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ABSTRACT

Recently, scratch technique is widely used for characterizing the mechanical properties of a
wide range of surfaces. In the engineering applications and in order to determine the relative
hardness of materials, coatings and paints evaluations, and appraisal a variety of material
damage countenance when subjected to asperity of the hard counterface, a scratch test was
successfully used. In the current work, we have reviewed theoretical models that have been
developed in the field of scratching and the scratch way that used for characterization
polymeric surfaces. In order to design scratch-resistant polymers, we also discussed the
various wear and scratch damage mechanisms for polymer and its composites. In addition,
we discussed the influence of types and concentration of filler on the wear and scratch
resistance. The aim of this work is to review the theoretical models that have been developed
in the field of scratching and the scratch way that used for characterization polymeric surfaces.
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INTRODUCTION

Tribology is the science that includes a varied portion of machinery, surface engineering,
friction, chemistry and lubrication between interacting similar and dissimilar surfaces in
relative motion. The major target in a large portion of these cases is to diminish material harm
or deterioration to a minimum or to increase their resistance (Dasari, Yu, and Mai 2009). Due
to the importance of transparent polymers in many applications such as an optical lens and
windows of aircraft, many research highlighted the weak characteristics of these materials
such as poor abrasion resistance and weather ability (Lee and Jo 2002). The environmental
temperature, moisture, the relative velocity of the interacting surfaces and the normal load, are
a critical factors in the determined the surface properties of polymers. (Friedrich Klaus 2008).
Most polymers in their pure state do not have acceptable wear resistance and perfect friction
coefficient. The first solutions to solve this problem were using a metal coating layer deposit
on the surface of polymer; the disadvantage of this manner is the huge difference in the
“elastic strain” zones between the polymer substrate and coating layer (metal). While in the
second generation, a high scratch resistance was obtained by increasing the hardness of the
coating due to introduce polysiloxane and acrylic materials, which have elastic strain zone in
the same limit with the substrate. Recently, nanomaterial was utilized as a filler to prepare
anti-friction coating (Demirci, Gauthier, and Schirrer 2005)(Ammar Al-kawaz, Hadi, and
Hamzah 2017). The use of fillers or slippage agents can improve the tribological properties of
polymeric coatings that used in surface applications by reducing the friction coefficient and
hence wear rate as well as to improve the mechanical properties such as elastic modulus, these
fillers can increment the elastic response component in an elastoplastic behavior of the
coating (A Al-kawaz et al. 2016) (Dasari, Yu, and Mai 2009) (Gauthier et al. 2006). A variety
of fillers are utilized with polymer composites like inorganic particles to upgrade the
mechanical properties of polymers and the stiffness, and toughness of the resultant composite
is dependent on the particles size of the reinforcement particles(Friedrich, Zhang, and Schlarb
2005). Due to their low-cost and availability of nanoparticles CaCO3z are blended with PP in
the nanometric scale in the polymer matrix to enhance mechanical and electrical properties,
rheological and physical properties (Liang 2007)(Nano-cac, Behavior, and Properties
2006)(A. E. Al-kawaz 2018).

FRICTION AND WEAR MECHANISMS OF POLYMER SURFACES

Investigation how to determine the frictional force in a polymer surface during wear sliding
against a harder counterpart is important to comprehend the overall tribological performance
and the mechanism of tribological behavior of the polymeric surfaces(B J Briscoe 1981). If
we impose that the counterface is hard adequately as a compare with polymer mate surface
and suffer only moderate or no elastic damage, the frictional forces( tangential force)which
represented as a result of the cohesive and interfacial work achieved on the polymer surface
can be suggested by the two-term pattern (Brian J Briscoe and Sinha 2013a). In the frictional
process, the included surface layer of the polymer can be categorized into two regions (Figure
1): the interfacial region with a depth of about 100 nm and according to the depth of the
coating thickness, which called cohesive zone. Consequently, the resultant frictional force that
generated from the “real contact area” of the interfacial region and the “shear stress” of the
subsurface zone. Interfacial frictional work depends on many factors like the polymer
hardness, glass transition temperature, crystallinity, counterface roughness, and this friction is
result of the adhesive interactions between the polymer surfaces and the hard asperities
(Friedrich Klaus 2008).

POLYMER AND POLYMER COMPOSITES SCORCHING BEHAVIOR

To study the material surface properties, a variety of techniques can be used such as
indentation and scratch tests (H. Pelletier, Gauthier, and Schirrer 2009). Characterization
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tribological performance for polymers by scratching is the best replacement test to traditional
wear, where a hard indenter is squeezed onto the material under normal load and moves
approaching to the material, and the ability of the material to resist the mechanically induced
surface damage under those conditions called scratch resistance. The apparent friction can be
represented by the ratio of friction force to applied normal load on the tip that moved across
the surface papp. Great friction can be realized by scratching process. In the front of the
sample, the indenter was entirely resisted while in the rear half, only partially by elastically
recovered material(B J Briscoe and Sinha 2003). During the scratching process, two main
forces that act, the first force is a normal load which have vertically effect on the contact
area between the indenter and the materials. while the frictional force which represents as a
material’s resistance against indenter dynamics in the tangential direction (Figure 2)(Mansha
et al. 2011). The normal load can be defined as a scratch hardness and “tangential hardness”
according to the “frictional force” and the “scratch hardness” can be calculated from these
two forces (B J Briscoe and Sinha 2003). Thus, for elastic contact scratch hardness can be

calculated from:
4

Hﬂ' = .‘T':ﬁ!:': (1)
Where W represents the applied load and d is the residual width of the groove after scratching
experiment. Equation (1) applied when the material has a fully elastic behavior and
completely recovered at the rear end of the movable indenter. While for the state of
completely plastic or viscoelastic behavior, the scratched material at the contact will not

completely support the rear half of indenter, so we can write: (B J Briscoe and Sinha 2003):
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H — @)
3 md?

Consequently, scratch hardness can be calculated from:

H, = 2 ©

Where g equal unity for material have a completely elastic behavior and 2 for material have a
completely plastic behavior. While for material like polymers, the parameter q is between 1
and 2, due to viscoelastic and viscoplastic behavior, and the tangential hardness is generally
particular as (B J Briscoe and Sinha 2003):

Hy = j—i (4)
Where Fs represents the tangential force while At is the contact area tangential direction.
It should be analysis the groove width and surface micro-features such as cracks, crazes, and
plastic flows to illustrate the material damage from the scratch process. However, all
polymers showed a complex scratch behavior and it is a function for the response of the
material, test conditions like applied normal load and velocity, and, tip geometry(B. J.
Briscoe 1998). Most of the polymers have viscoelastic and viscoplastic properties and
characterization their scratch resistance is very complex and this because their behavior is
strongly dependent conditions of the test such as contact geometry, normal load, loading rate,
sliding velocity, surface topography (Hervé Pelletier, Mendibide, and Riche 2008). To
enhance scratch performance for polymer a three suggested paths can be used: (Demirci,
Gauthier, and Schirrer 2005)

» Controlling the ratio between elastic modulus E and ultimate yield stress oyiels in the range

that makes the material having mechanical properties and acceptable scratch resistance.
» Incorporating a strain-hardening effect in the bulk material, to raise the participation of the
elastic in the elastic-plastic action.

» Using coating film as anti-friction layer.
Depending on nature, volume fraction, size and geometry, matrix, and test conditions,
nanoparticles play a major in controlling the resistance of polymers in the friction and wear.
An efforts to study the tribological performance of PEEK and its nanocomposites showed that
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adding Si3N4, SiO2, and SiC in nanoscale have a great impact in the reduction of the friction
of PEEK (Figure 3)(Brian J Briscoe and Sinha 2013Db). So to recognize the impact of nano-
filler, the paths of wear surfaces of pristine PEEK and PEEK/SiO2 nanocomposite were
investigated using SEM (Figure4). SEM images for the wear surfaces demonstrated a clear
plowing behavior seem on the worn path of pure PEEK, while for the PEEK nanocomposite,
the scuffing or plastic deformation was disappeared. This improvement in the tribological
performance was attributed to forming a uniform and coherent transfer film on the counter
surfaces in the case of nanofilled composite, while a dense, rough, and disconnected transfer
layer was created in the case of pristine PEEK which caused a sharp plowing on the surface
during scratching it by the hard counter surface. as a result, it could understand that the
transfer films have a major function in enhancing the tribological performance of polymer
nanocomposite, by modifying principle mechanisms of friction and wear(Friedrich Klaus
2008)(Brian J Briscoe and Sinha 2013b).

THE MECHANISMS OF WEAR AND SCRATCH DEFORMATION FOR POLYMER
AND ITS COMPOSITES

During sliding two bodies against each other with an influence of a normal load, normally,
the body having the softer surface loses its mechanical cohesion and created scrap from the
contact region and consequentially wear deterioration polymers showing several styles of
damage (ironing, ductile plowing, ductile/brittle machining, tearing, cracking, delamination,
fatigue, abrasive, and adhesive) due to their strongly sensitive to scratch/wear effect. The
indenter geometry, normal load, speed, and lubrication conditions are represent the main
factors that effected scratch damage process (Hadal and Misra 2005)(Mansha et al. 2011).

In the case of polymer nanocomposites, the size, aspect ratio, hardness, concentration and
particles orientation, the interfacial bond between polymer and particle, surface chemical
reactions, and transfer films that may appear as a results of interaction the particles with
counterface sliders, may an important role in controlling of the wear and scratch deformation
, which make comprehension the tribological behavior of these materials is very
complex(Friedrich Klaus 2008). In general, depending on the material properties and the state
of applied load and quantity, the damage in polymers can be classified into two categories:
ductile deterioration such as “shear yielding” and “ironing and brittle” deterioration which
represented by crazing and cracking, for a variety of polymeric materials, it has been seen a
variety scratch damage brows, like mar, fish-scale, parabolic crack, and material
elimination(Britain 1998). Han Jiang et al (2009), they study the elastic, viscoelastic
deformation and time dependency for four different types of polymers: strong ductile, weak
ductile, weak brittle and strong brittle using scratch test under a low load and stress level.
Plastic deformation takes place into the TPO substrate which figuration a cyclic concave
deterioration in the direction of the scratching path as illustrated in figure(5a) shows the
scratch deformation mechanism at the commuting zone from the primary deterioration to the
fish-scale deterioration of TPO. With further increase in the normal load a fish scale damage
style can be observed as illustrated in figure(5b). For PS the fake-fish-scale style is hardly
apparent and conjugated cracks in micro-scale as can be illustrated by figure(5c)(Jiang,
Browning, and Sue 2009). For PC and Epoxy, there is no evident scratch deterioration at a
normal load below 70N. After that, the dominant deformation style is the parabolic cracks as
can be seen from figure(6a), and because of the brittle nature, the cracks increased
immediately in a brittle mode the moment that they are created and this “parabolic brittle”
deterioration trait becomes further systematic and intensive with a growing scratch
load(Hodge and Nieh 2004). For PC, the parabolic crack deterioration is a little unlike from
those generated in friable matrices, due to the ductile nature of PC as can be shown in figure
(6b). When the scratch load increases continuously, material removal will begin and a
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considerable material is dislocated from the surface. Altering the fish-scale pattern by the tear
of this periodic fish-scale fashion of TPO was illustrated in figure(7a). Figure(7b) clarified
the change from “pseudo-fish-scale” mode mingled with crazes/voids to the material
dislocated of PS, while PC suffered a change state from “parabolic crack” mode to the
dislocation mode as showed in figure(7c)(Jiang, Browning, and Sue 2009).

THE IMPACT OF FILLERS TYPE ON THE WEAR PERFORMANCE OF
POLYMER MATRICES

The formulation of composites can be classified into two categories. First soft and lubricate
phases are incorporated in a continuous relatively “hard phase’ and the second” is a ‘rigid
phase’ reinforced ‘soft phase’ matrix (Stachowiak 2006). Utilizing the inorganic particles as
reinforced filler have a great impact on enhancing the mechanical and tribological properties
of polymers. A few factors employed to characterize the reinforcement performance of the
composite matrix, such as microstructure of the resultant composite, size, and shape of the
reinforcement agents, dispersibility and the interfacial bonding between filler and matrix.
Used a low percentage from inorganic particles approximately 1-4 vol. % with a nanoscale is
sufficient to improve the wear resistance of polymers (Wetzel et al. 2002).

SOFT ADDITIVE IN A HARD MATRIX

The major usefulness of introducing the soft phase in a hard matrix such a soft lubricating is
to lower coefficient of friction and wear loss, by providing low shear stress or self-lubricant
material in a hard matrix, such as adding graphite or PTFE to the PEEK to promote its
tribological behavior. On the contrary, addition this material doesn't improve the mechanical
performance like elastic modulus or tensile strength. The effect of adding a big amount of
these soft phases can increase the wear rate due to the decadence in mechanical properties
(elastic modulus and strength). MoS,, CuS and CaF», aliphatic amides and silicone resins and
fluids are the popular soft and lubricating material that can be incorporated in the
polymer(Brian J Briscoe and Sinha 2013b)(Wypych 2005).

HARD ADDITIVE IN A SOFT MATRIX

In order to increment the matrix stiffness, a hard and strong phase should be incorporated with
it. Regarding a friction, the self-lubricate nature of the matrix plays a major role, where the
wear resistance is enhanced and that because of incorporating the hard phase that can enhance
the ability to carry the load for the resultant composite. Many types of hard phases like glass,
carbon fibers and many other types of hard particles like ceramic oxides are utilized with
thermoplastic or thermoset matrices to produce polymer composites and showed variety
effects. There are many kinds fillers such as glass fiber, carbon fiber, aramid fiber were
widely used and have a great effect in raising the strength of the polymeric matrices like
PTFE, polyamides, PEEK or phenolic resin.These composites mostly have a diminish wear
rate compared with the pristine polymers, but still, number of factors like environment and
fibres type have a great impact on the extent and the relative effectiveness of each filler
(Friedrich Klaus 2008). Al-kawaz et al, they reinforced PMMA coating layer with MWCNT-
grafted-PMMA and they showed that the coefficient of friction decreased with increasing the
thickness of the PMMA layer on MWCNT walls or with an increasing weight fraction of
polymer that grafted with the MWCNT surface (A Al-kawaz et al. 2016). Li-Jun Cui et al.,
they study the effect of using multi-wall carbon nanotubes (MWCNTSs)functionalized with
carboxyl groups and amino groups, on the friction and wear resistance of the epoxy resin
utilizing M-2000 wear testing machine at a variety of sliding speeds and applied normal
loads. The resultant composites which reinforced with  MWCNTSs showed a decrease in the
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friction coefficient and wear rate, and the later decreased with increment the loading of
MWCNT(Cui et al. 2013)

HYBRID POLYMER COMPOSITES

Recently many efforts employed inorganic filler in nanoscale with traditional fillers to
develop a new hybrid composite by combining (A. E. Al-kawaz 2018). Wetzel et al. (2002)
they clarify that utilizing nano-Al2O3 (13 nm) and micro-CaSiO3z (4-15um) can enhance
wear resistance and stiffness of epoxy(Wetzel et al. 2002). An acceptable level of friction and
wear can be gained for a polymer matrix, due to the presence of both soft and hard strong
phases and consequently, can promote the self-lubricating and load-carrying performance of
the matrix. Merge of many types of hard filler such as glass fibre, carbon fiber or aramid fiber
with soft and lubricating materials like PTFE, MoS, or CuS. could give the resultant
composite superior wear resistance and minimum friction coefficient (Stachowiak 2006).
Guillaume Klein et al. They investigated the effect of adding SDS to the acrylic-
carboxylated latex and they found that increasing the percentage of SDS in the acrylic films
caused increasing Young has and shear storage module, due to behave the aggregated
crystallizes that forming in the bulk of the films, as a reinforcing filler. The migration of SDS
to the surface can greatly decreasing shear stress due to the lubrication nature for SDS, which
caused decreasing the friction coefficients(Houérou et al. 2017). Browning et al., they showed
that a considerable increment in the scratch resistance can be gained by adding hybrid fillers
talc and erucamide to TPO polymer, which revealed an acceptable development in the scratch
performance have been accrued such as coefficient of friction and the resistance to plastic
deformation, while there is no considerable alteration in scratch hardness. SEM images
showed a clear accumulation in untreated talc particles which may prevent migrated
erucamide to reached to the free surface of polymers and this explains the poor scratch
resistance for the resultant composites (Browning et al. 2006). A considerable increase in the
mechanical strength and acceptable bonding strength of the transfer film were performed due
to the presence of nanoparticles. It is thus apparent that polymer reinforced with hybrid filler
(inorganic nanoparticles and slipping agent) could provide synergy in terms development of
wears performance.

CONCLUSION

Significant researches have been done in the area of tribological performance for
thermoplastics and its nanocomposites which evidences that this subject is quite modern. For
various kinds of polymers, different scratch deterioration styles have been specified, and with
regard to the applied load level, the scratch deterioration styles, and the development process
were described and discussed. Study the considerable factors that have, like the nature of the
polymer, filler kind, filler concentration, volume, and form, as well as the response of the
tribological behaviour of the polymer matrix by the test conditions.
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Fig.(3): Variation in a) friction coefficient and b) volume loss of PEEK and its composites
using carbon steel ring (Brian J Briscoe and Sinha 2013b)

Fig.(4): SEM micrographs of the worn surfaces of the pure PEEK and its composites filled
with 7.5 wt.% nanometer SiO- (load: 196 N; sliding velocity: 0.445 m s™!; test duration: 90
min) (a) pure PEEK; (b) SiO2/PEEK(Brian J Briscoe and Sinha 2013b)
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Fig.(5): SEM of “fish-scale” deterioration: (a)beginning of “fish-scale “genesis for TPO; (b)
progressing “fish-scale” for TPO; and (c) “pseudo-fish-scale” style mixed with “crazes/ voids
for PS” (Jiang, Browning, and Sue 2009)

Y

Fig.(6): SEM of “parabolic crack” style in: (a) Epoxy; and (b) PC
(Jiang, Browning, and Sue 2009)
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200 pum

Fig.(7): SEM of the beglnnlng material dislocation zone in (a) TPO; (b) PS; and (c) PC(Jiang,
Browning, and Sue 2009)
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