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Abstract 
Nano indentation test and abrasive wear testing were performed both on neat Polyamide (PA) and 
Polyoxymethylene (POM) and with different glass fiber reinforcement. Nano indentation showed 
that the more glass fiber reinforcement, the harder and less recoverable elastic energy became the 
material. Abrasive wear testing displayed that hardness and glass fiber reinforcement combined are 
ruling factors in abrasive wear in polymers. 

FEM-simulation was performed with input from in situ parameters from the abrasion test to 
investigate the validity of Archard’s wear law for KA-engineering materials using Ls-dyna. Archard’s 
wear law showed to be a too simplistic model for these kind of materials. The error between testing 
and Archard’s wear law was several hundred percent due to the elastic properties, softness of the 
materials, and the glass fiber reinforcement of KA-engineering materials (materials used at 
Kongsberg Automotive). A new wear model was proposed to better simulate these intrinsic material 
characteristics. Testing results and FEM-modeling are with this new proposed wear equation in good 
agreement.        
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Nomenclature 
ParametersDescription 
𝐹𝐹𝑠𝑠Static frictional force 
𝐹𝐹𝑑𝑑Dynamic frictional force 
𝜇𝜇𝑠𝑠Static coefficient of friction 
𝜇𝜇𝑑𝑑Dynamic coefficient of friction 
𝐹𝐹𝑁𝑁Normal load 
𝐹𝐹𝑇𝑇Tangential frictional force 
𝜇𝜇𝑎𝑎𝑑𝑑ℎAdhesive coefficient of friction 
𝜏𝜏Shear strength 
H Hardness 
𝐴𝐴𝑟𝑟Real contact area 
𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑Deformation coefficient of friction 
Q Volume of wear debris 
K Dimensionless wear coefficient 
L             Sliding distance 
LPV PV-limit 
𝑣𝑣Velocity 
A  Surface area 
GS     Severity parameter 
R             Ln(Rz/LnSm) 
DdThermal diffusivity 
𝑊𝑊𝑠𝑠Wear volume 
∆𝑉𝑉Volume loss 
q             Relative tip geometry 
𝐶𝐶Crystallinity 
∆𝐻𝐻𝑚𝑚Heat of melting at melting point 
∆𝐻𝐻𝑐𝑐Heat of melting at crystallization point 
∆𝐻𝐻𝑚𝑚100Heat of melting of 100% crystalline polymer 
ℎWear depth 
d            Nodal wear distance 
p            Nodal pressure 
𝐾𝐾1Wear constant 1 
𝐾𝐾2Wear constant 2 
ŋ                            Ratio recoverable to total energy  
iMaximum penetration depth        
𝐹𝐹𝑁𝑁2                        Normal load in indentation test 
f                             Fiber reinforcement constant 
k’                           Wear constant Sipett equation 
H’                           Correlated hardness 
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Introduction 
Kongsberg Automotive has since it was founded in the late 1950’s become a global leader in the 
automotive industry. The main objective of Kongsberg Automotive is to enhance the driving 
experience, making it safer, more comfortable and sustainable. The production ranges from 
gearshifts to seat heating.  

In the automotive industry, thermoplastic plastics are widely used due to due low cost, low density 
and simple designs. Additionally, it is possible to tailor the mechanical, thermal, chemical and 
tribological behavior during manufacturing. However, use of thermoplastics is limited to applications 
with low to moderate temperatures due to degradation or softening at elevated temperatures. 

Improvements in wear and friction is a continuous process in order to achieve a high 
performancequality product. Consequently, there is a great demand to characterize and improve 
tribological properties in the industry.    

Finite element analysis has been previously used in several studies to model wear with mixed results. 
Several obstacles in modelling wear stem from continuously changing surface topology, material 
properties and load distribution during the wear process.In this master thesis the software Ls-dyna 
was used in order to simulate wear which has not been implemented for the previous versions of this 
software.  

Wear simulations are normally based upon Archard’s wear equation. The prerequisite in this wear 
model being that pressure, sliding distance and hardness are dominant factors.      

This master thesis focused mainly on wear performance of Polyamide and Polyoxymethylene with 
and without glass fiber reinforcement under dry conditions. An investigation to see if there is a 
correlation between testing results and Finite Element Modelling (FEM) of wear was performed. In 
order to establish a possible link, a pin-on-disc test for abrasive wear was performed and 
comparedfor different polymeric materials.  

Different other wear models have been found during the literature review leading up to alternative 
methods to correlate the FEM results to the testing results.  

A Nanoindentation test was performed to determine whether there is a correlation between wear 
performance and hardness in KA-engineering materials since the FEM-analysis of wear is largely 
based upon the assumption that hardness is the dominant factor.   
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Aim and Goals 
The aim of this master thesis was to: 

- Investigate the possibility of estimating wear using finite element modelling. 

- Analyze the correlation hardness and wear performance in KA-engineering materials. 

- Investigate the correlation glass fiber reinforcement and wear in KA-engineering materials. 
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Limitations 
In Archard’s wear law, which was used in FEM, it was understood that several phenomena such as 
angular velocity, surface roughness, temperature dependence, crystallization of resin etc. did not 
have an influence even though that is not realistic in a testing. Thus, different velocities were not 
tested since there was no actual comparison to be made between testing and FEM.  

Temperature was not possible to measure using the actual testing equipment, which became 
another limitation.     

Only abrasive wear tests could be performed due to lack of testing equipment for adhesive wear.  
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Background 
Different types of polymers 

Polymers are made up of carbon atoms linked by covalent bonds. Connected to the main branch are 
side groups such as oxygen, nitrogen and hydrogen making up a repetitive unit called monomer. 
Several repetitive units are called polymer. Molecules on the branched side groups are linked by 
weaker bonds such as Wan-der Waals bonds, dipole bonds and ionic bonds. Mechanical properties 
are linked to the ability for the polymer chains to move around. Thus, highly mobilitydue to smaller 
molecules or shorter chains have higher ductility but lower Young’s modulus. 

Polymers can be classified into several sub-categories. Four of the most common classifications of 
polymers are mentioned below. 

Thermoplastics 

Thermoplastics turn intoa viscous liquid with increasing temperaturedue to the fact that polymer 
chains weaken rapidly. Upon cooling the original shape of the polymer returns. Thus, polymer 
processing techniques such as injection molding, compression moldingand extrusion can be done. 

Thermosetting  

Thermoset polymers are coupled together by chemical bonds, amass a highly crosslinked polymer 
structure which is whythermoset materials have high mechanical and physical strength comparedto 
thermoplastics.However, the highly crosslinked structure gives a bad elongation at break of these 
materials.Thermosets do not melt upon heating like thermoplastics but decompose and cannot 
return to its original shape upon cooling. 

Amorphous polymer 

An amorphous polymer is a polymer consisting of one single amorphous phase. There is a complete 
disorder of the chain arrangements making the polymer isotropic. Due to the lack of order 
amorphous polymers are transparent [1].  

Semicrystalline polymer 

Semi crystalline polymers are made up of crystalline structures with amorphous polymer chains. The 
crystalline phase is regarded as hard and the amorphous as soft [2]. Thus, deformation of such 
materials are linked to deformation of both amorphous and crystalline materials. The most common 
microstructure in semi crystalline polymers is spherulite microstructure in which lamellaes are 
embedded inside the amorphous phase and stretches out from a common central nucleus in radial 
directions. Ribbon shaped lamellaes are 3-20 nanometers thick and form spheruliteswith a diameter 
of 2-100 micrometer.  

The mechanical behavior of semi crystalline polymers heavily relies on the characteristics of the 
spherulite microstructure. The percentage of the crystalline phase in a semi crystalline varies from 
10-80%. Semi crystalline polymers have exceptional deformability, good toughness and good impact 
strength.  
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Introduction to wear 

Wear is defined as loss of material stemming from a mechanical motion. Material loss can materialize 
itself as debris or transfer of material from one object to another. The wear rate, loss of material 
(mm3/Nm), depends on several different conditions and material properties which are described in 
detail in the literature section of this master thesis. Several problems occur in the prediction of wear 
since the polymer behavior changes upon slight thermal or mechanical alterations. Additionally, 
there is always several wear mechanisms in play simultaneously, which makes a model to predict 
theses alterations hard to achieve [3]. There are three main wears types in polymers namely 
adhesion, abrasion and fatigue wear [4]. 

Adhesive Wear 

Sliding a polymer over another surface such as for instance metalcauseadhesive wear.Bonds 
between the surfaces are created during adhesive wear process i.e.adhesive junctions.They grow in 
size until rupture which causes wear debris form the softer of the two materials. The adhesive wear 
is the results from shear of these friction junctions. A schematic image of adhesive wear is shown in 
figure 1. 

Some of the polymer is transferred onto the counterpart material and form transfer film in between 
the asperities on the counter surface. The wear rate is diminished after the formation of the transfer 
film which is due to the fact that the true contact area is increased which in turn reduces local 
stresses.Transfer films are supposed to preserve as much as possible of the polymer from the hard 
counterpart. The transfer film acts as a lubricant between the two sliding bodies.Another part of the 
worn material is removed from the frictional zone as wear debris [4]. 

 

Figure 1. Schematic image of adhesive wear [5] 

Abrasive wear 

Generally, abrasive wear is characterized as hard asperities that plough through a softer surface. 
Abrasive wear is detected as scratches, gouges or scoring marks on the abraded surface. The formed 
debris is in the shape of cutting chips. The wear rate in this kind of wear depends mainly on the 
geometric aspects of the asperities such as the shape and the apex angles. 

There are different two modes of abrasive wear on plastics. The first one is plastic groove or 
ploughing. This case of wear appears in the case of a prow that is pushed ahead of the particle. The 
material is removed sideways in the direction of displacement which causes ridges to appear. There 
is no loss in material in this kind of wear. 

The second kind of abrasive wear is called cutting. In this case the particles from the polymer is 
removed as cutting chips [4]. 
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Two body abrasion wear 

In this kind of abrasion wear hard asperities on the counterpart surface cause either ploughing or 
cutting on the polymer during sliding as mentioned earlier. A schematic image of the two body 
abrasive wear process is shown in figure 2.  

 

Figure 2. Two body abrasive wear [5] 

Three body abrasive wear 

Third body normally appears as degrades polymer particles between two sliding surfaces that are in 
contact. In this kind of wear, free particles in between the two surfaces penetrate the polymer 
surface. Particles that are penetrated into the polymer can damage the counter surface [4]. A 
schematic image of the two body abrasive wear process in shown in figure 3. 

Particles move in two different ways, sliding and rolling, where sliding causes cutting wear and a 
grooved surface is obtained whereas rolling causes plastic deformation and lower wear rate. 
Abrasive particles tend to slide rather than roll at high contact pressures which is due to the fact that 
they get embedded into the counterpart surface. At high temperatures the three body abrasive wear 
is rather rolling than sliding since the viscosity is decreased and thereby weakening the matrix. The 
rolling particles restricts fiber removal, in the case of fiber reinforcement, during the wear process 
due to the fact that the part particles shield the fibers from the hard asperities on the counterpart 
material. 

 

Figure 3. Three body abrasion wear [5] 

Fatigue Wear 

Fatigue wear is caused by low repeated stresses causing irreversible changes in the material. 
Initiation points of these irreversible changes starts at defect points where the stress concentration is 
high either at the surface or in the bulk material.  Examples of such defects might be impurities, voids 
or cavities in the bulk material or scratches, dents or pits on the surface. Cracks start to initiate and 
propagate into each other forming larger cracks at loading. The crack growth occurs until the crack 
reaches surface, and by doing so, wear debris is formed. If the surface is only subjected to tangential 
stress, the coefficient of friction is the governing parameter. At low friction (f<0.3) cracks are created 
on a subsurface level whereas if the coefficient of friction is higher the crack formation and 
propagation is on the surface. In the case of stress in both tangential and longitudinal direction, the 
crack initiation occurs at sites of high stress concentration and high frictional heating. Fatigue wear 
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depends on several factors such as physical and chemical properties of the bulk material. 
Furthermore, lubrication, temperature and the friction have strong influence on the fatigue wear. At 
low friction and low stress onto the subjected material, fatigue wear will be the probable failure 
mode rather than the other form of wear [5].Wear debris in this case is formed by small cracks at the 
surface which are perpendicular to the sliding motion. Liu et al. [6] observed macroscopic chips as 
wear debris after fatigue wear. Prolonged friction in absence of adhesive or abrasion weargives 
fatigue wear [4]. 

Different stages of wear 

Normally, there are three different stages of wear of polymer/metal. The first stage is called running-
in period. In this stage there is a generation of transfer film onto the counterpart material. Polymer 
adheres to the surface through adsorption. The efficacy of the transfer film depends on the bonding 
strength betweenthe two surfaces.The surface roughness of the counterpart material is changed 
several times due to the adherence of more and more transfer film. Some of the asperities are worn 
down or sheared during the running process [7]. After some time, steady state period is initiated, the 
two materials start to form stable bonds to each other. The roughness of the counterpart material is 
quasi-constant which in turn leads to a reduced wear rate. At high temperatures, where ageing or 
creep might have a big influence, the second stage might be skipped and the components go directly 
to the third stage, catastrophic failure. Amid the third stage, the components go through rapid 
failure. A schematic image of the three different stages of wear is displayed in figure 4.  

 

 

Figure 4. The different stages of wear [8] 
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Friction 

Friction may be considered as the force resisting motion of one object relative to another object. The 
frictional force, equation 1 and 2, is always in the opposite direction of the motion. There are two 
types of friction, dynamic and static friction. In static friction, the frictional force is bigger than the 
force trying to put the object in motion i.e. the objects are not in motion. In dynamic friction, the 
shearing force is greater than the frictional force i.e. the objects are in relative motion. The 
coefficient of friction is shown is equation 3. 

𝐹𝐹𝑠𝑠 = 𝜇𝜇𝑠𝑠𝐹𝐹𝑁𝑁 (1) 

𝐹𝐹𝑑𝑑 = 𝜇𝜇𝑑𝑑𝐹𝐹𝑁𝑁 (2) 

𝜇𝜇 = 𝐹𝐹𝑇𝑇
𝐹𝐹𝑁𝑁

 (3) 

 

Where 𝐹𝐹𝑠𝑠 and 𝐹𝐹𝑑𝑑 are the static and dynamic frictional force respectively, 𝜇𝜇𝑠𝑠 and 𝜇𝜇𝑑𝑑 are the static and 
dynamic coefficient of friction respectively and𝐹𝐹𝑇𝑇 and𝐹𝐹𝑁𝑁 are the transversal and normal load 
respectively.   

The two components in dynamic friction are adhesion and deformation components.There are main 
components, adhesion and deformation, in friction. The adhesion component refers to elastic 
deformation of asperities due to shearing of junctions. The tangential frictional force is given in 
equation 4as a function of the shear strength and real contact area (the actual area of the two 
objects that are in contact). 

    

𝐹𝐹𝑇𝑇 = 𝐴𝐴𝑟𝑟𝜏𝜏 (4) 

Equation 4 can be re-written to equation 5 in order to obtain an analytical equation for the adhesion 
coefficient of friction. 

𝜇𝜇𝑎𝑎𝑑𝑑ℎ = 𝜏𝜏
𝐻𝐻

 (5) 

Where 𝜇𝜇𝑎𝑎𝑑𝑑ℎ is the coefficient of friction, 𝜏𝜏 is the shear strength of the softest material and H is the 
hardness of the softest material. 

The deformation component is valid when the surfaces are not extremely smooth. The asperities of 
the harder surface plough the softer material. The coefficient of friction due to deformation is 
expressed in equation 6.  

𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐴𝐴1𝐻𝐻
𝐴𝐴2𝐻𝐻

= 𝐴𝐴1
𝐴𝐴2

 (6) 

The two coefficient of friction may be combined, equation 7, in the case of a not very smooth 
surface.  

𝜇𝜇 = 𝜇𝜇𝑎𝑎𝑑𝑑ℎ +  𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑 (7) 
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Stick and slip 

Stick and slip occurs normally at small velocities when the static coefficient of friction is higher than 
the dynamic coefficient of friction. The stick phenomena occur when the contact area augments and 
the slip when the tangential force is sufficiently high to shear the created junctions. During the stick 
stage, the coefficient of friction is high but rapidly decreasing during the slip stage. A reduction in 
load or increment in velocity diminish the effect of stick and slip [9].  

Heterogeneity of polymers 

Polymers have structural heterogeneity (amorphous and crystalline phase). Reactive fragments such 
as oxygen, inhibitors, plasticizers, fillers concentrate in the amorphous phase. Local concentrations 
differ from average concentration. Local rates of wear may differ from the average rate[4]. 

Molecular weight 

Lu et al. [10] investigated the effect of molecular weight on wear rate and concluded that the wear 
increases with decreasing molecular weight. This trend is even more evident for polymers with low 
molecular weight. 

Humidity 

Humidity could be absorbed in the amorphous regions of certain polymers which would reduce their 
mechanical properties such as hardness, Young’s modulus and shear strength. Research has found 
that the wear rate increases two to three times in these kind of conditions [3]. 

Transfer film 

In the beginning of the wear process the surface roughness of the counter material changes rapidly 
due to the formation of the transfer film. The large variation of surface roughness causes unsteady 
wear. Once the transfer film is created and the surface roughness is more constant, the wear 
becomes steady [4]. However, if the polymer film is continuously removed from the counter 
material, the wear rate increases since the layer has to constantly reform on the counterpart surface 
[4]. 

The lack of transfer film between two sliding bodies has a positive effect on friction due to lower area 
of contact but negative on wear since new particles in that case can be removed from the polymer 
surface continuously [11]. Additionally, transfer film creates a polymer-polymer contact, the 
adhesion is increased which forms adhesion junction leading to a higher level of friction. Typical 
adhesion wear in polymers is, explained by the transfer film formation, high coefficient of friction 
with low wear rates [11]. The success in creatinga transfer film is due to the ability of the polymer to 
mate with the counterpart surface.  

Lubricants 

Solid lubricants have the function of increasing the bonding strength and dispersion of the transfer 
film leading to a better adhesion between the two surfaces in contact. The transfer film remains 
thereby to a greater extent on the counter face surface.  

There are several ways to improve tribological properties using lubricants. Zhang et al. [12] stated 
that the higher the total filler volume, the lower the specific wear rate.Polar molecules of lubricants 
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may attach to polar sites. Consequently, the effect of lubricants on polymers depend on the polarity 
of lubricants. Generally, the efficacy of the lubricant is based upon whether molecules can adhere to 
the polar sites of the polymer surface. Thus, mechanical properties of the polymer can be altered as 
well as the adhesive and shear properties of the transfer film. Noticeable effects such as polymer 
plasticization, reduction of contact area due to fluid film formation, modification of shear properties 
and change in adhesion may be observed [3]. 

Another way to increase tribological performances is to decrease the adhesion between the polymer 
and counterpart material. Internal lubricants such as polytetrafluoroethylene (PTFE) and graphite 
flakes are inserted to the resin to achieve such improvements.  

PTFE forms easily a transfer film whilst sliding on steel counterparts. However, due to its soft nature 
it has solely low wear resistance.Lu et al. [13] investigated the effect of PTFE content 
inPolyetereterketon(PEEK) composite with carbon fiber and concluded that an excessive amount, 40 
vol. %, of PTFE the wear resistance increases due to the fact that PTFE becomes dominant in 
performance.According to Hooke et al. [14], an addition of PTFE into a composite of reinforced glass 
fiber reduces initial friction but does not play an important role in the latter stages of friction. 

Reinicke et al. [15] investigated the behavior of 15% PTFE included in a composite of 30% GF in 
Polyethylenimine (PEI). They concluded that the friction was somewhat improved but the wear 
properties were not improved. Bijwe et al. [15] had the same set of material but with an addition of 
two other solid lubricants. The combination was successful and both friction and wear were 
improved. Supplementary fillers can be introduced in order to increase the thermal conductivity such 
as bronze for instance of the composite. PTFE can be improved further using fillers such as TiO2 and 
ZrO2 [16]. Particles of ZrO2 are bigger and good in reducing wear whereas the smaller TiO2 is better in 
reduction of friction. Studies have shown that the optimum content of additional filler is larger than 
10 vol%. However, it is imperative to pay attention to the chemical reactions inside the polymerwhen 
choosing an additional filler. If the chemical reactions do not match well like in the case of SiC 
particles and PTFE high wear resistance and low friction is not achieved.   

In graphite, the atoms are formed in a hexagonal unit cell within every stacked layer. Van deer Waals 
bonds, that are weak in nature, are in-between the layers and thereby easily broken in shear. 
Additionally, fillers are known to increase the thermal conductivity which lowers the temperature at 
the contact areas. 

Solid lubricants such as molybdenum disulfide (MoS2) affect beneficially the polymer behavior. 
Parameters such as coefficient of friction, wear rate, increase the transfer film coverage on the 
counter face material and hardness are increased. A 10 wt. % addition of molybdenum disulfide 
decreased the hardness but increased the transfer film coverage [17]. The best way to improve 
tribological behavior is achieved by a combination of high hardness and high transfer film coverage. 
Zalaznik et al. [17] concluded that an optimum wear rate for pure PEEK is an addition of 5 wt. % of 
MoS2. 

Several studies have been made where MoS2 has improved friction and wear in dry contact 
conditions as well as in wet conditions such as dispersed in oil. Improvements stem from changes in 
crystallinity and thermo-mechanical improvements. Zalaznik et al. [17] found that a too large 
concentrations of MoSs tend to form aggregates which decreases the adhesion of the two counter 
bodies. 

Chang et al. [18] used submicron-particles, TiO2 and ZnS, as additional filler to graphite and short 
carbon fiber filled resin. Addition of submicron-particles does not always increase the wear 
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performance at room temperatures but Chang et al. [18] found remarkable improvements at high 
temperatures. 

It has been reported that the size of the incorporate particles effects the stiffness and toughness 
simultaneously for instance. The smaller particles have in general a large surface ratio due to their 
small size [16]. 

Fiber reinforcements 

By incorporating short aramid, glass or carbon fibers, the creep resistance and the compressive 
strength can be improved. The composite should also perform better at high temperatures 
compared to the virgin polymer resin [16].The beneficial effect of fiber reinforcement stems from a 
reduced ability of ploughing, tearing and similar abrasive phenomenon.Generally, incorporation of 
fiber reducesthe wear rate due to higher loading carrying abilities. However, the cracking of fibers 
lead to an increased wear due to their abrasive nature alongside with the fact that the load carrying 
ability of the composite is diminished. 

Fiber reinforcement has a significant role in load transmission and thereby the tribological 
performance as transfer film. During this state, the worn fibers and matrix fragments reduce the 
direct contact between the counterpart surface and the polymer composite. Thus, pressure and 
stress concentration are reduced. The percentage of reinforcement has to be large enough to cover a 
large enough area in order to have a positive effect. An amount of 5% of carbon fiber was not 
enough [19]. 

In a comparison summarized by Zhang et al. [12] stated that carbon fibers (CF) showed a better 
sliding wear resistance potential than glass fiber (GF) which is due to higher hardness and creep 
resistance. The optimal percentages of incorporated PTFE, short CF were 10-20 vol. % and 15-25 vol. 
% in PEEK respectively together with 10 vol.% of graphite.Bijawe et al. [20] found that the lowest 
amount of wear was at 30 wt.% of glass fiber reinforcement.Bijwe et al. [21] found that an addition 
of 20 %GF improved the wear performance of PEI seven-fold during fretting test experiments. 
Further inclusion of solid lubricants increased the wear performance of PEI twenty-fold.  With an 
increase in load the neat PEI worsen its wear performance to a large extent whereas the glass fiber 
reinforced and the glass fiber reinforced with solid lubricant filled composite worsen its behavior 
marginally [21]. 

Reinicke et al. [22] found that an addition of glass reinforcement resulted in abrasive wear. The 
abrasive wear phenomena becomes more and more predominant with an increase in wear depth 
since more and more glass fiber particles break and turn into abrasive particles with the effect of a 
higher wear rate.Glass fibers scratch the surface of the counterpart surface in much greater extent 
than carbon fibers during the wear due to its abrasiveness, which obstruct the formation of transfer 
film.   Lu et al. [10] stated that higher friction coefficient, stick-slip phenomenon and higher wear rate 
of reinforced fiber matrices are caused by the abrasiveness of the fibers especially at high 
temperatures. 

During abrasive wear conditions, reinforced polymers display a worse wear performance than neat 
polymer under lubricated conditions [19].Yamamoto et al. [19] investigated the crystallinity of PEEK 
and Polyphenylene sulfide (PPS) with addition of CF and GF and concluded that the crystallinity of the 
matrix did not change. Consequently, the polymer matrix acts the same way as neat matrices. In the 
same study the hardness for PEEK with an addition of glass and carbon fiber did not change. 
However, there was an increase in hardness for PPS. 
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Fiber orientation 

Friction and wear properties depend on the fiber direction. Generally, the more sever wear is 
exhibited by fibers in the normal to the plane (L-direction) of contact and less wear in the cases 
where the fiber direction is perpendicular (T-direction) to the sliding direction [19]. The prerequisite 
being that the transfer (T-direction) can withstand the normal and tangential forces.  

 

 

Lubricated conditions 

There are several different kinds of lubrication regimes in order to reduce friction and wear.Fluid film 
lubrication is a regime in which the load is carried by the fluid and thereby avoiding solid-solid 
contact. This kind of regime may either be hydrostatic, the fluid is not pumped nor squeezed out, or 
hydrodynamic, the fluid is in motion.  

Boundary lubrication,the surfacesare in contact at the asperities.The load is carried by the asperities 
rather than by the lubricant [23]. Elastohydrodynamicregime occurs in rolling conditions where the 
highest asperities come into contact and deform elastically. Mixed lubrication regime is in conditions 
of low velocity, high load or high temperature where the viscosity of the lubricant is sufficiently low 
for the asperities at times to come into contact with each other [24].  

Positive effects in water are for instance reduced frictional heating and reduced surface roughness is 
extremely beneficial. Consequently, fatigue life is improved. Additionally, water removes debris and 
thereby reduces the abrasion wear. However, water may go into the matrix and corrode the 
fiber/matrix interface. Wang et al. [25] concluded that many reinforced polymers have a higher wear 
rate in water compared to air. PEEK reinforced by glass fiber submerged in water did not have a 
positive effect on wear since both PEEK and glass fiber have poor resistance to wear in water. 
However, PPS and glass fiber had a positive effect since PPS has better water resistance.Paterson et 
al [26] investigated the water absorption effects in Polyamide (PA) and concluded that residual 
stresses (compressive and tensile) during modest amount of water absorption. If water was absorbed 
at one side of the polymer, distortion was observed along with residual stresses [27]. 

At low loads, the efficiency of the lubricant stems from the surface tension and the wettability of the 
lubricant. During a low surface tension, the coefficient of friction is low due to a uniform lubrication 
layer at the interface. At higher loads, the fluid is pressed away from the interface resulting in a solid-
solid interaction which would increase the friction [3]. 

The wear rate of PPS composite in water is higher under water lubricated conditions due to the 
difficulty of forming a transfer film. Neat Epoxy (EP) has a much lower specific wear rate under 
lubricated conditions than under dry conditions.  

Yamamoto et al. [19] stated that the specific wear rate did decrease for PEEK composites with an 
addition of reinforcement under boundary lubricated conditions but not to a great extent. 
Differences between carbon and glass fibers under lubricated conditions were as follows. The debris 
of carbon fibers seemed to fall away smoothing without breakdown of fibers but in the case of glass 
fibers, fibers were broken might cause by corrosion of the interface. Carbon fibers have better wear 
resistance in water than glass fiber. However, an increase in friction was observed with glass and 
carbon fiber [19]. Under mixed and hydrodynamic conditions, an addition of glass and carbon fibers 
in PEEK and PPS had big positive difference on wear and friction.  
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Surface roughness 

The asperities of the counterpart material create local stresses and frictional heating during the 
interaction with the polymer surface [6].Song et al. [28] investigated the influence of the surface 
roughness for PTFE and concluded that a surface roughness of 0.5 µm was optimal for friction. A 
lower surface roughness has an increased contact area causing better adhesion between the two 
sliding bodies. An increased contact area increases friction and contact temperature. In the case of a 
higher surface roughness, a larger shear force is needed to slide against the polymer which augment 
the plowing component. 

The real contact area is inversely proportional to hardness. Friction depend as well on stationary 
contact between surfaces, dwell time, since there is an increment of real contact area. This 
phenomenon is due to creep.At high temperatures, the surface of polymers is smoother than at low 
temperatures. An increased ductility is observed as well due to a considerable lower Young’s 
modulus. 

Real contact area 

The real contact area is the summation of all contact points in-between the two surfaces. The 
asperities in contact can either deform elastically or plastically when a load is applied. It is tough to 
forecast the real contact areas without a profound knowledge of the surface topography. 
Consequently, an estimation has to be made which ispresented by equation 8.  

𝐴𝐴𝑟𝑟 = 𝐹𝐹𝑁𝑁
𝐻𝐻

 (8) 

Where 𝐴𝐴𝑟𝑟 is the real contact area, 𝐹𝐹𝑁𝑁 is the normal force in Pa and H is the hardness of the softest 
material.  

Hardness 

Wear is related to hardness in the sense that wear occurs mainly on the softer of the materials in 
contact. Cho et al. [29] did a pin-on-disc test where both the pin and disc were of polypropylene (PP). 
They found that wear occurred on both the pin and the disc [29]. Zalaznik et al. [11] stated that the 
wear rate increased with increasing hardness steel cylinder on PEEK which is contradictory to other 
studies. This results might be due to the fact that the harder materials may exhibit a brittle-like 
behavior causing large amounts of wear debris to form. However, the lowest friction is obtained by 
the least hard materials.An increase of hardness decreases the wear rate according to Archard’s wear 
equation, equation 9 [7]. 

𝑄𝑄 = 𝐾𝐾𝐹𝐹𝑁𝑁𝐿𝐿
𝐻𝐻

 (9) 

Where Q is the volume of wear debris formed, 𝐹𝐹𝑁𝑁 is the normal load in (MPa), L is the sliding distance 
in m and H is the hardness in MPa.   

Temperature 

Sliding a material onto another material induces a rise in temperature at the sites where the two 
surfaces are in contact due to applied tangential and longitudinal stresses, viscoelastic and elastic 
deformation of the polymer and frictional heating [30].An increase in temperature has several effects 
on the topography of the polymer. At the surface level phenomena such as polymerization, 
crystallization or degradation of the polymer might occur eventually leading to degradation of the 
polymer. At rather high temperatures, thermal and oxidation reactions take place in the polymer 
releasing heavy compounds which are incorporated into the transfer film. Due to the fact that these 
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compounds are not as stable as the transfer film formed at lower temperatures the wear becomes 
unstable [4]. 

According to Hong et al. [31], specific wear rate is not influenced by the same phenomena at 
different temperatures. At moderate temperatures, the wear rate is similar regardless of resin type 
but dependent on other constituents in the resin and based upon breaking of weak bonds between 
polymer chains. At higher temperatures, wear is due to random chain scission. There is a thermal 
degradation of the binder resin at elevated temperatures. 

Good mechanical and tribological properties at high temperatures for semi crystalline polymers is 
due to the crystalline phase, which remains stationary at temperatures over Tg[18].When the 
polymer reaches a temperature close to the glass transition temperature a sever decrease in Young’s 
modulus and hardness is observed [3].Additionally, a combination of a high flash 
temperature,momentaneous temperature between the surfaces, due to sliding friction resulting in a 
molten polymer and high PV, (pressure*velocity), leads normally to a high wear rates or even 
complete failure [31]. 

Velocity 

Cho et al. [29] investigated whether an increase of velocity would increase or decrease friction in 
polymer on polymer. They concluded that it could go either way depending on the mechanism at 
play. Experiments were done on PP on PET where a decrease in friction was observed due to an 
increase in surface roughness (reduced contact area). On the other hand, an increase in the case of 
PP on HDPE due to an increase in roughness of PP which caused mechanical interlocking. 

Load 

Reinicke et al. [22] found that the wear rate is independentof applied load at room temperature. At 
higher temperatures, the wear rate increases fast with increasing load.Cho et al. [29] investigated 
whether an increase of pressure would increase or decrease friction in polymer on polymer and 
concluded on the polymers tested, no observation of any friction changes due to increasing load was 
observed.A load increase give rise to an increase of flash temperature. The effectsof the increased 
temperature leads to a weakening interface between the matrix and fiber. Hence, pulling-out fibers 
or peeling fibers from the matrix becomes easier [21]. 

Limit Pressure Velocity (LPV)  

PV factor is a criterion to characterize the thermal and wear resistance of polymeric materials. The 
PV-limit is the maximum limit deemed acceptable for the polymer to function for a specific pressure 
and velocity. If the pressure exceeds the acceptable PV-limit, the polymer will commence to degrade 
due to additional heat. Additionally, if the velocity of the sliding system is too high for a specific 
pressure, the polymer starts to degrade. The PV-limit is different for every polymer with its specific 
counterpart material. For instance, a polymer-polymer sliding system would not have the same PV-
limit as a polymer-metal system. In order to get a PV-limit curve for a specific sliding system, a certain 
load and velocity is chosen and if the wear, temperature and friction are within acceptable limits, the 
velocity is increased. The test stops when the speed is sufficiently high to induce instability at the 
boundary regions. A dramatic change of wear, temperature or friction is an indication that the PV-
limit is reached. This procedure is done for several loads until a full picture of velocity- pressure is 
attained [32]. A schematic image of a LPV curve is shown in figure 5.  
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Figure 5. Typical PV-limit curve [33] 

Song et al. [28] compared velocity and pressure for the same PV value.  They concluded than an 
increase in velocity and decrease in load is beneficial compared to low velocity high load in producing 
a low wear rate. However, a too high increase in temperature increase the frictional heating.Within a 
constant PV-value, an increment of sliding speed and reduction of contact stress leads to an increase 
in friction and specific wear rate [34].The LPV is calculated by using equation 10. 

𝐿𝐿𝐿𝐿𝑉𝑉 = 𝐹𝐹𝑁𝑁
𝐴𝐴
𝑣𝑣 (10) 

Where LPV is the PV limit in Pa*m*s-1, 𝐹𝐹𝑁𝑁 is the normal load in N, A is the surface area in m2 and v is 
the velocity in ms-1. 

It has been observed that polymers with high molecular weight have a higher LPV value than 
polymers with lower molecular weight. 

Severity-parameter (GSP) 

LPV value is an important parameter regarding classifying sever wear. Nevertheless, LPV does not 
take into account all the necessary parameters such as surface roughness or the ability for a material 
to dissipate and store heat [35]. Several studies have suggested that the roughness of the surface of 
the counterpart material plays an important role in coefficient of friction and wear rate for instance. 
In order to understand better the tribological behavior during the wear process a global analysis has 
to be made. Introducing the severity parameter could be such an approach. Henrique da silver et al. 
[35] found that heat dissipation is the most important parameter regarding wear resistance in 
Polyoximetylen(POM) and ultra-high molecular weight poly ethylene (UHMWPE). The expression for 
GSis displayed in equation 11.  

𝐺𝐺𝐺𝐺 = 𝐹𝐹𝑁𝑁𝑉𝑉𝑉𝑉
𝐷𝐷𝑝𝑝𝐷𝐷𝑑𝑑

 (11) 

Where GS is the global severity parameter in kgsm4 P is the contact pressure in MPa, V is the velocity 
in ms-1, R is ln(Rz/LnSm), Dp is the pin thermal diffusivity and Dd is the disc thermal diffusivity in m2s-1. 
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Pin-on-disc test 

Friction and wear test can be performed on a pin-on-disc tribometer, shown in figure 6. The testing 
consists of a flat end pin with a certain diameter and roughness rotating on a plate with a certain 
diameter and roughness. Normally, the plate is a smooth metal and the pin is made up of a softer 
material (adhesive wear) but the other way around has also been done (abrasive wear). Polymer on 
polymer experiments have also be performed.  Pin-on-disc tests can be performed in both dry and 
lubricated conditions.The frictional coefficient can be recorded and calculated as a ratio between 
tangential force and normal load, equation 1. Temperature can be checked by thermocouple placed 
on the edge of the disc or inserted in the pin. The test set-up could beplaced in a chamber where the 
temperature of the steel ring can be controlled. The temperature is monitored by a thermocouple 
[22].During the running in period, the coefficient of friction increases gradually until stabilization in 
the steady state period. During this period, temperature is increasing until stabilization during the 
steady state. A linear weight loss is observed as a function of the sliding distance [34]. 

 

Figure 6. Pin-on-disc testing machine [36] 

 

The wear rate is calculated by equation 12.  

𝑊𝑊𝑠𝑠 = ∆𝑉𝑉
𝐹𝐹𝑛𝑛𝐿𝐿

 (12) 

Where 𝑊𝑊𝑠𝑠 is the wear volume in mm3N-1m-1, ∆𝑉𝑉is the volume loss in mm3,𝐹𝐹𝑁𝑁the applied load in N 
and L is the sliding distance in m. 

The experimental procedure i.e. run-time, velocity and pressure can be performed in various 
different ways. Normally, the test is run so that the run-in and the steady state stages are comprised 
in the wear calculations.The experimental procedure ofCho et al. [29] consisted of three steps. 
During the first step the disk sample made three revolutions at various operation conditions. During 
the second step, the sliding motion was stopped for various dwell time conditions. The last step 
consisted of the disk rotation in the other direction. Static and kinetic friction were measured in the 
last step [29].Zalaznik et al. [11] performed 100cr6 steel cylinder on PEEK on smooth pin-on-disk test 
during 7 hours to make sure to reach steady state friction. 

In order to reduce the running-in period, Lu et al. [13] grinded the specimens on grinding paper prior 
to tested and also taking the specimens to similar roughness. Wear rates are normally characterized 
in the steady state sliding conditions which is a regime that is reaches after the run-in period. The 
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counterpart material is smoother in this state due to abrasive particles and the formation of transfer 
film. 

Block-on-ring test 

During a block on ring test, adhesive wear is investigated between a block and a ring amid constant 
velocity and pressure similarly as in a pin-on-disk test. A constant normal load is applied onto the 
block during a rotational movement of the disc. Friction and wear loss under different sliding 
conditions is obtained as a result. Figure 7 display a schematic image of the block-on-ring test. 

 

Figure 7. Schematic image of Block-on-ring test [37] 

 

 

Creep test 

To test creep behavior, a tribometer was used by Henrique da silva et al. [35]. A constant load was 
applied onto the specimen and the specimen was subjected to constant compression force at room 
temperature and held during 12 h. The height difference was measured which was induced due to 
creep. At high wear rates the creep effect is non-existent since the material regions subjected to 
creep formation is removed. At lower wear rates there could be a combination of wear and creep on 
the polymer [35]. 

Fretting test 

Fretting test is a test performed to induce fretting wear, repeated relative motion induced by for 
example vibrations. 

Fretting is a reciprocal movement of a pin on a plat disc induced by small oscillatory motions.Figure 8 
shows a schematic image of how a fretting test can be performed. The frictional force and the 
normal load are monitored.Weight loss of the material is determined by weighing [22]. 
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Figure 8. Schematic image of fretting test [22] 

With an increasing load the wear increased extremely fast for all of different materials tested. 
Compared to sliding wear tests the size of abrasive particles increased to the debris formed during 
sliding tests. A week bonding between the fiber/matrix could be an explanation why fretting wear 
higher than sliding wear [22].Coefficient of friction did not change in variations of load under fretting 
test. However, the specific wear rate depends highly upon the operating conditions [21]. 

Scratch test 

During a scratching hardness test resistance of a material to shape permanently is measured. Figure 
9 display schematically how the scratch test is performed. This test measures microscopic wear 
meaning that that a small area is being investigated. The asperity-surface interactions taken at that 
point might not be representable for the entire specimen [6]. The scratch test can be performed in 
several different ways. It could be unidirectional scratching, bidirectional scratching or scratching 
with directional changes. Liu et al. [6] varied the geometry of the tip along with number of scratches. 
In that study, a cubic flat geometry causes higher volume of debris than cubic edge or conical 
geometries. The hardness decreased as a function of increasing number of scratches [6]. During a 
scratch test, the removed layer is subjected to plastic shear which results in off-cut chips. In this test 
the dimensions of the chip is hard to measure. General equation for hardness during a scratch test is 
given in equation 13.  

𝐻𝐻 = 4𝑞𝑞𝐻𝐻
𝜋𝜋𝑑𝑑2

 (13) 

Where H is the hardness in Pa, q is relative to the geometry of the tip of the scratch indenter, d is the 
width of the scratch including elastic recovery of the specimen.   
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Figure 9.Schematic of scratch test [38] 

Nano Indentation 

Nano indentation is a method to characterize parameters such as reduced Young’s modulus, 
hardness, elastic- and plastic work and elastic recovery parameter. The test specimen is subjected to 
one cycle of loading and unloading. The deformation of the specimen is both elastic and plastic. 
During unloading, only elastic deformation is recovered. The indenter could be of different shapes. In 
this master thesis the indenter is a Berkovich indenter which is a triangular pyramid. Indentation 
values might not be accurate if the material display a pile-up behavior. That behavior increasesthe 
contact area which leads to an overestimation of hardness and Young’s modulus [39]. If hf/hmax>0.7, 
errors can be obtained since the pile-up behavior is dominant. Figure 10 shows a typical load/unload 
displacement curve.  

 

Figure 10. Typical load displacement curve [40] 
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Profilometer 

A profilometer is used in order to characterize the surface topography. A stylus is dragged along the 
surface of the material in order to measure the peaks and valleys of the material. In order to fully 
characterize the topology of the material, several different parameters can be extracted and 
interpreted. Table 1 display in detail the importance and meaning of different parameters. 

Table 1.Profilometer parameters 

Ra Average roughness of the peaks and valleys. 
The most common parameter when 
determining the roughness profile. 

Rq Determined roughness. The surface profile is 
divided intosmall segments. Maximum and 
minimum is determined for each segment. The 
average valueof each segment summedup and 
divided by the number of segments. 
 

Rt Maximum height of the profile. |Rp-Rv| 
 

Rp 
 

Highest peak of the profile. 
 

Rv Lowest valley of the profile. 
 

Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a thermo analytical technique in which the difference of 
heat needed to increment the temperature of a specimen and reference specimen is characterized as 
a function of temperature. When the specimen experiences a physical transformation such as phase 
transitions, more or less heat flows into to it,compared to the reference specimen for the two 
samples tohave the same temperature. Whether less or more heat has to flow to the specimen 
sample depends on thermal process itself i.e. exothermic or endothermic.  

Thermal history such as polymer degradation can be characterized using DSC by comparing the 
literature Tm and Tg to these temperatures given by DSC. Crystallinity content can be calculated using 
DSC by using equation 14. Additionally, anomalous peakscan be investigated in first heat thermal 
analysis and be an indication of thermal history of the material such as polymer physical aging [41]. 
Figure 11 display a typical DSC-curve when a semi crystalline polymer is subjected to DSC analysis.   

 

𝐶𝐶 = (∆𝐻𝐻𝑚𝑚−∆𝐻𝐻𝑐𝑐)
∆𝐻𝐻𝑚𝑚100

 (14) 

Where C is the crystallinity in %, ∆𝐻𝐻𝑚𝑚 is the heat of melting at the melting point in Jg-1, ∆𝐻𝐻𝑐𝑐 is the 
enthalpy of melting at the recrystallization and ∆𝐻𝐻𝑚𝑚100 is the enthalpy if the polymer were 100% 
crystalline.  
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Figure 11. DSC-curve of a typical semi crystalline polymer [42] 

Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique to analyze the morphology of a surface. Firstly, an 
electron beam scans the sample and secondly detectors inside the SEM detect essentially secondary 
electrons, back-scattered electrons and photons [43].A high resolution image is acquired by 
interaction between electronsand the specimen. Subsequently to wear testing, specimens that have 
undergone a wear process can be characterized in SEM. Information about the wear tracks and 
which kind of wear is possible to obtain using SEM [4].      

Introduction to FEM-analysis 

FEM analysis is adapted in wear due to its ability to take into account the continuous changes in both 
contact pressure and surface geometry during the wear process.   

The first analysis of stress contact between two elastic solids was proposed by Hertz. In his model the 
bodies at contact were elastic half spaces. The contact point was ellipsoidal, frictionless and non-
forming. In recent years, several different models of how surface contact should be taken into 
account have been proposed.  

In FEM-analysis, Archard’s wear equation, equation 15, is normally proposed. Archard’s wear 
equation has found to be in good agreement in abrasive wear since in that kind of wear the hardness 
govern the penetration depth of the abraded particles [44]. 

-Contact between two surfaces will occur at local interacting asperities 

-Real contact area is proportional to the normal load 

-Single asperity contact is circular 

-The system is isothermal. 

𝑄𝑄 = 𝐾𝐾𝐹𝐹𝑁𝑁𝐿𝐿
𝐻𝐻

 (15) 

Where 𝑄𝑄 is the volume of wear debris formed, 𝐹𝐹𝑁𝑁 is the normal load in (N), L is the sliding distance, 
𝐾𝐾 is the non-dimensional wear coefficient and H is the hardness in (MPa). 
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Due to the dynamic process of wear, a small apparent contact area ∆𝐴𝐴, increment of wear depth dh 
and an increased sliding distance ds is determined. The wear depth can be similarly calculated and 
given in equation 16. 

ℎ = 𝐾𝐾𝐹𝐹𝑁𝑁𝐿𝐿
𝐻𝐻

 (16) 

Where ℎ is the wear depth in m, 𝐹𝐹𝑁𝑁 is the contact pressure, L is the sliding distance in m.Since wear 
process is a dynamic process, the wear depth can be written as a differential equation 17 [45].  

𝑑𝑑ℎ
𝑑𝑑𝐿𝐿

= 𝑘𝑘𝐹𝐹𝑁𝑁
𝐻𝐻

 (17) 

Consequently, the total wear is an integration over the sliding distance 18 [46]. 

ℎ𝑡𝑡𝑡𝑡𝑡𝑡 = ∫ 𝐾𝐾
𝐻𝐻
𝐹𝐹𝑁𝑁𝑑𝑑𝐿𝐿 (18) 

Hertzian theory  

In order to predict the contact area and deformation of contact areas in between two bodies in 
motion it is usually acceptable to use the Hertzian theory. In applying this theory certain assumptions 
are implied.  

- The material has a linear elastic behavior 
- The surface is smooth 
- Frictional free contact between the surfaces 
- Contact area is small in comparison to the curvature of the bodies 
- Maximum pressure is taken place at the center of contact and subsides quadraticly.  

The surface roughness of the two mating surfaces can be expressed in many different ways. One way 
of dealing with the issue is to use Herztian theory mentioned above [47]. Equation (19) display how 
the normal load can be expresses as a function of contact area. However, surface interactions are not 
taken into account in this model.   

𝐹𝐹 = 4𝐸𝐸′

3 √𝑅𝑅√𝛼𝛼3 (19) 

Where F is the sum of forces,𝛼𝛼 is the contact radius, 𝐸𝐸′ is the effective Young’s modulus and R is the 
radius of the sphere. 

Adhesion approach 

The contact force between two mating surfaces can be described as a sum of the external force and 
the adhesion force (20). In this approach the counterpart surface is taken a sphere and the surface is 
a flat surface. Adhesion between the surfaces gives rise to non-Hertzianbehavior even though the 
deformation is elastic [48]. In non-adhesion cases the asperities would only be in contact in a single 
point. However, adhesion pulls the surfaces closer to each other. A contact radius can be established 
between the surfaces. The expression, force the normal load with adhesion forces taken into account 
is displayed in expression 21. 

𝐹𝐹 = 𝐹𝐹𝑁𝑁 + 𝐹𝐹𝑎𝑎𝑑𝑑ℎ(20) 

𝐹𝐹 = 4𝐸𝐸′

3 √𝑅𝑅√𝛼𝛼3 − �8𝛾𝛾𝛾𝛾𝐸𝐸∗𝑎𝑎3(21) 

Where 𝐹𝐹𝑎𝑎𝑑𝑑ℎ is the adhesion force, ,∆𝛾𝛾 is the adhesion energy 
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3D-imaging 

Alternatively, to the approaches mentioned above, Cho et al.[49] took a 3d-image of the surface of 
the specimen and converted it to a CAD-model. The cad model can be turned into a FEM-model from 
which wear analysis can be performed.  

General FEM Wear approach  

Wear calculations using FEM could be considered to be aniterative process dependent on multiple 
parameters based on an initial value problem.Initial parameters such as geometry, load, constraints 
etc. are defined with element and material data. Special subroutines were developed for every 
configuration to re-generate the FE model and define the loads and constraints automatically.  
During each step the contact pressure and surface topology are constant. After every iteration, the 
wear increment is updated for each contact node of every element. Wear is measured as variation of 
the element height of the analyzed surface. 

Wear in Ls-dyna 

Similarly, to other FEM-analysis models programs, wear can be computed using Archard’s wear 
equation, equation 23. Ls-dyna computes the wear as a nodal quality which for the soft material is 
expressed as  

𝑑𝑑 = 𝐾𝐾(𝑝𝑝,𝑣𝑣)
𝐻𝐻𝑠𝑠(𝑇𝑇𝑠𝑠)

𝑝𝑝𝑝𝑝 (23) 

Where 𝑑𝑑 is the nodal wear distance in the direction of the surface normal, 𝐾𝐾 is a scale factor, 𝐻𝐻𝑠𝑠 is 
the hardness of soft material, 𝑝𝑝 is the nodal pressure and L is the sliding distance [50].  

Sliding distance can be viewed as the nodal displacement in the direction of the movement. The 
simulation is run once, with a pre-set run time, and thereafter nodal displacement can be multiplied 
with a scale factor in orderto speed up the CPU time. For instance, it is possible to simulate one 
revolution of the plate and multiply by total number of revolutions in order to achieve the same 
result but in shorter CPU time.  

In Ls-dyna, it is also possible to update the geometry according to predetermined number of cycles or 
until a predetermined wear depth is reached. In order to simulate a multistage wear, the script has 
to be run in batch mode with a predetermined number of cycles or preset max depth before the 
geometry is updated. The nodes that have been subjected to wear are moved and the wear cycles 
restarts with the updated geometry.   
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State-of-The- Art 
No previous studies of wear simulations have previously been done using Ls-dyna. The release 
LsPrePost v4.3 with Ls-dyna development number 104845 is the first version where wear can be 
simulated in Ls-dyna. However, wear has been simulated by using other software such as Abaqus® 
and Ansys®. 

Bortoleto et al [51] simulated a pin on disk test using Abaqus® based on Archard’s wear equation. 
Temperature changes were considered negligible due to low pressure and velocity. The mesh got 
more and more refined the closer the wear track and longer from the center of the model. 
Regeneration of Archard’s wear model was done after every iteration step using subroutine 
UMESHMOTION. The friction coefficient from testing was not in good agreement with the one 
obtained from numerical modeling which may be due to the fact that adhesion of junctions, debris 
formation and plastic deformation of asperities were not taken into account in the numeric model. 
The numerical wear rate was higher than the experimental which mightbe caused by an error in 
calculating the constant K. Measurements for the value of K were taken during the running-in and 
the steady state leading up to an overestimation of the wear rate since the wear rate is higher in the 
running in stage than the steady state. Again, the adhesion effect could not be taken into account in 
the numerical model and could also be an explanation to the difference between FEM and testing 
results [51].  

Archard’s wear equation has been used with good results in cases where a softer material is 
ploughed by a harder material i.e. abrasive wear [44]. However, cases where hardness is not always 
the governing factor has been found in for instance soft metals. Pseudo-elastic properties are,as 
stated earlier, not taken into account. Consequently, Liu et al. [44] modified Archard’s wear equation 
and thereby diminished the error margin to 4% compared to testing results. Modified wear equation 
can be seen in equation 24. It is necessary to also perform a Nano indentation test to be able to use 
equation 24.   

𝑄𝑄 = (𝐾𝐾1
1
𝑖𝑖

+ 𝐾𝐾2(1 − ŋ)𝑖𝑖2) 𝐹𝐹𝑁𝑁
𝐹𝐹𝑁𝑁2

𝐿𝐿  (24) 

Where 𝑄𝑄 is the volume loss, 𝐾𝐾1 and 𝐾𝐾2 are constants, ŋ is the ratio recoverable to deformation 
energy, i is maximum penetration depth, 𝐹𝐹𝑁𝑁 is the wear load, 𝐹𝐹𝑁𝑁2is the indentation load and S is the 
sliding distance.  

SHEN et al [46] simulated wear using Abaqus®.  A maximum wear depth was defined and if the wear 
depth was lower than the defined maximum wear depth a new iteration begun. The approach in 
their case is displayed in figure 12. It is important that the nodal wear increments are not too big so 
that wear measurement is unpredictable. On the other hand, if the increments in wear are too small, 
the simulation might take too large to process. Areas where the stress gradientsare high, a finer node 
mesh is required.  

Noda coordinate positions have to be altered when simulating wear. However, changing positions of 
boundary nodes might give inaccurate sensitivity results or a distorted finite element mesh. Thus, the 
FEM-model has to be re-meshed after every cycle.   
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Figure 12. Wear calculation using FEM [46] 

 

Podra et al. [52] used a similar approach as Shen et al. [46] but with Ansys® instead of Abaqus®. The 
dimensionless constant K is taken from experimental data. The model geometry changes as a 
function of number of iterations. The nodes in contact are updated followed by the calculation of 
nodal wear increments. A maximum allowed wear depth was given. Once the wear depth was 
attained the iteration stopped. Standard deviations obtained in experiments were high, 41%, which 
makes a comparison to simulations redundant. However, simulations could rather give an indication 
of wear within a system then an actual value.     
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Materials 
The materials used in this master thesis are Polyamid (PA) and Polyoxymethylene(POM) with and 
without glass fiber reinforcement. The materials and their respective properties are listed in table 2. 
All properties were taken from Campus plastics web page.Two different Polyamides, PA-15 and PA-
50, were delivered from EMS-GRIVORY and the otherfour materials already existed at Kongsberg 
Automotive. The manufacturing process was injection molding for eachplastic.  

Polyamide 

Polyamides are semi-crystallinethermoplastics. The repetitive unit of PA is displayed in figure 
13.Generally, there are two types of polyamides depending if the polyamide consist of one (PA) of 
two base materials (PA66). The mechanical properties of PA such as strength, hardness, fatigue are 
medium to high. Additionally, wearresistanceof PA is excellent [53]. 

 

Figure 13. Repetitive unit of PA-6 [54] 

Polyoxymethylene (POM) 

Polyoximethylene is a semi-crystalline thermoplastic. The repetitive unit of POM is displayed in figure 
14. The material is commonly used in automotive and electronics applications. POM has high 
strength, rigidity and hardness [53]. It has a good resistance against thermal degradation. 
Furthermore, POM is wear resistant.  

 

Figure 14. Repetitive unit of POM [55] 

Table 2. Properties of the tested polymers 

Material Trade name Fiber content (%) E (GPa) σy (MPa) ϵy (%) σt (MPa) ϵt (%) Tm  (K) ρ (Kgm-3) 

POM-0 HOSTAFORM 
9021 

0 2.9 64 9 - - 439 1410 

POM-20 HOSTAFORM 
9021 GV1/20 

20 7.2 - - 120 3 439 1570 

PA-0 Grilon TSS 0 2.7 70 4 - - 533 1140 
PA-15 Grilon TSG-15/4 15 6 - - 120 3 533 1200 
PA-30 Grilon TSG-30/4 30 9.7 - - 190 3 533 1135 
PA-50 Grilon TSG-50/4 50 12.2 - - 230 2.5 533 1400 
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Manufacturing and sample preparation of test specimens 
The plates were given their final plate shape with a diameter of 40mm and a thickness of 3mm at the 
process department at Kongsberg Automotive. The final shape was given by a hole saw fixed in a drill 
press.  

The specimens of PA-15 and PA-50 were placed in a heating cabinet according to standard ISO 1110 
in order to obtain the mechanical properties of PA for 23 degrees Celsius and a relative humidity of 
23 RH%. Weight of one of the specimen of each plastic was taken prior to conditioning and at three 
different times t1=3.96, t2=5.08 and t3=6.96 days. The results of conditioning are presented in table 4 
and table 5.    

Introduction of test plan 
Prior to testing, surface roughness measurements were taken on all samples to ensure that the 
surface roughness did not have an influence of testresults.Nanoindentation test was performed in 
order to investigate the hardness, reduced Young’s modulus, plastic- and elastic work of the samples. 
An abrasive pin-on-disc testwas performed in order to establish wear and friction characteristics in 
abrasive wear.   

Testing 
Surface roughness measurements 

Prior to testing, surface roughness measurements were taken using MahrPerthometer M2, seen in 
figure 15 and figure 16. An average of five measurements was obtained for the materials mentioned 
above. The plates were placed under a diamond tip which was dragged along the plates’ surface. This 
method is non-destructive.The traveling length of the stylus was about 5,6mm.Results can be seen 
intable3.   

 

Figure15.MahrPerthometer 
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Figure 16.MahrPerthometer 

 

NanoIndentation test 

Micro hardness testing was performed at University of Jönköping using Micro Materials Nanotest 
Vantage. The test set-up is shown in figure 17. Two different loads, 50mN and 250mN were applied 
six times respectively onto the specimens.Every indentation took 10 min to perform and at the final 
position of the indenter was held for 20 seconds. Temperature and relative humidity was 26 degrees 
Celsius and 25% RH respectively.The test was monitored using software given byMicro Materials.The 
nanoindentation was done using a Berkovich tip. Results regarding Young’s modulus, hardness,plastic 
and elastic work done by the indenter can be seen in table 6 and table 7 in result section.  

 

Figure 17. Nano indentation fixture 
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Pin-on-disc test 

Pin-on-disc test was performed at Universityof Jönköping using micromaterials Nanotest Vintage. 
Average surface roughness of the specimens was0,4 µm. The applied pressure was 1N, the velocity of 
the diamond stylus was set to 0.2ms-1. The diameter and surface roughness of the diamond stylus 
was 50 µm and 0.1 µm respectively. The sliding time was set to 180 min which corresponds to a 
sliding distance of 2262m. Temperature inside the testing chamber was 26 degrees Celsius with a 
relative air humidity of 25.2%.   

Specimens were cleaned in acetone and dried before weighed. The back of the plate was clued onto 
the spinning wheel using super glue. Depth of the track, coefficient of friction and frictional force 
were recorded using software provided by micro materials Nanotest vintage.Sampling time was 1s. 
After termination the samples were once again weighed to measure weight loss. The diamond stylus 
was cleaned in acetone to remove the transfer film after each test. Figure18 display the experimental 
set-up.  

 

 

Figure 18. Pin-on-disc test set-up 
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Ls-dyna simulations 
Wear simulation method 

A FEM model for abrasive wear shown in figure 19was created in Ls-dyna. The model was created 
according to geometrical and material properties used in testing.  

 

 

Figure 19. Ls-dyna model 

Loads, contacts, movements, materials, constraints and wear cards were added. The constants (K, H, 
Fn, L, µ) that were used as an input in the models were experimental outputs from in situ testing. 

The files were simulated in implicit mode since there arelow deformations created in wear situations. 
The output of from Ls-dyna was a dynain file containing initial information about the wear process. 
Run file and dynein file were imported in Ls-PrePost where wear calculations were performed. The 
results were put through a smoothing kernel in order to compensate for high stress concentration or 
coarse mech. A schematic image of the process is shown in figure 20.  
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Figure 20.Schematic image of FEM-procedure 

 

Multistage wear 

A multistage wear scenario differs from the original set-up in that way that the geometry is updated 
after a certain number of cycles. If in the original set-up, the geometry remains identical throughout 
the entire simulation, there could lead to high wear concentrations in a small area. By updating the 
geometry, the worn down nods are continuously moved which closer to in situ testing. A schematic 
schedule of the multistage wear process is shown in figure 21. 

 

 

Figure 21. Multistage wear procedure 
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Results 
Result from surface roughness measurement 

Result from surface roughness measurements is shown in table 3. 

Table 3. Surface roughness measurements 

Material Ra (µm) Rq(µm) Rk(µm) Rt(µm) 
PA-0 0.35±0.03 2.40±0.37 0.94±0.17 3.59±0.33 
PA-30 0.36±0.04 3.05±0.40 1.00±0.14 4.42±0.88 
PA-15 0.60±0.01 3.67±0.77 1.46±0.47 4.89±1.87 
PA-30 0.57±0.07 3.44±0.85 1.72±0.20 4.80±1.65 
POM-0 0.35±0.02 2.58±0.16 1.05±0.05 3.12±0.34 
POM-20 0.37±0.03 3.30±0.60 1.12±0.16 4.23±0.88 

 

The surface roughness of the samples already existing at Kongsberg had very similar surface 
roughness. Samples ordered from EMS displayed similar surface roughness. Surface roughness is not 
one of the most important factor in abrasive wear. Additionally, KA-engineering materials used in 
production are not normally polished. Consequently, it is more of interest to perform pin-on-disc 
tests on samples directly from the production line. None of the samples was therefore not polished 
nor grinded.   

Conditioning 

Conditioning was performed at test specimens delivered from EMS i.e. for PA-15 and PA-50. In table 
4, weight of the test specimens at three different times, t0, t1=3.96 days, t2=5.08 days, and t3=6.96 
days is displayed. In table 5, difference in percentage between two consecutive weightings is shown. 
In appendix, figure 1-5,curves of weight evolution and tolerances for each material are displayed.  

Table 4. Weight evolution during conditioning 

Test Material Original at t0 
(mg) 

Weight at t1 
(mg) 

Weight at t2 
(mg) 

Weight at t3 
(mg) 

Pin-on-disc PA-0 832.82 848.07 849.37 849.38 
Pin-on-disc PA-15 930.27 946.19 947.50 947.31 
Pin-on-disc PA-30 1028.88 1042.83 1043.94 1043.87 
Pin-on-disc PA-50 1198.64 1210.42 1211.43 1211.56 
Indentation PA-15 9764.95 9990.34 9974.96 9978.26 
Indentation PA-50 12599.82 12728.19 12742.1 12745.56 

 

Table 5. Percentage evolution during conditioning 

Test Material Differenceat t1 
(%) 

Differenceat t2 
(%) 

Differenceat t3 
(%) 

Pin-on-disc PA-0 1.83 1.00 0.00 
Pin-on-disc PA-15 1.71 1.00 0.02 
Pin-on-disc PA-30 1.35 1.00 0.01 
Pin-on-disc PA-50 0.98 1.00 0.01 
Indentation PA-15 2.10 1.00 0.03 
Indentation PA-50 1.02 1.00 0.03 
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All test specimens were within the accepted tolerance of 0.1% and can therefore be considered to 
have the properties of PA at 23 degrees Celsius and a relative humidity of 50 RH%.   

Micro Indentation test 

Table 6 display mean results from nano indentation test with a maximum load of 50mN.  

Table 6. Nano indentation results with 50mN load 

Material Load (mN) Max.Depth 
(nm) 

Hardness 
(GPa)  

Reduced Young’s 
modulus (GPa) 

Ratio 
Elastic/Plastic 

PA-0 50.02±0.00 4454±180 0.14±0.02 2.87±0.22 0.49±0.02 
PA-15 50.02±0.00 4012±345 0.17±0.03 3.87±0.59 0.44±0.04 
PA-30 50.02±0.00 3711±321 0.20±0.04 4.31±0.50 0.49±0.05 
PA-50 50.02±0.00 3472±363 0.22±0.05 6.22±1.66 0.38±0.04 
POM-0 50.02±0.00 3544±101 0.23±0.01 3.77±0.17 0.71±0.03 
POM-20 50.02±0.00 3369±72 0.25±0.01 4.34±0.23 0.65±0.07 
 

Table 7 display mean results from nano indentation test with a maximum load of 250mN.  

Table 7. Nano indentation results with 250mN load 

Material Load (mN) Max. Depth 
(nm) 

Hardness 
(GPa)  

Reduced Young’s 
modulus  (GPa) 

Ratio Elastic/Plastic 

PA-0 250.02±0.00 10192±515 0.13±0.02 2.71±0.21 0.50±0.03 
PA-15 250.02±0.00 9458±583 0.15±0.03 3.37±0.42 0.49±0.02 
PA-30 250.02±0.00 8599±863 0.19±0.05 4.24±0.58 0.47±0.04 
PA-50 250.02±0.00 6683±539 0.23±0.04 5.26±0.39 0.45±0.01 
POM-0 250.02±0.00 8346±118 0.21±0.01 3.51±0.06 0.67±0.01 
POM-20 250.02±0.00 7519±301 0.25±0.02 4.64±0.43 0.63±0.02 
 

Firstly, the standard deviation of the micro indentation test was low which suggests a small margin of 
error. It is clearly seen that the surface and the bulk hardness and reduced Young’s modulus augment 
with an increase of glass fiber reinforcement.  Due to an increase hardness of the material the 
indenter has a decreased maximum depth. POM-O is harder than PA-50 which indeed lead to a 
decrease in indenter depth even though PA-50 is glass fiber filled. A higher percentage of glass fiber 
increases the stiffness of the material significantly.  

It is also seen that the hardness decreases somewhat with increasing load, which is a 
phenomenonthat has been observed in previous studies. It is due to an indentation size effect. 
During a nano indentation, the total deformation of the specimen does not change upon increased 
load. Thus, as the applied load is increased but the total deformation in constant, Young’s modulus 
and hardness increases.   

In the case of a high ratio Elastic/Plastic, the recoverable deformation energy and elasticity are 
higher. A trend of the more fiber reinforcement the less is the recoverable deformation energy. 
However, the ratio has more to do with intrinsic material properties than fiber reinforcement. Which 
is evident due to the fact that the difference in between the two polymers is bigger than the 
difference within the different polymeric families. An anomaly is found in 50mN PA-30, where the 
ratio Elastic/plastic does not follow the general trend line. That cannot at this point be explained.    
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Generally, a co-polymerization such in the case of PA-0, PA-6 and PA-66, lowers the degree of 
symmetry of the polymer chains. Additionally, PA has big bulky side groups that prevent efficient 
polymer chain packing. The chains become less densely packed and the crystalline part decreases. 
Thus, strength and hardness are decreased. In Table 6 and Table 7, it becomes apparent that the 
hardness is lower for the co-polymerized PA-0 than POM-0.  

Abrasion Pin-on-disc test 

Abrasion Pin-on-disc test was performed at a pressure of 1000mN and a velocity of 0.02 ms-1.In table 
8, all extracted information from the test is shown.  

Table 8.Pin-on-disc test results 

 

A typical Pin-on-disc test for POM-20 curve is shown in figure 22. As can been seen in figure 22, an 
equilibriumbetween the plate and the diamond stylus is attained after 800s. Prior to that point, the 
polymeric plate is subjected to initial wear. Steady state wear is attained where friction is quasi-
constant. The remaining wear and friction data is shown in appendix, figure6-20.  

 

Figure 22. Typical Pin-on-disc test result curve 

 

Material Material loss 
(mg) 

Volume loss 
(m3)*10-10 

K *(10-13) 

(m3N-1m-1) 
Point where steady state 
is reached (m) 

Dynamic 
friction 

PA-0 1.06±0.00 9.35 4.136 353±62 0.6 
PA-30 1.47±0.00 12.9 5.712 629±101 0.3 
PA-50 1.49±0.15 10.7 4.729 878±38 0.4 
POM-0 1.00±0.15 7.09 3.135 371±26 0.4 
POM-20 1.13±0.12 9.80 4.330 444±62 0.2 
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The standard deviation of material loss is low which indicate a low error margin in the performed 
tests. It is clearly seen that neat POM has a higher wear resistance than neat PA. Previous studies 
have concluded that increased hardness equals greater wear resistance which is confirmed in this 
study if glass reinforcement is not taken into account.A higher density has been found to increase 
wear resistance, which is also the case in this experiment. It is not possible exclusively from this test 
to derive to what extent hardness and to what extent density governs wear resistance.  

By comparing wear of glass filled and non-filled polymers within their respective polymer families, it 
is observed that there is a total wear increase of 38%, 38% and 14% with glass fiber reinforcement in 
the case of POM-20, PA-30 and Pa-50 respectively. 

On the level of glass fiber reinforcement, wear resistance is decreasing with increasing fiber 
reinforcement up to a certain point. It is observed from the constant K that the wear resistance 
increases with 50% of fiber reinforcement, making PA-30 the least wear resistant of all tested 
materials. During the wear process, fibers are released from the matrix. Glass fibers are abrasive in 
nature which starts to attack the polymer matrix and the transfer film which leads up to an increase 
in wear. There has to be a certain amount of glass fiber reinforcement in order to have a positive 
effect on wear. Once this threshold is reached, the glass fibers work as a shield, lowering the 
transmission load between the indenter and the polymer. As seen from Pin-on-disc testing, wear is 
diminished at 50% glass fiber reinforcement compared to 30%. Thus, the threshold is attained at 50% 
and a reduction of wear follows.    

The dynamic friction is also higher in the case if PA which could be due to transfer layer formation on 
the diamond stylus. A better transfer layer formation increases friction. Additionally, it has been 
shown that a softer material has a larger contact area, which would in turn increase the coefficient of 
friction which is the case in this experiment.  

The dynamic friction is decreasing with augmenting fiber content. Abrasive glass fibers have the 
advantage of reducing the contact area between the two surfaces. A reduced contact area decreases 
friction substantially. In this case, the dynamic friction is halved when introducing glass fiber 
reinforcement. However, the dynamic fiction is increasing from Pa-30 to Pa-50. An explanation could 
be that the fibers at Pa-50 are attacking the transfer layer. A decreased transfer film would increase 
friction but additional studies have to be made in order to confirm this theory.  

During initial wear, stage the transfer layer formation changes constantly until an equilibrium is 
attained between the two surfaces. Glass fiber reinforcement continuously rupture the bonding 
between the transfer film and the mating surface i.e. the diamond tip. Consequently, it takes a longer 
time to attain steady state wear. Results from this experiment show that the fiber content play a big 
role in the delay of transfer film formation.   

It should also be noted that Pa-50 has a different surface roughness than the other materials. 
However, that effect is in theory negligible in abrasive wear, especially in this case when a diamond 
styling penetrates the surface of a soft polymer.  

As discussed earlier, hardness of a material is the governing factor in Archard’s wear law. 
Theoretically, the harder the material the lower is the material loss. In figure 23, the wear loss is 
plotted as a function of hardness. In figure 24, the wear constant K is plotted as a function of 
hardness. 
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Figure 23. Wear loss as a function of hardness 

 

Figure 24. Constant K as a function of hardness 

As seen infigure 23 and figure 24, it is clearly seen that the hardness solely is not the governing factor 
in wear resistance.  By comparing the hardness of neat PA and neat POM, i.e. removing the influence 
of fiber reinforcement, it is observed that the hardest material has the highest wear resistance. Thus, 
hardness is to an extent,the governing factor in determining wear in KA-engineering materials.  

Another commonly used wear law is Reyes hypothesis which is based upon the hypothesis that the 
frictional work is the governing factor. Since the normal load and sliding distance is the same in all 
cases, volume loss is plotted as a function of coefficient of friction in figure 25. In figure 26, wear 
constant K is plotted as a function of friction. 
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Figure 25. Volume loss as a function of coefficient of friction 

 

Figure 26. Wear constant K as a function of coefficient of friction 

As can be seen in figure 25, there is no linear correlation between volume loss and coefficient of 
friction for all polymeric materials. However, by looking at figure 26, it is seen that there is a 
correlation within the respective polymeric families. The coefficient of friction is increasing with 
decreasing wear. This effect is probably due to the fiber reinforcement content and hardness. Fiber 
content decreases the contact area between the indenter and the polymer, which results in a lower 
coefficient of friction but an increase in wear. In the case of Pa-50, the big amount of fibers destroys 
the transfer layer leading up to a higher coefficient of friction.  

The coefficient of friction from this experiment is approximated from testing results. Due to the high 
speed of the test, the friction data could not be extracted in a high precision fashion.  Further testing 
with a lower rotational velocity or a smaller rotational diameter could be done in order to achieve a 
better approximation of the coefficient of friction.     
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There are two main phenomena during this wear process. A wear increase due to glass fiber 
reinforcement and a wear decrease due to increase in hardness. Figure 27 shows wear in the 
direction normal to the surface as a function of hardness. In this case, wear of the glass fiber filled 
polymers is extrapolated i.e. the glass fiber reinforcement effect is not taken into account.Data 
showed a decrease in wear due to increase in hardness. By extrapolating wear as a function of 
hardness for the glass filled polymers, wear for a polymer with that hardness without glass fiber 
reinforcement is found. The difference between that value and the experimental value is the effect 
of the glass fiber reinforcement. Figure 28, shows the percentage wear increaseas a function of 
percentage of glass fiber reinforcement.Overall wear is increasing with an inclusion of glass fiber 
reinforcement. Thus, the effect of the glass fiber reinforcement plays a greater role than hardness. 

 

Figure 27. Wear as a function of hardness 

 

Figure 28. Influence of glass fiber reinforcement 
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Ls-dyna results 
Verification of Test Parameters 

In order to verify the influence of testing and intrinsic material parameters such as sliding distance, 
velocity, pressure, Young’s modulus etc. in Ls-dyna an investigation of Archard’s law was performed. 
These parameters were isolated and their respective influence compared to the original settings.  

As can be seen in table 9, the sliding distance was reduced by a factor of two. In the first case by a 
termination time and in the second case the number of cycles was reduced compared to the original 
settings. The angular velocity was halved but compensated by termination time in one case and 
number of cycles in the other. Total sliding distance was identical as the original settings. The 
influence of pressure and sliding distance was investigated by increasing the load by a factor of five 
and sliding length by a factor of two respectively. Additionally, the importance of nodal pressure was 
studied. In the latter case, the diameter of the pin was doubled and the pressure was increased by a 
factor of 4 in order to achieve the same nodal pressure. In the simulations, all variables were kept 
constant except for the ones mentioned in table 9.   

Table 9. Investigation of test parameters using Ls-dyna 

Variable Angular velocity 
(rads-1) 

Pressure 
(N) 

Pin Diameter 
(mm) 

Termination 
(s) 

Number of 
cycles (NCYC) 

Original settings 20 1 2 5 100 
Different velocity 10 1 2 10 100 
Different velocity 10 1  2   5  200 
Sliding distance 20 1 2 10 100 
Sliding distance 20 1 2 5 200 

Different applied Pressure 20 2 2 5 100 
Nodal Pressure 20 4 4 5 100 

 

The contact pressure between the pin and the plate was kept very stable during the simulation which 
adds great confidence to the obtained results. Infigure 29, the Force in N is displayed as a function of 
time in seconds.  The force in the z-direction i.e. the applied force remains stable at 1N (red line) 
after 1s until termination time. The force in the y-direction i.e. the frictional force (brown line) is kept 
at 0.5 N after 1s until the end of the simulation. Since there is no force in the x-direction, the blue 
line is equal to 0. 
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Figure 28. RCFORC Result.(Applied force (red line), frictional force (brown line), force in x-direction (blue line)). Force is in 
Newton and time is in seconds. 

Wear results of these different scenarios are displayed in table 10. Wearresults are shown as a 
nominal wear. All wear results were divided by wear of the original settings. Wear calculations are 
based upon Archard’s wear law which is shown in equation 23. Results obtained from the FEM-
analysis were coherent with Archard’s wear law. The velocity does not have any influence of the 
wear result. The sliding distance was doubled which is why nominal wear of two is an expected 
result. Nodal pressure is the contact force in a node divided by associated area. Nominal wear was 
equal in the nodal pressure case where the pin diameter was doubled but compensated with a four 
times higher applied load. All tested parameters have shown to be in very good agreement with 
Archard’s wear law.  

 

Table 10. Wear results from testing parameters investigation. All wear results are divided by the original settings. Wear=1, 
same wear as the original settings. Wear=2 twice as much wear as the original settings.  

 

 

Variable Wear 
Original settings 1 

Different velocity 1 
Different velocity 1 
Sliding distance                                        2 
Sliding distance 2 

Different Pressure 2 
Nodal pressure 1 
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Investigation of material properties in Archard’s wear law 

Additonal investigation of the influence of material parameters was done. PA-0 was chosen as the 
material of investigation. The values in table 11 arethe material properties divided by the values 
given by the reference point. 

All the wear results are from the slave side (polymer material), which is the material of interest.The 
E-modulus has no influence in wear calculations using Archard’s wear law. The hardness of the 
master side (hard material) as no effect on the wear formation of the slave side. However, the 
decreased hardness of the slave side subjected the slave side to more wear.  

Pressure implemented in Archard’s wear law is defined as the normal force divided by area 
associated for the node. All lateral forces such as friction has no influence on wear in Archard’s wear 
law.   

Investigation of Archard’s wear law has proven to be according to expectations. This wear law 
implemented in Ls-dyna is functioning according to equation 23. 

 

Table 11. Test set-up material properties. All wear results are divided by the original settings.  

 

  

Parameter E-modulus hardness Friction Wear 
Original settings 1 1 1 1 

Decreased 
hardness (slave) 

1 0.6 1 1.4 

Decreased 
hardness 
(master) 

1 0.6 1 1 

Decreases E-
modulus (slave 

side) 

0.4 1 1 1 

Decreases E-
modulus 

(master side) 

0.6 1 1 1 

Increased 
friction 

1 1 2 1 
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FEM in comparison with test results 
Simulation results were obtained for each tested material in order to be able to correlate the testing 
data with FEM-results. Testing was performed with two different contact cards 
*contact_automatic_surface_to_surface_mortar and *contact_automatic_surface_to_surface. Test 
results from nano-indentation test and abrasive pin-on-disc test were changed into units used in Ls-
dyna which are shown in table 12.  

Table 12. Unit conversion for Ls-dyna 

Material Volume loss 
(mm3) 

Sliding length 
(mm)*106 

Force 
(N) 

Hardness 
(MPa) 

Friction K 
(mm3N-1mm-1)*10-7 

POM-0 0.71 2.26 1 210 0.4 3.13 
POM-20 0.98 2.26 1 250 0.2 4.33 

PA-0 0.94 2.26 1 130 0.6 4.14 

PA-30 1.29 2.26 1 190 0.3 5.70 
PA-50 1.07 2.26 1 230 0.4 4.73 

 

The interface forces of the slave side for PA-0 are given infigure 30. The blue line displays the applied 
force in N. The green line is the force in the y- direction which in this case is the frictional force. There 
are no forces in the x direction ergo the red line is zero. Time on the x-axis is in seconds, which 
corresponds to the complete run time. The remaining  Rcforc data figures can be found in appendix, 
figure 21-30. As can be seen in figure 30,the contact is stable, there is not much peaks and valleys nor 
in the frictional force nor in the applied force.  

 

Figure 30.Rcforc data 
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Table13, display the FEM results of wear for *contact_automatic_surface_to_surface_mortar contact 
compared to testing results and the percentage error. Table 14, shows the FEM results of wear for 
*contact_automatic_surface_to_surface contact. 

Table 13. Wear results mortar contact 

Material Wear loss testing(mm) Wear loss FEM (mm) Percentage error (%) 

POM-0 0.23 0.77 341 
POM-20 0.31 0.89 285 
PA-0 0.30 1.65 554 
PA-30 0.41 1.54 376 
PA-50 0.34 1.08 318 
 

Table 14. Wear results automatic contact 

Material Wear loss testing(mm) Wear loss FEM (mm) Percentage error (%) 
POM-0 - - - 
POM-20 0.31 0.69 221 
PA-0 0.30 1.30 435 
PA-30 0.41 1.19 290 
PA-50 0.34 0.82 241 
 

Figure 31 and figure 32 show the nodal pressure distribution of the slave surface (softest surface) in 
mortar and automatic contact card respectively. The material below is PA-30. The nodal pressure 
distribution of the other materials can be found in appendix, figure 31-35. Table 15 display the 
theoretical values that would be given by Ls-dyna if there were a perfect contact pressure.  

 

Figure 31. Pressure distribution mortar contact 
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Figure 32. Nodal pressure in automatic contact 

Table 15. Nodal pressure in simulation 

 

It can be observed that the simulated values are a factor 3-5 higher in comparison with the 
experimental values. For the contact card *contact_automatic_surface_to_surface the margin of 
error is smaller than for the other contact card. However, by observing the nodal pressure, it is clear 
that the interface nodal pressure is far from the theoretical value. The contact card 
*contact_automatic_surface_to_surface is thereby rendering less trustworthy than 
*contact_automatic_surface_to_surface_mortar. It should be noted that the nodal pressure in both 
cases is lower than the theoretical values, which is due to a non-perfect contact between the two 
solids (objects). It is expected that the pressure given by FEM and theoretical pressure differ since 
the geometry consist of elastic solids in FEM which are supposed to deform. Additionally, the lower 
solid (the polymer plate), is subjected to a big pressure i.e. big deformation. The lower solid is 
deformed in a bowl like shape and thereby the pressure is not homogeneously distributed on the 
entire surface. Finally, the input pressure at the top of the diamond stylus is not the same as the 
pressure at the surface of the lower object. This give rise to a big difference between FEM and test 
results. Thus, in a case where the pressure would not be as big, the difference in pressure between 
FEM and theoretical pressure would not differ as much. 

It is observed that the measured error decreases with an increase in hardness. Hardness is the 
predominant factor in Archard’s wear law.This phenomenon can be observed since the order 
(highest to lowest) wear changed. Pom-20 is significantly harder than PA-0 which makes the wear in 

Material Theoretical 
Node 

Pressure 
(MPa) 

Node Pressure 
mortar contact 

(MPa) 

Difference 
theoretical to 

FEM (%) 

Node Pressure 
Automatic 

contact 
(MPa) 

Difference 
theoretical 
to FEM (%) 

POM-0 510 231 55 - - 
POM-20 510 232 55 178 65 

PA-0 510 233 54 183 64 
PA-30 510 234 54 179 65 
Pa-50 510 235 54 180 65 
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FEM-lower when testing shows the reverse scenario.Previous studies [44] have found that the 
hardness in not the predominant factor in cases where elastic effect are high i.e.polymers. The softer 
the material the less accuracy has Archard’s wear law. In this case, the materials are polymers, which 
are not in nature hard materials.   

 

 

Figure 33. Error Archard’s law compared to testing 
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Correlation of constant K 
In order to accurately get an estimation of the K-value. Three major effects should be taken into 
account. Two of them are described in the previous section namely the glass fiber reinforcement 
effect and thehardness. The third phenomenon is elasticity/pseudo elasticity which is high in 
polymers and soft metals.Theoretically, hardness plays a bigger role in the case where the ratio 
recoverable deformation energy is low. One of the major reasons why Archard’s wear law is not 
suitable for soft materials is due to this third phenomena.A new wear law is proposed to minimize 
the error between testing and FEM.Theoretical pressure and pressure in FEM is also present so that 
this wear equation is valid for any software with wear application. Equation 25shows the new 
proposed wear law for polymers i.e. Sipett equation. This new wear law is valid for polymeric 
materials with and without glass fiber reinforcement in ambient conditions.Other physical 
phenomena such as temperature dependence, surface roughness and transfer film formation are 
neglected.Figure34 display the error of Archard’s wear law and Sipett equation compared to testing 
results. Detailed information about wear and forces that the plate is subjected to is presented in 
appendix, figure 36-45.  

𝑑𝑑 = 𝑘𝑘′𝑤𝑤𝐿𝐿
𝐻𝐻′

 (25) 

𝐻𝐻′ = 𝐻𝐻(1 − ŋ)(𝑔𝑔 𝑃𝑃𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹

) (26) 

𝐾𝐾′ = 𝐾𝐾𝐾𝐾 (27) 

Whered is wear perpendicular to the surface, K is wear constant from testing, w is load applied, L is 
the sliding distance, H is the hardness, ŋ is the elastic/plastic ratio,𝑔𝑔 𝑃𝑃𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒

𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹
is a constant based on 

pressure error in FEM, f is a constant, 1.0 if there is no glass fiber filling and 1.4 if there are glass 
fibers present. 



54 
 

 

Figure 34. Error FEM to testing 

 

 

 

Table 16. Comparison Archard's wear law to Sipett equation 

Material Error Archard’s wear law (%) Error Sipettequation (%) 

PA-0 554 3.20 

PA-30 376 0.33 

PA-50 317 6.71 

POM-0 341 0.74 

POM-20 284 2.37 
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FEM-simulation in practice 
In the industry, it would be of interest to have get a rapid FEM-simulation with descent correlation to 
testing results without performing any wear tests. A universal correlation of the constant k in 
abrasive wear and fiber content based on hardness is proposed.Figure 35 display the constant K with 
deduced fiber influence as a function of hardness.   
 

 

 

Figure 35. Wear constant K with deduced fiber content 

From this experiment, universal factor 𝐾𝐾′ for any polymeric material is shown in equation 28.  

𝐾𝐾′ = ((5.7624− 0.0125𝐻𝐻) ∗ 10−7) ∗ 𝐾𝐾 (28) 

Where H is the hardness in MPa and f is the fiber constant, f=1.4 if the fiber is glass filled and f=1.0 if 
there is no glass fiber reinforcement.  

Figure36display the Elastic/Plastic ratio as a function of hardness. As can been seen there is not a 
linear relationship between hardness and elastic/plastic ratio. The ratio also differs between 
materials which makes it not possible to have a universal equation for this dependence.  
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Figure 36. Elastic/Plastic ratio as a function of hardness 

The idea of finding wear constant and ultimately the volume loss of a material using this approach is 
simple. By having, the nanoindentation hardness of a material, one can find the elastic/ plastic ratio 
from the graph above. By having these two and the fiber content of the material, it is possible to 
simulate abrasive wear for any KA-engineering polymeric material in ambient temperature. 

To test this wear law, a simulation was made for PA-15 on the nano indentation measurements and 
Sipett equation was applied. Unfortunately, no testing was made on this polymer so no comparison 
to test results can be performed. However, the result isin good agreement in the wear trend. Table 
17 display all FEM simulations including PA-15. 

 

                                                       Table 17.Wear estimation using Sipett equation 

Material Wear (mm) 
POM-0 0.23 
POM-20 0.34 
PA-0 0.33 
PA-15 0.37 
PA-30 0.41 
PA-50 0.37 
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Discussion 
The percentage difference in the FEM model is not a problem as long as the difference is known. The 
difference is at a constant value of 55% in the case of mortar contacts. By taking this factor into 
account the wear can easily be estimated using FEM. The proposed Sipett equation has taken into 
account the difference in pressure.  

Archard’s wear law is not close to experimental values since the degree of elasticity is high in KA-
engineering materials accompanied by low hardness. The error between testing and FEM modelling 
is below 7% with Sipett equation. However, this proposed wear law should be further tested for KA-
engineering materials before being granted as a universal wear law.  The universal factor k’ should 
also be further tested for other materials before being accepted.  

Due to homogenous wear in the FEM-model, multistage wear was not performed. Further on, if wear 
seems to be inhomogeneous, multistage wear simulation could prove to be suitable. The general 
approach how to perform the procedure is explained on page 40 in this master thesis.  

Surface roughness is not an important factor in abrasive wear since the diamond stylus rapidly 
removes the initial asperities. In other wear scenarios such as adhesive wear, this phenomenon 
might have a bigger influence. The new wear law would probably not be suitable in other kind of 
wear.  
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Future Work 
The proposed wear model for abrasive wear is based upon one test. In order to confirm the validity 
of the Sipett equation further testing should be done with other polymeric materials with different 
fiber content. Additionally, the universal factor k’ expression should be put to the test with other 
polymeric materials in order to either conform or reject the hypothesis.  

Better stability in the contact between the two solids should be achieved so that the nodal pressure 
is augmented and that the error percentage compared to the theoretical value is decreased.     

In order to get a full picture of wear in KA-engineering materials, adhesive wear tests and fretting 
test should be performed. It is highly probable that the relationship between wear, hardness, 
elasticity and pressure would look completely different. Adhesion approach or 3d-imaging which is 
explained earlier in this master thesis could be of interest to capture the interactions between the 
two surfaces in contact.  

Both Sipett equation and the universal factor K’ is not temperature dependent which basically means 
that they are only valid forroom temperature. These expressions could be extended to include 
temperature dependence. Testing in climate chambersat different temperatures would have to be 
done as well as take into account temperature in FEM modelling.  

LPV and GSP could be mapped out for KA-engineering material so that it would be easy for an 
engineer to see what wear mechanism and which loads, velocity and temperature a certain KA-
engineering material can support without failure.    

A DSC could measure the change in crystallinity of the resin. Previous research has shown that the 
change in crystallinity play a role in wear at higher temperatures.  

The hardness values used in FEM modelling stem from nano indentation testing. It would be of 
interest to investigate if the scratch hardness would have the same value or if it would differ. It could 
be argued that scratch hardness would be more representative rather than indentation hardness.  

Creep testing combined with wear should be performed in order to get a more accurate wear value. 
In normal use, the application such as a gear shifter is not subjected to wear continuously throughout 
its service life. There are times where the application is not at use where creep is the dominant 
factor. By combining wear and creep the service life would be better estimated.  

For the purpose of continued academic research, it would be interesting to know the wear 
mechanism involved in the wear the polymeric plates are subjected to. This can be achieved with a 
SEM. Additionally, a research of transfer film formation for the different fiber contents and the 
different polymeric resins should be performed in order to validate that the transfer film formation 
differ at different fiber contents. This could also be achieved used SEM,Focused ion beam (FIB) or 
Secondary ion mass spectrometry (SIMS).   

Further investigation about different polymeric resin types could be of interest. Different chain 
lengths since long polymer chains have a tendency to entangle which diminish the degree of 
crystallinity. Correlation between hardness, stiffness and chain length is important to investigate 
further get a high performance polymer.  
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Conclusion 
Nanoindentation and abrasive wear tests were performed at Jönköping University. In 
nanoindentationtest, it was found that an addition of glass fiber reinforcement made the material 
harder and less elastic. Abrasive wear test displayed a mixed phenomenon where hardness, elasticity 
and fiber reinforcement played a big role in wear. The harder the material, the more wear resistant. 
Fiber reinforcement alone did increase wear with around 40%. However, overall wear did not 
increase as much due to an increase in hardness.  

FEM-modelling has been done and compared to testing. Firstly, an investigation of how parameters 
behave in Archard’s wear law in Ls-dyna was performed with expected results. 

Secondly, Archard’s wear law was examined and a big difference in wear was found compared to 
experimental data. Important physical phenomenon such as transfer film formation, abrasiveness of 
glass fiber reinforcement, surface roughness and heat formation are not taken into account. 
According to Archard’s wear law the harder the material the better wear resistance. Physical testing 
showed that is not valid for KA-engineering materials.  

Additionally, a new wear law for abrasive wear at room temperature was successfully implemented 
to take into account the abrasiveness of glass fiber and the elastic behavior of KA-engineering 
materials with a small margin of error compared to testing results. Additionally, a universal value of 
constant K’ was implemented based upon hardness and effect of glass fibers.  
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Appendix 
Sample preparation 
Results from conditioning of test specimens 

 

Figure1. Weight as a functionoftime 

 

Figure2. Tolerence as a functionoftime 
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Figure3. PA-15 

 

Figure4. PA-50 

 

Figure5. PA-50 abrasivewear 

9750

9800

9850

9900

9950

10000

10050

0 2 4 6 8

W
ei

gh
t (

m
g)

 

Time (days) 

Weight as a function of time 

PA-15

1196
1198
1200
1202
1204
1206
1208
1210
1212
1214

0 2 4 6 8

W
ei

gh
t (

m
g)

 

Time (days) 

Weight as a function of time 

PA-50

12580
12600
12620
12640
12660
12680
12700
12720
12740
12760

0 2 4 6 8

W
ei

gh
t (

m
g)

 

Time (days) 

Weight as a function of time 

PA-50



65 
 

Testing results 
POM-0 

 

Figure6. POM-0 

 

Figure7. POM-0 
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Figure8. POM-0 

POM-20 

 

Figure9. POM-20 
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Figure10. POM-20 

 

 

Figure11. POM-20 
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PA-0 

 

Figure12. PA-0 

 

Figure13. PA-0 
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Figure14. PA-0 

PA-30 

 

Figure15. PA-30 
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Figure16. PA-30 

 

Figure17. PA-30 
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PA-50 

 

Figure18. PA-50 

 

Figure19. PA-50 
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Figure20. PA-50 
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Ls-dyna results 
Rcforc, resultant interface pressure 

*contact_automatic_surface_to_surface 

 

Figure21. PA-0 

 

Figure22. PA-30 
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Figure23. PA-50 

 

Figure24. POM-0 

 

Figure25. POM-20 
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*contact_automatic_surface_to_surface_mortar 

 

Figure26. PA-0 

 

Figure27. PA-30 
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Figure28. PA-50 

 

Figure29. POM-0

 

Figure30. POM-20 
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Wear 

Mortar-contact 

 

Figure31. PA-0 

 

 

Figure32. PA-30 
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Figure33. PA-50 

 

Figure34. POM-0 
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Figure35. PA-0 

 

 

 

Sipett wear law 

Rcforc interfacial resultant forces 

 

 

Figure36. PA-0 
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Figure37. PA-30 

 

 

Figure38. PA-50 
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Figure39. POM-0 

 

Figure40. POM-20 
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Wear Sipett equation 

 

Figure41. PA-0 

 

Figure42. PA-30 
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Figure43. PA-50 

 

Figure44. POM-0 

 

Figure45. POM-20 
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