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1. Introduction

Abrasive wear being one of the most intensive
wear types is constantly analysed and simulated with aim
to predict and increase machine elements life by choosing
materials and their processing technologies [1].

The properties of abrasives are affected by mate-
rial, shape and size of the particles. On the process of wear
abrasiveness of the particles varies — their edges are
blunted, disintegrating particles result in sharp edges. For
this reason wear is assessed by both surface wear and abra-
sive particle properties variation.

A customary parameter of abrasive properties as-
sessment is the particle size which directly affects the
wear. Yet this rule is not applicable to the particles smaller
than 100 pum [1, 2] because of varying sharpness of their
edges and not the varying contact pressure. As confirmed
by theoretical models, bigger particles are more angular
shape than the smaller one [3, 4]. Whereas the optical es-
timation of particles indicates that angularity of aluminum
oxide Al,O; particles does not vary at their sizes being 1,
10, and 100 um [1].

The particle shape is a critical parameter affecting
abrasive wear. It is intended to introduce a parameter for
assessing abrasive properties which could be used for set-
ting up theoretical abrasive and erosion wear models [5].
The most common parameters combining abrasive parti-
cles shape and size are the ratios of particle width to length
— W/L and its perimeter to area — P°/4. It is proved that
abrasive and erosion wear intensifies with an increase in
P%/A and a decrease in W/L ratios [1] which allow only a
qualitative comparison of abrasive properties of the parti-
cles. This method is rather inaccurate and is recommended
for preliminary estimation only.

The other parameter assessing the shape of abra-
sive particles is that of spike (SP) [1, 5, 6]. It is based on
measuring the abrasive particle irregularities by isosceles
triangles, Fig. 1.

Fig. 1 Estimation of SP parameter by an isosceles triangle

The measurement steps — distance between the
start and end points are chosen according to the particle
shape (Fig. 1). Isosceles triangles are scratched on particle
irregularities by these steps. The measured particle irregu-
larity is assessed by triangle area 4 and apex angle 6. The
greater the irregularity the greater the triangle area, and
accordingly, the angle is more acute - when particle edges
are sharper.

The sharpness and size of triangle can be de-
scribed by a numerical parameter called the “spike value”
sv, the parameter assessing one particle irregularity and
varying from O to 1 is obtained [5]

sv/h=cos(6/2) (1)

where 6 is angle of triangle apex; 4 is altitude of the trian-
gle.

The particle surface is measured several times by
the steps of different magnitudes. When measuring, the
highest sv/h value is separated, these magnitudes are mar-
shaled and having calculated the average the spike parame-
ter SP of the particle is obtained.

This value may be practically used in mathemati-
cal models of abrasive wear. When particles become acute,
the wear intensifies and the obtained spike parameter gives
a rather accurate description of the wear variation [5]. Dis-
advantages of this method are - much time is wasted for
measuring of the particles and calculating their parameters.
It is insufficiently accurate because all surface irregulari-
ties are measured irrespective of small heights and pits
which have no real effect on the contact [1].

The spike parameter — quadratic SPQ fit (Fig. 2)
is more accurate [1, 5, 7]. Assessing the spike by means of
this method, an imaginary particle center is chosen and
marked (x; y), the circumscribed circle radius r is esti-
mated. It is more likely that the particle surface lying be-
hind the boundaries of this circle will interact with its sur-
face while the irregularities in inner circle are “inactive”.
Therefore external surfaces of the particle are estimated
(spikes of apexes are estimated by a maximum radius
(7max)- A spike between the points sp — mp and mp — ep can
be expressed by a square polynomial. Differentiation of the
polynomials at the mp point yields the apex angle 8 and the
spike value sv, i.e. sv=cos 6/2. The SPQ is then calculated
according to the formula

SPQ = Svavemge (2)

One of the basic SPQ merits (compared to the SP
method) is that the particle irregularities of the most likely
contact are assessed. This method is more common, not
requiring much time for measurement and calculations.
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Fig. 2 Estimation of the SPQ parameter of an abrasive par-
ticle

The obtained accuracy is experimentally evaluated [5].

It is not sufficient to assess the abrasive particle
shape parameters, its penetration into the flat surface under
loading is to be evaluated. This method embodies two
principle methods of evaluation. The first method — Cone-
Fit Analysis (CFA) is more suitable for the theoretical con-
ception of the process, while the second supplementing the
first one introduces closer indices under real conditions [1,
8, 9].

Both methods are similar, they are based on the
theoretical Rabinowicz method, i.e. the interaction model
between a precise cone shape particle and the surface,
Fig. 3 [1, 8].
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Fig. 3 Interaction between a cone shape particle and flat
surface

While wearing, the surface is subjected to load P,
the angle of attack 6 and wear surface hardness H resisting
to their effect. Their interaction is estimated by two basic
parameters: groove area 4 and projected penetration arca
Q. The ratio of these parameters for the cone shape and
pyramid shape particles is a constant value independent of
the scratched groove depth [1, §].

The projected penetration area can be measured
by the initial parameters (surface hardness and load) or by
the groove geometric parameters obtained during the proc-
ess [8]

Q=P/H=rao 3)

where o is semiwidth of the groove.
Both the size of an abrasive particle and the angle
of attack have an effect on the groove area [8]

A=w’tan 4)

where 6 is angle of attack.
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Assuming that the metal of a scratched groove is
removed by micro cutting, wear can be calculated by the
equation [8]

- FLtan6
TH

)

where L is length of the scratch.

Referring to these equations the wear can be pre-
dicted by the CFA method. Firstly, using a special com-
puter program 2 and A parameters of the particle are esti-
mated and their mean ratio is calculated A,,. The obtained
values are assessed to correlate with the wear results quite
accurately [1, 8].

With an increased number of abrasive particle
edges the scatter of the results also increases and, espe-
cially under greater loads the theoretical and real condi-
tions do not coincide [8, 9].

Sharpness analysis (SA) supplementing the CFA
method makes it possible to estimate that, practically the
particle shapes are not accurate. For this reason the ratio of
the scratch cross-section area to the particle surface area is
not a constant magnitude [1, 9] resulting in the differences
in the models evaluating theoretical and real conditions. To
confirm the SA method, the particles exterior has been
analysed, the shape of abrasive particles has been de-
scribed by square equations and the wear has been studied
[1, 9]. The obtained relation is limited, i.e. it is valid only
at relatively moderate forces and penetrations.

In addition to the mentioned means, the methods
based on scan and computer evaluation are being devel-
oped [10].

When setting up the abrasive wear models the
major problem to be solved is the evaluation of probable
agents and their stability [11, 12]. The surfaces wear under
elastic or plastic deformation and also under micro-cutting.
Under a minor load the abrasive particle slides and runs
along the surface deforming it elastically [12, 13]

d'/2R <9.22[H,, JE, | (6)

where d' is depth of the scratch (Fig. 4); R is radius of

abrasive particle; Hy is hardness of the surface; E, is

modulus of elasticity of the surface under deformation.
When an abrasive particle is deforming the sur-

face by the magnitude d' < 18.44|:H w/ Em:|2 R, the surface

is elastically redeformed. This deformation is related to
mechanical properties of the materials and it differs for
different surfaces. Very hard (brittle) surface may crumble
without being deformed [11].

With an increase in the ratio of contact pressure
to wearing surface hardness, the scratch deepens and the
elastic deformation turns into plastic. When sliding, the
particle pushes the metal of the scratch into its sides caus-
ing plastic hardening of both the groove bottom and
pushed out metal bumps (Fig. 4). Mathematical expression
of this process is

9.22[H,, JE, [ <d'/2R <0.029 (7)

This formula (7) is perfectly suited for the alloys
of monolithic structure when a sliding abrasive particle



quasi acts monolithic alloy. Simulation of the abrasive
wear of hard layers with carbides scattered in a seemingly
soft matrix of an alloy is rather complicated task. Two ver-
sions are probable: the first when the abrasive particle
slides over hard surfaces of alloy constituents without
penetrating into the matrix, the second, when the hard alloy
crumbs are pushed out to the scratch sides or they are
crumbed in its bottom. They both depend on the ratio of
alloy matrix and crumbs hardness and the size to their
quantities in the alloy.

2

dl

Fig. 4 Surface under plastic deformation: / — wearing sur-
face; 2 — abrasive particle; 3 — bump of pushed out
metal

The wearing surface acquiring the other values of
hardness and the modulus of elasticity, the equilibrium of
Eq. (7) will change and micro-cutting of some parts of the
surface is then expected [11, 14]. Special attention is given
to the transition of these processes in their mathematical
descriptions. Regrettably, when presenting their research
the authors give a rather general description of their re-
search conditions, thus making it difficult to choose the
reasonably best model.

Research objective — is to examine the relation-
ship between the wear value and microgeometric parame-
ters of the wear surface of electroarc welded hard layers
(Fe-C-Si-Cr-B) of different hardness carbon steels.

2. Testing procedures

To estimate the effect of the surface micro-
geometric parameters on its wear, carbon grade 45 steel
(GOST 1050-88) and tool grade XBI" steel (GOST 5950-
73) were used. To obtain different hardness values the
steels were thermally treated. Their chemical composition
is given in Table 1.

Table 1
Chemical composition of 45 and XBI steels

Steel Chemical composition, %
mark C Si Mn Cr w

45 10.42...0.50|0.17...0.37|0.50...0.80 | <0.25 -
XBI" {0.90...1.05{0.10...0.40] 0.80...1.10 {0.90...1.20{1.20...1.60

To evaluate the abrasive wear of hard layers, the
samples of different composition manually welded by elec-
tric arc spread electrodes were used. Chemical composition
of the layers examined by spectral analyzer Belec Compact
Laboratory is given in Table 2. The effect of chromium
amount on that of carbon was achieved due to some scald-
ing process characteristics (with the decrease in chromium
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amount that of carbon decreases).

Measuring the wear surfaces of hard layers it was
noticed that the wear traces of hard and abrasive wear re-
sistant layers were smooth while those of scarcely abrasive
resistant layers were rough with sharp scratches (grooves)
left by abrasives.

Table 2
Chemical composition and hardness of samples welded
with hard layers of varying chromium content

céo . Chemical composition, % Hard-
§ E ness,
O C Si | Mn | Cr Ti B HRC
Crl |3.14| 1.76 | 0.74 | 36.7 | 0.27 | 0.655 44
Cr2 |2.83|279 | 1.18 | 20.8 | 0.78 |0.718 51
Cr3 296 | 250 | 1.14 | 17.7 | 0.73 | 0.722 60
Crd |2.56| 237 | 1.31 | 16.5 | 0.90 |0.705 58
Cr5 223|234 | 119 | 9.7 | 0.83 |0.733 59
Cr6 | 195|201 | 1.02 | 62 | 0.78 |0.705 60
Cr7 | 145|179 | 1.03 1.7 | 0.60 | 1.2 50

A hypothesis for assessing wear by wear trace pa-
rameters is suggested. This assessment method would be
preliminary and useful in cases when mass decrease be-
tween different samples is too small to consider it reliable.
An additional parameter would make it possible to evalu-
ate the obtained results more accurately and also to predict
them. It would allow to decline the wear evaluation by the
mass method when either the mass of wearing element is
big or its disassemble is too complicated.

The profiles of wear surfaces are described by
profilometer HOMMEL TESTER T 500. The profile of a
wear trace is measured perpendicularly to the abrasive mo-
tion direction. The result is estimated by standard rough-
ness parameter R, and SPQp parameter [1, 15]. The SPQp
parameter evaluates the surface profile with respect to the
irregularities shape [1, 15]

1 0.
SPQ, =— —+ 8
0y =~ Scos ®

where n is the number of measured irregularities at a cho-
sen distance; 6; is measured angle of the ith irregularity

apex (Fig. 5).
\=}
¥
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Fig. 5 Assessment of the surface profile by the SPQp pa-
rameter [1, 15]

On measuring, a basic measurement distance is
chosen. The irregularities which are exclusively over the
mid line are evaluated. The largest irregularities in the cho-
sen distance are determined. The irregularities smaller than
25 % of the maximum height are not evaluated.

Having measured the apexes angles of the irregu-



larities, the SPQp parameter is obtained by using Eq. (8).
The sharper the surface irregularities, the closer the SPQp
value is to 1.

Abrasive wear is evaluated according to the stan-
dard ASTM G65-94 [16]: F=130N, v=24m/s,
t =600s, by applying 200-425 um fraction quartz sand
(250-300 g/min) on the friction surface.

The wear of samples is evaluated by the method
of masses weighing the samples on the analytical scales
SCALTEC SBC 32 (with accuracy of 0.1 mg) prior and
post the testing. Tempering and thermal treatment are per-
formed in the furnace MII-2YM. Hardness of the samples
is measured by hardometer TK—2M.

3. Experimental results and discussions

The layers containing small amount of chromium
(Cr7, Cr6, Cr5 samples) wear more intensively because of
insufficient quantity of hard phase. While wearing, fine
carbides are simply broken by abrasive particles acting the
surface. The highest resistance to wear is reached with 16-
18% chromium amount in the welded layer (Cr4, Cr3 sam-
ples).

Abrasive wear of different hardness thermally
treated steels has been investigated. The examination re-
sults of steels hardness, their wear and geometric parame-
ters are given in Table 3.

Table 3
Microgeometric parameters of wear-out and wear trace
surface of thermally treated grade 45 and grade XBI steels

Sample Hagi;l:ss, Wear, g Agf;ief > | SPQp |R,, um

5.7 0.0906 12.3 0975 | 1.16

5.4 0.0990 14.8 0963 | 1.16

45 4.3 0.1158 15.6 0.959 | 1.08
2.7 0.1592 19.6 0.939 1

1.6 0.1509 21.3 0926 | 1.14

6.5 0.0705 10.9 0.980 | 1.36

6.2 0.1018 11.8 0.978 1.1

5.7 0.0998 13.9 0.968 | 1.12

XBU 3.3 0.1296 15.8 0.960 | 0.98

2.5 0.1181 15.1 0963 | 1.24

The investigation into the wear traces of different
hardness steels has not revealed the apparent differences in
surface profiles. Fig. 6 presents the profilograms of wear
traces of maximum and minimum hardness surfaces of
grade XBI steel.

The surface profile of a harder sample (Fig. 6, a)
has more sharpedged irregularities than a more worn down
softer sample (Fig. 6, b). The evaluated SPOp parameter
has confirmed it (Figs. 7 and 8).

The above given diagrams indicate that wear-out
of grade 45 steel and tool grade XBI steel with a probabil-
ity of 88 % and 76%, respectively, has a direct influence
on the microgeometry of the wear trace surface.

It might be caused by uneven wear of the surfaces
of different hardness. In softer surface, wearing the abra-
sive particles are considered to deform it stronger, thus
leaving no sharp edged spikes. On the contrary, in hard
surfaces wearing, the wearing appears as a fatigue surface
destruction because of repeated elastic and plastic defor-
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6 Profilograms of wear traces of thermally treated tool
grade XBI steel surfaces: a- maximum hard —
6.5 GPa, b- minimum hardness — 2.5 GPa

Fig.
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7 Interaction between the surface microgeometric pa-
rameter SPQp and the wear-out of different hardness
grade 45 steel
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mations. Crumbling off surface particles leave sharp edged
irregularities. The standard roughness assessment parameter
R, does not present a reliable difference in worn surfaces
of different hardness of grade 45 and XBI steels.

Having investigated resistance to abrasive wear
of welded layers, the difference in profiles of the wear sur-
face traces is evident. It is illustrated by profilograms of
worn surfaces in Fig. 9. The parameters evaluating wear-
out and roughness of the wear trace surface are given in
Table 4.

In contrast to thermally treated steels, the welded
layers have indicated a more explicit difference in worn
surface profiles. The surfaces more resistant to abrasive
wear are smoother (R,=0.38-0.58 pum), their surface is flat-
ter, surface irregularities are blunter. A closer relation be-
tween the wear-out and the roughness parameters — R, and
SPQp is noticed.

Fig. 10 illustrates the influence of wear of welded
layers on the SPQp parameter of wearing surface. The
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Fig. 9 Profiles of wear traces of welded layers surfaces
containing different amount of chromium a - maxi-
mum resistant to abrasive wear and b - minimum re-
sistant to abrasive wear

SPQp parameter directly describes the relation between the
wear-out value and the wearing surface profile with a
probability of 89%.

The comparison of the wear influence of ther-
mally treated steels and welded layers on the wearing sur-
face profile demonstrates that an increasing wear of steels
has an effect on the decrease in the SPQp parameter,
whereas, on the contrary, an increasing wear in welded
layers also increases the value of the SPQp parameter. In
both cases the wear visibly influences the wearing surface
profile, but this influence is inversely proportional.

Table 4
Microgeometric parameters of hard layers wear-out and
wear trace surface

Coating | Hardness, | Wear, | Angle 6, SPO Roughness
code GPa g degree 1 R, pm
Crl 4.7 0.0277 23.9 0.909 0.90
Cr2 5.6 0.0253 27.1 0.882 0.64
Cr3 7.1 0.0228 30.0 0.855 0.58
Cr4 6.6 0.0191 31.2 0.851 0.38
Cr5 7,0 0.0271 28.8 0.863 0.40
Cr6 7.1 0.0344 23.2 0.910 0.64
Cr7 5.5 0.0480 13.5 0.969 1.08

0.06

s 0.04

5

=

0.02 7 1=022(SPO)-0.16
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0.00 T T T
0.84 0.88 0.92 0.96 1.00

Surface describing parameter SPQ p

Fig. 10 Influence of the hard layers wear-out on the surface
microgeometric parameter SPQp

This interaction may be caused by a different
mechanism of the wear. Thermally treated steels are rela-
tively of equal hardness in the whole volume, while the
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welded layers are formed of carbides from a matrix. This
difference in structural composition stipulates their wear
characteristics.

4. Conclusions

1. Abrasive wear of different hardness steels and
welded hard (Fe-C-Si-Cr-B) layers has a direct relation to
microgeometric parameters of the wearing surface. As
concerns different wear mechanisms, this influence is op-
posite;

2. Parameter SPQp describes the variation of wear
with 76...89% probability, therefore having set up the data
base of various steels with analogous parameters, the pa-
rameter SPQOp can be applied for assessing the wear of the
elements working under the same conditions.
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V. Jankauskas, R. Kreivaitis

NUDILIMO PROGNOZAVIMO, NAUDOJANT
PAVIRSIU MIKROGEOMETRINIUS PARAMETRUS,
TYRIMAS

Reziumé

Straipsnyje atlikta abrazyvinio dilimo vertinimo
metodiky apzvalga. Dilimo spartai jtakos turi Sie paramet-
rai: abrazyvy medziaga, daleliy dydis, forma, kontaktinis
slégis ir kt. Dauguma naudojamy abrazyvinio dilimo spar-
tos vertinimo modeliy pagristi elementarios dalelés ir pa-
virSiaus saveika, t. y. mikropjovimu Salinamos metalo da-
lelés nustatymu. Taciau pakitus dilimo salygoms esami
modeliai tampa netiksliis. Ta lemia kontaktiniy pavirsiy
apkrovy dydZzio pokytis ir kt. veiksniai. Patikimiausiu dale-
liy abrazyvumo vertinimo parametru laikomas abrazyvo
dalelés SPQ parametras. Atlikti eksperimentiniai termiskai
apdoroto anglinio 45 ir jrankinio XBI" plieny bei kietyju
(Fe-C-Si-Cr-B) sluoksniy abrazyvinio dilimo tyrimai pagal
ASTM G65. Dilimo pavirS$iy mikrogeometrinio parametro
SPQp palyginimas su pavirSiy nudilimu parodé esant pati-
kima (R’=76-89 %) saveika tarp nudilimo ir parametro
SPQp verCiy. Todél galima teigti, kad parametras SPQp
gali biti naudojamas preliminariam nudilimui vertinti tais
atvejais, kai maSiny elementai, yra pagaminti i§ vienos
medziagos, taciau skirtingai termiskai apdoroti ir naudoja-
mi vieno abrazyvo terpéje.

V. Jankauskas, R. Kreivaitis

STUDY OF WEAR PREDICTION BY APPLYING
SURFACE GEOMETRIC PARAMETERS

Summary

The paper presents the review of abrasive wear
assessment methods. Wear intensity is influenced by mate-
rial, size and shape of particles, contact pressure, etc. Most
models of abrasive wear intensity assessment are based on
the interaction between an elementary particle and the sur-
face i.e. on the estimation of a metal particle removed by
microcutting. Under changing wear conditions, the present

models become inaccurate due to alteration of the load
values of contacting surfaces and other factors. The most
reliable parameter of particles abrasivity is considered the
abrasive particle parameter SPQ. Thermally treated carbon
grade 45 and tool grade XBI steels and hard (Fe-C-Si-Cr-
B) layers have been experimentally investigated according
to ASTM G65. Comparison of the microgeometric pa-
rameter SPQp of wear surfaces to the surfaces wear-out has
exhibited reliable interaction (R*=76-89 %) between the
values of wear and parameter SPQp. For this reason the
parameter SPQOp can be used for assessing preliminary
wear-out in the cases when machine elements are made of
one material and are used in one abrasive medium, but
with different thermal treatment.

B. Sukayckac, P.KpeiiBaiituc

NCCIJIEJOBAHME BO3MOXHOCTU
MPOIHO3MPOBAHUA NU3HOCA UCIIOJIb3Y A
MUKPOI'EOMETPUYECKUE ITAPAMETPbLI
INOBEPXHOCTH

Pe3omMme

Ha wmHTeHCHMBHOCTH aOpa3WBHOTO HM3HAIIMBAHUS
BJIMSICT Marepual, BeJIn4nHa, opMa aOpa3uBHBIX YaCTHII,
WX JaBJIeHHe Ha W3HAIIMBAaeMYyIO ITOBEPXHOCTH U 1p. boi-
IIMHCTBO MOJEJIEH NMPOTHO3MPOBAHUS aOpa3sMBHOTO HM3HA-
IIMBAaHMS YYUTHIBAIOT TIPOIECC MHUKPOPE3AHUS ITOBEPX-
HOCTH ¥ SIBIIAIOTCS BIIOJIHE NPUEMIIEMBIMH B OIpeEere-
HHBIX YCJIOBHSIX, M3MEHEHHE KOTOPBIX JaeT OONbIIUE I10T-
PELIHOCTH. DTO CBSI3aHO C M3MEHEHHEM CTEIEHH BIMSHUS
TUIACTUYECKOTO Ie(OPMUPOBAHUSI / MUKPOPE3aHUsI Ha TIPO-
necc u3HammBaHus. Haubosee HaleXHBIM IapamMeTpoM
OLIEHKM a0pa3MBHBIX CBOMCTB 4YacTHUI| SIBJISETCS UX Iapa-
MeTp SPQ. IlpoBeaeHs! 3KCIepUMEHTAIbHBIE HCCIeI0Ba-
HUs abpasuBHOrO M3HammBaHus craneir 45, XBI' u TBep-
JIBIX HAIUIABJICHHBIX CJIOEB Pa3HOW TBEPAOCTH COTJIACHO
TpeboBanmsaM ASTM GO65. AHanm3 BETMYHWHBI W3HOCA H
HIEPOXOBAaTOCTH IMOBEPXHOCTU B3aUMOCBSI3M HE MOKa3all.
Ho pacuerHslii napamerp nosepxnoctu SPQp U BENUYMHA
W3HOCA HMMEIOT JOCTaTOYHO BBICOKYIO B3aUMOCBSI3b
(R*=76-89 %). DTa 3aBUCHMOCTb MOYET YCIIENIHO IpPHME-
HATCS JJI IPEIBapUTEIbHON OLEHKM M3HOCA CTalleH, Tep-
MHUYECKH 00pabOTaHHBIX Ha Pa3IMYHYIO TBEPJOCTb.
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