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1. Introduction 

Nowadays more and more polymer based products are utilized in the packaging 

technology, in the automotive industry, in the medical science and in many other areas. As a 

result of the continuous developments, novel polymer materials and special processes are 

developed to accomplish the strict engineering claims. Injection moulding is one of the most 

popular processes used to form free formed, structured, 3D plastic parts. Its effectiveness and 

high accuracy helped it to be one of the modern processes to make products. 

In recent years computer science presents numerous novel solutions and supports to 

the plastic industry and mould making in construction and in automation as well. The 

competition in the market and the strict requirements for the plastic parts require faster and 

more accurate mould making. The quality of injection moulded thermoplastic parts largely 

depends on the process parameters. In the part development and in the failure analysis the 

simulation has a great role. Simulation software allow to fulfil the injection moulding process 

in a virtual reality, which helps the part optimization, the material and process parameter 

determination before machining the injection mould, this way decreasing the construction 

time and the number of potential failures.  

At the design stage of an injection mould, it is required to take into consideration the 

physical effects ruling in the cavity. These effects determine the dimensional accuracy and the 

form stability of the part. The designer should know the properties of the material of the part, 

because its shrinkage should be considered during the design stage to get the required size 

parameters. The use of non-optimal technological parameters results in an unequal shrinkage 

causing warpage in the part. The effect of this phenomenon is well known on flat parts, but on 

other geometries, for example on corners it is only studied partially. 

Recently the use of simulation software is essential in the design and production stage 

of automotive parts and in other high accurate plastic parts as well. The automotive industry 

demands the use of these software from the suppliers thus during the construction phase the 

deformation and other injection failures can be minimized. 

In the automotive industry not only perfect quality but high mechanical properties are 

required as well from the polymer materials to replace metal parts utilizing their unique 
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properties: low density, corrosion resistance and many others. Not only the high performance 

and environmental friendly properties but also the cost efficiency is important in the plastic 

industry. During the years the most prevalent polymer for replacing metal parts is the glass 

fibre reinforced polyamide which is one of the most important polymer materials in the 

engine compartment of the car. This composite can be replaced with glass fibre reinforced 

polypropylene, which has although low density, good sound proof behaviour and high 

stiffness. Its other advantages are the low moulding temperature and its non-hygroscopic 

behaviour. 

The goal of my PhD thesis is to investigate the warpage of glass fibre reinforced 

polypropylene and its measuring methods. My further aims are to analyse the effect of mould 

temperature and flow pattern on the warpage, and to appoint the possibility of decreasing 

deformation. 
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2. Short overview of literature, aims of the thesis 

Injection moulding is one of the most important processes in the plastic industry. The 

deformation of the plastic parts can be attributed to three causes: anisotropic shrinkage, 

orientation effect especially at fibre reinforced materials, and non-uniform cooling. According 

to the literature, many researchers investigated the shrinkage of the injection moulded parts. 

The studies dealt mostly with the anisotropy of shrinkage in the flow direction, in the 

cross flow direction and in the thickness of the parts. The effect of process parameters on the 

shrinkage was widely analysed by researchers, and it was found that holding pressure was the 

most important parameter. Beside this many other parameters were analysed. It is difficult to 

classify them according to their effect, because they are different on amorphous and on semi-

crystalline polymers, furthermore in flow and cross flow direction. On the other hand it was 

appointed, that even if the warpage of plastic parts is caused by the anisotropic shrinkage, the 

processing parameters have different effect on the shrinkage and on the warpage. It was 

shown by numerous literatures that the improper mould temperature can cause asymmetrical 

warpage. 

The properties of the injection moulded fibre reinforced polymers, thus the orientation 

of the fibres was also investigated which is caused by the flow behaviour. The local 

orientation and the skin-core effect were also widely analysed. Few articles can be found, 

investigating the skin-core effect at the corner of injection moulded parts and observing on the 

outer side of it a dead-zone. On the other hand, the global orientation in the plastic parts and 

its effect on the local warpage was only analysed by few researchers. Generally, the effect of 

injection location on the deformation was only studied on flat rectangular or on flat round 

specimens.  

The warpage was analysed so far on flat specimens. The deformation on more 

structured geometries, for example on corner was hardly studied and only a few types of 

specimens are known. Furthermore the corner warpage was only measured in one point and 

the sides of the specimens were supposed to be straight. The investigations have not been 

extended on the deformation change along the sides. Beside this, the knowledge on the fibre 

reinforcement and on the orientation is imperfect too. 
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According to the literature the aims of my research are the follows: 

– Enabling the measurability of the corner deformation caused by different 

technological parameters, mould constructions and material properties, 

determination of the most determinative parameters and range them. 

– Investigation of the effect of the material, the fibre reinforcement content and the 

holding pressure on the corner deformation. 

– Determination of the relation between the corner deformation and its influential 

parameters. 

– Analytical description of the curvature of the injection moulded specimen sides. 
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3. Materials and methods 

3.1. Materials 

PP homopolymer (TVK Tipplen H116F) was selected and used for the measurements. 

To produce polypropylene based composites PP homopolymer (Borealis Daplen HD120MO) 

and short glass fibre (Cam Elyaf BMC1-6) in different content (10, 20, 30 wt%) was used. 

The matrix and the glass fibres were mixed on a Brabender Plasti-Corder 814402 twin-screw 

extruder by constant rpm. The zone temperatures of the extruder were: 180, 185, 185 and 

190°C. 

3.2. Production of samples 

V-top specimens were injection moulded on an Arburg Allrounder 320C 600-250 

injection-moulding machine (screw diameter: 35 mm). The injection volume was 45 cm3. The 

switchover to holding pressure took place either at 7 cm3 or when the end-of-the-cavity 

pressure sensor reached the 25 bar. To regulate the mould temperature Wittmann Tempro Plus 

2/90 temperating system was used. 

3.3. Measuring devices 

Measurement of viscosity and specific volume 

Göttfert Rheograph 75 capillary rheometer was used to measure the specific volume of 

the materials on 8 pressure levels (1-174 MPa) and on 12 temperature levels (65-260°C). 

To determine the viscosity of the materials capillary viscosimeter mounted on 

Zwick Z050 universal tensile testing machine with computer controlled loading frame was 

used. The measurements were executed with 3 different capillary lengths, on 200, 230 and 

260°C, at the speeds of 5, 10, 20, 50, 100, 200, 500 mm/min. 

Melt flow rate tests were performed according to MSZ EN ISO 1133:2005 standard. 

CEAST Modular Melt Flow 7027.000 on 230°C, with a load of 2,16 kg was used to test the 

materials. 
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DSC measurements 

Perkin Elmer DSC-2 equipment was used to determine the crystallization temperature 

of the materials. The measurements were performed in a range of 47-227°C at a heating rate 

of 20°C/min, held at 227°C for 2 minutes, then followed by a cooling and a second heating at 

a rate of 20°C/min. To determine the specific heat of the materials DSC Q2000 equipment 

was used, performed in a range of 0-270°C at a heating rate of 10°C/min. 

Warpage measurement 

HP ScanJet G4010 was used to make images of the V-top specimen for the Warpage 

measurements in a resolution of 600 dpi. To verify the image analysis software Mitutoyo 

Quick Vision 3-D-CNC measuring equipment was used. 

Determination of orientation 

To analyse the fibre orientation evolving in the V-top specimen optical microscopes 

Olympus BX 51M and Olympus PMG 3 were used. For the investigation of the global fibre 

orientation in the part YXILON CT X-ray system and Dage XiDat 6600 X-ray microscope 

were used. 

3.4. Test method for the analysis of corner deformation 

To characterise the warpage at the corners of injection moulded parts, a special part 

was designed the so called V-top specimens. The sides of the specimen close an angle of 90°. 

The main goal was to measure the effect of varying technological parameters, mould design 

and material properties on warpage. To produce the specimen, a special mould was designed 

with changeable and variable inserts (Figure 1.). The orientation of the material and the 

positioning of the injection location have significant effects on the deformation. Therefore, 

three different gate types can be used by changing the gate inserts in the mould. For the 

highest control precision, two pressure sensors one at a distance of 5 mm from the gate (PGS; 

post-gate-sensor) and one at a distance of 5 mm before the end of the flow path and two 

temperature sensors were installed into the core and into the cavity of the mould. 
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Figure 1. The moving and stationary sides of the mould with the 3+1 gate inserts 

 

To evaluate the warpage of the V-top specimen, special image analysis software was 

developed. The software analysed with HP ScanJet G4010 scanned images of the side of the 

specimen in a resolution of 600dpi and calculated the closing angle along the edge length 

from the corner point (Figure 2.). 

 
Figure 2. Theoretical image for the closing angle calculation 
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4. Theses 

My scientific results were concluded in the following theses: 

1. 

A measurement method was developed that includes a special specimen, an injection 

mould for the production of the specimen and also a unique image analysis software, making 

the investigation of the effects of different technological parameters – the effect of different 

mould constructions and material properties on the deformation – possible. The applicability 

of the method was proved with measurements. It was shown that the warpage of corners of 

injection moulded plastic parts is mostly influenced by the mould temperature difference, the 

gate type and –position, the mould temperature and by the glass fibre content of the 

material [1-6]. 

2. 

It was shown with the analysis of the effect of reinforcement content of the material 

and with the effect of technological parameters on the warpage of corners, that holding 

pressure does have significant effect in the case of unreinforced polypropylene material. In 

the case of unreinforced polypropylene increasing holding pressure increases the closing 

angle in the analysed range (100-500 bar), while this effect discontinues in the case of fibre 

reinforced polypropylene. In addition it was shown that the increase of fibres content in the 

range of 0-30 wt% decreased the deformation of the sides, because the fibres decreased the 

shrinkage in flow direction [5, 6]. 

3. 

It was verified that the warpage of corners in the case of injection moulded products 

can be eliminated with proper technological settings. It was shown with measurements that 

the evolved warpage changes along the edge length, and is mainly influenced by the 

reinforcement content of the material and the ratio between the stationary and the moving side 

of the mould. The closing angle between the deformed edges can be characterized as follows:  
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+⋅+⋅+⋅⋅⋅Φ=α , 

where α [°] is the closing angle, Φ [wt%] is the fibre content referred to the weight , Ts/Tm [-] 

is the ratio between the temperature of the stationary mold side and the moving mold side, 

L [%] is the relative edge length measured on the side edge. The relation was proved using 

film gate in a wide mould temperature (30-70°C) and fibre content (10-30 wt%) range using 

polypropylene material [6, 7]. 

4. 

It was pointed out that the warpage along the edge lengths of injection moulded 

products can be approximated with a correlation of 0.99 by a cubic curve. The curves of the 

edges were defined from the cubic curves by the integration of the curvature graph. It was 

showed that the curvature was influenced by the gate type and position. Moreover, it was 

proved that the curvature can be reduced with the increase of fibre content [6]. 
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