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Abstract

The interest in weld line analysis of injection-rfaad parts has increased in the past
few years, mainly because of the ever-increasingiirepents for the performance of
injection-moulded items. Weld lines are formed when telt fronts come in contact with
each other. Whereas the total elimination of weldkdi is not always possible without
modifying the part geometry, their negative influerse part performance and appearance
can be minimized. This can be done by trial and eexperiments or by model prediction.
The cost and time efficiency of the latter makea pireferred route for weld lines analysis.
Computer simulation packages of injection mouldirg @apable of accurately predicting the
weld line location, but none of the current ones peedict the weld line contact angle or
mechanical properties quantitatively. This paperuses on the analysis of weld line

formation and suggests ways to modify the finite el@meesh to get better results.
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Introduction

Injection moulding is one of the most productive gsses used to form plastic parts
[1-6]. The effectiveness of the method depends engtiality of the product, which can be
hindered by inadequate process settings or mouldticanion causing various deficiencies.
Many kind of defect such as weld lines, warpageing or sink marks can reduce the quality
of the injection moulded parts, worsening produttivl he occurrence of a weld line means
a significant problem both aesthetically and meatallyi in the design of injection moulded
parts.

Weld lines are formed when two melt fronts come dntact with each other. In a
part with multiple gates, variable wall thicknesdesles or cores form separate melt fronts
during mould filling and the separated melt frootgate weld lines, causing numerous
troubles in the part [7, 8]. It not only worseng local mechanical properties, but creates
optical imperfections, especially when using higsg materials. The surface marks of weld
lines can be eliminated by the application of ingrcheating in surface temperature control,
which was investigated on ABS tensile bars by Géteall [9].

Many parameters have an effect on the properties wéld line and these factors
have been investigated from many aspects. As regaathanical properties, analysis of
weld line strength and modulus was performed and stidhat the weld line did not have a
significant effect on tensile modulus [10,11]. Seveesearchers [12-15] used the weld line
factor (WL-factor), defined as: strength of specimevith weld line/strength of specimens
without weld line, to evaluate their experimentsghést WL-factors were obtained for
unfilled materials and using high melt temperaturghhholding pressure and low mould

temperature. Weld lines were studied using lase&amnsximeter and acoustic emission, and the



conclusion was that a weld line is not a simpleaiinuity in the material, but a locally
extended disturbance of the stress and strainlditton [16].

The interest in weld line analysis of injection-rtard parts has increased greatly in
the past few years, mainly because of the everasang requirements for the performance of
injection-moulded items. Whereas the total eliminatwdrweld lines is not always possible
without modifying the part geometry, their negativdluence on part performance and
appearance can be minimized. This can be done byatréherror experiment or by model
prediction. The cost and time efficiency of thedatinakes it a preferred route for weld line
analysis. Computer simulation packages of injectiooulding are capable of accurately
predicting the weld line location, but none of therrent ones can predict the weld line
properties quantitatively. This is mainly becausemathematical model for weld line
properties is, to date, unavailable [17]. In thaiticle, Zhou and Li [17] presented an
evaluation model for weld line strength based endttificial neural network method (ANN).
For the input of the network, the factors affectweid line properties were chosen; those are
the orientation coefficient of the material, the megtangle and the melt mobility history
coefficient. Comparison with experimental resultsvehiohat the presented model is capable
of predicting weld line properties quantitativelgr fengineering design. Zhou et al. [18]
examined the effects of melt temperature and hoddgure on the mechanical properties of
specimens with weld lines and found that the yiaid fatigue strengths of the specimens
increased with increasing hold pressure as wellineseasing melt temperature. They
explained the observed differences in propertieeims of a skin-core morphology, which
was influenced by both the melt temperature andhéh@ing pressure.

Au [19] used a geometrical approach to generatdillivey patterns of plastic parts
and determine the approximate location of possibl& wees. Fathi and Behravesh [20]

studied the kinematical behaviour of the flow durwwgld formation with a visualization



technique, while Zhou and Li [17] developed anfiitil network to predict weld line
properties. The affecting factors were analyzeddatail in order to identify the input
parameters for the network.

The formation and positioning in noncritical arefsinavoidable weld lines are also
investigated with simulation analyses. The conmgllof the flow for weld line positioning
for multi-gated parts was carried out with a runnesizing method [21]. Mezghani [22]
compared the simulated weld line location result wie real position on injection moulded
parts. Zhou and Li [23] presented a weld detectgordhm, which is based on the
characteristics of the initial meeting node. Chef] Roplied fuzzy theory for controlling the
weld line position by varying the wall thicknessdathe gate location in part simulation
models. Chun [25] showed by simulation the effeawvall thickness and gate location on the

formation and position of weld lines.

Experimental

The experiments were performed on an Arburg Allr@rn820C 600-250 injection
moulding machine using a two cavity-injection moukig(re 1.). This special mould has
changeable inserts to be able to inject with défifiergate types (standard, film, special-film,
multi gates, etc.), with different mould surfaceighres (polished, fine eroded, rough eroded)
and to inject different thickness specimens (0.5-4 nithg thickness of the samples is set by
a moving part to position the depth of the cavitidse ejection system of the injection mould
differs from the conventional one; it does not g ejector pins but operates on the whole
part surface area, so eliminating deformation efsample. The gate type can be varied with
the change of an insert interposed between théieawithout dismounting the mould from
the injection moulding machine. For the experimentShe eroded surface finish was used

and an insert with double standard gates was sheimould.



Each part, having nominal dimensions of 80 mm x 80 mmmn2, was injection
moulded from two points (Figure 2.). The two staddgates are located on one side of the
cavity 10 mm from the part edge and 60 mm apart.

Polyamide 6 (Durethan B30S, Lanxess) was used ferinkestigations. Before
injection moulding, the material was dried at 80U 4 hours. The injection processing
conditions were kept constant; the mould temperat@® 90°C, while the melt temperature
was set on 280°C. The specimens were produced it shot technology using different
switch-over point settings (Figure 3.). The meetamgle of the melt front was measured on
the samples as a function of the flow distance (feigu).

The results of the measurement are plotted on Fiyuitecan be clearly seen that the
meeting angle increased with the flow length. Atl@wfdistance of 7 mm, it reached a
measurable weld line angle of about 28°, while distance of 22 mm the angle achieved
was 100°. At longer flows the measurement of thetmg angle was not possible because of
the profile of the melt front.

The meeting angles were also constructed from thealization of the melt fronts
using concentric circles centred at the gate lonati The results showed that the increase of
the drawn meeting angle was not as high as the neshsatues (Figure 5.). At a theoretical
flow distance of 10 mm it represented the measuréaesavell but at a longer distance it

underestimated the experimental scale.

Analysis

Injection moulding simulation with the finite elememethod is the most advanced
technique for designing injection moulds. There different levels of program available on
the market. The basic ones are helpful in prodestigh, which can be used without having

deep knowledge of plastic manufacturing. The mammmex programs are able to simulate



the whole injection moulding process so one canngesther the mould will be able to work
perfectly or not. Such software cover enormous d@esap of materials and machines and the
designers must have professional knowledge of plasinufacturing.

For an injection moulding simulation, in most case®-tlimensional triangular
elements or three-dimensional tetrahedron elemeatssed to describe the cavity, with two-
node tube elements for the runners, connectors laadnels. The melt front advancements
are calculated by the control volume method. Thespires temperature and velocity field
can be obtained in each time step. These resulistitde the basis of the stress and
deformation analysis as well as results for welddin

Moldflow Plastics Insight 6.2 was used for the siatidn analyses with a model of
the part used in the experiments (Figure 6.). Dutirg analyses, three different midplane
mesh types were used and compared: original meshl, ndesh and smoothed mesh. Each
mesh type was completed in 4 mesh edge lengths215 2and 5 mm.

Original mesh means that the model consists of &gudl triangles and the nodes
along the estimated weld line did not produce aigftit line. The advantage of this mesh type
is the good aspect ratio. The aspect ratio of thehneéements is important because it affects
the accuracy of the results. The ratio definescthreelation between the longest side of the
triangle and the triangle area, and the recommena®dmum aspect ratio for a midplane
mesh is about 6. It can be seen that at every edgghl this type of mesh triangle was greater
than an average aspect ratio of 1.5.

Ideal mesh is made up of isosceles triangles witlnealr nodes. The advantage of
the generation of this mesh type is that it canmed automated, however, because of the
worse aspect ratio, namely 2, it was not as acewsatthe original mesh (Figure 7). In the
case of the smoothed mesh, the nodes of the drigieah are converged to form a line

creating a more uniform path of the mesh trianglessidehe area of the predicted weld line.



It was generated from the original mesh type wittdiiication at the weld line region. The
nodes positioned on the weld line were made neartetideal weld line position.

The process settings for the simulation analyse® wiEntical to the experimental
injection moulding, constant mould temperature andt rrezhperature namely 90°C and
280°C.

The weld line analysis results were compared tekperimental. In most cases, the
ideal mesh type best fitted the results of the measents. At an edge length of 1 mm, the
analyses with ideal and smoothed mesh type came tddke measurement results between
flow lengths of 7 and 10 mm (Figure 8.). The valeafculated with original mesh type
fluctuated around the measured results along thelemexamined flow length and did not
approach them, while the other mesh types differeh the measured at the beginning of the
flow. It was also observed that after a distancgéim a steep weld line angle increase was
predicted by all of the meshes.

At a mesh length of 2 mm and a short flow distanceoscillation was again
noticeable (Figure 9.). Original mesh gave the ninatcurate results compared to the
measurements. There were big angle value changescitlated a weld line angle of 0° at a
distance of 10.6 mm but 147°at 12 mm. Except forotfiginal mesh, the difference from the
measured results at longer flow paths was smalier & an edge length of 2 mm.

Increasing the edge length to 2.5 mm, the similabgtween measured and
simulated results decreased (Figure 10.). Welddimgles calculated in the simulation with
ideal mesh came nearer to the measured results ffoth distance region between 15 and 20
mm but other mesh variations did not follow the trehdheasured values.

Using an edge length of 5 mm, there was weak agneeiretween the curves
(Figure 11.). Although the analysis results showedhe similarity, unexpectedly, results

came near the measurement values at only a few éogts.



Comparing the different mesh types at each edgeheiigtan be noted that in every
case ideal mesh possessed the best correlatiorihgittneasured data, varying between 0.95
and 0.98 (Figure 12.). It can also be seen thabése correlation of ideal mesh was at high
edge length, namely at 5 mm, although the correladenoreased relatively little with
reduction of edge length. With original mesh tyge tcorrelation was the lowest but
improved considerably with edge length, howeveis gort of mesh type did not reach as
high correlation values as the ideal. Using smootmegh, the correlation improved with

edge length but also did not reach the valuesealichesh types.

Conclusions

The validation of weld line simulation results wasempted by comparing them
with experimental values derived from the measuremoérihe meeting angle at different
flow lengths. The results of analyses prepared Witfifferent mesh types — ideal, original
and smoothed — were compared. The results showeddiat mesh type had the best
correlation to the measured values and originamMtbakest concordance. The smoothing of
the mesh in the region of the weld line improveddbeelation of the results, however, it did
not reach the ideal ones. It was also concludedahalyses using a higher edge length had,

unexpectedly, better correlation than the smalherso
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Figure captions

Figure 1. The special injection mould

Figure 2. The parts with the runner system usethi®experiments

Figure 3. Short shot technology based weld lindeangasurements

Figure 4. Measurement points on the samples

Figure 5. Weld line angles, measured from the sanwgtésshort shot technique

Figure 6. Finite element model of the samples

Figure 7. Aspect ratio of the different mesh types

Figure 8. Weld line angles, measured and simulatkegesgwith mesh length of 1 mm)
Figure 9. Weld line angles, measured and simulateetsgwith mesh length of 2 mm)
Figure 10. Weld line angles, measured and simulatdees (with mesh length of 2.5 mm)
Figure 11. Weld line angles, measured and simulaatdees (with mesh length of 5 mm)

Figure 12. Correlation between the measured andaiedidata
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