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ABSTRACT 

Polyoxymethylene is an engineering thermoplastic, which can reach a high degree of 

crystallinity and shows good mechanical properties. These mechanical properties are on 

the one hand dependent on the polymer’s morphology and on the other hand on residual 

stresses. Residual stresses develop as a consequence of non-uniform cooling conditions 

and deformations during the processing. 

In this thesis, injection molded tensile specimens were examined regarding their residual 

stress distribution throughout their thickness. These specimens were produced in March 

2017 within the framework of a former study. A Design of Experiments was carried out at 

that time: the holding pressure, the temperature profile along the barrel and the mold 

temperature were varied. Previously, the specimens were analyzed by tensile tests, 

fracture tests, differential scanning calorimetry (DSC), microscopy and X-ray diffraction. 

Now, within this thesis, three different methods for the evaluation of the residual stresses 

and stress profiles were conducted: layer removal technique (LRT), wide angle X-ray 

diffraction (WAXD) and nanoindentation. One aim was to obtain residual stress 

distributions in dependence of the injection molding conditions and to compare them to 

each other. For this, layer removal technique was chosen, as this method has been widely 

used in polymer science. Furthermore, basic feasibility studies on WAXD and 

nanoindentation for their capability in the determination of residual stress profiles were of 

interest. 

With layer removal technique, plausible results regarding residual stress distributions were 

obtained. Compressive stresses were found in the near surface regions and tensile stresses 

in the core. The influence of the different processing parameters also met the expectations. 

Nevertheless, high standard deviations in the near surface stress values were observed, 

which arose as a consequence of the milling process and the curvature determination at 

big bending radii. Therefore, no exact statements could be made on this areas. WAXD also 

gave plausible stress distributions, which were in good accordance with the ones obtained 

by LRT. However, due to assumptions made on the stress free state and the so-called X-ray 

elastic constants during stress calculation, no quantitative comparison with other methods 

could be made. For nanoindentation, two models for the stress calculation based on 
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literature were used. Samples were not milled as in the two other methods, but the 

surfaces of the tensile specimens were analyzed. This was conducted along the thickness, 

width and the cross-section. Neither of the two models led to satisfying results. 

Geometrical issues as well as rough surfaces made it difficult to conduct valid 

measurements. In general, LRT is considered to give the best results, but WAXD 

measurements do also yield potential. Nanoindentation is at the present considered to be 

not suitable for the residual stress determination of Polyoxymethylene. 

 



 

 

KURZFASSUNG 

Polyoxymethylene ist ein technischer Thermoplast, der hohe Kristallinitätsgrade erreichen 

kann und gute mechanische Eigenschaften besitzt. Diese mechanischen Eigenschaften sind 

sowohl von der Morphologie des Kunststoffs als auch von den Eigenspannungen abhängig. 

Eigenspannungen entwickeln sich zufolge ungleichmäßiger Abkühlbedingungen und 

Deformationen meist während des Verarbeitungsprozesses. 

In dieser Arbeit wurden spritzgegossene Zugprüfstäbe hinsichtlich ihres 

Eigenspannungsprofils über die Dicke untersucht. Die Stäbe wurden im März 2017 im 

Rahmen einer früheren Arbeit hergestellt. Dabei wurde ein Versuchsplan („Design of 

Experiments“) durchgeführt, bei dem Nachdruck, Temperaturprofil über den Zylinder und 

die Werkzeugtemperatur variiert wurden. Des Weiteren wurden damals bereits 

Zugversuche, bruchmechanische Versuche, Differential Scanning Calorimetry (DSC), 

Mikroskopie und Röntgenmessungen durchgeführt. Im Rahmen dieser Arbeit wurden nun 

drei unterschiedliche Methoden zur Analyse von Eigenspannungen angewandt: die Layer 

Removal Technik (LRT), Wide-Angle X-Ray Diffraction (WAXD) und Nanoindentation. Ziel 

war es einerseits, Eigenspannungsprofile für die unterschiedlichen 

Verarbeitungsbedingungen zu erhalten und zu vergleichen. Dafür wurde die Layer Removal 

Technik gewählt, die bereits früher für Polymere angewandt wurde. Des Weiteren sollten 

WAXD und Nanoindentation auf ihre Anwendbarkeit zur Bestimmung von 

Spannungsprofilen und -werten überprüft werden. 

Mit der Layer Removal Technik wurden durchwegs plausible Eigenspannungsprofile erzielt. 

Druckspannungen in den äußeren Schichten sowie Zugspannungen im Inneren der Stäbe 

traten auf. Auch der Einfluss der Verarbeitungsparameter entsprach den Erwartungen. 

Allerdings konnte aufgrund des Einflusses des Abfräsprozesses und der Bestimmung der 

Krümmung bei großen Biegeradien keine eindeutige Aussage über Änderungen in den 

oberflächlichen Schichten getroffen werden. Mit den WAXD-Messungen wurden ebenfalls 

plausible Spannungsverläufe erhalten. Jedoch mussten bei der Auswertung verschiedene 

Annahmen bezüglich des spannungsfreien Zustands und der sogenannten elastischen 

Konstanten getroffen werden, die einen quantitativen Vergleich mit anderen Methoden 

erschweren. Bei der Nanoindentation wurden zwei unterschiedliche Auswertungsmodelle 



 

 

aus der Literatur verwendet. Die Proben wurden nicht schichtweise untersucht wie bei den 

vorhergegangenen Methoden, sondern auf den Oberflächen über die Dicke und die Breite 

sowie über den Querschnitt der Zugprüfstäbe. Keines der beiden Modelle lieferte 

zufriedenstellende Resultate. Geometrische Probleme und die Rauigkeit der Oberfläche 

machten es schwierig, sinnvolle Versuche durchzuführen. Grundsätzlich ist zu sagen, dass 

die Layer Removal Technik die plausibelsten Ergebnisse lieferte und WAXD-Messungen 

großes Potential besitzen. Nanoindentation wird in der Form und zum jetzigen Zeitpunkt 

als ungeeignet angesehen.  
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1 INTRODUCTION 

Polyoxymethylene (POM) is a highly crystalline thermoplastic, which is widely used in 

engineering applications. Its excellent mechanical properties, amongst others a high 

fatigue resistance, in combination with its outstanding tribological performance make it 

interesting especially for machine parts in rolling applications e.g. polymeric bearing 

elements or gear wheels (Berer and Major 2010, 2012; Rösler 2005; Heym and Beitz 1995). 

However, for polymeric materials the mechanical behavior strongly depends on the 

processing history and the resulting morphology. Hence, in the past the fracture 

mechanical behavior of POM in dependence on its morphology was examined excessively 

(Berer et al., 2018; Halb, 2016; Berer et al., 2014). 

Additionally, processing of polymers by injection molding (IM) also gives rise to residual 

stresses. These stresses are present without any external loading and, like the polymer 

morphology, are known to have significant influence on the mechanical behavior. 

Furthermore, residual stresses are dependent on various processing parameters of the 

injection molding process. Hence, they are like the morphology highly dependent on the 

processing conditions. Unfortunately, their quantitative or even qualitative determination 

is not trivial, since they cannot be measured directly. This rises the need for proper analysis 

techniques. 

This diploma thesis is embedded within the project PENELOPE (Processing, structure and 

performance evolution of Polyoxymethylene), in which the correlation between processing 

conditions, resulting morphology and final (fracture) mechanical behavior of POM 

specimens is systematically investigated. In this context, tensile specimens were produced 

in the beginning of this project, which were injection molded by following a design of 

experiments (DOE). The DOE included a variation in holding pressure, melt temperature 

profile and mold temperature. While mechanical behavior and morphology were analyzed 

in detail previously, the information about the residual stress levels and distributions was 

still missing. Hence, the aim of this thesis was to examine different methods for residual 

stress determination, to compare these techniques and to provide residual stress 

distributions of selected injection molded specimens. Additionally, the effect of annealing 

on the residual stresses was selectively studied using this techniques. 
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2 THEORETIC BACKGROUND 

2.1 Development of residual stresses 

Residual stresses are present in most polymeric parts. These stresses exist independently 

of an external stress or strain applied to the material and can, depending on their value, 

lead to premature failure of the part during its application. Therefore, it is important to 

investigate the distribution of residual stresses in particular in injection molded parts, since 

within this processing method residual stresses are practically unavoidable. In amorphous 

and semi-crystalline polymers, these stresses mainly occur due to a combination of large 

temperature gradients and non-uniform deformation. Especially in semi-crystalline 

polymers they strongly depend on the crystallization conditions. In injection molding, the 

outer layers of the part have less time to form crystals as they are cooled very fast. The 

inner layers are cooled slower due to the low thermal conductivity of polymers. This leads 

to density differences and therefore, deformation. 

In general, residual stresses can be classified as macro or micro residual stresses on the one 

hand and they can be divided into thermally induced and flow induced residual stresses on 

the other hand. Residual macro and micro stresses arise from differences between 

different regions and phases (Withers and Bhadeshia, 2001). Residual macro stresses for 

example are caused by peening, cold hole expansion, bending and welding, whereas 

residual micro stresses arise from thermal stresses, loading stresses, transformational 

stresses and intergranular stresses as shown in Fig. 2.1. Residual macro stresses are present 

on a scale larger than the grain size. They vary over the thickness of the part and depending 

on the processing conditions also in plane. They are often referred to as Type I stresses. 

Residual micro stresses can further be divided into two types regarding to the scale on 

which they develop. Type II stresses develop in the range of a single grain. In single phase 

materials they exist due to anisotropy, in multi-phase materials due to different properties 

of the phases. Type III are stresses present in a single grain as a result of dislocation and 

crystalline defects (Withers and Bhadeshia, 2001). This is illustrated in Fig. 2.2 for a multi-

phase material. M and R in this illustration denote matrix and reinforcement. 
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Fig. 2.1: Origins of residual macro and micro stresses (Withers and Bhadeshia, 2001). 

 

 

Fig. 2.2: Residual macro and micro stresses on different length scales in a material (Withers and 

Bhadeshia, 2001). 
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Fig. 2.4: Flow induced residual stress profile developing in the packing stage of the injection molding 

process – effect of low and high holding pressure (Guevara-Morales and Figueroa-López, 2014). 

 

(Jansen, 2015) molded plates at different holding pressures and observed that at low 

pressure levels, the plates warped towards the hotter side, whilst when increasing the 

pressure they observed warpage towards the cooler side. As residual stresses are strongly 

linked to shrinkage and warpage, this also indicates a significant impact of the applied 

packing pressure. It has also to be kept in mind that as the pressure usually decreases over 

the flow path, the stress profile will vary over the length of a part. 

Thermally induced residual stresses are a consequence of non-uniform cooling of the 

material. The outer layers that are in contact with the mold are cooled very quickly, while 

the core region needs more time to cool and solidify. Here, the skin layers are able to 

contract freely and are considered to be rather stress free whilst the core is still liquid. 

During further cooling the contraction of the core is constrained by the solid skin which 

results in compressive stresses in the skin and tension in the core as observed in free 

quenching (Guevara-Morales and Figueroa-López, 2014). In the injection molding process 

the thermally induced residual stress profile depends on various parameters such as the 
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absolute temperatures, the temperature difference, the holding pressure, the adhesion to 

the mold, the geometry, the temperature of the mold, the injection pressure and the 

injection rate. The schematic formation of the residual stress profile for high holding 

pressure levels is illustrated in detail in Fig. 2.5. At the very beginning of the IM process, 

the temperature of the material in the mold is considered to be uniform and no pressure 

is present. According to (Guevara-Morales and Figueroa-López, 2014), at the end of the 

filling stage small tensile stresses have developed in the skin layers, which are a result of 

the non-slip condition between the mold and the already solid skin (Fig. 2.5a). In the next 

step the holding pressure is applied on the melt and also on the solid outer layer. This 

introduces compression in all layers. Further cooling increases the thickness of the solid 

layer and also prevents its contraction, which decreases the compression in this region (Fig. 

2.5b and Fig. 2.5c). When the gate is frozen, the compressive holding pressure no longer 

acts on the part (Fig. 2.5d), which reduced the compressive stress level significantly. The 

IM process is finished and the part is ejected from the compressed mold. An equilibrium 

with tensile stresses in the skin layers, followed by compressive stresses in a sub skin region 

and again tensile stresses in the core develop (Fig. 2.5e) (Guevara-Morales and Figueroa-

López, 2014). 

Many investigations on the influences of different injection molding parameters and 

conditions on the residual stress profile were made in the past. (Kubat and Rigdahl, 1976) 

significantly reduced the residual stresses in a part with adding small amounts of metal 

fillers. The better thermal conductivity resulted in a smaller temperature gradient and 

therefore in a lower stress level. (Siegmann et al., 1982a) investigated the effect of thermal 

history on internal stresses. They studied the influence of different temperature gradients 

relative to the melting temperature of the material. It was found that the residual stresses 

on the surface were very sensitive to the thermal conditions, while the stresses in the core 

region were not. In another publication, (Siegmann et al., 1982b) examined the influences 

of melt temperature, mold temperature, injection rate and injection pressure on the stress 

profile. They identified an influence of the melt temperature on the profile as well as on 

the stress level. The mold temperature did not highly affect the surface stresses but the 

core stresses, whereas the injection rate had a high influence on the surface stresses. 

Surface stresses were also found to increase with increasing injection pressure up to a 
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certain point and a decrease afterwards. Stresses in inner layers were only affected by the 

injection pressure in regions near the gate. 

Finally, the resulting residual stress profile of a part is a combination of both flow induced 

and thermally induced stresses. In general, compressive stresses are expected in the near 

surface regions, whereas tensile stresses are expected in the core (Siegmann et al., 1981, 

1982b; Turnbull et al., 1999). 

 

 

Fig. 2.5: Thermally induced residual stress profiles during different stages of the injection molding 

process a) in the filling stage, b)-d) in the packing stage and e) after demolding of the part (Guevara-

Morales and Figueroa-López, 2014). 
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2.2 Influence of residual stresses on mechanical properties 

Since residual stresses are present in a part without any external load applied, they also 

influence the performance of the part under loading. The desired behavior of the part can 

be distorted by shape changes such as warpage, when the residual stress profile is not 

symmetric over the cross-section of the part. Also mechanical properties are influenced by 

internal stresses both negative and positive. (So and Broutman, 1976) stated that for 

Polycarbonate (PC) the notched IZOD impact strength is increased, when compressive 

stresses are present in the surface. As this was not found for Polyvinylchloride (PVC) and 

Acrylonitrile butadiene styrene (ABS), it was assumed that this effect is limited to polymers 

with a highly localized failure initiation. (Chen and Tyler, 2004) found that the 

photochemical degradation of polymers is accelerated by tensile stresses and retarded by 

compressive ones. (Siegmann et al., 1981) studied the effect of residual stresses on the 

mechanical behavior of quenched Poly(p-phenylene oxide) (PPO) specimens. They 

conducted tensile tests on quenched specimens, whilst successively removing layers. An 

increase of the ultimate tensile stress, the elastic modulus and of the ultimate elongation 

was found with successive removal of layers. Furthermore, when investigating injection 

molded specimens they found that the maximum residual stresses were not located at the 

surface as for example observed for quenched specimens, but a little below (Fig. 2.6). The 

tensile modulus of the unmilled injection molded specimen exhibited the same increase 

with successively removed layers as the quenched samples. The ultimate tensile stress and 

the ultimate elongation exhibited a minimum at the position of the maximum residual 

stress. 

The changes of residual stresses and crystallinity during the ageing of quenched POM 

specimens was studied by (Siegmann and Kenig, 1986). They found that upon further 

ageing the surface crystallinity as well as the surface residual stresses increased. After 120 

days, the crystallinity at the surface remained rather constant, while the specimens showed 

a significant drop of the surface stresses (Fig. 2.7). It was stated that the development of 

stresses at the surface was caused by secondary crystallization at low temperatures. When 

surface crystallinity reached its maximum, the residual stresses started to relax. 
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Fig. 2.6: Residual stresses in injection molded Noryl plates (Siegmann et al., 1981). 

 

 

Fig. 2.7: Residual stress distribution of quenched Polyoxymethylene aged for a different period of 

time (Siegmann and Kenig, 1986). 
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surface as illustrated in Fig. 2.9 and φx and φy are the curvatures measured in x and y 

direction.  

To reduce the experimental work, Eq. (2.1) can be simplified for two special cases (Treuting 

and Read, 1951). For the first one the strain in one direction is considered negligible, which 

means σy=ν σx and φy=0. This assumption results in Eq. (2.2). 

𝜎𝑥(𝑧) = 𝜎𝑦(𝑧)𝑣 = −𝐸6(1 − 𝑣2) {(𝑧0 + 𝑧1)2 𝑑𝜑𝑥(𝑧1)𝑑𝑧1 + 4(𝑧0 + 𝑧1)𝜑𝑥(𝑧1)
− 2∫ 𝜑𝑥(𝑧)𝑧0𝑧1 𝑑𝑧} 

(2.2) 

In the second case, the stresses are considered to be the same in both direction of the 

plane. With σx=σy and φx= φy the equation can be transformed into Eq. (2.3). 

𝜎𝑥(𝑧) = 𝜎𝑦(𝑧) = −𝐸6(1 − 𝑣) {(𝑧0 + 𝑧1)2 𝑑𝜑𝑥(𝑧1)𝑑𝑧1 + 4(𝑧0 + 𝑧1)𝜑𝑥(𝑧1)
− 2∫ 𝜑𝑥(𝑧)𝑧0𝑧1 𝑑𝑧} 

(2.3) 

According to (Treuting and Read, 1951) the above described calculations are applicable, 

when three conditions are satisfied: the sample has to behave linear elastic in pure 

bending, the stresses should be constant in the plane and the removal of the layers must 

not have an influence on the stress level. Furthermore, the material is assumed to be 

isotropic in the elastic range and the elastic modulus is assumed to be constant over the 

thickness. 

For the curvature measurement several methods are available, which were examined by 

(Akay and Ozden, 1994). (Treuting and Read, 1951)and (So and Broutman, 1976) used the 

dial gauge method, which is often applied for metals, but may cause errors when used for 

polymers (Akay and Ozden, 1994). An optical method that derives the curvature from a 

laser beam, which is reflected by mirrors attached to the specimen was used by (Haworth 

et al., 1982) and (White, 1984). This method was found to result in high experimental work 

to obtain proper results (Akay and Ozden, 1994). (Akay and Ozden, 1994) also proposed 

three set-ups for measuring the curvature with a coordinate machine, which is, as almost 

all described methods, based on the contact between the specimen and a measuring 
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device. The laser beam scan method, which does not require contact with the specimen 

was found to be the most accurate curvature measurement method. In general, the stress 

calculation based on the bending curvature assumes constant elastic properties in the 

different layers, which is not necessarily the case as for example reported by (Siegmann et 

al., 1981). Therefore, they conducted measurements, where the bending moment needed 

to straighten a curved specimens was used to calculate the stresses. The results were found 

to differ from the ones obtained by curvature measurement. This was believed to be due 

to the consideration of a non-constant Young’s modulus. 

The time between the layer removal process and the commencement of the 

measurements as well as the time, which is given to establish a new equilibrium has to be 

considered in the analysis. (Turnbull et al., 1998) stated that the time between milling and 

the beginning of the measurements should be less than 15 min. For the determination of 

the curvature, no specific elapsed time is given in the literature. (Siegmann et al., 1982a) 

chose an elapsed time of five days for the determination of the curvature of quenched Poly 

(p-phenylene oxide). The same time frame was chosen in (Siegmann and Kenig, 1986) for a 

residual stress study on quenched POM using the layer removal technique. 

2.3.2 X-Ray diffraction 

X-ray measurements are widely used in polymer science to determine morphological 

parameters such as long period, lamellar thickness, crystalline structures and crystalline 

content in a specimen. A coherent X-ray beam is scattered and diffracted by the structure 

of the sample, which gives rise to characteristic scattering and diffraction patterns. 

Depending on the sample to detector distance, different deflection angles can be detected, 

which yield information on different structural dimensions. At larger distances, small angle 

X-ray scattering is conducted. Here, long period and lamellar thicknesses can be derived 

from the electron density differences of different phases. For the specimens used in this 

study, the corresponding measurements were already made previously and hence, are not 

part of the present work. 

For residual stress measurements, wide angle X-ray diffraction can be used, which requires 

a shorter sample to detector distance. X-ray diffraction is based on the wave nature of light. 

When a coherent beam meets a crystal, part of it can pass through but part of it is reflected 
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Fig. 2.11: Effect of stresses on the peak position in the intensity profiles obtained from WAXD. 

 

These peak positions and the d-spacing between the parallel lattice planes are linked by 

Bragg’s law according to (Eq. (2.5)). The d-spacing of the stressed specimens is then used 

along with that of the unstressed state (d0) to calculate the strains between these planes 

(Eq. (2.6)), from which stresses can be deduced (Eq. (2.7)). Ehkl in the latter equation 

denotes an elastic constant, which is specific for each group of lattice planes. This value can 

be determined for example by X-ray measurements during tensile tests as done by 

(Feuchter 2011). 

𝑑ℎ𝑘𝑙(𝑋) = 𝜆2 ∗ sin(𝜃) (2.5) 

𝜀ℎ𝑘𝑙(𝑋) = 𝑑ℎ𝑘𝑙(𝑋) − 𝑑0𝑑0  
(2.6) 

𝜎ℎ𝑘𝑙(𝑋) = 𝜀ℎ𝑘𝑙(𝑋) ∗ 𝐸ℎ𝑘𝑙  (2.7) 

There are also other approaches proposed in literature to determine stresses by WAXD. 

The “sin²Ψ-method”, where mainly line detectors are used requires at least two 

measurements at different sample orientations to calculate the stress state in the plane 

(Noyan and Cohen, 1987). The “cosα-method” was developed by (Taira et al., 1978) and 

enables stress determination from 2-dimensional measurements. Nevertheless, both 

approaches require the measurement of a specimen at different rotation angles, which 

yields high experimental effort. 
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2.3.3 Nanoindentation 

The use of nanoindentation to examine mechanical properties such as Young’s Modulus, 

yield strength, hardness, creep stress exponent, fracture toughness and others is rising. It 

is possible to determine a variety of properties from the load-depth curves without the 

need to analyze the hardness impression under a microscope (Jang, 2009). When it comes 

to stresses, it was observed that hardness changes when a load is applied. (Sine and 

Carlson, 1952) conducted hardness tests on steel, which was loaded alternatingly with 

compressive and tensile stresses. They found that the material appeared softer when 

tensile stresses were present and harder, when compressive stresses were present. It was 

observed that the relationship between the change in hardness and the applied stress was 

not linear over the whole compressive and tensile regions (Fig. 2.12): hardness is less 

affected by compressive than by tensile stresses. 

 

Fig. 2.12: Relative change in the hardness of steel in relation to the applied stress in steel (Sine and 

Carlson, 1952). 

 

(Bolshakov et al., 1996) found that the loading curve in instrumented indentation of a 

stressed specimen deviates from the shape of the curve of an unstressed specimen (Fig. 

2.13). When compressive stresses are present in the indentation area, a higher force is 
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residual stresses affects the indentation contact area. The Suresh model determines the 

stresses as a function of the ratio between the contact areas of unstressed and stressed 

sample and the hardness. Furthermore, they took into account the different relationship 

between hardness change and stress increase for compression and tension as shown 

before in Fig. 2.12. Therefore, they suggested two equations: with Eq. (2.8) tensile residual 

stresses can be calculated and Eq. (2.9) is used for compressive residual stresses. Which 

equation should be used depends on the stress state expected (tensile or compressive) and 

can be deduced from load-depth curves as shown above in Fig. 2.13. 

𝜎𝑅,𝑡 = (1 − 𝐴0𝐴𝑅) ∗ 𝐻 
(2.8) 

𝜎𝑅,𝑐 = (𝐴0𝐴𝑅 − 1) ∗ 𝐻sin(𝛼) (2.9) 

In this equations σR is the residual stress (tensile or compressive), A0 and AR are the contact 

areas without and with residual stresses, H is the indentation hardness and α is the 

inclination of the indenter to the surface. 

(Jang, 2009) stated that as the contact area is not strongly influenced by the stresses, this 

model may only be valid when stresses near the yield strength are present and when so-

called pile-up is pronounced. Moreover, for quantitatively accurate stress values, the 

presence of the previously mentioned equi-biaxial stress state is required. 

Lee model 

(Lee and Kwon, 2004) suggested a model for the determination of non equi-biaxial surface 

stresses. They introduced a stress ratio k=σR,y/σR,x and applied uniaxial stress (k=0), equi-

biaxial stress (k=1), biaxial stress (k=0,66) and pure shear stress (k=-1). As biaxial stress can 

be divided into equi-biaxial and pure shear stress, where the shear stress does not influence 

the indentation load, they stated that biaxial stress can be measured simplified as equi-

biaxial and calculated by Eq. (2.10). 

𝜎𝑅,𝑥 = 3(𝑃0 − 𝑃𝑅)(1 + 𝑘)𝐴𝑅  
(2.10) 

P0 and PR are the maximum indentation loads for an unstressed and a stressed specimen 

and AR is the contact area of a specimen with residual stresses.  
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Unlike the Suresh model, the Lee model does not take into account the non-linear 

relationship shown earlier in this section (Fig. 2.12). The advantage is that non equi-biaxial 

stress states are considered in the formula. 
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3 EXPERIMENTAL DETAILS 

3.1 Materials, processing and sample preparation 

For the measurements, a POM homopolymer of the type Delrin 111PF manufactured by 

DuPont (E. I. du Pont de Nemours and Company, Wilmington, United States) was used. This 

resin has an approximate weight average molecular weight of 149.000 g/mol and a 

polydispersity index of around 2,6. Both values were obtained by gel permeation 

chromatography and published in (Berer et al., 2018). 

Within the project PENELOPE, tensile specimens were injection molded from this material. 

Both their morphology and their mechanical properties were already examined previously. 

However, for a complete characterization, the residual stress distributions were still 

missing. Hence, these specimens were analyzed for their residual stresses in this thesis. 

Additionally, compression molded (CM) plates and annealed specimens were examined as 

reference samples. The processing of the IM and CM samples is displayed in the following. 

Subsequently, the sample preparation for each method is described. 

3.1.1 Injection molded tensile specimens 

The injection molded tensile specimens made of Delrin 111PF were the main samples used 

in this thesis. They were analyzed for their residual stress levels and distributions. During 

processing, the tensile specimens were injection molded with eight different conditions in 

a mold with two cavities. A design of experiments (DOE) was carried out to study the 

influence of the processing parameters holding pressure, melt temperature profile and 

mold temperature on the morphology and the mechanical properties of the samples. The 

DOE is displayed in Table 3.1. TP refers to the temperature profile of the band heaters along 

the barrel of the injection unit. The explanation for the terminus “-1” and “+1” is given in 

Fig. 3.1. Before injection molding, the material was dried for 2 h at 80 °C in a granulate 

dryer. 
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the rather high value of cushion. The processing of the tensile specimens was not part of 

the present thesis. It was carried out by Bruno Ramoa (former researcher at the Polymer 

Competence Center Leoben) in March 2017. 

Table 3.2: Processing parameters measured during injection molding of the tensile specimens. 

 phold, measured 

[MPa] 

Tmold, measured 

[°C] 

Injection 

pressure [MPa] 

melt cushion 

[cm³] 

C1 60,4 46,3 138,9 11,9 

C2 110,6 - 140,2 6,7 

C3 60,5 - 126,3 11,7 

C4 111,0 - 126,8 7,2 

C5 60,6 - 128,0 12,5 

C6 111,1 - 129,2 8,1 

C7 60,6 - 116,1 11,3 

C8 111,5 97,1 116,4 15,4 

 
Cycle time [s] 

Filling time 

[s] 

Flow rate 

[cm³/s] 

Dosing volume 

[cm³] 

all conditions 52,7 2,7 15 62 (50) 

 

3.1.2 Compression molded specimens 

 Compression molded specimens were included in this thesis, because they were originally 

intended as “stress free” reference samples for the WAXD and nanoindentation 

measurements. Moreover, they were also part of the annealing study conducted in this 

thesis (for details please refere to the following section). Compression molded plates of 

Delrin 111PF were processed within the diploma thesis of Marita Halb (Halb, 2016) and 

used in this thesis. Their characterization of morphological and fracture mechanical 

properties is documented in the corresponding diploma thesis and published in (Berer et 
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3.1.3 Annealing procedure 

As mentioned in section 2.3, the determination of residual stresses via WAXD and 

indentation requires a reference sample that is free of stress. Since all IM specimens were 

considered to contain a significant level of inner stresses, it was tried to release these 

stresses by thermal treatment. Three different annealing conditions were chosen based on 

(DuPont 2019). There, 30 min plus 5 min per mm of wall thickness at 160 °C are suggested 

to accelerate stress relaxation and 24 h at 90 °C are suggested to stabilize parts for 

continuous high temperature use. With a thickness of 4 mm for all tensile test specimens 

and the CM specimens a time of 50 min at 160 °C was chosen for stress relaxation. In 

addition, other samples were annealed at 160 °C for 2 h and at 90 °C for 24 h. Tensile 

specimens processed with condition 2 from the injection cavity 2 and the compression 

molded specimens P1-P3 (Fig. 3.2) were annealed. An overview of the combination of 

specimens and annealing conditions is given in Table 3.4. The CM specimen P4 was not 

annealed. 

Table 3.4: Overview of the annealed injection and compression molded specimens. 

Annealing condition 

[time/temperature] 

Injection molded 

specimens 

[condition/cavity] 

Compression molded 

specimens 

50 min/160 °C C2/2 P1 

2 h/160 °C C2/2 P2 

24 h/90 °C C2/2 P3 

 

3.1.4 Sample preparation for nanoindentation 

For nanoindentation, a very specific sample geometry was required. In addition, a very 

parallel and smooth surface was needed to conduct reproducible measurements. Three 

tensile specimens of processing condition 2 and from injection cavity 2 were cut according 

to Fig. 3.3 by a circular saw. Two samples were examined at the original, injection molded 

surface: one along the 4 mm of thickness and one along the 10 mm of width. The details of 
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3.2 Methods 

In Table 3.5 and Table 3.6, all IM and CM samples used for LRT, WAXD and nanoindentation 

are displayed. The annealed injection molded and all compression molded specimens were 

measured with WAXD in their original state before the LRT was conducted.  

Table 3.5: Overview of the IM samples used in this work for LRT, WAXD and nanoindentation. 

INJECTION MOLDING 

Processing 

condition 

Annealing 

condition 

[time/temperature] 

LRT 

[samples/milling 

profile] 

WAXD 

[samples/milling 

profile] 

Nanoindentation 

[samples/surface 

analyzed] 

C1 - 3/profile 1 - - 

C2 - 3/profile 1 3/profile 2 

1/thickness 

1/width 

1/cross-section 

C2 50 min/160 °C 

1/profile 1 

1/profile 2 

1/not milled - 

C2 2 h/160 °C 

1/profile 1 

1/profile 2 

1/not milled - 

C2 24 h/90 °C 

1/profile 1 

1/profile 2 

1/not milled - 

C3 - 3/profile 1 - - 

C4 - 3/profile 1 - - 

C5 - 3/profile 1 - - 

C6 - 3/profile 1 - - 

C7 - 3/profile 1 - - 

C8 - 3/profile 1 - - 
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Table 3.6: Overview of the CM samples used in this work for LRT, WAXD and nanoindentation. 

COMPRESSION MOLDING 

Processing 

condition 

Annealing 

condition 

[time/temperature] 

LRT 

[samples/milling 

profile] 

WAXD 

[samples/milling 

profile] 

Nanoindentation 

[samples/surface 

analyzed] 

CM plate - 1/profile 1 1/not milled 1/CM surface 

CM plate 50 min/160 °C 1/profile 1 1/not milled 1/CM surface 

CM plate 2 h/160 °C 1/profile 1 1/not milled - 

CM plate 24 h/90 °C 

1/profile 1 

(failed) 

1/not milled 1/CM surface 

 

3.2.1 Layer removal technique 

Injection molded tensile specimens 

For the layer removal technique, three IM tensile specimens of each procession condition 

from injection cavity 1 were used (Table 3.5). Selected tensile specimens were annealed at 

the three conditions described above. Marks with a diameter of about 1 mm were drawn 

on the observed part of the specimens with a permanent marker (Fig. 3.5). This marks 

enabled the evaluation of the specimen curvature by “digital image correlation”. 

Since the samples had to be fixed on a vacuum table to conduct the layer removal, it had 

to be ensured that adhesion to this table was strong enough. Therefore, small defects on 

the surface had to be removed. In detail, impressions of cavity number and pressure 

sensors on the injection molded specimens were milled away. Since, they were located on 

the samples shoulders, which were not monitored during the curvature analysis (Fig. 3.5), 

no influence on the measurement results was expected. 
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Fig. 3.5: Observed regime of the specimens with the marks for digital image correlation. 

 

The layers were removed with a conventional milling machine (Jih Fong, Taichung, Taiwan). 

For the fixation of the samples, the above mentioned vacuum table was used. If this was 

not sufficient, e.g. after several removal cycles, where the specimens already showed some 

bending, a rubber pad was placed between specimen and vacuum table (Fig. 3.6a). 

However, this was avoided for the first removal steps with very thin layers, since the use of 

the rubber pad decreased the accuracy of the layer thickness removed. For the samples, 

which exhibited a strong bending, especially after several milling steps, mechanical 

clamping had to be used additionally. This is shown in Fig. 3.6b. The feed rate of the cutter 

was controlled manually, no automatic feed was available. It was tried to keep a constant 

milling speed of approximately 1,3 mm/s, because at higher speeds the milled surface 

became quite rough. The rotational speed of the cutter was approximately 670 rpm. As 

during the milling process heat was developed, the samples were cooled with compressed 

air during the layer removal. 
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Fig. 3.10: Additional clamping and changed milling conditions for the compression molded 

specimens. 

 

Experimental limitations of the LRT process 

Regarding all LRT measurements, it has to be mentioned that the three assumptions made 

by (Treuting and Read, 1951) cannot be fully guaranteed in our case. The first assumption 

that the sample is linear in pure bending, is believed to be satisfied. The second one, 

requiring constant residual stresses within each plane, is expected to not be fulfilled. This 

is because processing parameters such as melt temperature and holding pressure for 

example vary over the flow path in the mold. This was examined in more detail by 

(Siegmann et al., 1982b) for injection molded plates. Introduction of additional stresses by 

the layer removal process can also not be fully excluded, although during the milling 

process the specimens were cooled in order to avoid stress changes due to elevated 

temperatures. The assumption that the material is isotropic and the elastic modulus is 

constant over the thickness will at least for the injection molded specimens not be satisfied. 

Orientations developing during the processing result in an anisotropic material behavior 

and the elastic modulus is assumed to vary with the varying degree of crystallinity and the 

morphology in the layers. 

The time between milling and the commencement of the measurements was never more 

than 30 min. This was not according to the suggestion in (Turnbull et al., 1999), which was 

15 min. However, compared to a time period of 48 h for the curvature determination, the 

influence should be quite small. The measurement time of two days (48 h) was chosen, 
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The tensile specimens were irradiated in total six times (initially and each time after 

removal of in total five layers). After every WAXD measurement a further layer of material 

was removed by milling until the mid-plane was reached. The thicknesses of the layers 

removed are shown in Table 3.8. The removal sequence is identical to profile 2, which was 

used as fast scanning procedure in the layer removal technique. It was tried to irradiate the 

samples in a similar area in the middle part for each measurement, but not in exactly the 

same spot to avoid possible changes of the material due to the energy of the X-ray beam. 

As in the layer removal technique, the elapsed time between milling and the start of the 

measurements was protocolled. It was found to lie between 25 and 30 minutes for all 

measurements. The compression molded bars and the annealed injection molded 

specimens were only measured in their original state without any layer removal. Each 

sample was irradiated for 1200 s.  

Table 3.8: Thicknesses of the layers removed for the X-ray measurements of the IM tensile 

specimens. 

Milling step Thickness of removed layer 

Profile 2 [µm] 

S1 50 

S2 150 

S3 600 

S4 600 

S5 600 

 

Evaluation 

The sample to detector distance and the coordinates of the beam center were calibrated 

using the pattern measured for the Al2O3. Before the integration of the specimen patterns, 

two corrections were made. First, the sample to detector distance obtained from the 

calibration with Al2O3 was not exactly the same as the one between sample surface and 

detector, because the samples were much thicker than the calibration substance. 
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This function is a combination of a Lorentz fraction L(2θ-2θ0) and a Gauss fraction G(2θ-

2θ0). The mixing factor η specifies the fraction of each peak shape used. The Pseudo-Voigt 

peak is considered as a combination of the best features of Lorentz and Gauss peaks and is 

widely used for fitting diffraction peaks. 

After fitting the peaks, the d-spacing of the peaks was calculated using Bragg’s law (Eq. 2.5). 

This was done for the intensity profiles in all four directions in order to obtain the d-spacing 

in dependence of the azimuthal angle Χ. For the d-spacing calculation, only the first order 

of the diffraction was used (n was 1 in Eq. 2.5). 

Based on the d-spacing, the lattice strain εhkl(X) was calculated (Eq. 2.6). For this, the d-

spacing of a stress free sample was required. As it was indicated by the results from LRT 

that neither annealed nor compression molded specimens were free of stress, a value 

proposed in literature was used: the calculated peak positions for isotropic, hexagonal POM 

of 2θ0, (100)=22,9° and 2θ0, (105)=34,6° were taken from (Lüftl et al. 2013). It has to be 

mentioned that aside from stresses, crystalline structure also affects the position of the 

diffraction peaks. POM has for example an alternative polymorphic crystal structure, 

“orthorhombic” POM (Lüftl et al., 2013), which is considered as “metastable” at room 

temperature and low pressure. “Orthorhombic” POM shows diffraction peaks at different 

2θ-positions. 

Using the lattice strains εhkl, the corresponding stresses σhkl were determined (Eq. 2.7). In 

this thesis, the macroscopic modulus obtained by tensile testing instead of “plane-specific 

elastic constants” was used to estimate the stress levels. Of course in practice, each group 

of lattice planes has a specific X-ray elastic constant (XEC) that differs from the macroscopic 

modulus. In general, this XEC is higher than the macroscopic modulus (Feuchter, 2011; 

Taisei et al., 2015). However, no such plane-specific elastic constants were available for 

Polyoxymethylene and their determination would have gone beyond of the scope of this 

thesis. Hence, it has to be kept in mind that the stress profiles obtained can only 

qualitatively be compared to the outcomes of the other methods (layer removal technique 

and nanoindentation). 

When it comes to stress profiles over the specimen’s depth, one has to emphasize that the 

d-spacing obtained from the pattern of an unmilled specimen is an average d-spacing of a 
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Table 3.9: Measurement positions on the different surfaces of the IM samples which were 

examined by nanoindentation (starting at the edge and moving towards the center of the 

specimen). 

Position Nr. 
Along the thickness 

[µm] 

Along the width 

[µm] 

Over the cross-

section [µm] 

1 0 0 0 

2 50 50 50 

3 100 100 100 

4 150 150 150 

5 200 200 250 

6 400 400 400 

7 600 600 600 

8 1000 800 800 

9 1400 1000 1000 

10 2000 1400 1200 

11 

 

1800 1600 

12 2200 2000 

13 2400 

 

14 2600 

15 3000 

16 3500 

17 4000 

18 4500 

19 5000 
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The evaluation of the indentation curves was conducted in the software of the indenter 

(“Indentation 8.0.19”, Anton Paar, Graz, Austria). All values that were needed for the stress 

calculation, such as maximum force, indentation area and hardness, were determined from 

the load-depth curves (Fig. 3.15). For this, the contact area as a function of the contact 

depth hc was calibrated with a diamond calibrant. hc was the vertical distance along the 

indenter tip with contact to the specimen. A schematic illustration of an indentation cross-

section is displayed in Fig. 3.16. There, the difference between the penetration depth h, 

the contact depth hc and the permanent indentation depth hp is shown. The indentation 

hardness was determined by the Oliver & Pharr tangent method between 98% and 40% of 

the maximum force (Fig. 3.15). A part of the values obtained through the analysis are 

displayed in Table 3.10. For the residual stress determination this technique requires, just 

like the residual stress determination with WAXD, a stress free sample. For this, a not 

annealed, compression molded specimen was chosen. This was a compromise, because in 

the layer removal technique it was observed that this sample was not completely free of 

internal stresses. However, at least the stresses on the surface appeared to be rather low. 

 

Fig. 3.15: Evaluation of instrumented nanoindentation measurements. 
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Fig. 3.16: Schematic cross-section of an indented area (Oliver and Pharr 1992). 

 

Table 3.10: Results of the instrumented nanoindentation measurements obtained from the 

nanoindentation software. 

Indentation hardness (HIT) 209,3 MPa 

Indentation modulus (EIT) 3,15 GPa 

Vickers hardness (HVIT) 19,4 Vickers 

Maximum force (Fmax) 34,1 mN 

Maximum depth (hmax) 3005 nm 

Contact depth (hC) 2569 nm 

Tangent indentation depth (hR) 2405 nm 

Permanent indentation depth (hP) 720 nm 

Projected contact area (AP) 1,63*108 nm² 
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4 RESULTS AND DISCUSSION 

4.1 Layer removal technique 

4.1.1 Injection molded tensile specimens 

In the following, the residual stress profiles for the IM tensile specimens processed with 

conditions 1-8 will be displayed and discussed. In Table 4.1, the injection molded samples 

examined by this technique are shown again. 

Table 4.1: Overview of the IM samples examined by the layer removal technique. 

Processing condition Samples/milling profile 

C1 3/profile 1 

C2 3/profile 1 

C3 3/profile 1 

C4 3/profile 1 

C5 3/profile 1 

C6 3/profile 1 

C7 3/profile 1 

C8 3/profile 1 

 

For the layer removal technique, the calculated stresses of three samples per injection 

molding condition were averaged. These results are presented as a function of the 

specimen depth. In the following, the influence of the different processing conditions is 

discussed and compared with literature. In general, a DOE is evaluated by statistical 

methods such as analysis of variances (ANOVA). This is easily applicable, when only single 

point data such as part weight or cycle time is measured, but becomes highly sophisticated 

for multi-point data such as stress distributions. Therefore, interactions between the 

different processing parameters are not quantified in this work. 
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maximum tensile residual stresses were found either at a depth of 1 mm or 2 mm and they 

were always below 10 MPa. The build-up of compressive stresses in the outer layers and 

tensile stresses in the core is typical for quenched specimens but was also found for 

injection molded specimens (Siegmann et al., 1982a, 1982b). The injection molded 

specimens used in this thesis were cooled fast. Also slight sink marks on the surfaces of all 

specimens were observed. This indicates a rather low holding pressure level, which also 

results in compression in the near surface region and tension in the middle of the 

specimens (Fig. 2.4). 

In Fig. 4.2, the residual stress distributions for tensile specimens processed at a mold 

temperature of 50 °C are shown. What is notable here are the very high standard deviations 

at the first milling steps in the surface region. Hence, it is difficult to make a clear statement 

in these areas. The high deviations are interpreted to arise from the milling process: after 

each milling process, the thickness of the samples was measured at six points along the 

specimens. It was observed that they did not show a 100 % uniform thickness over their 

length, which was an effect of the fixation by the vacuum. Over their length, the samples 

are not sucked uniformly to the table. In the first three milling steps without the rubber 

pad, the thickness deviation along the length of the specimens was less than 20 µm, with 

the rubber pad it increased to 30-40 µm. Hence, the rubber pad introduced additional 

height differences because of its softness. Since the first removed layers were very thin (50-

100 µm), even the rather small thickness deviations (without rubber pad less than 20 µm) 

were assumed to have a significant influence on the calculated stress results.  A second 

aspect was that for the first surface layers milled away, the resulting bending deflections 

were rather small. This resulted in rather big radii obtained by the circle fit. As a 

consequence a small change in the fitting conditions had a big influence on the radius 

values obtained from the fit. Since the radius was then converted into curvature and 

stresses, this directly influenced the data scatter. Moreover, the stresses in the outer layers 

were changing very strongly within a small increase in depth, whereas in the core region, 

the removed layers were comparatively thick and the stress values rather constant. When 

looking at the processing conditions C1 and C3, which were processed at lower holding 

pressure but with different temperature profiles, it is observed that the lower temperature 

profile (“-1“) rises the residual stresses in the core, but barely affects the stresses in the 
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outer layers, at least what is indicated here by these averaged curves. The same behavior 

in the core was observed for the conditions C2 and C4, which were processed at the higher 

holding pressure of 110 MPa and with different temperature profiles. Here differences in 

the surface layers are visible, but due to the high scatter is it difficult to make plausible 

interpretations. The different temperature profiles represent different melt temperatures 

and in general higher melt temperatures reduce the tensile residual stresses in the core 

and the compressive residual stresses near the surface (Siegmann et al., 1982b). Between 

a depth of 0,5 mm and 1,2 mm all curves show rather similar stress levels. From 1,6 mm to 

2 mm, the lower temperature profile leads to residual stresses that are about 1,6 MPa 

higher than the ones at the higher temperature profile. 

When comparing curves with the same temperature profile and different holding pressures 

(C1 to C2 and C3 to C4, respectively), the lower holding pressure results in higher tensile 

residual stresses in the core. In general, this is in good accordance with literature, since at 

low holding pressure, under-compression leads to a contraction of the inner layers, which 

gives rise to tensile stresses in the core and compressive stresses at the surface. High 

holding pressure compresses the inner layers and rises tensile stresses at the surface. At 

1,6 mm depth, a phold of 60 MPa results in tensile stresses that are about 1,5 MPa higher 

than those for a phold of 110 MPa. At the center of the specimens, the tensile stresses 

developing at lower holding pressure are about 2,6 MPa higher. The reason for this higher 

influence in the center lies in the fact that this region is the last to solidify during the 

injection molding process and therefore, holding pressure is acting longer in this region. 

The influence of the holding pressure is expected to decrease along the specimens and it is 

limited by the sealing time. 
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leads to an additional peak shift, which has no effect when crystallinities are calculated 

from WAXD patterns. However, it highly affects the residual stress determination and 

introduces a systematic error to the results. Fig. 4.9 exemplary shows the influence of the 

sample to detector distance on the WAXD profile. For illustration purposes, the WAXD 

profile is shown for a sample with and without thickness correction (the corresponding 

thickness correction was always conducted during the analysis). After the correction the 

peak shifts to higher angles. In this example, the different diffraction angle also result in a 

different d-spacing and hence, in a different lattice strain and stress. Therefore, it is 

necessary to calibrate sample to detector distance precisely with a calibration substance 

and to include the thickness of the samples in the analysis.  

 

Fig. 4.9: Effect of the correction of the sample to detector distance with the sample thickness. 

 

4.2.2 Injection molded tensile specimens 

In the following, the results of the residual stress measurements with WAXD in both 

directions (0°/180° and 90°/270°) for the (100) (Fig. 4.10) and the (105) planes (Fig. 4.11) 

are shown. The calculated stress values obtained from the three tensile specimens 

examined with milling profile 2 were averaged. For both planes, compressive surface 
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stresses and tensile stresses in the core were found. Especially for the (100) plane, the 

stress profile in the outer layers seems to follow the trend found by LRT. In the tensile core 

region, where stresses were found to be rather constant in layer removal technique the 

WAXD stress profiles show an increase of the stresses. This is expected to arise from the 

fact that in the first few milling steps the bending of the specimen was quite small and was 

restricted during the measurements by the sample holder in the Nanostar. During 

subsequent layer removal, the bending of the specimen got stronger and could no longer 

be prevented completely during the measurement. The change in the macroscopic shape 

will also cause deformation on micro- and nanoscale. This effect is interpreted to cause the 

apparently increasing stresses in the core region. The (100) planes show different stress 

profiles in the two directions examined, whereas the (105)-stresses appeared to be quite 

similar. 

 

Fig. 4.10: Residual stress profiles for the injection molded specimens (condition 2) analyzed using 

the (100) peaks in the WAXD intensity profile. 
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Fig. 4.11: Residual stress profiles for the injection molded specimens (condition 2) analyzed using 

the (105) peaks in the WAXD intensity profile. 

4.3 Nanoindentation 

In this section, the residual stress profiles along the different examined surfaces evaluated 

by both the Suresh and the Lee model are presented. An overview on the measured 

samples is given in Table 4.2. Only tensile specimens from processing condition 2 and cavity 

2 were investigated using the nanoindentation technique.  For illustration purposes, the 

measured surfaces and the indentation directions on the IM tensile specimens are 

displayed in Fig. 4.12. Additionally, reference measurements on a CM specimen were 

carried out. 

Table 4.2: Overview of the samples examined by nanoindentation (for details on the indentation 

profiles please refere to Table 3.8). 

Samples Indentations 

IM tensile specimen 

processed with 

condition 2 in cavity 2  

(1 sample per direction) 

6x profile along the thickness 

6x profile along the width 

6x profile along the cross-

section 
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Fig. 4.13: Residual surface stresses along the thickness of the injection molded tensile specimen 

according to the Suresh and the Lee model. 
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Fig. 4.14: Residual surface stresses along the width of the injection molded tensile specimen 

according to the Suresh and the Lee model. 

 

Fig. 4.15: Residual surface stresses over the cross-section of the injection molded tensile specimen 

according to the Suresh and the Lee model. 





Results and Discussion  67 

 

As a general conclusion, no satisfying results were obtained by nanoindentation. The 

method is yet not well examined for polymers and geometrical issues caused major 

problems in the measurements. Aside from that, viscoelasticity is not taken into account 

by the two models applied. It is assumed that the Suresh model works better in our case. 

It is less affected by the scatter in the indentation force and a constant stress value along 

the thickness and width seems plausible. Lee’s model gave stress values along the width, 

for which the standard deviation even reached up to 65 MPa. This is in the range of the 

tensile strength of POM, which is around 70 MPa. Therefore, these data points are 

practically useless. Also the measurements on the compression molded plate showed very 

high scatter. Moreover, as indicated by the layer removal technique, they cannot be 

considered as stress free and hence, they are no proper reference for nanoindentation. 

4.4 Comparison of the methods 

Aim of this thesis was the conduction of residual stress measurements for a series of 

injection molded specimens and the comparison of three different measurement 

techniques. Since for nanoindentation no proper stress distributions were obtained, only 

LRT and WAXD will be compared in this section. In Fig. 4.18, the stress profiles obtained by 

layer removal technique and WAXD (in flow direction) are shown for the injection molding 

condition C2. In order to ease the comparison, the WAXD profiles were shifted by -5 MPa 

along the y-axis (the original curves are represented by the dashed lines). Layer removal 

technique was interpreted to be the most reliable method. It gave plausible results 

throughout the whole measurement series. The stress profiles and their changes due to 

the different processing parameters were in good accordance with literature. WAXD also 

yielded plausible stress profiles, although the absolute stress values could not be 

determined accurately due to the unavoidable assumptions on d0 and the elastic constants. 

Nevertheless, in Fig. 4.18 the WAXD-profiles match the LRT profiles quite well except for 

the last data point, which is believed to correlate with bending during the WAXD 

measurements (please refere to section 4.2.2 for more details). Both methods show high 

standard deviations in the surface region, which is assumed to arise from the milling 

process and the small bending curvature measured for these layers. For WAXD also a higher 

standard deviation in the core region was observed. Both models are interpreted to be 
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suitable for residual stress determination in injection molded parts. They both yield 

advantages and disadvantages. The layer removal technique is very time consuming both 

in measurements and evaluation However, it resulted in the most plausible results, 

although the requirements defined by (Treuting and Read, 1951) were not completely 

satisfied. WAXD is significantly faster, but additional information on the stress free state 

and elastic constants is needed. Another advantage of WAXD is that this method also yields 

additional morphological information and that it can easily be combined with SAXS 

measurements. 

 

Fig. 4.18: Comparison of the residual stress profiles measured using the layer removal technique 

and WAXD (residual stress profiles of WAXD are shifted by a value of -5 MPa). 

 

4.5 The effect of annealing on the injection molded and compression 

molded specimens 

In the following, the effect of annealing on the injection molded and compression molded 

specimens will be described. Before conducting the layer removal technique, the annealed 

samples were examined by both, WAXD and SAXS in their original state (no milling had 
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been carried out). In Table 4.3, an overview of the specimens and the measurements 

conducted is given. IM samples processed with condition 2 in cavity 2 were used. The not 

annealed injection and compression molded samples were used as references.  

Table 4.3: Overview of the samples used to study the effect of annealing. 

ANNEALED SPECIMENS 

Processing 

condition 

Annealing condition 

[time/temperature] 

WAXD 

[samples/milling profile] 

LRT 

[samples/milling profile] 

C2 - 3/profile 1 3/profile 1 

C2 50min/160°C 1/not milled 

1/profile 1 

1/profile 2 

C2 2h/160°C 1/not milled 

1/profile 1 

1/profile 2 

C2 24h/90°C 1/not milled 

1/profile 1 

1/profile 2 

CM plate - 1/not milled 1/profile 2 

CM plate 50min/160°C 1/not milled 1/profile 2 

CM plate 2h/160°C 1/not milled 1/profile 2 

CM plate 24h/90°C 1/not milled 1/profile 2 (failed) 

 

4.5.1 Effects of annealing on WAXD measurements 

As mentioned above, the annealed tensile specimens and all compression molded 

specimens were examined by both, WAXD and SAXS before they were milled and analyzed 

using the layer removal technique. The WAXD and SAXS measurements were conducted 

only one time and therefore, no stress profiles can be displayed here. The WAXD- and SAXS-

patterns for the annealed and not annealed tensile specimens are shown in Fig. 4.19a and 

Fig. 4.20a. From the WAXD patterns, no significant difference can be seen for the different 
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thermal histories. The inner ring, corresponding to the (100) plane shows an intensity 

concentration at 90° and 270° for the injection molded specimens (Fig. 4.19a), which 

indicates an orientation of these planes in flow direction. This cannot be found for the 

compression molded specimens (Fig. 4.19b). Only little intensity changes can be observed 

for the different annealing conditions. Hence, the crystalline lattice structure is not 

expected to be significantly affected by annealing. When looking at the SAXS patterns of 

the injection molded (Fig. 4.20a) and the compression molded specimens (Fig. 4.20b), an 

influence of annealing is pretty obvious. From SAXS measurements of POM, information on 

long period and lamellar thickness of the folded chain crystals (FCC) as well as the extended 

chain crystals (ECC) can be obtained. No detailed analysis of the SAXS patterns was 

conducted, since this would have gone beyond the scope of this work. However, the 

interpretation of some of these SAXS patterns indicates that thickening of the lamellae in 

both flow and perpendicular direction happened during annealing especially at the highest 

temperature. It is expected that also the orientation is affected during annealing but this 

has to be proofed in further research. Concerning the intensity in the patterns, the CM 

specimens have a much higher one than the IM specimens. The CM samples do not show 

intensity concentrations in the 0°- and 180°-directions. This is not surprising, since they are 

considered to have almost no orientations in their morphology. The IM samples on the 

other hand, have strong intensity concentrations in 0° and 180° direction, indicating 

orientation of the amorphous layers perpendicular to the flow direction. This seems 

surprising at the first view, but was already observed previously for this tensile specimens. 

From this previous study, it is known that the perpendicular orientation is a combined 

effect of the holding pressure and this very fast crystallizing POM resin. The effect can also 

be observed in visible light, e.g. when polarized light microscopy of microtomed cuts is 

carried out (Fig. 4.24). What is surprising is that the intensity concentration (and thus the 

orientation) becomes even more pronounced with annealing. The opposite would be 

expected. 
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Fig. 4.23: Residual stress distribution in injection molded tensile specimens produced with 

processing condition 2 after different annealing conditions. 

 

The results again indicate rather unexpected behavior of the POM specimens during 

annealing, as it was already discussed for the WAXD results in the previous section. 

Interestingly, the results discussed above correspond to the residual stress changes found 

by (Siegmann and Kenig, 1986) for quenched POM upon aging. There, this was linked to 

secondary crystallization processes during annealing at room temperature. Further 

crystallization was actually not expected, since this POM type crystallizes very fast (the 

material is highly nucleated). Nevertheless, previous DSC measurements for these 

specimens showed a degree of crystallinity of about 60%-65%. The crystallinity obtained by 

WAXD was slightly higher around 68%. This is rather low for POM, which is known for being 

highly crystalline. Therefore, crystallization during annealing especially in the surface layers 

appears plausible. To support the interpretation, polarized light microscopy was conducted 

for a limited number of microtomed cuts to detect differences for example in the spherulite 

structure, shear layers and in highly oriented areas (Fig. 4.24) before and after annealing, 

but no significant differences were found. 
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a result of ageing and stress relaxation effects. As for the tensile specimens, it was found 

that annealing shifts the stresses in the core in tensile direction. In the surface regions, the 

tensile stresses were also found to increase. Based on these results, none of the 

compression molded specimens can be considered as stress free. The not annealed sample 

indicates rather low surface stresses. Thus it was decided to be the best choice for the 

reference sample for nanoindentation. 

 

Fig. 4.26: Residual stress distributions for not annealed and annealed compression molded 

specimens. 
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5 SUMMARY, CONCLUSIONS & OUTLOOK 

POM is a highly crystalline engineering thermoplastic, which is frequently used in structural 

parts. It is often processed by injection molding. Injection molding conditions are known to 

highly influence the morphology of the material, which itself influences the material 

properties of the part. Additionally, residual stresses and stress distributions develop 

during processing and also affect the mechanical properties. Therefore, the correlation of 

morphology, mechanical properties and residual stresses is of interest both on scientific 

and engineering level. 

Injection molded tensile specimens produced with eight different processing conditions 

were subject of this thesis. During processing, holding pressure, temperature profile along 

the barrel and mold temperature were varied within a design of experiments. Aim of this 

work was to measure the residual stresses in these specimens and to compare three 

different methods for residual stress determination (layer removal technique, wide angle 

X-ray diffraction and nanoindentation). Layer removal technique (LRT) is widely used for 

the determination of residual stress profiles of metals and polymers. The approach 

proposed by (Treuting and Read, 1951) was used in this thesis. Wide angle X-ray diffraction 

(WAXD) is also often applied for crystalline and semi-crystalline materials. Here the residual 

stresses are determined by analyzing peak shifts in the intensity profiles. For 

nanoindentation, the Suresh and the Lee models were used to determine residual stresses 

from the load-depth curves. Nanoindentation is not yet well examined for polymers. 

For the layer removal technique, plausible residual stress profiles were obtained. Three 

specimens of each injection molding condition as well as annealed and compression 

molded specimens were examined. The results were in good accordance with literature. 

Very high scatter of the stress values in the outer layers were found. This is believed to 

arise from the milling process and the small bending deflection obtained in these areas. A 

big disadvantage of this method is that the measurements and the evaluation are very time 

consuming. 

For WAXD, three specimens of processing condition 2 were analyzed. Here several 

assumptions had to be made to calculate the stresses. The d-spacing of an unstressed 
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specimen was taken from literature and the elastic constants for each (hkl)-plane group 

were replaced by the elastic modulus from tensile tests. Therefore, the quantitative 

comparison to the other methods is difficult. It was found that the stresses obtained by this 

method qualitatively match the results from layer removal technique, except for a 

deviation in the center of the specimens. The latter was believed to arise from bending 

after the milling process, which it was tried to restrict by the sample holder. WAXD 

measurements have the advantage that additional information on morphology can be 

taken from the patterns, especially when combined with SAXS measurements. 

Nanoindentation was carried out along the thickness, the width and over the cross-section 

of a specimen injection molded with processing condition 2. The two models applied were 

proposed by (Suresh and Giannakopoulos, 1998) and (Lee and Kwon, 2004) and both 

required a stress free reference sample. For this, a compression molded plate was used. 

However, stress profiles obtained from the layer removal technique indicated that the 

plate was not completely stress free. This introduced an error in the stress values measured 

by nanoindentation. Additionally, geometrical and surface issues occurred, which made it 

difficult to conduct valid measurements. Generally, one advantage of nanoindentation is 

that additional information on mechanical properties can be obtained. A general issue in 

this work was the annealing of the specimens. It was expected that stress free samples can 

be obtained by applying a thermal treatment recommended in literature for stress 

relaxation (DuPont, 2019). This, unfortunately, was not successful and led to problems in 

the stress calculations for WAXD and nanoindentation. 

To sum it up, it was possible to determine plausible stress profiles by layer removal 

technique and WAXD. In case of the layer removal technique, even the absolute stress 

values are in good correlation with the literature (Siegmann and Kenig, 1986). 

Nevertheless, for the absolute values it has to be kept in mind that they were calculated 

using the bending images at 48 h after milling. Further research on this topic showed that 

even after eight weeks, continuous bending occurred without any sign for a plateau 

indicated in the curvature-time plots. Hence, also for the layer removal technique, the 

absolute stress values have to be treated with care. Nanoindentation did not give plausible 

results. 
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For LRT, it would be necessary to improve the milling process to minimize the scatter, 

especially in the outer layers. Also for the fitting procedure, there is potential for 

improvement, which is assumed to further reduce the scatter in the outer layers. For the 

WAXD measurements, it is important to obtain a proper stress free sample and the values 

of the elastic constants. In literature, there are also several approaches described to 

alternatively calculate residual stresses from WAXD measurements on rotated samples. For 

this however, the test set-up would have to be modified and adapted. Nanoindentation 

was found to be the method least applicable at the present. To minimize geometrical and 

surface issues in the future, it is suggested to embed and polish the samples before the 

measurements. Care has to be taken that no heat is introduced in this process, in order to 

avoid any influence on morphology and residual stresses. Additionally, the two models 

used in this thesis should be validated by measuring samples with known stresses. They 

were developed for metals and therefore their suitability for polymeric materials has to be 

cross-checked. 

An issue that occurred during the conduction of the experiments was that it was not 

possible to obtain stress free samples by annealing. Annealing even introduced higher 

stress levels in both, injection and compression molded specimens. Further investigations, 

beginning with a detailed evaluation of the SAXS measurements conducted, has to be made 

on annealed specimens in order to determine the morphological changes during their 

thermal treatment.
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