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ABRASIVE WEAR IN CONTACT WITH PARTICULATE MATERIALS

Summary ■ A rig hoe been developed to study the abrasive wear of 
materials in friction contact with solid particles. The equipment 
hasa wide pressure and velocity range, and can be used to simulate 
the tribo - conditions inside pulverizers. Using the rig, a number 
of different materials have been tested and classified according to 
their resistance to abrasive wear in rubbing contact with the par
ticulate coal. The investigation was divided into two parts, in 
each part the different shape of grinding blade (tested material) 
wae used in order to focus attention onto the different wear pheno
mena. Tests with triangular blades can provide usefull information 
about wear properties of various materials. Apart from the maximum 
wear resistance, MWR, the Initial drop of wear resistance, -JltWR, 
can be determined. The value of IDWR gives information about the 
share of the brittle fracture of the sharp edges and asperities in 
the total wear of the blade.

1. INTRODUCTION

Abrasive wear is the major form of wear on components of e mills. Thit 
wear is usually caused by hard mineral particles with non—  metal intera
tomic bonds which produce no significant adhesion and seizure phenomena. 
for this reason, the physical processes resulting in abrasive weir «are 
relatively simple. On the other hand a great variety of shapes and mecha
nical properties of abrasive particlee (e.g. quarts and pyrlte particles 
in coal) and diverse loading conditione give rise te variable stresses at 
the contact [1] . Wear debris are separated froe the sain metal ae s re« 
suit of a single or, generally, multiple action of the abrasive agents,
i.e. either microcuttlng or fatigue (low - cycle in the plastic regier, 
and multiple - cycle in the elastic region) takes place. This divereit ' 
of wear processes and conditione results in various combination t tfc 
elementary processes involving disintegration and loosening oi the sur
face layers. As a consequence of the great varieties of abrasive wear t;
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distinguished in practice such as, gouging abrasion, grinding abrasion 
and erosion abrasion. Resistance to abrasive wear is improved by correct 
design, by reducing abrasive action, by selecting suitable materials, and 
by using methods to strengthen them. Using the new method [l] a number of 
different materials have been tested and classified according^to their 
resistance to abrasive wear in contact with the particulate coal. The 
investigation was divided into two parts, in each part the different 
shape of grinding blade (tested material) was used for focusing atten
tion onto different wear phenomenas.

2. EXPERIMENTAL DETAILS

A new method (jl, 2j has been developed which allows for much closer 
simulation of stress conditions found in actual mills. It is faster and 
lees expensive than the standard Hardgrove test [3] and any material 
combination (i.e. material of blade or particulate material) can be used 
under any operational condition (i.e. pressure, sliding velocity, tempe
rature). Another advantage of this method over other methods is that the 
ground material (coal was used in these tests) is allowed to leave the 
grinding area 88 occurs in actual mills. The apparatus consists of a disc 
rotating in a cylindrical chamber under a normal force [l] . The coal 
sample is placed in the bottom of the chamber. The grinding blade (figu
re 1) is attached to the underside of the disc. The coal is ground by the 
rotating blade until just before it reaches the bottom of the chamber. 
Power input is measured during the grinding process. Prom the mass of 
blade material lost during grinding and the power input the wear resisv 
tance of a blade material can be determined. The following formulas are 
usedt

Wear of blade

Aw . ( 1 )

Energy input

El - 2 ST Til ( 2 )

wheret
T - is the average integral torque, Nm 
i - is number of revolution.
Wear resistance of material

(3)
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Relative wear resistance of notarial

The highly abrasive Camden coal [2] was^ used in all tests. The coal 
aumples were unwashed but had been crushed and sieved so its grain size 
aas 600 - 1180 ̂ in. The first group of materials tested consists of five 
hard cemented tungsten carbides, one standard carbon steel, and one high 
chrome cast iron, CI1 (table 1) carrently used for rings in ball - rsce 
pulverizers. The decision to select this set of materials was based on 
significant success achieved in a casting process that metallurgically 
bonds exceptionally hard cemented tungsten carbides to tough 4330 base 
eteel. This casting process reduced excessive wear problems in some se
vere operating conditions and could be applied for the manufacture of 
the grinding elements. In the second part of the investigation, with 
triangular blade, the group of materials presented in table 1 was tested. 
The materials from this group are recomended for liners in tube mills, 
with the exception of standard carbon stael.

3. RESULTS

3.1. Tests with rectangular blades
The tribological conditions which are generated on the bottom surface 

of the rectangular blade simulates conditions on the ball - coal layer 
interface inside a ball - race mills [1, 2_] . Hence wear and wear resis
tance results, from the tests,can be applied directly in order to predict 
material performance in the industrial pulverizers. The results are sum
marised in table 2. Most of the cemented tungsten carbides gave excellent 
wear resistance. With material grade K3109, wear resistance was increased 
by 658 times compared to the standard material and 26 times compared to 
high chrome cast iron presently used for casting race. Table 2 includes, 
additional parameters such as hardneas, relative impact resistance and 
optional parameter F. Parameter F is based on the assumption that the 
relative wear resistance and relative Impact resistance are an equally 
Important property when considering application of materials. Applying 
parameter F as a criterion, the grade K3109 was chosen and recommended 
as a filler for the composite cemented tungben carbide - 4330 base steel 
rings. The relationship between wear and the binder percentage is shown 
in figure 1. This indicates that the optimal percentage of binder for a 
given range of sintered carbides and triboconditions was about 12*.

Electron microscope studies of the wear phenomenas on the surface of 
various specimens after testing are shown in figure 3 end 4. The distinct
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abrasion cutting action of hard particles, originating in the coal (fi
gure 3a) occured on the specimen surface. Por the chemical identifica
tion of the particles (figure 3b) the energy dispersive I-ray analysis 
(KeVeX) was used.

In the case of cast iron the wear occured predominantly as the result 
of low cycle frictional fatigue in the form of cracks and material flow 
at the edges of the grooves. The sintered composites used in the expe
riments consisted of a tungsten carbide skeleton with the cobalt enclosed 
in pockets. All the tested cemented speclments demonstrated the same pat
tern of wear during abrasion teste which appeared to take place through 
a combination of cobalt erosion and microfracture of the carbide skele
ton (figure 4). In particular the formation of a crater close to edge of 
specimen (fig. 4a) and some scouring or grooving took place, which sug
gest plastic deformation of the csrblde skeleton (fig. 4b,c). The remo- 
bal of small broken lumps of the composite due to brittle fracture of 
the tungsten carbide skeleton, rounding of the^arbide grains corners 
exposed to abrasion and spelling of the most prominent part of the ske
leton are shown in figure 4d and 4e. The preferential removal of the co
balt (or nickel) binder la clearly seen in figure 4e. The most intensive 
wear occured close to the edges with evidence that the carbide grains 
ware broken into small fragments and loosened by cobalt erosion due to 
the quartz particle action, occasionally embedded between carbide frag
ments (figure 4f).

The presented mechanism of wear may be summerlzed and divided into 
four modes (figure 5)«
1. remove of exposed binder from between carbide grains,
2. rounding and spelling of the oardide grains, corners,
3. break-up and fragmentation of the carbide gralne,
4. pullont of carbide particles after sufficient binder has been remo

ved.
The intensity of wear of some grades, such as K3109 is extremely low, 

and this type of material is seen as an alternative to high chrome cast 
iron if cost calculation could justify this choice.

3.2. Teste with triangular blade-
Investigations with rectangular blades showed that the most intensive 

wear occured on the leading edges. The shape ef the blades was changed to 
triangular (fig. 1b), to focus attention on the high etmwsr. tribo-pheno- 
mene which take place an the edge. The results from this oart of investi
gation were computed using equations (1) to (4), and are shown in fig. 6a. 
The graph* show how the wasr resistance vari* wii W  number of • 
of the blade, or with state of the grinding euge. At can be seen froas 
fig. 6a the wear resistance of nearly all blades varied widely with each
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uee of the blade. Only on two of the blades(carbon steel, OS and alloy 
steel, A32) the wear resistance did not vary greatly with esch use. This 
diversity in wear resistance is assumed to be a result of the blade's 
geometrical change. When the blade Is lnitiaiy sharp, the edge suffers a 
great deal from brittle fragmentation of the carbides which tends to act 
as a flaw, and this reduction in wear resistance can only improve once 
the blade becomes blunt enough for cutting and gouging mechanisms to do
minate. Because the initial geometry of the blades and coal samples are 
identical only the resultant of the certain mechanical properties of the 
materials tested such as fracture tougnness, impact resistance and brit- 
telness can influence the value of the initial drop of wear resistance, 
IDTO (fig. 6b). Hence it appears that IDWR is a measure of material pro
perty, namely the resistance of material to brittle fragmentation in 
aicrocontact zones.

All the blades showed the same wear pattern on the grinding edge, the 
degree of blunting increases from the centre to the outer edges of the 
blade. This is understandable as the outer extremities of the blade move 
faster, end this has a marked effect on the race of wear of the material. 
The standard carbon steel, CS showed relatively uniform wear resistance 
(fig. 6a) for all five repeated tests. The blade had 3 to 5 times the 
wear resistance of the rectangular blades (table 2) of the same material. 
There was also a large degree of plastic deformation at tha trailing edge 
of the grinding face. The increase in wear resistance over the rectangui 
lar blades ia (attributed to a lower surface area exposed to abrasive 
action. It ia expected that the wear will significantly increase if 
the surface area increases, due to severe blunting. Alloy steel, AS2 
showed similar characteristics to the plain carbon steel, but showed 
a lesser degree of plastic deformation on the grinding faoe. Some of the 
deeper gouges showed brittle fracturing of the chip at tha trailing edge 
of the face.

Tha weld hard facing sample, W3 and cast irons, CI1 and CI2 samples 
showeo comparable wear characteristics. Rising uniformly to their maximum 
wear resistance, MWR, the three blades showed good overall tribo - pro
perties. The high wear resistance of CI2 ia attributed to its high chroma 
content (28,06*) and to its mar£ensltic matrix. It had a high carbide vo
lume fraction (34,04*) and relatively small carbide siso (8,75^»m), which 
give good wear resistance, since the hardness of the carbides is greater 
than that of the o  . 1 impurities. The 22% chrome cast iron, CI1 showed 
the highest Klffi of ell the blades. The high values of the initial drop 
in wear resístanse, IDWR, as a consequence of brittle fragmentation and 
chipping of the edge, suggest low toughess of these tree materials.

The wear resistance of alloy steel,,AS1 was initially constant and 
then it rose 40* to a maximum, and slowly began to decline again with



162 S. ¿cleazka

further use. Abrasion was a result of severe cutting and gouging actions 
accompanied by a large degree of a plastic deformation. It had relati
vely high IWR for an austenitic matrix but this is attributed to work- 
hardening of the grinding face of the blade. The jump from the IWR to MWR 
can probably be explained by the fact that, althongh the grinding face 
was work-hardened, it still suffered (structural failure} in | two first 
runs due to the sharpness of the edge. The graphs (fig. 6) revealed that 
the number of tests with the triangular blade can provide more useful 
information about wear properties of the materials than tests done with 
the rectangular blade. Apart from the maximum wear resistance, HWR, the 
initial drop of wear resistance, IDWR, can be determined. The value of 
the, IDWR gives information about the share of the brittle fragmentation 
and the fracturing of the sharp edges and asperities in the total wear 
of the blade.

A. CONCLUSIONS

An apparatus has been developed to study the abrasive wear of material 
in friction contact with solid particles. The equipment has a wide pres
sure and velocity range and can be used to simulate tribo-condition insi
de pulverizers. The rig was used to study the abrasive wear resistance 
of various materials.

The abrasive wear mechanism of the sintered carbides consists of remo
val of exposed binder from between the carbide grains, rounding end spel
ling of the carbide grains comers, break up and fragmentation of the 
carbide grains and pullout of carbide particles after sufficient binder 
has berm removed. Intensity of wear of some grades, such as K3109 (with 
optimal 12% of hinder) is extremely low and this type of material is seen 
as an alternative to high chrome cast iron if cost calculation could jus
tify this choise.

I1f is possible that the initial drop in w8ar resistsnca, IDWR.is an 
accurate measure of the materials property, namely the resistance of a 
material to brittle fragmentation and chipping of the edgass during 
tribo-contect with solid particles. Further study should be carried out 
to determine the relation between IDWR and other properties of materials 
such as fracture toughness end impact resistance. In any further tests 
the blades should have the same surface characteristic i.e. all surfaces 
should bs ground and polished. The same operational conditions end the 
same particulate material should be used in all tests.
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Fig. 1. Disc - blade assembly with 
two different shapes of blade,
a) rectangular, b) triangular
Rys. 1. Układ dysk-próbka z dwoma różnymi kształtami próbek,

a) prostokątny, b) trójkątny

Fig. 2. Diagram of the relation bet
ween the wear and weight percentage 
of the binder of the grades tested
Rys. 2. Wykres zaleinoóoi pomiędzy 
zużyciem a wagowym udziałem lepisz

cza w badanych kompozytach
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iig. 3. SEM micrograph» of the standard oayben steel specimen's surface 
showing individual groovaa formed by the cutting action ef trapped and 
broken quartz particles (a), KeVeXe technique waa used to determine the 

chemical composition of the particle (b)
Rye. 3. Obraz mikroskopowy, SEM, powierzchni próbki ze stali węglowej po
kazujący pojedyncze bruzdy wykonane przez cząsteczki kwarcu (a). Metoda 
Kevex zestala zastosowana dla wyznaczenia chemicznego składu cząsteczki

(b)
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Pig. 4b
Pig. 4. SEX nlcrographs af the tunget carbide grade K3109 surface after 
abrasion test showing mecnanisos of wear of polycrystalline ceramic ma

terial
Rye. 4. Obra* nikroskopowy, SKM, powierachni próbki z węglika wolfrsoi 
symbolu K3109 pa próbie zutycia pokazujący,, aechanizn zużycie polikrysta

licznego materiału ceramicznego
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Pig. 4e

Pig. 4f
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Pig. 5. Simplified pattern of abrasion weer af the tungsten carbides 
Rys. 5. Uproszczony model zużycia ściernego węglika tytanu

Pig. 6a,b. Effect of number of tests on wear resistance of nine materials 
(a/, schematic representation of wear bahaTiour of the triangular blade 
in sliding contact with solid particles (b), where: WR is wear resistance 
obtained with rectangelar blade, HWR is maximum wear resistance, IWR is 

initial wear resistance and IDWH is initial drop of wear resistance
Rys. 6. Wpływ ilości kolejnych badań na wyniki odporności na zużyole dzie
więciu materiałów (a), schematyczne przedstawienie zmian zużycia próbki 
trójkątnej w ciernym kontakcie z cząsteczkami ciał stałych (b), gdzie WR 
jest odpornością na zużycie, uzyskana przy pomocy nrostokątnych próbek, 
MWR jest to maksymalna odporność ne zużycie, IWR to wstępna odporność na

2 3 4
No test — 2 3 4 5

No test —

zużycie i IDWR to wstępny spadek odpornoćc.; na zużyoie
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ZUŻYCIE ŚCIERNE W KONTAKCIE Z MATERIAŁAMI ROZDROBNIONYMI

S t r e s z c z e n i e
Przedstawiono przyrząd do badania zużycia ściernego materiałów kon

strukcyjnych w kontakcie ciernym z cząsteczkami ciał stałych. W przyrzą
dzie tym jest możliwość zmiany nacisku i prędkości w szerokich granicach, 
przez co umożliwia on badanie symulacyjne procesów tribologicznych w 
młynach węglowych. Przy użyciu ww aparatu szereg różnych materiałów zos
tało zbadanych i sklasyfikowanych według ich odporności na zużycie ścier
ne w kontakcie z rozdrobnionym węglem. Badanie zostały podzielone ne dwie 
części, w każdej części używano inny kształt próbki materiału badanego 
w celu zwrócenia uwagi na różne zjawiska zużycia. Badania z próbką trój
kątną dostarczają użytecznych informacji o własnościach zużyciowych bada
nych materiałów. Oprócz maksymalnej odporności na zużycie, MWR, wstępne 
zmniejszenie odporności na zużycie, IDWR może zostać określone na ww 
przyrządzie. Wartość IDWR daje informację o udziale kruchego pękania 
krawędzi i nierówności powierzchni o ogólnym zużyciu próbki.

AEPA3HBHH0 H3H0C CPU KOHTAKTE C flPOBJlfiHiiM MATEPRAJIOM 

P e  3 10 u e
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B u m e H a 3B a H H Ł i i i  n p a ó o p  n o u o r  n p o B e c m  H c c J i e A o B a H a e  h  K J i a c c n $ n K a n H i o  p a j a  p a 3 -  

a h b h ł d c  M a T e p H a j i o B  c  i o b k h  3 p e H H H  h x  c o n p o T H B J ie H H a  a 6p a 3H B H 0u y  H 3H o c y  n p n  

K O H T a K i e  c A P o Ó J t e H H u  y r z e u .  Ilponecc H c c J ie A O B a H H H  6ł l h  p a 3A e a e H  n a  x s e  v a c x n j  

b  K a * A o B  a a  » i a c i e 8  H c n o a b a o B a j m c b  p a 3A x < tK b ie  $ o p u b i  o 6p a 3 q a  o n u T H o r o  w a T e p i a -  

n a  c u e j i b K  o O p a i H T B  B H H u a H H e  Ba p a S H u e  b b j i c h h a * 3H o c a .  H e n H T a H H « ,  n p o B e A e n -  

H u e  H a A  T p e y r o j i b u u M  o O p a s ą o M ,  A a i o i  n o x e 3H y jo  H H < Jio p M a u n jo  o  c B o 8 c T B a x  H 3H o c a  

a c c a e A O B a H H u c  u a i e p s a J i o B .

Kpone uaKCHuaJibHoro conpoiHBaeHHH H3Hocy, MWR, BumeHa3BaHHHM npHÓopoii xo- 
xex 6uxb xaKxe onpeAeJieHo h npeAsapHieJibHoe yueHbmeHHe conpoTHBJie huk H 3Hocy, 
IDMR. 3 HaveHHe IDMR Aaei HH$opuanHB o A°ae xpynKoro pacipecKHBaHHa rpaHłfi 
h HepOBHOCTH noBepxHocTn npH oOmeM B3H 0ce oSpaana.


