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Thanks to its high degree of crystallinity, polyoxymethylene homopolymer exhibits high mechanical 

properties as strength, stiffness and creep. In the case of POM copolymer, the strength and stiffness 

are slightly lower because its lower crystallinity degree. Furthermore, the use domain is ranged from 

-30°C to 150°C that allows various applications. More specifically to the POM, friction properties are

excellent due to oxygen contained into the POM monomer. 

The major drawback of POM homopolymer is its brittleness at RT compare to polyolefins, typically 

nominal strain at break values are close to 20%. To improve mechanical properties at failure, 

different strategies can be adopted as POM copolymer have lower crystallinity degree (strain at 

break close 70%) or added polyurethane in POM matrix (100ST from Dupont for instance). However, 

we will see that these strategies lead to material’s stiffness decrease . At last, another possible way is 

the use specific processing conditions to induce oriented morphology. We will review all these 

aspects. 

This chapter is divided in two major parts: the first part is devoted to short term mechanical 

properties as elastic properties as a function of temperature and morphology aspects, failure 

properties and the different strategies to improve them. The second part aims to present long term 

properties as creep behavior and modifications induced by ageing leading to an embrittlement of the 

POM limiting its lifetime. 

8.1 Short term properties 

   8.1.1 Elastic properties 

a) Modulus

Polyoxymethylene homopolymer tensile modulus (POM) is close to 3 GPa at RT. However, since 

modulus value is crystallinity degree driven parameter by and as the latter can be different through 

sample thickness, this value of 3 GPa could be considered an average. Indeed, typical processing 

conditions for thick sample lead to crystalline ration gradient. For instance, by using a specific device, 

Rémond et al. put in evidence that modulus varied from 2 GPa to a maximum of 3.2 GPa for a depth 

of 0.5 mm1. As a result, POM mechanical properties have to be investigated for a given crystallinity 



ratio knowing the latter vary from  60 to 90%. In order to assess the impact of the crystallinity on 

modulus, thin samples have to be used to ensure homogenous crystallinity through the thickness. 

b) Modulus as a function of temperature

To illustrate influence of temperature on modulus values, we report at the Figure 1 the conservative 

modulus and tan( as a function of temperature using dynamical mechanical analysis (DMA) at 1 Hz 

in tensile mode, temperature ranging from -120°C to 100°C. POM homopolymer sample has 1mm 

thickness, its crystallinity ratio is close to 63% and a melting temperature of 180°C (DSC).  

First, glass transition can be observed from -70°C to -20°C, typical value can be assessed by using the 

maximum of the tan(  curve: Tg ~-50°C. During the transition, modulus drops from 8 GPa where 

amorphous phase is in glassy state to 3 GPa at -20°C where amorphous phase is in rubber-like state. 

In the -20°C to 60°C range, the modulus decreases slightly with temperature to reach a value close 2 

GPa. After 70°C, it is observed a transition often called Tc associated to the activation of crystalline 

phase mobility2. This transition is maximum to 140°C range leading to decrease the modulus down to  

1 GPa3.Of course, when temperature reaches 170°C, i.e.  

Figure 1: Conservative modulus (E’) and tan  as a function of temperature (1 Hz). 

c) Modulus as a function of crystallinity ratio

1. POM Microstructure

At a microscopic scale, semi-crystalline polymers, like POM, are heterogeneous materials consisting 

of co-existing amorphous and crystalline phases. The crystalline phase consists mainly of crystal 
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lamellae. In a relaxed polymer melt, the principal crystal lamellae grow radially from nucleation sites 

into a spherulitic texture. Permanganate-based etching solutions4 help revealing the lamellar 

structure by increasing the amorphous-crystalline lamellae contrast (figure 2). 

Figure 2: POM spherulitic and lamellar structure on chemically etched POM sample. 

The lamellae are generally not isolated entities, but joined together by branch-points. Moreover, the 

stress in the polymer is transmitted between the two phases through tie-molecules and that content 

of tie-molecules depends on crystallization conditions. Crystallite lamellae could considered as 

embedded into the amorphous phase, assuming that crystalline branch-points are weak links 

therefore they do not play a role at low strain. Here, heterogeneities are considered at the sub-

spherulitic scale and the two constitutive phases are the crystal lamellae and the amorphous phase. 

As such POM could be considered nano reinforced materials to whch micromechanical model could 

be applied.. Micromechanical modeling requires parameters such as phase behavior laws, volume 

fraction and morphology of each constitutive phase. 

 Amorphous phase

As the glass transition temperature of the amorphous phase is lower than ambient temperature; 

therefore the amorphous phase is in the rubber-like state at ambient temperature. Chain 

entanglements are the cause of rubber-elastic properties in the liquid state theory of rubber 

elasticity developed by Flory5, leads to the following equation for the amorphous phase of 

thermoplastic polymers above the glass transition temperature  

where  is the shear modulus at plateau determined by rheological measurements,   the 

amorphous phase density,  the ideal gas constant, T  the temperature and eM the molecular 

mass between entanglements. The modulus at plateau , is independent of chain length and not 

much sensitive to temperature. The molecular mass between entanglements Me is a material 

property, which can be considered temperature independent (Me ~ 2.7 kg/mol for POM 
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homopolymer)6. Based on PVT data the Bulk modulus and the Poisson coefficient could be 

determined, for a given temperature, using the following equations: 

𝐾 = −
1

𝑉
 
𝜕𝑉

𝜕𝑃
     and      𝜗 =

1

2
(1 −

𝐸

3∗𝐾
)

where E stands for the rubber-like elastic modulus of the amorphous phase at room temperature 

(𝐸 ≈ 3 ∗ 𝐺0
𝑁).

The following table presents a summary of the amorphous physical and mechanical properties6 . 

Glass transition 

temperature Tg 

Molar mass 

between 

entanglement 

Me 

Shear 

modulus G0 

Bulk 

modulus K 

Elastic 

modulus E 

Poisson Coefficient ν 

-65 to -30°C 2.7 kg/Mol 1.3 MPa 4 GPa 3.9 MPa 0.499 

 Crystalline phase

The polymer crystal stiffness is related to the conformation of the molecular chain. Indeed the crystal 

lamellae are a result of chain folding. Along the chain axis, the covalently linked carbons induce 

higher modulus than in the other directions, where the stiffness is governed by the interchain 

interactions. Thus the crystalline lamellae is highly anisotropic with an elastic modulus in the chain 

direction is as high as 67 GPa (𝐸33) compared to 14, 67 and 18,01 GPa in the other directions 

(𝐸11  𝑎𝑛𝑑 𝐸22 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦) 7,8.  

2. Morphological representation and micromechanical modeling

As described in the previous section, POM could be considered as heterogeneous materials made of 

two phases: crystalline lamellae and amorphous phase. . When it is isotropic, POM as a semi-

crystalline polymer could be represented either by an aggregate of layered two-phase composite 



inclusions which are randomly oriented or as an amorphous matrix in which crystalline lamellae act 

as a reinforcing inclusions 9-11 (figure 3).  

Figure 3: Spherulitic morphology and the possible micromechanical representation: aggregation of bi-

layered sandwich (right) or matrix inclusion representation (left). 

The two representations were adopted to predict the elastic properties of semi-crystalline polymers9-

11. Different models were used such as differential scheme and hybrid models (Sigma-inclusion or U-

inclusion)9-11. In hybrid models only the crystalline fraction is needed as a morphological descriptor. 

Indeed, the crystalline lamellae with the neighboring amorphous phase are considered with infinite 

width and length. For differential scheme the shape ratio of the crystalline lamellae will be taken on 

account along with the crystalline fraction. In the figure 4, estimation of the Young’s modulus using 

these previous cited models shows a better fit f the experimental data using the differential scheme 

with crystalline lamellae shape ration determined based on the SEM pictures.  



Figure 4: Young's modulus estimation using hybrid (Sigma-inclusion and U-inclusion) and differential 

scheme (shape ratio length/thickness = 28; width/thickness=8). 

   8.1.2 Properties at failure 

From nominal stress-strain curve in tensile mode, plastic and failure properties are characterized by 

the yield stress (y) and the strain at break (r). Strain to break is a ductility descriptor, in other words 

plastic deformation and damage processes. The stress at break has to be used with caution since 

nominal stress is underestimated because of necking process. To characterize properly property at 

failure, the appropriate approach consists on using fracture mechanic concepts as KIC when plastic 

deformation is confined at the crack tip or essential work of fracture (EWF) method when plastic 

zone size is large compare to specimen geometry. 

a) Mechanical behavior as a function of temperature

As elastic properties, mechanical behavior at large deformation and at failure is strongly temperature 

dependent . We report at the Figure 5, stress strain curves for a POM homopolymer (1 mm thick, Xc 

~ 63%) at temperatures ranging from 20°C to 100°C. If the stress at yield decreases with temperature 

increase, it is noteworthy that ductility is promoted by higher temperatures: if strain at break is close 

to 6 % at 20°C, it reaches more than 150% at 100°C  



Figure 5: Nominal stress strain curves at different temperatures for Delrin 100 ® POM homoplymer 

(50 mm/min at 20°C) . 

b) Fracture properties

As for the modulus, fracture properties depend not only on crystallinity but also on molar mass. Since 

POM is brittle at room temperature, linear fracture mechanic can be applied to assess fracture 

properties. For instance Plummer et al.12 performed mechanical test in Mode I opening of notched 

compact test specimens to determine KIC. Typically if POM samples are crystallized below a 

crystallization temperature of 140°C, KIC is ranging between 4.4 to 5 MPa m1/2 depending on the 

sample’s molar molar mass (35 < Mn < 66 kg. mol-1)13. Indeed, for this crystallization conditions KIC is 

a molar mass driven property . However, for very low crystallization rate conditions, they observe a 

decrease of KIC that indicates the crystalline morphology can play a role in fracture mechanisms 

responsible for fracture properties. 

At high temperatures, typically 100°C, we have seen previously that POM is highly ductile, hence the 

linear fracture mechanic cannot be applied to assess fracture properties. The most appropriate 

mechanical test is then Essential Work of Fracture test. Indeed, this test take onto account energy 

dissipated into the large plastic zone in notched specimen14. In this test, the essential work of 

fracture (we), corresponding to energy required for the creation of unit area of crack face, is 

considered to be a materials parameter in the case of thin specimens. If we is slightly dependent of 

test speed, we increases with molar mass: from 6 kJ/m2 for Mn = 33 kg/mol up to 14 kJ/m2 for Mn = 66 

kg/mol12. 

As a conclusion, POM fracture properties are strongly dependent on molar mass whatever the POM 

mechanical tests are carried out at room temperature in its brittle regime or at high temperature 
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(typically 100°C) in its ductile regime. This dependence can be explained by entanglements density 

and/or tie molecule density increase with the molar mass. 

c) How to improve POM mechanical properties?

 Processing-induced orientation

As in polyethylene fibers, chain orientation leads to improve significantly mechanical properties as 

fracture properties. This route has been explored for POM by many research groups, especially Ward 

et al.15-17. Solid-state orientation processes can be performed by using tensile free drawing, die-

drawing, hydrostatic extrusion, rolling, roll-drawing, constrained rolling process and equal channel 

extrusion process. For instance, the modulus increases from 3.5 GPa to 15 GPa and the tensile 

strength from 90 MPa to 700 MPa linearly with draw ratio18. By these ways, not only modulus can be 

improved but also strength or creep properties19. These improvements are often attributed to 

specific loading fields that inhibit the cavitation process (main damage phenomenon)mechanisms 

occurring during plastic deformation15,20,21.  

 POM blends

As we have seen previously, POM homopolymer is brittle in notched impact. Cherdon, et al. 22 

proposed to improve impact properties by blending POM with various polymers. For instance 

Wurmb, et al. 23Chiang, et al. 24 suggested adding thermoplastic polyurethane (TPU) to enhance the 

impact properties of POM and glass fiber reinforced POM .Other researchers assessed the 

consequences of rubber particles or elastomeric graft copolymer on impact properties 25. At last, 

Flexman put in evidence that a series POM/TPU compositions exhibit high impact properties 26. 

However we will notice that the literature about the consequence of POM toughening on impact 

properties is scarce since the studies are often linked to patents.  

To illustrate the consequence of elastomer PU, we report in Figure 6 nominal stress-strain curves for 

Delrin 100® and POM/polyurethane Delrin 100ST®. If strain at break increases significantly by adding 

PU (from 7% for POM homopolymer to 35% for POM/PU), we can witness however the modulus and 

the yield stress as defined before are lower for POM/PU. 



Figure 6: Nominal stress-strain curves for Delrin 100® and Delrin 100ST® (50 mm/min at 20°C). 

8.2 Long term properties 

   8.2.1 Fatigue properties 

Although the POM shows a brittle behavior at room temperature, some authors have highlighted 

that the POM is the most fatigue resistant engineering plastic among available semicristalline 

polymers 27. However, as for the previous mechanical properties, molar mass and crystalline 

morphology have a strong influence on fatigue crack propagation in POM. Fatigue properties are 

worked out by plotting crack growth rate (da/dn) as a function of stress intensity factor range (K) as 

it is defined in ASTM standard E399-83. The log (da/dn)-log (K) curve exhibits usually a sigmoidal 

shape in which the second region is associated to a stable crack propagation. Thanks to this linear 

region, the A and m parameters of the Paris law da/dn = A Km can be determined. Some log (da/dn)-

log (K) curves are available in literature28. For instance, Runt et al. studies put in evidence 

improvements in fatigue crack resistance with molar mass. This result has been attributed to 

enhanced tie molecule density by these authors 29. Moreover, POM/PU fatigue properties has been 

studied: the authors indicated a strong influence of a core-skin morphology (spherulite morphology, 

rubber rode dispersion)30. At last, some authors showed that fatigue properties of POM are also 

dependant on the stabilizer agent concentration as chemical degradation by oxidation could occur 

during test 31: they have shown that the A parameter of the Paris law is strongly depend on stabilizer 
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concentration. As a result, oxidation process can affect POM lifetime in fatigue since the oxidation 

promotes a chain scission process as we will focus on below. 

   8.2.2 Chemical degradation 

Polymers long terms properties are often governed by chemical degradations occurring during 

service conditions. Indeed, the chemical degradation promotes chain scission or crosslinking 

processes leading to polymers embrittlement. In the case of POM, the main mechanism responsible 

of embrittlement during its use is the oxidation phenomenon. That is the reason why the POM is 

stabilized by adding antioxidants (see Chapter Richaud). According to several studies about POM 

oxidation in air, the chain scission process is predominant over the crosslinking one32. As a result of 

the chain scission, molar mass decrease leads to embrittlement during exposure33. A similar 

mechanism can be obtained when POM is -irradiated. Indeed POM radiolysis leads to the chain 

scission process because its monomer-monomer bonds show low dissociation energy as PMMA and 

the mechanism could be the following: 

CH2 O + h CH O + H

H   +    CH2 O H2   +   CH O

CH O CH2 CH2
C

O

H

+

Since the molar mass decreases during chemical degradation by chain scission (oxidation or 

radiolysis), modifications of POM crystalline morphology can be observed34. The first major change is 

a degree of crystallinity increase due to a chimicrystallization process. Indeed, the molar mass 

reduction leads to promote amorphous chains mobility . These new segments can then integrate 

crystalline lamellae. In Figure 7-a, degree of crystallinity values are correlated with number of chain 

scission, these changes has been obtained during a radiolysis process. This correlation helped put in 

evidence  chemically-induced crystallization phenomenon during degradation. Since this increase of 

crystallinity can be attributed to an integration of chains from the amorphous phase to the crystalline 

phase, one can expect that the increase of crystallinity is due to a crystallite thickening while the long 

period remainins constant. To confirm this scenario, amorphous layer assessment by small angle X-

ray scattering technique (SAXS) is then required. Amorphous layer thickness values as a function of 



molar mass square root during degradation are reported in Figure 7-b showing a  good correlation 

between embrittelement and amorphous layer thickness.. As a result, we can conclude that if POM is 

submitted to a chemical degradation leading to a chain scission process, molar mass values decreases 

and  crystallinity increases. Both aspects have to take into account to understand the POM ductile-

brittle transition during the chemical degradation. 

Figure 7 : (a) Degree of crystallinity (XC) as a function of chain scission number (s), (b) amorphous 

layer thickness(la) as a function of weight average molar mass (MW) during degradation. 

To correlate the molar mass and crystallinity changes and the embrittlement process, tensile curves 

are reported in Figure 8 for each degradation states (different  molar mass (MW)). Tensile tests are 

performed at 100°C to put in evidence ductility. Before degradation, i.e. for molar mass equal to 140 

kg.mol-1, the mechanical behavior is strongly ductile up to 130%. For a chain scission number close to 

0.014 mol.kg-1 corresponding to MW = 71 kg/mol, strain at break value remains constant at 130%. 

However, strain at break values drop for molar mass values lower than 55 kg.mol-1 , to reach values 

close to 10% corresponding to the initial values for strain at yield. It’s noteworthy that the 

degradation by chain scission does not affect significantly stress at yield values whereas the 

degradation leads to limit the plastic deformation. 
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Figure 8 : Stress strain curves of POM during chain scission degradation at 100°C and 10-3 s-1 . 

In order to establish a link between molar mass, crystalline morphology and failure properties 

changes during degradation, we propose to summarize experimental data in a map where the 

amorphous layer thickness is plotted as a function of the molar mass (See Figure 9). POM is highly 

ductile if the molar mass is higher than 70 kg.mol-1 and 5 nm for the amorphous layer value. The 

ductile-brittle transition occurs between 40 and 70 kg.mol-1 and 4 and 5 nm for the molar mass and 

for the amorphous layer thickness, respectively. Below these values, strain at break values are lower 

than 0.2 (20%), in other words POM is brittle. 
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Figure 9 : amorphous layer thickness as a function of molecular weight (la-MW) and mechanical 

behavior (ductile, ductile brittle transition and brittle region). 

Conclusion 

The poly(oxy methylene) could be considered as high performance polymer due to its high 

mechanical properties. At short term use, it presents a high elastic properties as a result of the high 

crystalline fraction. Indded, despite the fact that the amorphous phase is in rubber-like state at room 

temperature, POM still have an elastic modlus af about 3 to 4 GPa. Indeed the elastic modulus of 

POM crystalline phase made of stiff crystalline lamellae organized either in spherulitic or oriented 

morphology  will more than compensate for the weak amorphous phase.  However, at room 

temperature, POM shows highly brittle behavior, which could be enhanced by using rubber 

reinforcing particles such as thermo plastic poly(urethane) or rubber particles.  

For longterm use, POM major drawback is aging-induced embrittelement.  Indeed POM oxidation or 

radiolysis lead to chain scission. As a consequence of chain scission, a molar mass decrease occur 

which in turn decreases the POM performances in static or dynamic loading.  The use of anti-

oxydation agent as an inhibitor of chain scission  is the most common solution (see Richaud Chapter).  
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Diani, Gilles régnier and Andrew Galeski for their help in performing the tensile tests, 

micromechanical simulation and morphological study on POM.   
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