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ABSTRACT

Purpose: of this paper is to present results of wear resistance investigations of epoxy-hard coal 
composites produced by gravity casting

Design/methodology/approach: In short introduction wear resistance of polymers is presented, 
methods used to prepare composites together with short characterization of physical properties of 
applied fillers are described. Wear resistance of the specimens was determined using Schopper-
Schlobach method and APGi device. During the test, the rigidly fixed specimen moves with constant 
velocity along a rotating cylinder with abrasive paper type corundum P60 on its surface. Wear 
resistance of specimens was determined after 20 meters distance of abrasion under pressing load 
of10Nand expressed as the weight loss of the specimen after abrasion.

Findings: Addition of the hard coal particles into the epoxy resin matrix caused a decrease of the wear 
resistance. Wear resistance decreased in a little extend with increasing filler content. Statistical analysis of 
achieved results showed that the influence of hard coal on wear resistance is significant comparing neat 
resin and filled resin but is not significant comparing composites with different solid particles content.

Practical implications: Tested composite materials can be applied among others in electrical or 
chemical industry where electrical properties are important but wear resistance is not so important.

Originality/value: New types of epoxy-hard coal graded composites were tested. It was demonstrated 
that by proper gravity casting technology control it is possible to produce graded composites for which 
hard coal particles do not deteriorate the wear resistance in significant extend.
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1. Introduction 

One of the most important phenomena, which governs all 
high performance construction materials, and therefore the 
polymer materials, is friction. Much of the energy produced on 
a global scale is used to overcome friction. Under the influence of 
surface friction materials being in mutual sliding or rolling 
contact undergo abrasion. The main reason of abrasion is surface 

roughness and the presence of solid particles or foreign material at 
the contact layer. Therefore, reducing these two tribological 
phenomena (wear and friction) may very well lead to large 
economic benefits [1-4]. 

Polymeric materials as the solid bodies are made of 
macromolecules linked together by intermolecular forces (mainly 
Van der Waals) or first order chemical bonds in thermosetting 
resins. Large cohesion forces and thus advantageous 
characteristics of some polymers enable to apply them as 
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engineering plastics. One of the main advantages of polymeric 
materials is that their properties can easily be changed and 
optimized by different ways of modification. The most widely 
applied method of modification is addition of fillers and 
reinforcements. Also tribological properties of polymers can be 
modified by changes in chemical structure, by mixing different 
polymers, by plasticizing and by the introduction of additives with 
special properties [5-8]. 

Filled and reinforced polymeric materials are being used 
increasingly in tribological applications. Filled polymers are 
macroscopically heterogeneous, consisting of filler solid particles 
homogeneously dispersed in a polymeric matrix. Due to 
modification possibilities the same materials may be used for 
sliding elements, where low friction and low wear is required, and 
for clutches and brakes, where high friction and low wear is 
required. Operation of fillers depends on their chemical structure, 
physical structure, degree of fineness, shape of particles, the 
parameters defining the nature of the interaction in the system 
polymer-filler. Interaction of polymers with fillers is not limited 
to phenomena occurring at the interface, but also affects the 
density of molecules of the matrix around the filler particles. Very 
important is also volumetric content of filler and not in all cases 
high content cause wear resistance enhancement. In all cases 
tribological behaviour of filled polymer is not determined by 
individual material characteristics but is a function of whole 
tribological system. Tribological characteristics are determined by 
microstructure, surface morphology of materials being in contact, 
the stress and sliding rate conditions and many other parameters 
of tribosystem [9].  

In most cases polymeric materials interact in tribological 
systems with metals and metallic alloys, especially with steels. 
There are not so many polymers that are applied in  
“steel-composite” tribological pairs. The most popular are PA 
(polyamide), PTFE (polytetrafluoroethylene), PBT 
(polybutyleneterephtalate), PET (polyethyleneterephtalate) POM 
(polyacetal), UHMW-PE (ultrahigh molecular weight 
polyethylene), PI (polyimide), PEEK (polyetheretherketone) and 
reinforced or filled phenolic resins.  

There are many different mechanisms involved in wear of 
filled polymeric composites. Usually all phenomena are divided 
into adhesive, abrasive, surface fatigue and tribomechanical 
mechanisms. For filled polymer composites further classification 
is also possible: matrix wear (plowing, cutting, microcracking), 
filler wear (sliding wear), matrix cracking, filler cracking, filler-
matrix delaminating (interfacial separation) [9]. Additionally the 
tribological system is changing during wear process by formation 
of debris layer between two materials. Depending on the nature 
and properties, the debris may act as additional abrasive material 
or as separating and lubricating layer decreasing wear action. 

The next important problem related with wear resistance of 
polymeric materials is wear testing. All methods are based on 
appropriate type of tribological loadings such as sliding, rolling, 
sliding with rolling or oscillating sliding [10]. Less widely for 
polymeric materials are used stream methods. Almost all wear 
tests results are given as sample’s weight loss or worn material 
weight. Results are highly method sensitive and because of this 
for every research results presentation applied method has to be 
precisely described. Also tests conditions are very important. 
Temperature highly influences wear properties of polymeric 

materials, so it is very important to perform tests in precisely 
controlled temperature. In many cases temperature chambers are 
recommended and applied. Also sliding and loading conditions 
and counter-bodies surface properties must be thoroughly 
examined and keep constant. In wear tests reports wear 
parameters also have to be given. Due to complexity of polymeric 
materials wear processes, test should be adopted as much as 
possible to conditions during future application [10]. 

Together with invention of new class of engineering materials, 
functionally graded materials (FGMs), new possibilities of wear 
properties modification arose [11]. These materials are especially 
interesting because wear resistance is usually demanded only in thin 
outer layer of ready parts and structural elements. Shaping 
composition and structure gradation it is possible to produce parts 
with given thickness of wear resistance layer.  

Functionally graded materials are an innovative and attractive 
class of composite materials. If the functional gradient is properly 
designed, FGMs may show unexpected properties, which differ 
from those of the single ingredient materials and also from those 
of the traditional (not graded) composite materials having the 
same mean composition [12-23]. 

Polymeric Graded Materials (PGMs) may be constructed 
entirely from one polymer with changing chemical or physical 
structure or from mixtures of two or more polymers, or they may 
be at least two-components composite, composed of a polymer 
matrix and filler. Gradation of composition and structure and in 
this way gradation of properties may be achieved due to chemical 
processes (crosslinking, grafting, co-polymerization) or due to 
physical processes (sedimentation, diffusion, dissolution, mixing, 
creating a new phase) or in any other method that changes 
properties in different extend in different places of a volume of 
polymeric material. For the purpose of presented research the 
most important are composites consisting of polymeric matrix and 
solid filler particles [24-29]. 

The combination of different matrix and filler (dispersed 
phase) materials enables to develop composite material with 
a wide range of functional properties: mechanical, chemical, 
electrical, magnetic, optical and many others. These materials 
have many advantages such as ease of processing, high efficiency 
of manufacturing processes, the resulting low density of 
composite and other but the main advantage of graded materials 
and among them polymeric graded materials is combining regions 
of materials with different properties without definite boundaries. 
In this way many problems are avoided such as poor adhesion 
between these regions (e.g. layers), thermal stresses by 
temperature differences and other [30]. 

Many technologies have been developed so far for producing 
graded materials which significantly increased the scope of their 
application. Polymer graded materials can be prepared using 
known techniques of polymeric materials processing, among 
others, compression moulding, extrusion, casting, spraying and 
coating but also many modern techniques are applied such as 
selective laser sintering (SLS), in situ polymerization, electron 
beam radiation, corona discharge and many others. One of the 
basic requirements to achieve designed properties gradation is 
elaboration of relations between structure and composition 
gradation on one side and properties gradation on the other side. 
The second problem which has to be solved is to find relations 
between production technologies parameters and gradation 

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.readingdirect.org
http://www.readingdirect.org


169READING DIRECT: www.archivesmse.org 
 

 

1. Introduction 

One of the most important phenomena, which governs all 
high performance construction materials, and therefore the 
polymer materials, is friction. Much of the energy produced on 
a global scale is used to overcome friction. Under the influence of 
surface friction materials being in mutual sliding or rolling 
contact undergo abrasion. The main reason of abrasion is surface 

roughness and the presence of solid particles or foreign material at 
the contact layer. Therefore, reducing these two tribological 
phenomena (wear and friction) may very well lead to large 
economic benefits [1-4]. 

Polymeric materials as the solid bodies are made of 
macromolecules linked together by intermolecular forces (mainly 
Van der Waals) or first order chemical bonds in thermosetting 
resins. Large cohesion forces and thus advantageous 
characteristics of some polymers enable to apply them as 

engineering plastics. One of the main advantages of polymeric 
materials is that their properties can easily be changed and 
optimized by different ways of modification. The most widely 
applied method of modification is addition of fillers and 
reinforcements. Also tribological properties of polymers can be 
modified by changes in chemical structure, by mixing different 
polymers, by plasticizing and by the introduction of additives with 
special properties [5-8]. 

Filled and reinforced polymeric materials are being used 
increasingly in tribological applications. Filled polymers are 
macroscopically heterogeneous, consisting of filler solid particles 
homogeneously dispersed in a polymeric matrix. Due to 
modification possibilities the same materials may be used for 
sliding elements, where low friction and low wear is required, and 
for clutches and brakes, where high friction and low wear is 
required. Operation of fillers depends on their chemical structure, 
physical structure, degree of fineness, shape of particles, the 
parameters defining the nature of the interaction in the system 
polymer-filler. Interaction of polymers with fillers is not limited 
to phenomena occurring at the interface, but also affects the 
density of molecules of the matrix around the filler particles. Very 
important is also volumetric content of filler and not in all cases 
high content cause wear resistance enhancement. In all cases 
tribological behaviour of filled polymer is not determined by 
individual material characteristics but is a function of whole 
tribological system. Tribological characteristics are determined by 
microstructure, surface morphology of materials being in contact, 
the stress and sliding rate conditions and many other parameters 
of tribosystem [9].  

In most cases polymeric materials interact in tribological 
systems with metals and metallic alloys, especially with steels. 
There are not so many polymers that are applied in  
“steel-composite” tribological pairs. The most popular are PA 
(polyamide), PTFE (polytetrafluoroethylene), PBT 
(polybutyleneterephtalate), PET (polyethyleneterephtalate) POM 
(polyacetal), UHMW-PE (ultrahigh molecular weight 
polyethylene), PI (polyimide), PEEK (polyetheretherketone) and 
reinforced or filled phenolic resins.  

There are many different mechanisms involved in wear of 
filled polymeric composites. Usually all phenomena are divided 
into adhesive, abrasive, surface fatigue and tribomechanical 
mechanisms. For filled polymer composites further classification 
is also possible: matrix wear (plowing, cutting, microcracking), 
filler wear (sliding wear), matrix cracking, filler cracking, filler-
matrix delaminating (interfacial separation) [9]. Additionally the 
tribological system is changing during wear process by formation 
of debris layer between two materials. Depending on the nature 
and properties, the debris may act as additional abrasive material 
or as separating and lubricating layer decreasing wear action. 

The next important problem related with wear resistance of 
polymeric materials is wear testing. All methods are based on 
appropriate type of tribological loadings such as sliding, rolling, 
sliding with rolling or oscillating sliding [10]. Less widely for 
polymeric materials are used stream methods. Almost all wear 
tests results are given as sample’s weight loss or worn material 
weight. Results are highly method sensitive and because of this 
for every research results presentation applied method has to be 
precisely described. Also tests conditions are very important. 
Temperature highly influences wear properties of polymeric 

materials, so it is very important to perform tests in precisely 
controlled temperature. In many cases temperature chambers are 
recommended and applied. Also sliding and loading conditions 
and counter-bodies surface properties must be thoroughly 
examined and keep constant. In wear tests reports wear 
parameters also have to be given. Due to complexity of polymeric 
materials wear processes, test should be adopted as much as 
possible to conditions during future application [10]. 

Together with invention of new class of engineering materials, 
functionally graded materials (FGMs), new possibilities of wear 
properties modification arose [11]. These materials are especially 
interesting because wear resistance is usually demanded only in thin 
outer layer of ready parts and structural elements. Shaping 
composition and structure gradation it is possible to produce parts 
with given thickness of wear resistance layer.  

Functionally graded materials are an innovative and attractive 
class of composite materials. If the functional gradient is properly 
designed, FGMs may show unexpected properties, which differ 
from those of the single ingredient materials and also from those 
of the traditional (not graded) composite materials having the 
same mean composition [12-23]. 

Polymeric Graded Materials (PGMs) may be constructed 
entirely from one polymer with changing chemical or physical 
structure or from mixtures of two or more polymers, or they may 
be at least two-components composite, composed of a polymer 
matrix and filler. Gradation of composition and structure and in 
this way gradation of properties may be achieved due to chemical 
processes (crosslinking, grafting, co-polymerization) or due to 
physical processes (sedimentation, diffusion, dissolution, mixing, 
creating a new phase) or in any other method that changes 
properties in different extend in different places of a volume of 
polymeric material. For the purpose of presented research the 
most important are composites consisting of polymeric matrix and 
solid filler particles [24-29]. 

The combination of different matrix and filler (dispersed 
phase) materials enables to develop composite material with 
a wide range of functional properties: mechanical, chemical, 
electrical, magnetic, optical and many others. These materials 
have many advantages such as ease of processing, high efficiency 
of manufacturing processes, the resulting low density of 
composite and other but the main advantage of graded materials 
and among them polymeric graded materials is combining regions 
of materials with different properties without definite boundaries. 
In this way many problems are avoided such as poor adhesion 
between these regions (e.g. layers), thermal stresses by 
temperature differences and other [30]. 

Many technologies have been developed so far for producing 
graded materials which significantly increased the scope of their 
application. Polymer graded materials can be prepared using 
known techniques of polymeric materials processing, among 
others, compression moulding, extrusion, casting, spraying and 
coating but also many modern techniques are applied such as 
selective laser sintering (SLS), in situ polymerization, electron 
beam radiation, corona discharge and many others. One of the 
basic requirements to achieve designed properties gradation is 
elaboration of relations between structure and composition 
gradation on one side and properties gradation on the other side. 
The second problem which has to be solved is to find relations 
between production technologies parameters and gradation 

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.readingdirect.org
http://www.readingdirect.org


170 170

J. Stabik, M. Chomiak

Archives of Materials Science and Engineering 
 

profi
indus
techn
with 

In
grade
that 
This 
comp
grada
was 
decre
at the
least 
mate
surfa
to ac
coati
polym
of ele
 
 

2. E
 

I
mech
The 
comp
conte
partic
partic
matri
resist
resist
paper
the 
signi
electr
mate

 

 
Fig. 
grada

iles achieved. B
stry is the deve
nically effective
planned and des
n this paper an 
ed material by g
a new type of f

filler was e
posites [31-34] 
ation. The basic
to change elect

ease surface resi
e same time it w
not to deteriora

erial was chosen
ace resistivity on
chieve this by co
ing to the rest o
meric graded m
ectric and wear p

Experimen
t is well known
hanical and in m
stiffness, toughn
posites are exten
ent, and espec
cles. In the pre
cles of hard co
ix as its filler. T
tance was inve
tivity was tested
r (in preparation
coal particles 

ificantly alter th
ric measuremen

erial samples (Fig

1. Measuremen
ation 

Because of this
lopment of tech

e production of 
signed propertie
attempt is prese

gravity casting 
filler was used, 

earlier applied 
but without 

c purpose of the
tric properties o
istivity in order 

was important to 
ate it in signific
n because the t
nly on one side o
oatings applying
of material bec
aterial enabled t
properties witho

nts  

n that inorganic
many cases tribol

ness, hardness a
nsively determin
cially the disp
esent study, var
oal were introdu
The influence o
stigated. At the
d and the results
n). Aim of wear 

introduced i
his property of g
nts were perform
g. 1). 

nts position on

s the challenge
hniques for econ

Polymeric Gra
s gradation. 
ented to produc
method. The m
namely powder
to manufactu

composition an
e elaboration of
of epoxy resin, 
to avoid static e
preserve wear r
ant degree. Poly
tusk was to dec
of ready material
g but in this cas
omes the probl
to achieve conti

out boundaries pr

c filler particles
ogical propertie
and wear perfor

ned by the size, s
ersion homoge

rious amounts o
uced into an ep

of these particle
e same time el
s will be presen
resistance study

into the polym
graded composit

med on the same 

n sample with 

e for modern 
nomically and 
ded Materials 

e a polymeric 
main novelty is 

red hard coal. 
re polymeric 
nd properties 
f this material 

especially to 
electricity. But 
esistance or at 
ymeric graded 
crease electric 
l. It is possible 
se adhesion of 
em. Applying 
inuous change 
roblems.  

s enhance the 
s of polymers. 
rmance of the 
shape, volume 
eneity of the 
of micro-scale 
poxy polymer 
s on the wear 
lectric surface 
ted in another 

y was to test if 
meric matrix 
tes. Wear and 
side of graded 

 

filler content 

2.1. Mat
 

Bisphen
temperature
[36], both p
(Poland) w
matrix. Tw
anthracite 
(Russia) (d
acquired fr
characterist
Tables 1 an

At this 
size fractio
received fro
surfactants 
surface mod
 
Table 1. 
Basic chara

Ca
A

Range

 
Table 2. 
Basic chara

Ca
A

Spe

Range

*) Averag
Mastersizer
 
 
2.2. Sam
 

The sp
method wh
without ap
produce on
in liquid 
solidificatio
content is 
sedimentati
solid partic
Increasing 
sedimentati
positions fo
cured in te
0, 15, 20, 
moulded. 

The p
schematical

terials for re

nol A epoxy res
e with hardene
produced by „Or
were used in th
wo types of ha
coal filler mine

designed as “A”
rom “Zofiówka”
tics of hard coa
nd 2. 

stage of researc
ons separation a
om the supplier

or coupling a
dification is plan

acteristics of anth
arbon contents [%
Ash contents [%
e of particle size

Density [g/cm3]

acteristics of har
arbon contents [%
Ash contents [%
ecific surface [m

e of particle size

Density [g/cm3]
ge values of p
r device of the M

mples prepar

pecimens were 
hich is one of th
pplying pressure
ne dimensional g

matrix. The 
on. Due to sed
expected in the

ion depends on p
cles size distribu

resin viscosity
ion and finally 
form gradation 
emperature 23±
26, 30, 36 and

procedure of 
lly in Fig. 2. 

esearch

sin, Epidian 601
r ET (modified
rganika - Sarzyn
his study as th
ard coal were 
ed in Kuzbas o
”) and the seco
” coalmine (de
al component m

ch fillers were a
and in the stat
r, without any s
agents. In the 
nned. 

hracite (A) 
%] 

%] 
* [ m] 

] 

d coal from “Zo
%] 

%] 
m2/g] 

* [ m] 

] 
particle size w

Malvern company

ration

obtained using
he technologies 
e. With this me
gradient of comp

gradient is r
dimentation proc
e lowest specim
polymer and fill

ution and the vis
y during curing

stops it. Partic
of filler concen
2°C in 24 hour
d 40% vol. fille

specimen`s pr

11 [35], cured a
d aliphatic poly
na” Chemical Pla
hermosetting po

used as a fille
of the Kuznetsk
ond type of ha
esigned as “Z”)
materials are sh

applied without 
e in which the
urface modifica
future research

90.1 
3.37 

d10%=7.2 
d50%=26.5
d90%=61.2

1.37

fiówka” coalmin
71.5 
16.78 
0.939 

d10%=2.92
d50%=17.93
d90%=64.25

1.40
were determine
y 

g gravitational 
relying on grav

ethod it is poss
ponent materials 
retained after 
cess, the highes
men layer. The 
ler densities diff
scosity of liquid

g process slows
cles stopped at 
ntration. Sample
rs time. Sample
er concentration

reparation is 

at room 
yamine) 
ant S.A. 
lymeric 
er. The 
k Basin 
ard coal 
). Basic 
hown in 

particle 
ey were 
ation by 
h fillers 

ne (Z) 

d with 

casting 
vity and 
sible to 
content 
matrix 

st filler 
rate of 

ference, 
d resins. 
s down 
various 

es were 
es with  
ns were 

shown 

2.  Experiments 

2.1.  Materials for research

2.2.  Samples preparation

 
S

steel 
diam
made
Addi
with 
100 
moul
remo
8,6 m
 

 
E

coal 
Fig. 4
 
a) 

b) 

 
Fig. 
samp
“Zofi

Fig. 2.

Specimens were
mould. Cavity 

meter - 100mm, d
e with 3o inclina
itional inner sid

Teflon® fabri
mm diameter a
ld. After demou
ove meniscus for
mm (Fig. 3). 

Fig

Exemplary micro
particles concen
4 a,b. 

4. Microscopic
ple (a) Epidian
fiówka” coalmin

 
. Scheme of spec

e cast into our o
of the mould h

depth - 12mm. In
ations to facilita
de walls and bo
ic. In effect d
and 10 mm thic
ulding samples 
rmed at mould 

 
g. 3. Shape of th

oscopic image o
ntration across s

c image of exe
n 6011 + 15%
e, (b) Epidian 60

cimen’s preparat

own design and
has the followin
nner side walls o

ate ready specim
ottom of cavity 
disk shaped sp
ckness were pro
were additional
wall. The final 

he specimen 

of achieved grad
sample thicknes

emplary cross s
% vol. of har
011 + 20% vol. 

 

tion 

d construction 
g dimensions: 
of cavity were 

men’s removal. 
were covered 
ecimens with 
oduced in the 
lly grinded to 
thickness was 

 

dation of hard 
ss is shown in 

 

 

section of the 
rd coal from 
of anthracite 

2.3. Mea
 

Wear 
method. In 
paper with
diameter 15
40rpm angu
diameter 16
thickness o
sandpaper w
turned arou
sample duri
 

 
Fig. 5. T

 
The dri

velocity alo
time on fre
above the
20 m (depe

Sample
presented in
 

 

F

asurements

tests were pe
the device ded

h gradation 60 w
50mm. The cyli
ular velocity. Th
6 mm(cross-sect
of at least 6 mm
with 10N load. D
und its axis to r
ing all sliding pa

Tribological sys

iving screw mov
ong the cylinder
esh sandpaper. S
sandpaper after
nding on the obt

es prepared usin
n Fig. 6.  

Fig. 6. Speci

Fig. 7. APGi app

methodolog

erformed using
dicated to this m
was wound aro
inder was rotati
he sample had a 
ional area appro
m. Samples we
During test the s
retain flatness of
ath (Fig. 5). 

stem used in wea

ved the specime
so that the speci

Specimen was a
r passing sliding
tained results). 
ng filled and un

 
imens for wear r

 
aratus for wear r

gy

g Schopper-Sch
method a sheet 
ound a cylinder
ing with approx
form of a disk w

oximately 2cm2) 
ere pressed agai
sample was addi
f sliding surface

ar resistance test

en holder at a c
imen was sliding
automatically ra
g distance of 4

nfilled epoxy re

esistance 

resistance test 

hlobach 
of sand 

r of the 
ximately 
with the 
and the 
inst the 
tionally 
e of the 

 

constant 
g all the 
aised up 
0 m or 

esin are 

 

 

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


171

Wear resistance of epoxy-hard coal composites

Volume 64    Issue 2   December 2013
 

profi
indus
techn
with 

In
grade
that 
This 
comp
grada
was 
decre
at the
least 
mate
surfa
to ac
coati
polym
of ele
 
 

2. E
 

I
mech
The 
comp
conte
partic
partic
matri
resist
resist
paper
the 
signi
electr
mate

 

 
Fig. 
grada

iles achieved. B
stry is the deve
nically effective
planned and des
n this paper an 
ed material by g
a new type of f

filler was e
posites [31-34] 
ation. The basic
to change elect

ease surface resi
e same time it w
not to deteriora

erial was chosen
ace resistivity on
chieve this by co
ing to the rest o
meric graded m
ectric and wear p

Experimen
t is well known
hanical and in m
stiffness, toughn
posites are exten
ent, and espec
cles. In the pre
cles of hard co
ix as its filler. T
tance was inve
tivity was tested
r (in preparation
coal particles 

ificantly alter th
ric measuremen

erial samples (Fig

1. Measuremen
ation 

Because of this
lopment of tech

e production of 
signed propertie
attempt is prese

gravity casting 
filler was used, 

earlier applied 
but without 

c purpose of the
tric properties o
istivity in order 

was important to 
ate it in signific
n because the t
nly on one side o
oatings applying
of material bec
aterial enabled t
properties witho

nts  

n that inorganic
many cases tribol

ness, hardness a
nsively determin
cially the disp
esent study, var
oal were introdu
The influence o
stigated. At the
d and the results
n). Aim of wear 

introduced i
his property of g
nts were perform
g. 1). 

nts position on

s the challenge
hniques for econ

Polymeric Gra
s gradation. 
ented to produc
method. The m
namely powder
to manufactu

composition an
e elaboration of
of epoxy resin, 
to avoid static e
preserve wear r
ant degree. Poly
tusk was to dec
of ready material
g but in this cas
omes the probl
to achieve conti

out boundaries pr

c filler particles
ogical propertie
and wear perfor

ned by the size, s
ersion homoge

rious amounts o
uced into an ep

of these particle
e same time el
s will be presen
resistance study

into the polym
graded composit

med on the same 

n sample with 

e for modern 
nomically and 
ded Materials 

e a polymeric 
main novelty is 

red hard coal. 
re polymeric 
nd properties 
f this material 

especially to 
electricity. But 
esistance or at 
ymeric graded 
crease electric 
l. It is possible 
se adhesion of 
em. Applying 
inuous change 
roblems.  

s enhance the 
s of polymers. 
rmance of the 
shape, volume 
eneity of the 
of micro-scale 
poxy polymer 
s on the wear 
lectric surface 
ted in another 

y was to test if 
meric matrix 
tes. Wear and 
side of graded 

 

filler content 

2.1. Mat
 

Bisphen
temperature
[36], both p
(Poland) w
matrix. Tw
anthracite 
(Russia) (d
acquired fr
characterist
Tables 1 an

At this 
size fractio
received fro
surfactants 
surface mod
 
Table 1. 
Basic chara

Ca
A

Range

 
Table 2. 
Basic chara

Ca
A

Spe

Range

*) Averag
Mastersizer
 
 
2.2. Sam
 

The sp
method wh
without ap
produce on
in liquid 
solidificatio
content is 
sedimentati
solid partic
Increasing 
sedimentati
positions fo
cured in te
0, 15, 20, 
moulded. 

The p
schematical

terials for re

nol A epoxy res
e with hardene
produced by „Or
were used in th
wo types of ha
coal filler mine

designed as “A”
rom “Zofiówka”
tics of hard coa
nd 2. 

stage of researc
ons separation a
om the supplier

or coupling a
dification is plan

acteristics of anth
arbon contents [%
Ash contents [%
e of particle size

Density [g/cm3]

acteristics of har
arbon contents [%
Ash contents [%
ecific surface [m

e of particle size

Density [g/cm3]
ge values of p
r device of the M

mples prepar

pecimens were 
hich is one of th
pplying pressure
ne dimensional g

matrix. The 
on. Due to sed
expected in the

ion depends on p
cles size distribu

resin viscosity
ion and finally 
form gradation 
emperature 23±
26, 30, 36 and

procedure of 
lly in Fig. 2. 

esearch

sin, Epidian 601
r ET (modified
rganika - Sarzyn
his study as th
ard coal were 
ed in Kuzbas o
”) and the seco
” coalmine (de
al component m

ch fillers were a
and in the stat
r, without any s
agents. In the 
nned. 

hracite (A) 
%] 

%] 
* [ m] 

] 

d coal from “Zo
%] 

%] 
m2/g] 

* [ m] 

] 
particle size w

Malvern company

ration

obtained using
he technologies 
e. With this me
gradient of comp

gradient is r
dimentation proc
e lowest specim
polymer and fill

ution and the vis
y during curing

stops it. Partic
of filler concen
2°C in 24 hour
d 40% vol. fille

specimen`s pr

11 [35], cured a
d aliphatic poly
na” Chemical Pla
hermosetting po

used as a fille
of the Kuznetsk
ond type of ha
esigned as “Z”)
materials are sh

applied without 
e in which the
urface modifica
future research

90.1 
3.37 

d10%=7.2 
d50%=26.5
d90%=61.2

1.37

fiówka” coalmin
71.5 
16.78 
0.939 

d10%=2.92
d50%=17.93
d90%=64.25

1.40
were determine
y 

g gravitational 
relying on grav

ethod it is poss
ponent materials 
retained after 
cess, the highes
men layer. The 
ler densities diff
scosity of liquid

g process slows
cles stopped at 
ntration. Sample
rs time. Sample
er concentration

reparation is 

at room 
yamine) 
ant S.A. 
lymeric 
er. The 
k Basin 
ard coal 
). Basic 
hown in 

particle 
ey were 
ation by 
h fillers 

ne (Z) 

d with 

casting 
vity and 
sible to 
content 
matrix 

st filler 
rate of 

ference, 
d resins. 
s down 
various 

es were 
es with  
ns were 

shown 

 
S

steel 
diam
made
Addi
with 
100 
moul
remo
8,6 m
 

 
E

coal 
Fig. 4
 
a) 

b) 

 
Fig. 
samp
“Zofi

Fig. 2.

Specimens were
mould. Cavity 

meter - 100mm, d
e with 3o inclina
itional inner sid

Teflon® fabri
mm diameter a
ld. After demou
ove meniscus for
mm (Fig. 3). 

Fig

Exemplary micro
particles concen
4 a,b. 

4. Microscopic
ple (a) Epidian
fiówka” coalmin

 
. Scheme of spec

e cast into our o
of the mould h

depth - 12mm. In
ations to facilita
de walls and bo
ic. In effect d
and 10 mm thic
ulding samples 
rmed at mould 

 
g. 3. Shape of th

oscopic image o
ntration across s

c image of exe
n 6011 + 15%
e, (b) Epidian 60

cimen’s preparat

own design and
has the followin
nner side walls o

ate ready specim
ottom of cavity 
disk shaped sp
ckness were pro
were additional
wall. The final 

he specimen 

of achieved grad
sample thicknes

emplary cross s
% vol. of har
011 + 20% vol. 

 

tion 

d construction 
g dimensions: 
of cavity were 

men’s removal. 
were covered 
ecimens with 
oduced in the 
lly grinded to 
thickness was 

 

dation of hard 
ss is shown in 

 

 

section of the 
rd coal from 
of anthracite 

2.3. Mea
 

Wear 
method. In 
paper with
diameter 15
40rpm angu
diameter 16
thickness o
sandpaper w
turned arou
sample duri
 

 
Fig. 5. T

 
The dri

velocity alo
time on fre
above the
20 m (depe

Sample
presented in
 

 

F

asurements

tests were pe
the device ded

h gradation 60 w
50mm. The cyli
ular velocity. Th
6 mm(cross-sect
of at least 6 mm
with 10N load. D
und its axis to r
ing all sliding pa

Tribological sys

iving screw mov
ong the cylinder
esh sandpaper. S
sandpaper after
nding on the obt

es prepared usin
n Fig. 6.  

Fig. 6. Speci

Fig. 7. APGi app

methodolog

erformed using
dicated to this m
was wound aro
inder was rotati
he sample had a 
ional area appro
m. Samples we
During test the s
retain flatness of
ath (Fig. 5). 

stem used in wea

ved the specime
so that the speci

Specimen was a
r passing sliding
tained results). 
ng filled and un

 
imens for wear r

 
aratus for wear r

gy

g Schopper-Sch
method a sheet 
ound a cylinder
ing with approx
form of a disk w

oximately 2cm2) 
ere pressed agai
sample was addi
f sliding surface

ar resistance test

en holder at a c
imen was sliding
automatically ra
g distance of 4

nfilled epoxy re

esistance 

resistance test 

hlobach 
of sand 

r of the 
ximately 
with the 
and the 
inst the 
tionally 
e of the 

 

constant 
g all the 
aised up 
0 m or 

esin are 

 

 

2.3.  Measurements methodology

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


172 172

J. Stabik, M. Chomiak

Archives of Materials Science and Engineering 
 

A
appar
proce

W
abrad
form
 

 
wher
m1 - m
m2 - m
 - sp

 
A
T

speci
weig
Adve
densi
deter

F
meas
 
 

3. R
 

A
chan
comp
unfil
filler
five 
abras
two t
 

 
Fig. 
anthr

C
volum
fracti
filled

Abrasion resista
ratus APGi ty
edure was accep
Wear resistance 
ded sample (in 

mula(1): 

 

re: 
mass of the sam
mass of the sam
pecific weight (d

All wear tests we
The measuremen
imens were pe

ghing them in 
enturer ProAV
ity was calcula
rminations (1). 
Five samples we
surements were p

Results an
Addition of hard
ged abrasion r
pounds wear res
led resin. Grap

r volume content
samples are pre
sion resistance o
types of filler is 

8. The depende
racite (A) 

Comparing all f
me loss was a
ion of hard coal
d with anthracite

ance tests were
ype (Fig. 7). 
pted according to

was calculated
cubic centime

mple before abras
mple after wear te
density) [g/cm ³]

ere performed at
nts of the densi
erformed applyi

air and water
V264CMOHAUS
ated as a mean

ere tested for ev
performed. 

nd their an
d coal particles i
resistance of th
sistance decrease
phic interpretati
t and volume lo
esented in Figs.
of composites f
presented in Fig

nce of sample v

 
filled composite
achieved for co
l (Z) (Fig. 6). A
e the smallest los

e performed a
Schopper-Schlo

o ISO4649 requi
d as the volum
etres, cm³), acc

sion[g], 
est[g], 
]. 

t temperature 23
ity of the mater
ing Mohr scale
r on the analy
S. For every 
n value of thre

very composite. 

nalysis
into epoxy resin
his polymer. F
ed a little in com
ion of relations
ss based on ave
8 and 9. Comp

filled in differen
g. 10.  

volume loss on 

s, the minimum
ompounds with

Also in the case 
ss of volume wa

pplying wear 
obach testing 
rements. 

me loss of the 
ording to the 

(1) 

±2°C. 
rials of tested 
e method by 
ytical balance 

material the 
e consecutive 

Altogether 35 

n only slightly 
For all filled 
mparison with 
ships between 
rage values of 
parison of the 
nt degree with 

 

the content of 

m value of the 
h 26%volume 
of composites 

as recorded for 

the compo
relationship
during abra
resistance 
particles in
way increas
solid partic
filler, may
increasing 
resistance. 
resistance i
materials th
particles, be
weakened t
also possib
relatively la
composites

Best ba
achieved fo
adhesion b
surface mod
 

 
Fig. 9. The 
hard coal (Z

 
Fig. 10. Co
composites

osite with 26%
ps can by expla
asion. Two diff
in the case of 
crease total hard
se wear resistan

cles, depending 
 be more or l
surface roughn
Depending on w
increase or decr
he later phenom
eing foreign incl
the cohesion for
ble that filler pa
arge void sand 
 what strongly in

alance between p
or 26% vol. fra
between solid p
dification is plan

dependence of s
Z) 

omparison of the
 with different c

% volume fracti
ained taking int
ferent phenome
hard particles 

dness of polyme
ce of the compo
on adhesion lev

less easily rem
ess and in this

which mechanism
rease is observed
mena seems to 
lusions in the str

rces and could c
articles contribut
bubbles in the m
nfluenced abrasi
positive and neg

acture of both c
particles and po
nned in future re

specimen volum

 

 abrasion resista
content of filler 

ion of filler. O
to account filler
ena determine a

filled polymers
er composite and
osite. On the oth
vel between mat
oved from the 
 way decreasin
m is predominan
d. In the case o
be predominan

ructure of epoxy
ause micro-crac
ted in the forma
material volume
ion resistance re
gative mechanis
coal types. To e
olymeric matrix
esearch. 

me loss on the con

ance of the two t

Observe 
r action 
abrasion 
s. Hard 
d in this 
her hand 
trix and 

matrix 
ng wear 
nt, wear 
f tested 

nt. Coal 
y matrix 
cks. It is 
ation of 
e of the 
sults. 
ms was 
enhance 
x fillers 

 

ntent of 

 

types of 

3.  Results and their analysis

Table 3. 
Bartlett's test of homogeneity of variances for specimens filled with hard coal 

Compound Statistic 2 Critical value of statistic 2 Degrees of freedom 
n 

Level of significance 
 

EP6011+A 2.150 
9.488 4 0.05 

EP6011+Z 7.277 
 
Table 4. 
Test analysis of variances (single classification) for many averages of volume losses for specimens filled with hard coal 

Compound Source of variation Sum of squares Degrees of freedom variance Statistic F The critical value F =0,05

EP6011+A 
between populations 0.12 6 0.0204 

4.12 

2.45 
in side groups 0.14 28 0.0049 

EP6011+Z 
between populations 0.19 6 0.0309 

3.54 
in side groups 0.24 28 0.0087 

 
With the increase of the filler content increases lightly the value 

of the volume loss of the specimens. It is more pronounced for 
composites filled with hard coal (Z). Fig. 7 shows that low levels of 
filling - less than 26% vol. - the wear resistance of the composites 
with hard coal (Z) particles is better than those with anthracite (A). 
For higher filler concentrations (larger than 26% vol.) specimen with 
anthracite exhibited higher wear resistance. 

Wear resistance differences between samples with different 
levels of filler content and samples filled with hard coal and 
anthracite seems to be very small and not significant. No clear 
dependences are visible analysing achieved results. In order to 
verify if the measured values differ statistically significantly 
appropriate statistical test were carried out. At the beginning 
performed was Bartlett's test of variances homogeneity. For this 
test null hypothesis was assumed that variances of results of 
volume losses are homogenous (Table 3). Next the test of 
variances for multiple average values was performed. The null 
hypothesis for this test was assumed that average values of 
volume loss did not differ significantly. Results of the test of 
significance are presented in tabular form (Table 4). 

In the Bartlett's test of homogeneity of variances deciding is 
2 statistic. Calculated value of 2 statistic is lower than the 

predetermined critical value of this statistic ( 2). This means that 
null hypothesis cannot be rejected and at significance level 

=0.05 verified was hypothesis assuming homogeneity of the 
variances of abrasion resistance of specimens containing different 
amounts of filler. This enables to perform the next statistical test 
comparing averages values of volume losses after wear resistance 
test. Results of this test are presented in Table 4. 

In this test deciding was the F-statistic. Calculated value of 
the F-statistic is higher than the critical value (given in Table 4), 
so the null hypothesis Ho of equality of average values in the 
study populations should be rejected at significance level =0.05. 
Rejecting null hypothesis is proving a significant influence of 
various coal contents on the value of volume loss in wear 
resistance test. It is worth to mention that calculated values of F-
statistics are very close to critical value and numerical results of 
wear test differ not very substantially. Because of this the analysis 
of variances for many averages of volume losses was repeated at 
new significance level =0.1. 

After analysis of the average values of weight losses for 
composites with filler sat a significance level of 0.1 (1 - =0.90 

=0.1) the null hypothesis (Ho) of equality of volume losses in 
wear resistance test was accepted. Number of schools not only 
noted the great differences between the numerical values.  

The numerical results of wear resistance measurements and 
the results of the statistical tests to indicate that coal particles 
introduced into epoxy resin does not improve, but do not 
substantially worsen studied in this experiment abrasion 
resistance of composites. 

This allows concluding that the main purpose of the research 
was achieved. Epoxy - hard coal graded composites were 
developed with abrasion resistance only minutely lower than 
abrasion resistance of unfilled epoxy resin. 

In the future research it is planned to test the influence of 
surfactants and coupling agents on wear and other properties of 
graded composites. Application of coal filler with different 
particle size distributions are also intended. A continuation of 
research on polymer gradient composites filled with anthracite 
and hard coal is planned. Research is also planned with 
compounds filled with particles of specific size fractions. 
 
 
4. Conclusions 
 

The obtained results allow to formulate the following 
substantial conclusions: 

Wear resistance tests have shown that introduction of coal 
particles to epoxy resin resulted in a slight, insignificant 
decrease in abrasion resistance compared to the cured epoxy 
resin without fillers. 
Observed was slight decrease in abrasion resistance with 
increasing filler content. 
For smaller filler content - less than 26% by volume -
samples with hard coal (Z) are characterized by better wear 
resistance, while for larger filler contents - higher than 26% 
by volume - composites with anthracite exhibit higher wear 
resistance. 
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Table 3. 
Bartlett's test of homogeneity of variances for specimens filled with hard coal 

Compound Statistic 2 Critical value of statistic 2 Degrees of freedom 
n 

Level of significance 
 

EP6011+A 2.150 
9.488 4 0.05 

EP6011+Z 7.277 
 
Table 4. 
Test analysis of variances (single classification) for many averages of volume losses for specimens filled with hard coal 

Compound Source of variation Sum of squares Degrees of freedom variance Statistic F The critical value F =0,05

EP6011+A 
between populations 0.12 6 0.0204 

4.12 

2.45 
in side groups 0.14 28 0.0049 

EP6011+Z 
between populations 0.19 6 0.0309 

3.54 
in side groups 0.24 28 0.0087 

 
With the increase of the filler content increases lightly the value 

of the volume loss of the specimens. It is more pronounced for 
composites filled with hard coal (Z). Fig. 7 shows that low levels of 
filling - less than 26% vol. - the wear resistance of the composites 
with hard coal (Z) particles is better than those with anthracite (A). 
For higher filler concentrations (larger than 26% vol.) specimen with 
anthracite exhibited higher wear resistance. 

Wear resistance differences between samples with different 
levels of filler content and samples filled with hard coal and 
anthracite seems to be very small and not significant. No clear 
dependences are visible analysing achieved results. In order to 
verify if the measured values differ statistically significantly 
appropriate statistical test were carried out. At the beginning 
performed was Bartlett's test of variances homogeneity. For this 
test null hypothesis was assumed that variances of results of 
volume losses are homogenous (Table 3). Next the test of 
variances for multiple average values was performed. The null 
hypothesis for this test was assumed that average values of 
volume loss did not differ significantly. Results of the test of 
significance are presented in tabular form (Table 4). 

In the Bartlett's test of homogeneity of variances deciding is 
2 statistic. Calculated value of 2 statistic is lower than the 

predetermined critical value of this statistic ( 2). This means that 
null hypothesis cannot be rejected and at significance level 

=0.05 verified was hypothesis assuming homogeneity of the 
variances of abrasion resistance of specimens containing different 
amounts of filler. This enables to perform the next statistical test 
comparing averages values of volume losses after wear resistance 
test. Results of this test are presented in Table 4. 

In this test deciding was the F-statistic. Calculated value of 
the F-statistic is higher than the critical value (given in Table 4), 
so the null hypothesis Ho of equality of average values in the 
study populations should be rejected at significance level =0.05. 
Rejecting null hypothesis is proving a significant influence of 
various coal contents on the value of volume loss in wear 
resistance test. It is worth to mention that calculated values of F-
statistics are very close to critical value and numerical results of 
wear test differ not very substantially. Because of this the analysis 
of variances for many averages of volume losses was repeated at 
new significance level =0.1. 

After analysis of the average values of weight losses for 
composites with filler sat a significance level of 0.1 (1 - =0.90 

=0.1) the null hypothesis (Ho) of equality of volume losses in 
wear resistance test was accepted. Number of schools not only 
noted the great differences between the numerical values.  

The numerical results of wear resistance measurements and 
the results of the statistical tests to indicate that coal particles 
introduced into epoxy resin does not improve, but do not 
substantially worsen studied in this experiment abrasion 
resistance of composites. 

This allows concluding that the main purpose of the research 
was achieved. Epoxy - hard coal graded composites were 
developed with abrasion resistance only minutely lower than 
abrasion resistance of unfilled epoxy resin. 

In the future research it is planned to test the influence of 
surfactants and coupling agents on wear and other properties of 
graded composites. Application of coal filler with different 
particle size distributions are also intended. A continuation of 
research on polymer gradient composites filled with anthracite 
and hard coal is planned. Research is also planned with 
compounds filled with particles of specific size fractions. 
 
 
4. Conclusions 
 

The obtained results allow to formulate the following 
substantial conclusions: 

Wear resistance tests have shown that introduction of coal 
particles to epoxy resin resulted in a slight, insignificant 
decrease in abrasion resistance compared to the cured epoxy 
resin without fillers. 
Observed was slight decrease in abrasion resistance with 
increasing filler content. 
For smaller filler content - less than 26% by volume -
samples with hard coal (Z) are characterized by better wear 
resistance, while for larger filler contents - higher than 26% 
by volume - composites with anthracite exhibit higher wear 
resistance. 

4.  Conclusions

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


174 174 READING DIRECT: www.archivesmse.org
 

References 
[1] Z.H. Melgarejo, O.M. Suárez, K. Sridharan, Wear resistance 

of a functionally-graded aluminium matrix composite, 
Scripta Materialia 55 (2006) 95-98. 

[2] M.N. Mandikos, G.P. McGivney, E. Davis, P.J. Bush, 
J.M.A. Carter, A comparison of the wear resistance and 
hardness of indirect composite resins, Journal of Prosthetic 
Dentistry 85/4 (2001) 386-95. 

[3] P.H. Shipway, N.K. Ngao, Microscale abrasive wear of 
polymeric materials, Wear 255/1-6 (2003) 742-750. 

[4] H. Unal, U. Sen, A. Mimaroglu, Abrasive wear behaviour 
of polymeric materials, Materials and Design 26/8 (2005) 
705-710. 

[5] J. Bijwe, C.M. Logani, U.S. Tewari, Influence of fillers and 
fibre reinforcement on abrasive wear resistance of some 
polymeric composites, Wear 138/1-2 (1990) 77-92. 

[6] G.S. Gaia, Y.F. Yanga, S.M. Fana, Z.F. Caia, Preparation 
and properties of composite mineral powders, Powder 
Technology 153/3 (2005) 153-158. 

[7] R.N. Rothon, Particulate-Filled Polymers, Rapra 
Technology, Shawbury, 2003. 

[8] A.K. Kulshreshtha, C. Vasile, Handbook of polymer blends 
and composites, Rapra Technology, 1-4, Shrewsbury, 2002. 

[9] K. Friedrich, R. Reinicke, Polymer composites, Friction and 
wear in encyclopaedia of materials, Science and 
Technology, Elsevier, 2001. 

[10] W. Gellmann, S. Seidler, Polymer Testing, Hanser 
Publishers, Munich, 2007. 

[11] C. Klingshorn, M. Koizumi, F. Haupert, H. Giertsch,  
K. Friedrich, Structure and wear of centrifuged epoxy 
resin/carbon fibre functionally graded materials, Journal of 
Materials Science Letters 19 (2000) 263-266. 

[12] M. Koizumi, M. Niino, Overview of FGM research in Japan, 
MRS Bull, 1/60 (1995) 19-21. 

[13] K. Hodor, P. Zi ba, B. Olszowska-Sobieraj, Functionally 
gradient materials as new challenge for modern technology, 
Materials Engineering 6 (1999) 595-600 (in Polish). 

[14] A. Mortensen, S. Suresh, Functionally graded metals and 
metal-ceramic composites, Processing, International 
Materials Review 40/6 (1995) 239-265. 

[15] R. Watanabe, State of research on design and processing of 
Functionally Graded Materials, International Congress 
Centre Functionally Graded Materials in the 21st century,  
A workshop on trends and forecast, Epochal-Tsukuba, 2000. 

[16] R.J. Butcher, C.E. Rousseau, H.V. Tippur, A functionally 
graded particulate composite, preparation, measurements 
and failure analysis, Acta Materialia 47/1 (1999) 259-268. 

[17] B. Kiebacka, A. Neubrand, H. Riedelc, Processing 
techniques for functionally graded materials, Materials 
Science and Engineering A 362 (2003) 81-106. 

[18] Y. Miyamoto, W.A. Kaysser, B.H. Rabin, A. Kawasaki,  
R.B. Ford, Functionally graded materials design, processing 
and applications, Boston, Kluwer Academic Publishers, 1999.  

[19] L.A. Dobrza ski, A. Kloc-Ptaszna, A. Dybowska, 
G. Matula, E. Gordo, J.M. Torralba, Effect of WC 
concentration on structure and properties of the gradient tool 
materials, Journal of Achievements in Materials and 
Manufacturing Engineering 20 (2007) 91-94. 

[20] L.A. Dobrza ski, A. Kloc-Ptaszna, G. Matula,  
J.M Contrereas, J.M. Torralba, The impact of production 
methods on the properties of gradient tool materials, Journal 
of Achievements in Materials and Manufacturing 
Engineering 24/2 (2007) 19-26. 

[21] L.A. Dobrza ski, A. Kloc-Ptaszna, G. Matula, 
J.M. Torralba, Structure and properties of the gradient tool 
materials of unalloyed steel matrix reinforced with HS6-5-2 
high-speed steel, Archives of Materials Science and 
Engineering 28 (2007) 197-202. 

[22] A. Kloc-Ptaszna, L.A. Dobrza ski, G. Matula,  
J.M. Torralba, Effect of manufacturing methods on structure 
and properties of the gradient tool materials with the non-
alloy steel matrix reinforced with the HS6-5-2 type high-
speed steel, Materials Science Forum 539-543 (2007)  
2749-2754. 

[23] L. Jaworska, M. Rozmus, B. Królicka, A. Twardowska, 
Functionally graded cermets, Journal of Achievements in 
Materials and Manufacturing Engineering 17 (2006) 73-76.  

[24] M.B. Bever, P.F. Duwez, Gradient in composite materials, 
Material Science Engineering 10 (1972) 1-8. 

[25] M. Shen, M.B. Bever, Gradients in polymeric materials, 
Journal of Material Science 7(1972) 741-746. 

[26] B. Wen, G. Wu, J. Yu, A flat polymeric gradient material, 
preparation, structure and property, Polymer 45 (2004) 
3359-3365. 

[27] D.M. Bieli ski, M. Kajzer, L. lusarski, . Kaczmarek, 
Gradient structure of polymer materials 50/4 (2005) 298-304 
(in Polish). 

[28] Y.B. Zhu, N.Y. Ning, S. Yang, Q. Zhang, Q. Fu, A new 
technique for preparing a filled type of polymeric gradient 
material, Macromolecular materials and engineering 11/291 
(2006) 1388-1396. 

[29] A. Saburo, K. Yoshihisa, Gradient Structures Formed in 
Polymer Materials, High Polymers Japan 1/49 (2000) 32-37. 

[30] J. Stabik, A. Dybowska, Methods of preparing polymeric 
gradient composites, Journal of Achievements in Materials 
and Manufacturing Engineering 1 (2007) 67-70. 

[31] J. Stabik, A. Dybowska, Electrical and tribological 
properties of polymer gradient composites, Engineering 
Polymers and Composites, Gliwice, 2008, 153-162  
(in Polish). 

[32] M. Szczepanik, J. Stabik, Rewiev of polymer composites 
with carbon filler, Engineering Polymers and Composites, 
Gliwice, 2008, 163-172 (in Polish). 

[33] J. Stabik, M. Chomiak, Surface resistivity of epoxy graded 
composites filled with hard coal particles, Engineering 
Polymers and Composites, Gliwice, 2011, 451-462  
(in Polish). 

[34] J. Stabik, M. Chomiak, . Sucho , A. Dybowska,  
K. Mrowiec, Chosen manufacture methods of Polymeric 
Graded Materials with electrical and magnetic properties 
gradation, Archives of Materials Science and Engineering 
54/2 (2012) 218-226. 

[35] Characteristic chart No. KCh/PPE/29. Name: Epidian 6011, 
Chemical Plant "Organika - Sarzyna", 2009. 

[36] Characteristic chart No. KCh/PPE/35. Name: hardener ET 
(additive triethylenetetramine), ed. 5 Chemical Plant 
Organika - Sarzyna, 2009. 

 

References

http://www.readingdirect.org
http://www.readingdirect.org

