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One aspect i n the s k i d - r e s i s t a n t l i f e of a pavement i s the po l i sh ing of 
i n d i v i d u a l roadstones by abras ives on the road . The r e l a t e d p r o b l e m 
s tudied here i s the g radua l wear ( m i c r o s c o p i c scale) of homogeneous 
roadstones to de te rmine the pe r t inen t phys ica l p r o p e r t i e s of these 
m i n e r a l s i n the wear p rocess . Wear i s measu red as a weight l o s s 
of m a t e r i a l . A b r i e f r e v i e w of wear i s g iven . A wide range of con
cepts exis t s , mos t studies p e r t a i n i n g to me ta l s . Some of the i m p o r t a n t 
pa r ame te r s a re m e l t i n g t empera tu re , hardness, e l a s t i c modulus , and 
energy. 

T e n m i n e r a l samples , p redomina te ly oxides, w e r e he ld against the 
rubbe r t r a c k s of a r o t a t i i ^ d r u m i n the presence of d r y f i n e abras ives . 
Th ree loads and speeds were t e s t ed f o r each of t h r ee d i f f e r e n t abras ives . 
These tes t condi t ions s i m u l a t e d ac tua l pavement exper ience . M i c r o 
scopic photographs of w o r n sur faces r evea led two phenomena: s c r a t c h 
i n g and p i t t i n g . Rap id ly w e a r i n g m i n e r a l s s u f f e r e d both types of d a m 
age w h i l e s low w e a r i n g m i n e r a l s d i sp layed no sc ra tch ing , on ly a s m a l l 
amount of p i t t i n g . Rap id wear o c c u r r e d when the abras ive was ha rde r 
than the m i n e r a l . Wear was p r o p o r t i o n a l to l o a d and i n v e r s e l y p r o 
p o r t i o n a l to hardness. The s low wear of m i n e r a l s s o f t e r than the 
ab ras ive was independent of load . L i m i t e d evidence suggested that 
t h i s wear depended on the r a t i o of su r face to s t r a i n energy i n a g iven 
m i n e r a l . P i t t i n g was r e l a t e d to energy concepts w h i l e s c r a t c h i i ^ was 
r e l a t e d to hardness . No c o r r e l a t i o n could be achieved between wear 
and m e l t i n g t empe ra tu r e o r modulus . Hardness was found to be the 
mos t i m p o r t a n t pa ramete r i n the r a p i d wear of homogeneous m i n e r a l s . 

• T H E predominan t v a r i a b l e i n t i r e - p a v e m e n t f r i c t i o n d u r i n g wet condi t ions i s the 
su r face t ex tu re of the pavement i t s e l f . Skid res i s tance depends on a su r face w h i c h 
p rov ides f i l m pene t ra t ion and drainage channels. One of the f a c t o r s w h i c h can a l t e r 
these c h a r a c t e r i s t i c s i s the smooth ing and round ing of exposed roadstones by a b r a 
s ives found on the road . T h i s process i s caused by p a r t i c l e r e m o v a l , o r wear , on a 
m i c r o s c o p i c scale, and i t i s c o m m o n l y r e f e r r e d to as po l i sh ing . The amount of t h i s 
wear over a p e r i o d of t i m e can have a d i r e c t e f f e c t on the s k i d - r e s i s t a n t l i t e of a 
pavement. 

The p r o b l e m of concern here i s the g radua l wear (on a m i c r o s c o p i c scale) of h o m o 
geneous roadstones wh ich occur as const i tuents i n the heterogeneous aggregate. Spe
c i f i c a l l y , i t i s the na ture of the p a r t i c l e r e m o v a l f r o m the stone su r face . A weight or 
vo lume l o s s o f m a t e r i a l w i l l be used t o de f ine the r a t e of wear . A t t e m p t s w i l l be made 
to (a) r e l a t e the wear to phys ica l p rope r t i e s of m a t e r i a l and (b) def ine the probable 
wear mechan i sm. T o th i s extent i t wou ld be des i rab le to dupl icate as c lose ly as pos 
s ib le the condi t ions found on the road . 

N O M E N C L A T U R E 

^ a ~ s-PPS-rent contact area; 
A Q = equivalent a rea of p i l e d - u p m a t e r i a l on a groove; 
Aj, = r e a l contact area; 
A „ = a rea of the v e r t i c a l f ace of a groove; 
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Cn = any constant; 
d = d i ame te r of h e m i s p h e r i c a l wear p a r t i c l e ; 
E = e las t ic modulus; 
F = f r i c t i o n f o r c e ; 
f = c o e f f i c i e n t of f r i c t i o n ; 

= V i c k e r ' s hardness; 
P m = m a t e r i a l f l o w p re s su re ; 

S = su r face energe of f o r m e d wear p a r t i c l e ; 
CTyp = m a t e r i a l y i e l d s t ress ; 

V = s l i d i n g ve loc i ty ; 
V = vo lume of wear r e m o v a l f o r a g iven distance of t r a v e l ; 

W = load; and 
W Q = component of wear r e m o v a l independent of load . 

W E A R CONCEPTS 

The c o m p l e x i t y of wear processes has l e d to a l a r g e d i v e r s i t y i n both t heo ry and 
approach to i t s p rob l ems . T h i s state ex is t s even though mos t r e sea r che r s have l i m i t e d 
themselves to s tudying m e t a l wear , and i t i s understandable that highway engineers 
have neglected ana ly t i ca l aspects of wear since pavement m a t e r i a l s a r e much m o r e 
complex than meta l s . 

Since wear i s concerned w i t h the su r face of a m a t e r i a l , the contact a rea between 
two bodies i s i m p o r t a n t . En la rgement of even the mos t c a r e f u l l y po l i shed sur faces 
shows h i l l s ( r e f e r r e d to as a spe r i t i e s ) and va l l ey s w h i c h a re l a r g e compared to m o l e c u 
l a r d imens ions . Smal l p a r t i c l e s , such as abras ives , d i spe r sed between bodies a lso 
a re ca l l ed a spe r i t i e s i n t h i s paper. A second s o l i d i n contact w i t h the f i r s t i s suppor ted 
on the s u m m i t s of the highest of these a spe r i t i e s so that the a rea of actual contact i s 
v e r y s m a l l . T h i s actual o r r e a l a rea of contact, A r , i s a lmos t independent of the s ize 
of the su r faces and i s de t e rmined by the load, W. 

F o r loads wh ich exceed the y i e l d point , the d e f o r m a t i o n i s p las t i c and 

A r = ^ ( 1 ) 
*^m 

where Pp j i s the m a t e r i a l f l o w p res su re . Measurements (J.) of A r show that even the 
l i gh t e s t loads a re s u f f i c i e n t to produce p las t i c f l o w . 

The energy expended i n o v e r c o m i n g f r i c t i o n between rubb ing sur faces i s d i ss ipa ted 
i n the f o r m of heat. Since two sur faces touch on ly w i t h s m a l l contact areas , e x t r e m e l y 
h igh t empera tu re s may be reached at the contact ing t i p s (2). Of ten the t empera tu re s 
a re on ly l i m i t e d by the m e l t i n g poin t of one of the sur faces . 

A b r a s i v e wear occurs when a rough h a r d su r face o r a s o f t su r face , conta in ing h a r d 
p a r t i c l e s , s l ides on a s o f t e r su r face and plows a s e r i e s of grooves i n i t . The m a t e r i a l 
i s thought to be gouged out of the grooves to f o r m loose wear p a r t i c l e s . Such gouging 
involves l o c a l d e f o r m a t i o n . The res i s tance to d e f o r m a t i o n i s common ly c a l l e d h a r d 
ness. To measure i t a h a r d indenter m a y be p ressed in to the su r face w i t h a known 
load, and the s ize of the indenta t ion i s measured . The V i c k e r ' s indenter , a square 
p y r a m i d of diamond, i s f r e q u e n t l y employed i n m e t a l hardness de te rmina t ions . The 
i m p r e s s i o n i s permanent s ince the o v e r r i d i n g e f f e c t i s the p las t i c f l o w of the m e t a l 
a round the indenter . The V i c k e r ' s hardness number , the mean p re s su re over the a rea 
of the indentat ion, i s expressed as 

„ = 
^ p r o j e c t e d a rea of indentat ion 

I t can be shown (3) that 

Hv ~ P m (2) 
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a des i rab le r e l a t i onsh ip . Other t e s t e r s or methods to measure hardness, such as 
those bea r ing the names of B r l n e l l , R o c k w e l l , o r Mohs , employ scales wh ich v a r y as 
some power of the f l o w p ressu re . 

Av ien t , Goddard, and W i l m a n ( 4 ) abraded a number of meta l s us ing a wide s ize 
range ( 5 to 1 5 0 n) of e m e r y abras ive . I f v i s the vo lume loss f o r one p a r t i c l e per un i t 
distance of t r a v e l , v = (Ay - A Q ) , where A y = f ( A y ) i s the a rea of the v e r t i c l e f ace 
of the wear t r a c k and A Q i s the equivalent a rea of the p i l ed -up r i dge along the groove . 
Since the f r i c t i o n a l f o r c e F = Pm^v> 

(3) 

A s s u m i n g tha t A g / A y i s constant f o r mos t meta l s , and us ing the f a c t that F = f W, 

( 4 ) 
' ^m 

where the c o e f f i c i e n t of f r i c t i o n f depends on the shape of the abras ive p a r t i c l e , but 
i s independent of i t s s ize . M u l h e a r n and Samuels ( 5 ) tes ted s i l i c o n carb ide abras ive 
on meta l s , and t h e i r r e s u l t s agreed w i t h Eq . 4 . 

The abras ive wear i n these tes ts was of the two-body type (abras ive f i x e d to an 
adhesive backing) , but Rabinowicz et a l ( 6 ) exper imen ted us ing a th ree -body geomet ry , 
i . e . , the abras ive i s loose . The wear was an o r d e r of magnitude l o w e r than w i t h t w o -
body abras ion since the g r a in s were r o l l i n g about 9 0 percent of the t i m e . However , 
the r e s u l t s agreed a lso w i t h Eq . 4 . 

Spurr and Newcomb ( 7 ) s l i d v a r i o u s meta l s against e m e r y paper. The wear of 
these meta l s was i n v e r s e l y p r o p o r t i o n a l to the e las t ic modulus and d i d not c o r r e l a t e 
as w e l l w i t h hardness . M i c r o s c o p i c examina t ion r evea led that , when a su r face i s 
p ressed against e m e r y paper and moved a s m a l l distance, the abras ive p lows t h r o i ^ h 
the sur face , but no wear p a r t i c l e s a re f o r m e d u n t i l s u f f i c i e n t s l i d i n g has o c c u r r e d f o r 
a new groove to r i m in to an e a r l i e r produced one. When the f i r s t abras ive g r a i n s l ides 
along the sur face , i t d isplaces m e t a l ahead of i t , but the m e t a l behind i t r e c o v e r s 
e l a s t i c a l l y . The second g r a i n r e m o v e s the r e c o v e r e d m a t e r i a l and the vo lume r e m o v e d 
was r e l a t e d to e l a s t i c i t y : 

V ~ g ( 5 ) 

Selwood ( 8 ) abraded meta l s as w e l l as nonmetals against ca rbo rundum paper ( 6 0 n). 
He found that extensible o r e las t ic so l ids were ab ras ion r e s i s t an t and that hardness 
was a m i n o r f a c t o r . F o r instance, an t imony i s t h r ee t i m e s ha rde r than c a d m i u m yet 
i t was abraded m o r e r a p i d l y . 

Rabinowicz ( 9 ) proposed an i n t e r e s t i n g t heo ry f o r p a r t i c l e s ize f o r m a t i o n based upon 
energy concepts. K a p a r t i c l e b reaks loose beneath an a s p e r i t y the e las t i c energy 
s to red i n the p a r t i c l e wh i l e i t was being f o r m e d m u s t equal o r exceed the energy of 
adhesion w h i c h binds i t t o i t s subs t ra te . L e t T = e las t ic energy and Y = energy r e 
q u i r e d to crea te a new sur face , then f o r a h e m i s p h e r i c a l f r a g m e n t of d i ame te r d, 

T ~ 4 P ^ ( 6 ) 

Y ~ Sd^ ( 7 ) 

where i s the y i e l d s t r e s s and S i s the su r f ace energy per un i t a rea . Thus, 

T 2 Y o r d 2 ( 8 ) 
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T h i s pa ramete r may p rov ide a measure of wear res i s tance al though there i s no i n d i 
ca t ion of average s ize o r f r e q u e n c y of wear p a r t i c l e detachment. F o r instance, one 
of the f i r s t u s e f u l e m p i r i c a l r a t i n g of wear res i s tance , l / v , (1^) was the p r o p e r t y 
ffyp/E. T h i s p r o p e r t y does g ive some measure of a m a t e r i a l ' s a b i l i t y to s to re s t r a i n 

energy upon d e f o r m a t i o n . 
M o s t of the above studies were concerned p r i m a r i l y w i t h the wear of me ta l s . Some 

nonmeta l l i c m a t e r i a l s , i n p a r t i c u l a r m i n e r a l s , a r e known to possess bu lk p r o p e r t i e s 
wh ich make t h e m much m o r e b r i t t l e than me ta l s . K i n g and Tabor (11) i n v e s t ^ a t e d the 
s l i d i n g contact reg ions of b r i t t l e so l ids and found that the h igh p re s su re developed 
a round the d e f o r m e d r e g i o n w e r e o f t en s u f f i c i e n t to i n h i b i t b r i t t l e f r a c t u r e . Under 
these condi t ions the d e f o r m a t i o n i s p r i m a r i l y p las t i c , al though some c r a c k i n g and 
su r face f r a g m e n t a t i o n o c c u r r e d . 

The abras ion of graphi te w i t h e m e r y paper (5 to 150 fi) by Porgess and WUman (12) 
was s i m i l a r to that of £ q . 4; however , wear d i d not v a r y l i n e a r l y w i t h the f r i c t i o n 
c o e f f i c i e n t f , o r abras ive s ize . M i c r o s c o p i c inspec t ion r evea led c r a c k i n g and f r a g 
menta t ion a long the wear grooves . F o r e m e r y p a r t i c l e s l a r g e r than 50 ft the wear was 
about f o u r t i m e s as much as p r e d i c t e d f r o m m e t a l wear theo ry . Dobson and W i l m a n 
(13) cont inued the abras ion tes ts of nonmetals w e a r i n g sod ium ch lo r ide against e m e r y 
abras ive (0. 5 to 150 M ) . The r e s u l t s agreed w i t h those obtained w i t h g raphi te i n that 
the p r o p o r t i o n of the groove vo lume r e m o v e d as wear due t o b r i t t l e f r a c t u r e inc reased 
w i t h abras ive s ize . One i m p o r t a n t new f e a t u r e was r e p o r t e d though. I n the lowes t 
r e g i o n of ab ras ive p a r t i c l e s ize , where a l a r g e number of p a r t i c l e s share the l oad and 
indentat ions a r e sha l low i n the specimen, wear c h a r a c t e r i s t i c s agree w i t h the studies 
done on me ta l s . T w o types of wear then a r e d i s t inguished and a re thought to be ope ra 
t i v e i n d i f f e r e n t ranges of the depth of indenta t ion. A t depths l e ss than 0.5 (i, f r a c t u r e s 
and c r a c k i n g a r e neg l ig ib le , and wear i s i den t i ca l i n magnitude to that of me ta l s of the 
same hardness . I n t h i s instance the d e f o r m a t i o n i s e n t i r e l y p l a s t i c . F o r depths beyond 
5u, the wear increases s t r ong ly w i t h i n c r e a s i n g sp read of f r a c t u r e s a round the indent 
i n g abras ive p a r t i c l e . No a t tempts were made to r e l a t e f r a c t u r e wear to s t r a i n energy 
p r o p e r t i e s . 

P r e v i o u s l y i t was noted that f r i c t i o n a l heat ing i s o f t en l i m i t e d on ly by the m e l t i n g 
poin t of the rubbed sur face , p a r t i c u l a r l y f o r m a t e r i a l s w i t h l o w t h e r m a l conduc t iv i ty . 
I n add i t ion the mechanica l s t rength of mos t m a t e r i a l s at h igh t empe ra tu r e decl ines 
r a p i d l y near the m e l t i n g po in t . . Can m e l t i n g t empe ra tu r e than be expected to g ive a 
measure of wear between m a t e r i a l p a i r s ? 

The in f luence of m e l t i n g point i s v e r y pronounced i n w o r k by Bowden (14) where 
meta l s were w o r n w i t h a b l o c k of pure camphor ( m e l t i n g poin t 178 C). The observed 
wear i s g iven i n Tab le 1. The loss of weight p r i m a r i l y depended on m e l t i n g point , 
not hardness. I f the m e l t i n g point of the rubb ing m a t e r i a l i s l o w e r than the rubbed 
m a t e r i a l , the rubb ing m a t e r i a l w i l l be r e l a t i v e l y i n e f f e c t i v e . F o r example ca lc i t e 
( m e l t i n g poin t 1330 C) w h i c h showed l i t t l e wear when rubbed w i t h cuprous oxide ( m e l t 
i n g point 1230 C) was r e a d i l y w o r n by z inc oxide ( m e l t i n g poin t 1800 C). Quar tz ( m e l t 
i n g point 1700 C), wh ich i s cons iderab ly ha rde r than z inc oxide, was w o r n b y i t . 

Bowden and Scott (15) s tudied the wear of glass due t o a d iamond s l i d e r . Wear was 
neg l ig ib le be low a c r i t i c a l value of VWV2 where V i s the v e l o c i t y . Surface examina 
t i o n r evea led m e l t i n g , and VWV^ was r e l a t e d to the m e l t i n g t empera tu re of the p a r t i c u 
l a r g lass . The po l i sh ing of glass w i t h d iamond dust gave the same type of su r face 
d e f o r m a t i o n as the d iamond s l i d e r . 

T A B L E 1 

CAMPHOR B L O C K SLIDING ON M E T A L S 

Metal Melting Point 
(°c) 

Vicker's Hardness 
(kg/mm') 

Loss of Weight 
(gr/cm) 

Lead 327 5 <0.1 X 10-' 

Wood's alloy 69 25 3.2 « 10-' 

Gallium 30 6.6 165 « 10-' 
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T h i s ab r idged r e v i e w of wear t h e o r y h igh l igh t s the c o m p l e x i t y of wear processes 
th rough s i m p l i f i e d models and t h e i r e m p i r i c a l d isagreement . One reason f o r these 
d i sc repanc ies i s the degree of c o r r e l a t i o n tha t o f t e n ex i s t s between the macroscop ic 
p rope r t i e s of hardness, m e l t i n g t empe ra tu r e and modulus , wh ich u l t i m a t e l y depend 
upon the a tomic s t r u c t u r e of the m a t e r i a l . Thus , s t rong a tomic bonding p romotes 
h igh values f o r these va r i ab l e s . However , r e l a t i o n s between wear and m o r e funda 
menta l p rope r t i e s have not evolved. 

PROCEDURE OF T H E I N V E S T I G A T I O N 

E x p e r i m e n t a l V a r i a b l e s 

I t i s common ly accepted that the t i r e - p a v e m e n t wear process i s e ssen t i a l ly of the 
th ree -body abras ion type . Abras ives , present on the road , a r e p robably d e r i v e d p r i 
m a r i l y f r o m the pavement i t s e l f . R o l l i n g t i r e s p rov ide enough r e l a t i v e m o t i o n to abrade 
the exposed aggregate. T o l e a r n m o r e about t h i s process a l i m i t e d m i c r o s c o p i c s tudy 
was made of the abras ives found on the r o a d and t i r e s of veh ic le s . The co l l ec t ion was 
done w i t h adhesive tape. At t en t ion was g iven to s ize r a t h e r than type . The debr i s 
co l l ec ted f r o m the r o a d sur face was dominated by p a r t i c l e s i n the 5- to 4 0 - ^ range. 
T i r e s were found t o be coated w i t h an e x t r e m e l y f i n e powder, dominated by 1 - to 10-u 
p a r t i c l e s . Roadstones, that had been exposed to t r a f f i c , a r e qui tes smooth i n appear
ance. A number were col lec ted , and the exposed sur faces were examined f u r t h e r . The 
observed s c r a t c h l i n e s could be produced on ly by abras ives l ess than 1 0 - M d iamete r , 
p r e sumab ly the debr i s c l i n g i n g to the t i r e s . 

T h e r e a r e numerous phys i ca l p r o p e r t i e s and t e s t v a r i a b l e s tha t cou ld p lay a p a r t i n 
the wear process . One wou ld l i k e to invest igate as many of these p r o p e r t i e s as possible 

and yet keep the scope of the ex 
pe r imen t s i n boimds. The f o l l o w i n g 
select ions were made: 

1. T e n m i n e r a l s ; 
2. T h r e e abras ives ; 
3. Th ree loads; and 
4. Th ree speeds. 

The m i n e r a l s were se lected f o r 
consis tent and known phys ica l p r o p 
e r t i e s . M i n e r a l oxides were the 
p r i m a r y choice. I n t h i s respect , 
the se lec t ion d i f f e r e d somewhat f r o m 
actual paving p rac t i ce , al though 
quar tz , s lag, and l imes tone were 
inc luded. The f i n a l choice was a 
c o m p r o m i s e between v a r i a b i l i t y of 
p r o p e r t i e s and avaUabUity of m a t e 
r i a l . The abras ive se lec t ion was 
a s i m i l a r compromise : oxides of 
a l u m i n u m , s i l i c o n , and magnes ium. 
Size was s p e c i f i e d as less than 10)li. 
A complete l i s t and source of the 
m i n e r a l s i s g iven i n Table 2. 

A r o l l i n g t i r e can produce l a t e r a l 
movements of the o r d e r of ' A i n . m 
the contact zone (16). U s m g a value 
of 8 i n . f o r the t i r e contact length 
and a veh ic le speed of 60 f t / s e c , one 
a r r i v e s at 3 f t / s e c f o r these contact 
v e l o c i t i e s . A se lec ted speed range 
(1 to 6 f t / s e c ) t h e r e f o r e i s cons idered 
r e a l i s t i c . Loads were chosen to g ive 

T A B L E 2 

MINERAL AND ABRASIVE SOURCE 

Substance Name and Source 

(a) Mineral 

MgO Magnorite crude, 
Norton C o . , Cippawa, Ontario 

ZrOz Zirconia H {'/t in. and finer), 
Norton Co , Cippawa, Ontario 

AlsOi Alundum (No. 4 mesh). 
Norton C o . , Cippawa, Ontario 

SiC Crystolon in lump). 
Norton C o . , Cippawa, Ontario 

Slag Assorted chips for pavement. 
U. S Steel Corporation, Pittsburgh, Pa. 

SiOzCf) Clear fused quartz rod (6-mm dia ), 
Engelhard Industries, Inc . , Newark, N. J . 

CaCO](i) Limestone chips (No. 4B), 
Metal Finish, Inc . , Newark, N J . 

AlgSlsOii Shamva mullite chips (% to % in.). 
H. K . Porter, C o . , Shelton, Conn. 

SiOAc) (Sass-like lump. 
Earth and Mineral Sciences Dept. 

CaCO](c) Crystal- l ike with cleavage planes. 
Earth and Mineral Sciences Dept. 

(b) Abrasive 

MgO Magnorite Type n, 
Norton Co , Cippawa, Ontario 

S1O2 Microsil s i l ica sand (35 percent smaller than 7 )i). 
Standard Silica C o . , Ottawa, m. 

AI2O1 Alundum No. 38 (900 mesh). 
Norton C o , , Cippawa, Ontario 
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Figure 1. Test drum and assembly. 

contact pressures above and below normal 
t ire inflation pressure (10 to 50 psi) . 
Higher pressures were avoided since 
they caused tearing and wear of the rubber 
c a r r i e r . 

Apparatus 

P R E S S U R E 

R O L L I N S 
DIAPHRAM 

S E A L I N G 
MEMBRANE 

MINERAL SPECIMEN 

Figure 2. Loading plunger with specimen holder. 

The apparatus is shown in Figure 1. A channel iron frame supported a 14-in. d i 
ameter steel drum to whose outside s tr ips of rubber tape were applied. The drum 
could be rotated at any desired speed. Ten y 4 - i n . s tr ips of rubber tape were applied 
to the drum to rub against the ten mineral specimens. A V-shaped bin for holding 
abrasive was placed around the lower half of the drum. Two springs urged the bin 
against the rubber str ips so that the rotation of the drum produced a steady abrasive 
coating. 

A block above the drum held ten radial ly movable plungers to which the specimens 
were fastened. The plungers were urged by a ir pressure toward the drum. A roll ing 
diaphragm served as seals (Fig . 2). Mineral specimens consisting of cubes of about 
y 4 - i n . side length were bonded to the end of steel plugs. The plugs were held in the 
plungers by se t - screws (Fig . 2). The moving parts were protected from the fine abra 
sive by a thin plastic membrane. 

Wear was determined as weight loss; to this end the complete specimen-plug a s 
sembly was weighed repeatedly on an analytical basis . Weight loss was converted to 
volume loss using material density. 

An exploratory program was c a r r i e d out 
with Si02 abrasive to study the wear effects 
of changes in the apparent contact area . 
F r o m frict ion and wear theory dependency 
is not expected. Minerals of CaCOa, MgO, 
and AI2O3 were included. A typical ex
ample of the results i s shown in Figure 3. 
Wear was independent of apparent contact 
area for a given load. S imi lar behavior was 
assumed to hold for al l the remaining 
mineral -abras ive combinations. 

The majority of abrasion tests reported 
by others showed wear to be proportional to 
distance of travel . T h i s fact was also 
verif ied in the pre l iminary tests. Thus, 
the distance of travel (16, 200 drum revolu
tions) was the same for al l tests, and an 
adjustment of running time was made at 
each speed. 

AE 
M 

iRASIVE 
NERAL 

5 , 0 , 

0 13 lb. 
LOAD 

0 
0 ° 

• < • 
• * • 0.8 lb 

LOAD 

AREA, A„, mm' 

Figure 3. Wear of MgO as a function of 
apparent contact area. 
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(a) CaCOs (c) by MgO Abrasive 

(c) Si02 (f) by MgO Abrasive 

(b) Slag by MgO Abrasive 

i 
• ! 

(d) Si02 (c) by MgO Abrasive 

(e) SiC by MgO Abrasive (f) CoCOs (c) by Si02 Abrasive 

Figure 4. Microphotographs of several worn minerals (magnification 50x). 
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(a) Mullite by Si02 Abrasive (h) Slag by SiOj Abrasive 

(i) CaCOj (c) by AI2O3 Abrosive (j) CaCOa (i) by AI2O3 Abrasive 

•I 

(k) Mullite by AI2O3 Abrasive (1) Zr02 by AI2O3 Abrasive 

Figure 4. Continued. 
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T A B L E 3 

L I S T O F MINERAL P R O P E R T I E S WITH A V E R A G E WEAR 

Mineral Melt Temp. 
C O 

Modulus 
(psi » 10*) 

Yield Stress 
(psi X 10*) 

Specific 
Gravity 

Vicker's Hardness 
(kg/mm") 

Abrasive Wear 
(mm' X 10"") 

AliOs S1O2 MgO 

CaC03(c) 825 - - 2.70 460 42.2 30.7 13 5 

CaCOsd) 825 - - 2.70 400 38 0 40.9 12.5 

Slag 1400 - - 2.70 620 24.0 16.3 9.4 

Sl02(f) 1700 6 - 2.10 1100 11.0 11.0 2.6 

Mullite 1810 21 0.9 2.95 1720 11.0 6.5 3.1 

Si02(c) 1700 7 0.7 2.65 2000 7.7 6 5 1.7 

MgO 2620 42 1 5 3.60 1240 3 4 1.3 0.2 

Z r O : 2650 21 2 0 5.70 1700 2.4 0.6 0 2 

SiC 2200 50 5.0 3.00 4500+ 0.7 0.4 0.07 

AI2O3 2000 45 4.0 4.00 3300 0.3 0.7 0.03 

RESULTS 

I t was seen tha t numerous m a t e r i a l p rope r t i e s , notably m e l t i n g t empera tu re , h a r d 
ness, modulus and s t r a i n energy, could p rov ide a means to p r e d i c t the degree of wear 
between m i n e r a l p a i r s . I n p a r t i c u l a r the wear concepts t h r o w doubt on the usua l ly ac
cepted pa ramete r , s c r a t c h hardness . Table 3 l i s t s these p rope r t i e s and gives the weai 
(average of a l l loads and speeds) f o r each ab ras ive . Hardness was measured d i r e c t l y 
by the author . The r e m a i n i n g values were found f r o m an assor tment of publ ica t ions 
on m a t e r i a l constants. 

A c o r r e l a t i o n of wear and m e l t i n g poin t was a t tempted i m t i a l l y . A t f i r s t glance the 
postulated c o r r e l a t i o n seems to hold : l o w m e l t i n g point m a t e r i a l s tend t o have h igh wear . 
The highest m e l t i n g poin t m a t e r i a l s ( i . e, MgO and ZrOg), however , do not exh ib i t the 
best abras ion res i s tance . I n f ac t , c lose r inspec t ion of the table r evea l s numerous e x 
ceptions. AI2O3 (2000 C) abras ive w o r e M g O (2600 C) and ZrOz (2650 C) much f a s t e r 
than i t wore SiC (2200 C) or i t s e l f ; MgO (2600 C) abras ive w o r e ZrOa (2650 C) much 
f a s t e r than i t w o r e S iC (2200 C) o r AI2O3 (2000 C). A l s o the wear r a t e s of f u s e d and 
na tu ra l quar tz d i f f e r by a lmos t 50 percent though both have the same t h e r m a l p r o p 
e r t i e s . Appa ren t l y m e l t i n g po in t does not p rov ide a unique measure of wear . 

A r e l a t i o n between wear and e las t ic modulus does not appear to be s a t i s f ac to ry . 
M u l l i t e i s much m o r e b r i t t l e than SiOs(c) but the amount of wear i s s i m i l a r . The same 
i s t r u e f o r M g O and Z r O z . 

Compar ing wear w i t h hardness i n Table 3, the f o l l o w i n g gene ra l i za t ion can be made: 
f o r those m i n e r a l s s o f t e r than the abras ive , the amount of wear i s l a r g e ; i f the m i n e r a l 
a re ha rde r than the abras ive , the wear i s an o rde r of magnitude l o w e r than the s o f t e r 
m a t e r i a l s . Severa l w o r n samples were p r e s e r v e d a f t e r the exper imen t s and m i c r o -
photographs w e r e taken of t h e i r su r faces . The sur faces a re shown i n F i g u r e 4. T w o 
phenomena can be seen: (a) s c r a t c h i i ^ o r g roov ing , and (b) p i t t i n g o r scabbing. The 
scratches appear to be w e l l f o r m e d ; l i t t l e , i f any, f r a g m e n t a t i o n occur s at t h e i r edges. 
Scratches on m i n e r a l s ha rde r than the abras ive a re cons iderab ly reduced f r o m those 
scra tches on the s o f t e r m i n e r a l s , see F i g u r e 4 c, d, e. P i t t i n g i s found on a l l m i n e r a l 
r ega rd le s s of t h e i r hardness r e l a t i v e to that of the abras ive . The number and s ize of 
the p i t s d i f f e r f r o m m i n e r a l to m i n e r a l and the p i t s seem l i t t l e a f f ec t ed by the type of 
abras ive used. 

L o w Hardness M i n e r a l s 

A b r a s i v e wear theor ies f o r me ta l s suggest that wear can be caused by p las t i c de fo r 
ma t ion of the contact and subsequent p lowing-ou t of wear debr i s when movement c o m 
mences. Wear was f o u n d t o be d i r e c t l y p r o p o r t i o n a l t o l o a d and i n v e r s e l y p r o p o r t i o n a l 
to f l o w p re s su re . Porgess and WUman showed that t h i s r e l a t i o n holds f o r r o c k sal t . 
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Figure 5 . Wear inversely proportional tohardness 
for AI2O3 abrasive. 
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Figure 6, Wear inversely proportional tohardness 
for SiOa abrasive. 

T h i s agreement w i t h me ta l s may be expected s ince sa l t i s an e x t r e m e l y s o f t m i n e r a l . 
No other exper imen t s were found wh ich d i r e c t l y v e r i f y these p r o p o r t i o n a l i t y r e l a t i o n 
ships f o r nonmetals . 

The m i n e r a l s used i n t h i s r e s e a r c h a r e m u c h ha rde r than sa l t , s t i l l no f r a g m e n t a 
t i o n of the grooves i s evident f r o m the photographs. Thus one m i g h t expect the wear 
to be i n v e r s e l y p r o p o r t i o n a l to the f l o w p re s su re or V i c k e r ' s hardness. A l o g - l o g p lo t 
of wear against hardness was made f o r each abras ive . F i g u r e s 5 th rough 7. I n each 
case the wear was gene ra l l y found to be i n v e r s e l y p r o p o r t i o n a l to the f i r s t power of 
hardness ( in F i g . 7 S i 0 2 ( f ) i s n e a r l y as h a r d as the abras ive) . But exceptions o c c u r r e d 
f o r the SiOz and AlgOs abras ives . B o t h M g O and Z r O z gave l e s s wear than the hardness -
wear r e l a t i o n s h i p f o r the other m a t e r i a l s wou ld p r e d i c t . 

F i g u r e 8 shows the e f f e c t of load on wear . Wear increases w i t h the load , p r o v i d e d 
the m i n e r a l i s s o f t e r than the abras ive . F r o m abras ive wear theory , wear should be 
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Figure 7, Wear inversely proportional to hardness 
for MgO abrasive. 
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Figure 8. Wear as a function of load for 
AI2O3 abrasive. 
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p r o p o r t i o n a l to load . The g raph indicates a 
l oad independent i n t e rcep t W Q that i s not ac - i lo,coj.x\ 
counted f o r i n the theo ry . I t s value increases so] j ^ ^ ^ : : ^ c I c o j ( c ) 
as the m i n e r a l hardness decreases. The c o n 
stant t e r m W Q apparent ly i s r e l a t e d to the 
p i t t i n g . T h i s ma t t e r , as w e l l as the behavior 
of MgO and Z r O z , i s d iscussed f u r t h e r i n the 
f o l l o w i n g sec t ion . 

M e l t i n g poin t does g ive an i nd i ca t ion of a 
m a t e r i a l ' s h igh t empera tu re s t reng th . The 
r o o m t empera tu re hardness m i g h t be l o w e r e d 
to some degree by the heat generated at the 
r u b b i n g contacts . Heat genera t ion depends on 
the r e l a t i v e speed of the rubb ing sur faces . 
Higher speeds should, t h e r e f o r e , l o w e r the 
instantaneous hardness and increase wear . 
F i g u r e 9 i s an example of the wear f o r each 
abras ive as f u n c t i o n of speed. The r e s u l t s show 
a de f in i t e increase i n wear as the s l i d i n g speed increases . The slope f o r AlsOs ab ra 
s ive increases i n p r o p o r t i o n to the decrease i n m i n e r a l m e l t i n g poin t (Table 3). 

0SLA6 

35 
SPEED, V. ft/ste 

MULLITE 
S,02(f) 
S , 0 , , c , 

Figure 9. Wear as a function of speed for 
AI2O3 abrasive. 

High Hardness M i n e r a l s 

The wear of the m i n e r a l s ha rde r than the abras ive was r e l a t i v e l y l o w . I t was a lso 
independent of load . Mic ropho tographs r evea led that g roov ing was m i n i m a l al though 
some p i t t i n g r ema ined . The appearance of the sur faces suggested a p p l i c a b i l i t y of 
Rab inowicz ' s t h e o r y of a balance between s t r a i n energy and sur face energy. The 
d iamete r of a detached p a r t i c l e i s g iven by 

d a 
EH^ '^ 

yp 

(9) 

05. 

where the su r face energy S i s app rox ima ted by the % power of the hardness, v a l i d 
f o r many m a t e r i a l s accord ing to Rabinowicz . The t h e o r y does not g ive the average 

s ize of the p a r t i c l e s nor does i t indicate 
the f r e q u e n c y of detachment. Values of 
the r a t i o i n Eq . 9 computed f o r seve ra l 
m a t e r i a l s a re m u l l i t e , 3; MgO, 2; SiOz, 
1. 8; and A 1 ^ 3 , Z rOa , and SiC, 0. 5. 
V i s u a l inspec t ion of seve ra l m i c r o p h o t o 
graphs, F i g . 4 g, k, d, (1), shows tha t 
the average s ize and f r e q u e n c y of de tach
ment a re i n the same o r d e r as these r a t i o s . 
Thus i t may be possible to r e l a t e wear to 
the same r a t i o s . 

Wear f o r m i n e r a l s ha rde r than the a b r a 
s ive i s p lo t ted g a i n s t E H V V o | p ( F i g . 10). 

The p lo t t ed points were obtained w i t h the 
th ree d i f f e r e n t abras ives . The evidence 
i s that the wear may be d i r e c t l y p r o p o r 
t i ona l to t h i s r a t i o al though m o r e data a re 
des i rab le . I f the m i n e r a l i s cons iderab ly 
ha rde r "than the abras ive , e. g . , MgO, the 
wear i s l e s s than the va lue t h i s r e l a t i o n 
w o u l d be expected to p rov ide . R e f e r r i n g 
to F i g u r e 4 e l i t t l e p i t t i n g occurs w i t h the 
M g O abras ive . Perhaps r e l a t i v e hardness 
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Figure 10. Relation between slow wearing 
minerals and energy parameter. 
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has some in f luence on the f r e q u e n c y of detachment. Rabinowicz has v e r i f i e d that 
m i n i m u m p a r t i c l e s ize does obey Eq . 8 but no a t tempts have been made by anyone to 
evaluate v o l u m e of p a r t i c l e r e m o v a l i n t e r m s of the pa ramete r . 

The mic rophotographs show substant ia l p i t t i n g f o r the m i n e r a l s so f t e r than the a b r a 
s ive . Since the p i t t i n g type of wear appears independent of load, i t seems p laus ib le to 
r e l a t e i t to the constant W Q found f o r these m i n e r a l s . A c c o r d i n g to Rabinowicz , the 
subst i tu t ions E ~ l / H y , S ~ Hy ^, and Oyp ~ Hy a r e v a l i d f o r many m a t e r i a l s . Thus, 

the s ize of the detached p a r t i c l e can be desc r ibed by 

ES „ - 3 / 4 
^ ~ H y (10) 

yp 

Hardness can t h e r e f o r e be taken as a measure of the p a r t i c l e detachment s ize when 
the t e r m s on the l e f t of Eq. 10 a re not known. Indeed, the microphotographs f o r the 
sof tes t m i n e r a l s , CaCOs and slag, show a h igher number of detachments and a l a r g e r 
increase i n t h e i r s ize compared to ha rder m i n e r a l s . I n F i g u r e 9, W Q does increase 
i n p r o p o r t i o n to the sof tness of the m i n e r a l s . 

Eq . 10 was g iven because the p r o p e r t i e s on the l e f t s ide a re not a lways known. That 
the p i t t i n g phenomenon should be r e l a t e d to hardness i s not s u r p r i s i n g s ince good c o r 
r e l a t i o n of hardness w i t h wear was achieved f o r the s o f t e r m i n e r a l s . Eq . 9 was used 
f o r the studies of m i n e r a l s ha rde r than the abras ive because hardness was not a good 
ind i ca t i on of the p a r t i c l e detachment d iamete r as seen f r o m the r a t i o s above. Values 
f o r ZrOa and MgO were comparable to SiC and S i02 (c ) , even though the l a t t e r a r e much 
ha rde r . I f the re i s l e ss p i t t i n g f o r ZrOz and MgO than t h e i r hardness indica tes , i t 
w o u l d expla in why the wear of these m i n e r a l s d i d not co r r e l a t e bet ter w i t h hardness 
when w o r n by a ha rder abras ive . The avai lable mic ropho tograph f o r Z r 0 2 does show 
much less p i t t i n g than m a t e r i a l s of comparable hardness. F i g u r e 9 a l so shows that 
the t e r m Wo f o r Z r 0 2 and MgO i s s m a l l i s v i e w of t h e i r hardness. 

CONCLUSIONS 

Wear concepts p rov ided seve ra l pa rame te r s that cou ld be used to p r ed i c t the wear 
of homogeneous m i n e r a l s o r roadstones under s i m u l a t e d r o a d condi t ions . The r e su l t s 
of r e l a t i n g wear to m i n e r a l m e l t i n g t empera tu re o r modulus were negative. 

M i c r o s c o p i c photographs of w o r n sur faces r evea led two phenomena: s c ra t ch ing and 
p i t t i n g . No c r a c k i n g f r o m b r i t t l e f r a c t u r e was evident along the scra tches . Rap id ly 
wea r ing m i n e r a l s s u f f e r e d both types of damage w h i l e s low wea r ing m i n e r a l s d isp layed 
no sc ra tch ing , only a s m a l l amount of p i t t i n g . The c r i t e r i o n wh ich es tabl ished whether 
o r not a m i n e r a l wou ld wear r a p i d l y was i t s hardness r e l a t i v e to that of the abras ive . 
Rap id wear o c c u r r e d when the abras ive was ha rde r than the m i n e r a l . F o r each of the 
th ree f i n e abras ives the r a p i d type of wear c o r r e l a t e d w e l l w i t h m i n e r a l hardness w i t h 
the exception of two m i n e r a l s which appeared to have l i t t l e p i t t i n g . 

The p i t t i n g that i s evident i n the microphotographs s t r ong ly suggests some energy 
mechanism invo lved w i t h the m a t e r i a l r e m o v a l . However , no adequate mode l i s knoivn 
wh ich w i l l r e l a t e , quant i ta t ive ly , the vo lume of wear to the energy p rope r t i e s of m i n 
e r a l s . Qua l i t a t i ve r e l a t i ons were developed to expla in the behavior of the above two 
m i n e r a l s and the s low wear of m i n e r a l s ha rde r than the abras ive . 

The s i g n i f i c a n t aspect of t h i s wear s tudy i s that h a r d m i n e r a l s were w o r n w i t h a b r a 
s ives of compara t ive hardness; t h i s combina t ion has been neglected i n wear l i t e r a t u r e . 
The evidence of sc ra t ch ing by the abras ive and the r e l a t i o n of r a p i d wear to m i n e r a l 
hardness i s a lso a c h a r a c t e r i s t i c of the w o r k r e p o r t e d f o r meta l s , but the phenomenon 
of p i t t i n g of the m i n e r a l s which accompanies the sc ra t ch ing represen ts a new observa t ion . 

A C K N O W L E D G M E N T S 

T h i s r e s e a r c h was c a r r i e d out as an i n t e g r a l p a r t of the Jo in t Road F r i c t i o n P r o 
g r a m between The Pennsyl ran ia State U n i v e r s i t y , the Pennsylvania Depar tmen t of 
Highways and the U . S. Bureau of Publ ic Roads. I t s e rved the author as h i s Mas te r of 
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Science thesis w i t h P r o f e s s o r W. E . M e y e r as h i s adv i so r . He g r a t e f u l l y acknowledges 
technica l advice r e c e i v e d f r o m other m e m b e r s of the U n i v e r s i t y f a c u l t y , p a r t i c u l a r l y 
f r o m D r . H . W. K u m m e r . 

The opinions expressed i n t h i s paper a r e those of the author and not those of the 
suppor t ing agencies. 
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