cavity

W

Hydraulic
cylinder

7
;

s, C
FZZANMMNMININININININY holder
7 e

Fig. 16. Vibration injection molding (based on [9])
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combine with each other, and as a result, a bonding with
a higher strength and a part with a better surface condi-
tion is obtained. Figure 17 shows moldings of ABS copo-
lymer obtained with various methods of heating and
cooling of the injection mold. In the part produced with-
out local induction heating, with a mold temperature of
50°C, the weld line is clearly visible (Fig. 17a). While the
use of the mold temperature variable in the area of plas-
tic streams: induction heating of the mold to a tempera-
ture above the glass transition temperature of ABS (180-
200°C) during a few seconds before the injection of the
material and then water cooling allowed to eliminate the
weld lines (Fig. 17b).

Weld line appearance Weld line elimination

Fig. 17. Injection molded parts obtained: a) at a constant mold
temperature of 50°C, b) during induction heating of the mold
before the injection of the material [29]

CONCLUSIONS

The creation of weld areas in injection molded parts
is a significant problem, especially in the case of man-
ufacturing elements with a complex shape, with high
demands as to their strength and surface condition,
defined by uniform colour, gloss or smoothness. In this
area, a visible weld line is created, which is a surface
defect, and, moreover, an area with structure and prop-
erties another than the rest of the molding is formed.
When filling the cavity the front of the plastic stream and
its outer layers, as a result of contact with the cold form,
have a lower temperature than the plastic core, which
results in a significant temperature gradient in the plas-
tic stream. The temperature gradient affects the cool-
ing process of the material filling the mold cavity and
causes thermal stresses arising in the moldings. At the
end of the cooling process, compressive stresses arise in
the outer layer of the material, while in the inside the
tensile stresses occur. In addition, there are rheological
and technological stresses, mainly related to the flow of
the material and its meeting with the metal mold. These
stresses also depend on the processing conditions. All
this causes a complex state of internal stresses in a solidi-
fied part. Such a state, occurring at the place of collision
of melt streams, can affect the worsening of part’s prop-
erties in this area. As a result of collision of the liquid

plastic streams, a specific orientation of the macromol-
ecules arises, some of which are stretched in a direction
perpendicular to the flow, and the others may bend and
curl. The creation of a not ordered state of macromole-
cules in the weld area is another reason for the reduction
of the properties of moldings. Thermal and mechanical
degradation of the plastic in the considered area is also
possible.

The most significant causes and ways to prevent the for-
mation of these areas have been characterized. The first
task when designing of injection molded parts with weld
lines is to consider their placement in an unloaded area
during use or invisible to the user. This can be achieved
mainly by changing the place of feeding the material to
the forming cavity. Computer simulations of cavity fill-
ing are helpful here. A better connection of colliding
melt streams can be achieved by choosing the injection
parameters, mainly by increasing the temperature and
injection speed. However, it is an effective method only
in the injection process of unfilled materials. In the case
of polymers with fillers, especially fibrous ones, it is not
sufficient, for example, to increase the temperature of the
material, but it is then necessary to mechanically reori-
ent the filler particles on the fronts of colliding streams.
Unconventional injection molding methods are then
effective, e.g. cascade, pulsed or vibration injection. Last
research shows promising results obtained when vari-
able temperature of injection mold is applied. Therefore,
further examinations in the field of methods of mold tem-
perature change during one injection cycle: fast heating
in a phase of cavity filling (to high temperature, but in
a short period of time to avoid polymer degradation) and
then cooling appropriate to the requirements regarding
the structure and properties of the moldings.
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