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1. Abstract 

A new method is introduced to evaluate the segregation effect of glass beads in 

injection molded nylon parts. Mass measurement technique was used to measure 

inhomogeneous distributions of glass particles along the flow path during the injection 

molding process. Experiments were done on injection molded polyamide 6 (PA6) 

composites with solid glass bead (GB) contents of 10, 20, 30, 40 wt% and diameters of 

11, 85, 156, 203 �m. It was concluded that the flow-directional segregation depends on 

both the diameter and the concentration of the glass beads. In addition, segregation 

affects the distribution of volumetric shrinkage along the flow path, playing a major role 

in the dimensional accuracy of the part. In this paper a new model is introduced to 

extend shrinkage calculations to include the effect of glass beads and segregation. 

2. Keywords 

particle size distribution; injection molding; fillers; polyamides  
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3. Introduction 

The mechanical properties of injection-molded polymer composites are 

determined by their macro structure (geometry, concentration, distribution, orientation) 

and their micro structure (morphology, properties of the components and their impact 

on each other) [1]. During product design the engineer chooses the material – reinforced 

or filled – based on the future use of the product, assuming that the properties of the 

material at any point of the geometry are identical to its nominal values. The mechanical 

and other properties of the product (such as conductivity) are significantly influenced by 

the filler and reinforcing agent content as well as their parameters during various 

processing techniques. In order to achieve optimal mechanical properties for the piece 

(as well as homogeneous reinforcement and filler distribution), the features of the 

processing technology and the effect of the processing parameters should be taken into 

account. 

It has been noted that the distribution of the solid particles is inhomogeneous in 

both transversal and longitudinal directions in the case of injection molded products 

containing fillers or reinforcements. This property is called segregation. 

The effect of filler or reinforcement shape on segregation 

Researchers dealing with the inhomogeneous distribution of fillers or 

reinforcements during injection molding studied the phenomenon in the case of various 

types (l/d) of filler or reinforcements, diameter and concentration. Their experiments 

will be shown below ordered by type, size and concentration of them as well as by the 

establishment of the applied gate. 

Hegler and Mennig [1, 3] studied segregation by producing glass fiber and glass 

bead filled thermoplastics (PA6 and SAN dumb-bell sample). They observed that in the 
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direction of flow the distribution of the filler and reinforcement is a function of its 

geometry, i.e. function of l/d. In the case of glass beads (~156 �m, 45 wt%) where the 

value of l/d is small (~1) by the end of the flow the filler content exceeded its nominal 

value by ~4 wt%. In contrast, using short glass fiber where the value of l/d is large, the 

reinforcement content did not differ from its nominal value. 

Kamal and Singh [4] studied the morphological properties of injection molded 

specimens with polypropylene matrix containing 30 wt% short glass fibers. For their 

experiments they used a 100x60x3 mm specimen with a 7.8 mm wide semicircular 

cross-sectional gate on the shorter side. They observed that the fiber content deviation 

from the nominal value is no more than ±5 wt% in the direction of the flow. Near the 

gate, the fiber content decreased whereas at the end of the flow higher density of fibers 

was observed. This effect in the cross-sectional area at the edge of the product was less 

significant than in the direction of the gate. 

O’Regan and Akay [5] studied the variation in fiber length and content 

distributions (50 wt%) in the direction of the flow and the thickness. They used 

injection molded PA66 samples. They concluded that the fiber length was significantly 

influenced by the type of nozzle (open or needle-valve nozzle) and the gate type. In the 

direction of flow away from the gate, the fiber length decreased, while the fiber content 

increased (3-10 wt%). Based on their experiments, the fiber content did not change near 

the gate. 

Lafranche et. al. [6] investigated fiber breakage and segregation along the flow 

axis as well as perpendicular to the flow direction in the case of PA66 long fiber 

thermoplastic injection moldings. They observed that the fiber content from the samples 

near the gate was less than the nominal 42 wt% (~38.5 wt%) and towards the end of the 

Page 4 of 43

John Wiley & Sons

Polymer Engineering & Science



For Peer Review

5 

flow it reached 51 wt%. The nonlinearity of the change in fiber content was not 

discussed. 

The effect of filler diameter on segregation 

By increasing the glass bead diameter (from ~25 �m to ~156 �m) Hegler and 

Mennig [1, 3] observed that at the end of the flow the bead content increased from the 

nominal 45 wt% to 48 wt% for SAN and to 50 wt% for PA6. 

Papathanasiou and Ogadhoh [7, 8] filled glass beads into PS matrix (bead 

diameters fell within ranges 40-75 �m, 80-115 �m, 160-250 �m, 250-400 �m, 

425-500 �m). They observed that in the flow direction the effect of segregation is 

negligible in the case of small beads (40-75 �m, 80-115 �m); in contrast, by increasing 

the bead size, the effect became more notable. They showed that the beads’ distribution 

near the gate is significantly influenced by the gate type and location, whereas further 

from the gate this effect decreases then completely disappears. 

The effect of filler and reinforcing material content on segregation 

Hegler and Mennig [2, 3] studied the segregation of the filler using different 

glass bead content (15, 30, 45 wt%; ~156 �m) in the SAN and PA6 matrix systems. 

They observed that in the case of PA6 the increase in nominal filler content increased at 

the end of the flow by 0.5, 0.75 and 4.7 wt%. Using the SAN matrix the increase of the 

glass bead content at the end of the flow was ~3 wt%, independent of the nominal filler 

content. The authors did not discuss the change in segregation for the different matrices. 

The effect of gate arrangement on segregation 

Papathanasiou and Ogadhoh [7, 8] studied the bead distribution near the gate and 

along the flow axis using two different gate designs. They observed that for gates in 

flow direction, perpendicular to the flow (x-y plane) the bead concentration is minimal 
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near the gate, while for gates perpendicular to flow direction, this concentration can be 

made more uniform. In the direction of flow away from the gate – independent of gate 

arrangement – an increase in bead concentration was observed which was explained by 

the fountain flow. 

The effect of product geometry on segregation 

After examining the cross-sections of samples, Hegler and Mennig [2, 3] found 

that segregation along the thickness – in the case of symmetrical mold cooling – is 

symmetric to the product midline. While studying PA66 systems filled with 50 wt% 

long or short fiber O’Regan and Akay [6] noticed that by increasing the temperature of 

the moving mold half by 15°C, the symmetric reinforcement distribution becomes 

asymmetric. In further research using tubular and spiral shaped sample parts, Hegler et 

al. [3] observed that part weight and increase in flow length enhances segregation. From 

their experiments on fiber content along the thickness Kamal and Singh [4] observed a 

fiber free zone along the wall that they explained by the shear-profile along the 

specimen’s thickness: the particles moved towards the smaller shears. 

Papathanasiou and Ogadhoh [7] observed inhomogeneous bead content along 

the specimen’s thickness even in the case of the smallest glass bead diameter 

(40-75 �m) that they used. They explained this with a cumulative effect: the beads are 

located in the middle of the melt (at the least sheared layer) entering the nozzle. 

Entering the cavity and going further from the gate, this inhomogeneity disappears due 

to the fountain flow. The second effect is the beads’ lateral movement from the strongly 

sheared layer towards the less sheared middle plane. By combining these two effects, it 

can be observed that in the bead distribution along the thickness – away from the gate 
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along the flow – the initial sparse-dense-sparse structure gradually becomes an average-

sparse-dense-sparse-average structure.  

Jana [9] studied the segregation of sphere-shaped conducting particles 

(Ketjenblack 600JD, Akzo Nobel, 1.5 wt%) along the thickness in PP matrix. He 

noticed that the conductivity of the composites was not in accordance with the nominal 

filler content. By milling the surface repeatedly, he showed that away from the 

specimen’s wall towards the core layer the concentration of the conducting particles is 

increasing. Following Jana’s [9] work, Hong et al. [10] studied the conductivity of 

composites made by particles filled into PP and PS matrices (Ketjenblack, Akzo Nobel). 

They observed that by increasing the injection speed, the specimen’s conductivity 

decreased. By removing the surfaces by laser, they found that the thickness of the layer 

without many conducting particles near the surface is increasing by increasing the 

injection speed, i.e. by increasing the shear. 

Hong and Jana [11] investigated segregation along the thickness of injection 

molded PP and PS systems filled with 42 and 203 �m diameter solid glass beads 

(Potters) (15, 20 and 30 wt%) and they also compared the mechanical properties of 

these systems to those of similar pressed molded systems. Using SEM images of the 

fractures, they observed that while the distribution of glass beads is homogeneous in the 

cross-sectional area of press molded specimens, the bead concentration increases from 

the edge (no beads) towards the middle plane of injection molded specimens. They also 

noticed that the width of the region without the beads is larger when using smaller beads 

or when the injection speed is higher. 

Lafranche et al. [6] determined that in their injection molded PA66 specimen 

filled with long glass fibers, the fiber distribution through the thickness is homogeneous 

Page 7 of 43

John Wiley & Sons

Polymer Engineering & Science



For Peer Review

8 

near the gate. This distribution becomes inhomogeneous along the flow axis: the fiber 

concentration increases near the mid-plane of the part. They explain this phenomenon 

with the breakage of fibers embedded into the shell layer as the shear flow breaks them. 

Lafranche et al. [6, 12] found that the reinforcement content distribution is 

homogeneous near the gate along the thickness, while Papathanasiou and Ogadhoh 

[8, 9] noticed inhomogeneous filler content distribution along the thickness. This 

supposed discrepancy is due to different gate arrangements in the two experiments: 

Lafranche et al. used a 4 mm fan gate that is thicker than the specimen (3 mm), while 

Papathanasiou and Ogadhoh utilized a standard gate smaller than the specimen’s 

thickness and width. 

The mathematical modeling and simulation of segregation and shrinkage 

During the 80’s several researchers [13-24] report a movement perpendicular to 

the spherical filler residue flow for concentrated solutions, and they also study the 

mathematical modeling of this phenomenon. To describe this phenomenon in shear 

induced flow, Leighton and Acrivos [15, 16] propose a model describing the filler 

movement based on the irreversible interaction between particles. Using scale-factors 

they establish a dependency that describes the fluxus diffusion in the case of simple 

shear flow (e.g., so-called Couette-flow between the layers of a plane-plane rheometer) 

[16]. 

4. Materials and methods 

PA6 matrix filled with solid glass beads of different diameters (11, 85, 156, 

203 �m) and contents (10, 20, 30, 40 wt%) were studied. The matrix (Lanxess, 

Durethan B30S) and the beads (Potters Industries Inc., Spheriglass® with coupling 
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agent) were mixed on a Brabender Plasticorder 814402 type twin-screw extruder with 

constant screw revolutions per minute. A Brabender pelletizer was used to produce 

pellets from the extrudate. The glass bead content of each material was verified by 

determining the ash content where the maximum deviation was 3.7 wt% from the 

nominal values. 

From these materials 80x80x2 mm specimens were injection molded with a 

special mold (Fig.1.) on an Arburg 320C 600-250 injection molding machine at melt 

temperature 280°C, mold temperature 80°C and volumetric flow rate 50 cm3/s. Five 

measurement locations were marked (Fig.2.) on each specimen where the appropriate 

dimensions were measured at 1 hour after demolding using a Mitutoyo digital caliper, 

with two decimal digit precision. The linear shrinkages were determined from the 

measured dimensions of the specimens and the nominal dimensions of the cavity. 

After each shrinkage measurement, the glass bead content was determined 

according the EN ISO 3451:1-1999 standard. After burning in the open air for 

10 minutes, the remaining thermoplastic material was burned out at 450°C for 

480 seconds in a Nabertherm oven. The remaining ash was measured with an Ohaus 

Explorer laboratory scale with 0.0001 g precision. The segregation was determined on 

the flat specimens by measuring the bead content at different positions. A preliminary 

experiment was done by measuring nine different positions (Fig.3.) to analyze both the 

flow and cross-flow induced segregation. In subsequent measurements to characterize 

segregation along the flow direction only, the samples were cut into either 5 or 14 strips 

(Fig.4.) with a Mutronic DiaDisc 4200 sample cutter. After the burning process, the 

diameters of the glass beads in each sample were determined with Malvern Mastersizer 

Particle Size Analyzer 2000. 
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5. Results and discussion 

The effect of segregation was examined both along the flow direction and 

perpendicular to the flow direction during injection molding. The influence of the 

segregation effect on the shrinkage properties was also analyzed. 

Segregation was initially measured at three different positions in the flow 

direction and three different positions perpendicular to the flow direction (Fig.3.). It was 

concluded that the content of the glass beads is uniform in the cross-flow direction, 

while the divergence of the beads are quite high in the flow direction (Fig.5.). This 

difference between the two directions occurs because the material fills up the cavity 

uniformly from the film gate. Based on this result, only the flow directional segregation 

was examined further. 

In order to determine the optimal number of measured samples in the flow 

direction, samples from the initial experiment (Fig.3.) were compared to samples from 

two plates cut into 5 and 14 parallel strips, respectively (Fig.4.). The results are shown 

in Fig.6. Given the difficulties of the 14-sample preparation and since the measurements 

for the three resolutions showed no major differences in accuracy (Fig.6.), 5 samples 

were used for all subsequent measurements.  

According to Hegler and Mennig [1] gravity could have an effect on the 

segregation. As the injection mold has two cavities next to each other in the vertical 

direction, the one on the bottom likely has an advantage during the filling stage because 

of the gravity effect. The influence of this gravity effect was tested in the case of 

40 wt% glass beads filled material. Segregation measurements were similar in the two 

sides; only a minor effect was found, but the scatter of the measurement was higher than 

the effect itself. 
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Finally all 16 different materials were used for both the segregation 

measurements and the shrinkage measurements. On each sample, the segregations were 

measured at 5 different places (Fig.4.) and the shrinkages were measured at 2 different 

places, one near the gate and one near the end of the flow. Segregation is negligible in 

the case of the smallest glass beads (average diameter 11 �m) (Fig.7.).  

With the smallest (11 �m) glass beads, segregation won’t occur even when the 

content increases to 40 wt%. However, the rising particle size has an effect on 

segregation as the amount of the glass beads increases (Fig.8-10.). 

The largest particles show considerable difference along the flow path. It can be 

seen that next to the gating area the content of the beads dropped to 34 wt% from the 

nominal 40 wt%, while at the end of the flow it increased above 48 wt% (Fig.10.). 

The segregation effect is more significant as the amount of the glass beads 

increases. While low amount of glass beads has minor effect on the segregation 

(Fig.11.), high amount shows major effect (Fig.12.). 

The real glass bead content can be described with the following (1) equation: 

 ( )v n n 1 2( ;d;L) d c L c 1 Φ Φ = Φ ⋅ ⋅ ⋅ + +  , (1) 

where Φv(Φn;d;L) [%] is the local glass bead content, Φn [%] is the nominal glass bead 

content (original content, before injection molding), d [µm] is the average diameter of 

the glass beads, L [mm/mm] is the relative flow length and c1 and c2 are material and 

technology dependent constants. These constants are c1=2.03·10-3 [1/µm] and 

c2=-1.07·10-3 [1/µm], using PA6 with glass beads. The equation was verified on a 2 mm 

thick, 80 mm by 80 mm plate with glass bead contents ranging 0-40 wt% and diameter 

ranging 11-203 µm. For these boundary conditions the correlation (R2) between 

calculated and measured values was 0.995. 
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Based on the migration of the particles along the flow path the properties of the 

material could change along the flow direction. It can be assumed that the shrinkage 

properties will change in the flow direction as the local content of the particles diverges 

from its nominal value. 

The longitudinal shrinkage, which is parallel to the flow direction, was measured 

at three locations (Fig.2.). L0, L1 and L2 were found to be the same. This is consistent 

with the segregation measurements; for the particular mold (runner and gate) design, the 

flow was apparently uniform and there were only minor differences between particle 

contents (Fig.5.). Although the longitudinal shrinkage is not necessarily uniform along 

the flow direction, the average value is apparently the same at different locations along 

the cross flow direction. 

It is quite different in the cross-flow direction. Based on the segregation 

measurement it is expected that the shrinkage in cross-flow direction at the gate is 

different than that at the end of the flow. 

This shrinkage difference will result from the pressure distribution and from the 

segregation. At the gating area, the shrinkage is on the one hand lower due to the 

pressure drop along the flow; in the other hand it is higher due to the particle content 

being lower in this area. Thus theoretically these two parameters have opposite effects 

on the local shrinkage. 

Using the Moldflow Plastics Insight 6.2 (MPI 6.2) injection molding simulation 

software, it can be observed that the pressure is linearly decreasing along the flow path 

using PA6 without the fillers (Fig.13.). 
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As the pressure decreases the volumetric shrinkage increases (Fig.14.), meaning 

that the pressure induced shrinkage is lower in the gating zone than at the end of the 

flow. 

Using filled materials the pressure drop increases due to an increase in viscosity. 

Based on this effect only, the shrinkage difference should be greater in filled materials. 

But in contradiction to this effect, segregation will also have an influence on the 

shrinkage the opposite way. As the pressure increases, the migration will be more 

significant and the growing volume fraction of the particles will decrease the shrinkage 

itself. 

The cross-flow shrinkage was influenced by the glass bead content and its 

diameter as well as the flow length. It was concluded that the migration of the glass 

beads has a significant effect on the cross-flow shrinkage, which can be described by 

the following (2) equation: 

 ( ) ( )3 4 0 5 0; ;v v vS L d L c d c m c SΦ = ⋅ Φ ⋅ ⋅ + + + ⋅Φ +   , (2) 

where S(L;Φv;d) [%] is the local cross-flow directional shrinkage, L [mm] is the flow 

length, Φv [%] is the local glass bead content, d [µm] is the diameter of the beads, S0 is 

the cross-flow directional shrinkage of the unfilled material, m0 is the shrinkage change 

of the unfilled material as a function of the flow length, and c3, c4 and c5 are material 

and technology dependent constants. These constants are c3=-2.0·10-7 [1/mm2], 

c4=-1.0·10-5 [1/mm], c5=-8.9·10-3 [-], S0=1.19 [%] and m0=2.11·10-3 [%/mm], using PA6 

with glass beads. The equation was verified on a 2 mm thick, 80 mm by 80 mm plate 

with glass bead content ranging 0-40 wt% and diameter ranging 11-203 µm. For these 

boundary conditions the correlation (R2) was 0.975. 
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It can be seen on the following figures (Fig.15-16.) that the shrinkage 

compensation with the migration effect using small beads eliminates a minor deviation 

only. 

Using the smallest glass beads the deviation can be neglected (Fig.15.), while 

using larger (85 µm) beads the deviation is higher, but plays only a minor role in the 

shrinkage calculations (Fig.16.). 

While these bead sizes (11 and 85 µm) have insignificant influence on the 

migration induced shrinkage, the two largest sizes (156 and 203 µm) have major 

influence on the migration induced shrinkage calculations (Fig.17-18.). 

Although the large glass beads (156 and 203 µm) have a major effect on 

shrinkage, large deviation can only be detected with higher glass bead contents. As the 

glass bead content increases the deviation increases between the non-compensated and 

compensated model where the migration based particle content was taken into 

consideration for the shrinkage calculations. 

To understand the difference between the compensated and non-compensated 

case the following (3) equation can be derived from (1) and (2): 

 ( ) ( )[ ] ( )[ ]2152143nsegr cLcccLccdcLdS +⋅⋅++⋅⋅+⋅⋅⋅⋅Φ= , (3) 

where Ssegr [%] the segregation induced cross-flow directional shrinkage, Φn [%] is the 

nominal glass bead content, d [µm] is the diameter of the beads, L [mm] is the flow 

length, and c1, c2, c3, c4 and c5 are material and technology dependent constants. 

Finally, it should be emphasized that the deviation caused by the segregation 

effect is highly dependant on the filler size and content. Using high content of the filler 

(40 wt%) the glass bead size plays a major role in the segregation induced shrinkage 

calculation (Fig.19.). 
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While the smallest filler (11 µm) has a negligible influence on segregation, the 

largest filler (203 µm) has significant influence (Fig.20.) that could be as high as 25% 

along the flow path. 

A similar effect can be found by examining the largest glass beads with different 

contents (Fig.21.). The most important difference is that the lowest content of the fillers 

(10 wt%) has higher influence than the highest content for the smallest beads had. 

Similarly for the filler sizes, while the smallest filler content (10 wt%) has 

insignificant influence on this effect, the highest content (40 wt%) has large influence 

(Fig.22.) similarly as previously (about 25% along the flow path). 

6. Conclusion 

A new method was introduced to evaluate the segregation effect of glass beads 

in 40 wt% glass beads filled material. It was concluded that independently from the 

flow length the gravity effect can be neglected. 

It was concluded that the flow-directional segregation strongly depends on both 

the diameter and the concentration of the glass beads. In addition, segregation affects 

the distribution of volumetric shrinkage along the flow path, playing a major role on the 

dimensional accuracy of the part. Based on these measurements the local glass bead 

content was described with an equation. The cross-flow shrinkage varied along the flow 

length, and was influenced by both the glass bead content and the bead diameter. It was 

concluded that the migration of the glass beads has a significant effect on the cross-flow 

shrinkage, which can be also described with an equation. 

Based on these two statements it was highlighted that a standard shrinkage 

calculation has an error which grows with increased particle migration. Using high 
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content of fillers the glass bead size plays a major role in the segregation induced 

shrinkage calculation, where the error of the calculation can be as high as 25 percent. 
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9. Figure captions 

Figure 1. The injection mold used in the experiments 

Figure 2. The measuring points for shrinkage determination (L0, L1 and L2 are the flow 

directional shrinkages measuring positions, while WG and WE are the measuring 

positions for the cross-flow directions’ shrinkage close to the gate and at the end of the 

flow) 

Figure 3. The nine measuring points for segregation 

Figure 4. The 5 and 14 strips for the segregation measurements 

Figure 5. The segregation of the glass beads at the nine measuring points, glass bead 

content is 40 wt%, the diameter of the glass beads is 203 �m 

Figure 6. Flow directional measurements of the segregation, glass bead content is 

40 wt%, the diameter of the glass beads is 203 �m 

Figure 7. The segregation in the function of the glass bead content and flow length, in 

the case of 11 �m diameter glass beads  

Figure 8. The segregation in the function of the glass bead content and flow length, the 

diameter of the glass beads was 85 �m 

Figure 9. The segregation in the function of the glass bead content and flow length, the 

diameter of the glass beads was 156 �m 

Figure 10. The segregation in the function of the glass bead content and flow length, the 

diameter of the glass beads was 203 �m 
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Figure 11. The segregation in the function of the glass bead size and flow length, the 

nominal glass bead content was fixed to 10 wt% 

Figure 12. The segregation in the function of the glass bead size and flow length, the 

nominal glass bead content was fixed to 40 wt% 

Figure 13. The pressure drop – calculated with MPI 6.2 – in the flow direction (0 is next 

to the gate, 80 is the end of the flow) 

Figure 14. The volumetric shrinkage – calculated with MPI 6.2 – in the flow direction 

(0 is next to the gate, 80 is the end of the flow) 

Figure 15. Linear shrinkages in cross-flow direction, measured points and calculated 

with (comp.) and without (non comp.) the segregation effect, 11 �m diameter glass 

beads  

Figure 16. Linear shrinkages in the cross-flow direction, measured points and the 

calculated with (comp.) and without (non comp.) the segregation effect, the diameter of 

the glass beads was 85 �m 

Figure 17. Linear shrinkages in the cross-flow direction, measured points and the 

calculated with (comp.) and without (non comp.) the segregation effect, the diameter of 

the glass beads was 156 �m 

Figure 18. Linear shrinkages in the cross-flow direction, measured points and the 

calculated with (comp.) and without (non comp.) the segregation effect, the diameter of 

the glass beads was 203 �m 

Figure 19. The segregation induced decrease of the shrinkage in the function of the flow 

length and the diameter of the glass beads, the nominal glass bead content was fixed to 

40 wt% 
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Figure 20. Segregation induced percentage deviation of the shrinkage in the function of 

the flow length and the diameter of the glass beads, the nominal glass bead content was 

fixed to 40 wt% 

Figure 21. The segregation induced decrease of the shrinkage in the function of the flow 

length and the content of the glass beads, the diameter of the glass beads was 203 �m 

Figure 22. Segregation induced percentage deviation of the shrinkage in the function of 

the flow length and the content of the glass beads, the diameter of the glass beads was 

203 �m 
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