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SUMM.ARY 

This ·thesis presents a. discussion and the results of an 

investig9,tion of the wear resistance of some ha.rd alloys to 

sliding wear. fhe relative order of wear resistance of these 

alloy-s and combinations for a speed of 786 feet per minute and a 

load of 300 pounds per square inch is given. 

fhe effect o"f the speed and load on the wear f'a.otor of gray 

cast iron running on an alloy cast iron is shown. 

A discussion h presented of a meta.llogra.phic investigation 

which was made of the surface conditions obtained an the specimens 

in the wear tests . 

.A method i s :propos ed for the determination of the relative 

wear resistance of materials to sliding wear, in which the energr 

re<lfu1red to scratch the material with a diamond point is cansidered 

to be :proportional to the wear resistance. 

An attempt is made to correlate the results of the wear 

investigation with those of the scratch investigation. 



ACKNOWLEDGMENTS 

The writer wishes to express his appreciation to the 

Industrial Research Iie.boratories of Los Angeles. California, for 

furnishing all of the ma teriab and much 0f the equipment used in 

carrying out this research and for ,bea.ring the entire finaneial 

burden of this work. Appreciation is especially extended to Mr. 

Walter l!'. Kirsch, Chief Metallurgist of the Industrial Research 

Lab-oratories, for his efforts in the preparation and analysis of 

the alloys used in this research. Appreciation is also extended 

to the other members of the staff of the Industrial Research 

Laboratories whe have m.ade this investigation possible. 

Deep a.p:precb,tion is extended t ,o Dr. Donald $. 01.a.rk of the 

Ca,lifornie. Institute of Technology for his unti,ring assistance and 

advice in connection with this research. to Professor William 

Howa:rd Clapp of the Ca.lifornia Institute of Teehnology for his 

helpful cri tieism in this work. to Dr. James H. Sturdivant of the 

California Institute of 'feehnology for his a.dvise and assistance in 

the X-ra.y investigation, a.nd to all others ilho have contributed in 

any- way to this investigation. 



!'HE . RnATIVE SLIDU~G U JUl RESIST.AN® OF SOME RAlU.) ALLOYS 

This thesis :pres en ts a diseussion and the r esults of an 

investigation of the rela tive sliding wear resistance of som~ hl3.rd 

alloys . At the present time there , a.re several bard alloys on the 

market which are being used. in eylind.el" liners for engines and 

pumps, a,s well as in many o t her applica tions. The wear resistance 

of these ms.terials is one of t heir most i mportant p roperties .. 

The rela,tive wear resistanee of ma terie.ls ean be determined 

i n the laboratory on. a. suitable wear t e~ting m"!:ehine whieh simulates 

the conditions to which the ma.teria l is subjected in actu.al 

practice. Teet lc, for this investigation wer e ma.de on a maehir:i.e 

which gave the sliding wee.r resistance of the variou s alloys. 

These t ests and resu.lts are described in Part I of t his thesis. 

Su.ch tests as thes-e r equire consider able t i me :for completion. A 

t est r equiring mueh less time would be ver~ desirable. 

The energy r equired to !'emove material f.flom t he surfa.ee of a 

specimen s-houl d 'be proportiGnal to the sliding "1ear r esistance. A 

scra tch method in whleh the energy r eq_u.ired to scratch is measured 

has 'been devised and is discussed in Pa.rt II of this thesis. Tests 

of this kind can be made in a few minutes. 

A correlation of the results of the two types of tests is very 

desire,ble be ca.use it is known that the r eeu.l ts of the sliding wear 

tests a.re eommensu.ra te with the results of actual field tests. 



!ntr-oduction 

The s:llhJeet o! wear h extremely complicn.ted and et the present 

time is far fNm solution. ~any in.vestigstione •and experiments 

have been carried out . each produeing valuable d:a. ta. and f"tlrtne:r1ng 

the solution ot thi s compl ex problem. 

Of the available. liters.tu.re on wear. thf? inV$$t1g:&.tio:ns eon­

ddered in ths follcwin~ pa.ragraphe have seemed to be of the 

gr,e:atest interest in vitt• of the preeent ree~a.rch. 

The :BureA1.1 of Stiutdards baa made a. large number of tests on. 

the wear re.aistanee of mat,erials unde-r d1f ferent applications. 

(l6 . l8.l9 , 21.23, J9)• !hey- bs.ve me.<le tests invastigatint; the 

ef:f'eet of varioue alloy.ing elements and variol:I.S amounts of theae 

elements on wear resistane~ . At t-be present. time they are 

attei¥ipt1ng au invest1gati<n1 of th$ fun<lmlental fac tors involved in 

the wear of metals. 

Louis Jordan of the J:luroaa. of Staruiarda (18} etatee th.~t the 

mechanism o.f •ear is eemposed of three factors; namely. meehanieal 

a't>radon. erosion. and galling. M<lchan1ee.l abrasien is the 

11 !t'le~icsl distortion of the sUl':f ac.e layers or the metal f ollow&d 

by the removal of the tlhtorted surfaeea by frict ional forces 

between the ~earing mater1e:1 and aolids". Wear lnr eros1oa "involves 

*Numbers in parentheses refer to bibliography. 



an alteration of the surfa.ee layers by chemical attack followed by 

the removal of the metal or the produ.ets of oxidation by frictional 

forces. which frictienal forees are restricted to those between the 

wearing metal and flowing liquids, ga.ses, or vapors". Wear by 

galling n involves the adhesion or cohesion of loc·a.lized areas of 

two bearing surfaces of meta.ls, followed by the tearing out of 

small fragments from one surface or the other". 

Max Fink {28) has given as the three components of wear, the 

following; mechanical remO'V'al of particles , cold hardening process,, 

snd wear oxidation. The mechanical removal of particles accompanies 

wear usually in the sliding process, while cold hardening is en­

countered. in rolling wea.r . Of course beth of these t;vpes of wear 

may oeeur at once. Yfear o:x:i.da.tion is as yet only e. theory, but 

]'ink and Hofmann (14) have perfomed ma,ny experiments which agree 

with the theory. Malmberg (26) h.."it.s also lent some iro.pport to the 

oxidation theory. In 1934. Jordan a21d Rosenberg (5) completed 

tests at the :Bureau. of Stand~.r ds on steels in vnrio tls atmospheres; 

their r esults did not agree with those found by Fink and Hofmann. 

The tests were accomplished en an Amsler machine with rolling 

friction . Their test cond itions duplicated as nearly as possible 

those of Fink and. Hofmann. Thdr results were reported under the 

title of 11 'l'he Influence of Oxide Films on the Wear of Steelst1. In 

this series of t ests Messrs. Jordan and Roseneerg obtained 

characteristic tYPes of surfaces. One was a. rough film free s'!ll"fa.ce 
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which was accompan1e.d by high rates of wea.r. The metal adjacent to 

the worn surface was severely cold-worked and. cracks were found 

-which were caused by the stresses accompanying the wearing process. 

The se-eond type of surface wa.s a filmed surface which was accompanied 

by low ra.tes of wear. The material adjacent to this surface was 

only slightly distorted. These tests were made on steels of 0.89% 

Carbon and under. The analysis of the wearing d.us t obtained from 

the tests resulting in a filmed surface on the specimens -showed 

the dust b be composed of Fei)3 and Fe304 with no l'e or FeO present . 

The investigaters concluded. therefore, tbat the film was an oxide 

film and that such a film protected t~e -, surface of the specime~, 

preventing meta.l to metal contact. thus reducing the r a te of wear . 

S·11eh films have 'bee.n observed by many other investigatot-s. including 

Dr . Max Fink ( 28 .5) who reports t hat the film is usually about 

O. 006 mm. t hick. These films are usually observed on specimens 

tested on the Ams ler machine wi th rolling contact and s light slip­

ping. If the preSS",ll"es are quite hi gh or the slip:;>ing speed is 

hi§".,h , mechanical removal of part icles takes place and the film 

does not fom. Dr. Fink states t hat a film may fo.rm on the surfaces 

with slidi ng friction i f t he pressure :ts -very low and. the rate of 

slip is not too high. 

The t heory of wear oxidation e,s presented by Fink and Hofmann 

(14) in t he pe.per ttzur 1l1heorie der Reiboxyl'ia. tion« in 19=3~1 is r a.ther 

long . Bri efly , however , they show that wear does :not occur when 



materials are tested in 1nire inert atmospheres·. if t he prev:1-ures 

a.re not high enough to cause the mechanical re--ll'.toval of p!ll.rticle$. 

Wear does occur when oxygen is present and all other cond.itions 

are the same by the formation of iron oxid:es on the wea:ring 

surfaces. '?he oxi.des are rubbed off after :formation and new ones 

occur, which process causes a loss in weight of the S]}ecimen-s. 

J. G. ,a. Woodvine (22) performed tests which were reported. in 

1931 under the title 1nrhe Influence of Nickel on the 'f/ear of Onse 

H?.rdened Steel". Ee found the 3'fo nickel and plain carbon steels 

to h.~Ye a.bout the same wear resista..l'l:ce with dry rolling friction 

or abrasion with emery. .Ca1;e ha.rdened steels having 1;1, or a% nickel 

were infe rior. With dry sliding friction t he plain car'oon case 

har dened steel was ,n1perior, with ~~ 3;t and 1% nickel .r:3teels in 

descending order. From his investigations Woodvine deduced that 

work ha.r daning of itself is not an important f actor when considering 

the wear resisting :properties of ve.ry hard ma terials. At the same 

time , it was ree~gnized that t his is not a geaeral rule to be 

applied to all steels in varying conditions. 

C. J. G. Malmberg (26) made a. series of investigations on an 

Amsler machine and found severa l interesting results. When two 

rotating surfaces are tr!;i,Velling in the same direction, eold 

working takes place and a 'black wearing dust appears which contains 

only 75% iron, the rest being oxides of i.ron. Ee feels that Ji'ink' s 

ex:pla.nat ion of t hese oxides in the lattsr's theory of wear oxidation 
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is good. Further , when two surfaces are travelling in opposite 

diredions. giving sliding contact, no cold working occurs and a. 

:pure metallic dust is formed. He concludes that the wear resist­

ance is greatly dependent ~pon the strticture of the material. For 

example, t wo materials having the same a.na.ly<ois an.d haa.t treatment. 

but from different f1.\rnace melts$ may have q_ui te different wear 

resistance. 

Recent tests have been made in connection with the wear of • 

cylinders and pistons in motors . R. Ricardo (7) and the Institute 

of Automotive Engineers in England have data aupporting the theory 

that wear in combustion engines is not due to mecba.nicaJ. abrasion~ 

but is due to corrosion. The worst condition is when the motor 

is cold. Tne relation of corrosion to wear in this field is 

important ancl needs further inves tigation. 

R. Knittel (11) has reported a very extensive investigation in 

Die Giesserei , 1933, in: which tests were made on a high grade gray 

ea.s t iron. These tests determined the effect of various al.loyim.g 

elements on the wear resistance. They were ma.de 'by rotating a 

small test cylinder, the end of which was in eontaet with the t est 

block:. 'fhese tests were made in the dry condit ion. The wear was 

taken as the total loss in weight of both test pieces . Knittel 

f ound tha.t t he least -we,ar occurred when the ba.rdness ef the t wo 

test pieces was the same. This f act was also mentioned by Malmberg 

in his paper, a.ltho'\'.lgh the latter said that such is not ,always the 
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case. Knittel :further found that the surface condition was also 

important. This was found to be tmie in the present investigation. 

Wallichs and Gregor (10) have also made investigations 0£ the 

"Wear Resistance of Cylinder Cast Irons". They reported their 

work in Die Giesserei in 1933. They- also found that the structure 

is very important and that the hardness of the materia l is not a 

tru.e measure of its wear r esistanee. 

The results of the investigations reviewed. above may be 

sUlllil1arized as follows: 

1. Wear is a very complex problem and is far from solution. 

2. Wear may take plaee in one of the following ways: 

e.. The mecb.a.nical removal of particles from the wearing 

surfaces. 

b. ~he cold hardening process. 

c. Wear oxidation. 

~- There is still considerable controversy about the wear 

oxidation theory of Dr. Fink. 

4. Oxide films which form on the surface of specimens 

subjected to rolling contact a.ffect the wea.r. 

5. The structure of the material influences the weal' 

resistance. 

6. The condition of the wearing surface affects the wear. 

7. ~he effect of corrosion on wear is an important factor 

and warrants further study. 
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8 . The-re is no relation between the hardness o.:f a. mate r i a l~ 

a s determined by t bs usu.al tests, an.cl the wea r resistance . 

The inve"Stige.ti ins by F ink and Hofmann. Jordan. and :Rosenberg, 

and e. J . G. Ma,l..mberg are of importance in the present researeh 

because of their bearing o:n the fundamental f actors eonce:rning 

wea.r. The others bave been of interest oeea.u.se of their similarity 

with the present research. :ta.eh he.shad a particular obj ect in 

view &"ld has ma.de tests on specific mat eri a l s . No dat a has been 

foi.md which TIOuld a llow direct com:pe.ri son with the results of t he 

present researeh. The literatur e i s confli cting a.t times and in 

general afford~ no eoncrete comparisons of results. 

Field tests to det~rmine the wear r esisting qual ities of 

materials are , of course , the most ::reliabl e !Uld give the trne 

relations f or the application. Eoweve::r, tests in the field are 

neeesaarily l ong and expensive and afforo. no data ·up on the 

variables and t heir relati on to the wearing resistance . Labor­

atory tests have therefore been d.evised in which the various 

condi t ions of test can be controllecl and duplicate as nearly as 

possible the actual field applica,tion . In t his w~ the effect of 

the many va.riables which can be coutrolled a.re studied. It should 

be said. t hat most of the laboratory tests which have been made 

were carried ou.t in order t o answer some definite p reblem in the 

field. 

In t his research, a comparison of va.rious hard materials bas 

been made in tests in which the materials have been subjected to 
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pure sliding friction in a bath of petroleum distillate. Due to 

the fact that the relat ive 1!•ear r esistance of htard alloy materials 

in cylinder liners, primru·ily in Diesel motors end gasoline engines, 

was desired, it was felt that a test in which wear was accomplished 

by pu.re sliding would be superior 'to ~..n7 other. Also, these tests 

should be s-u.eh that any combination of materia.ls could be investi­

gated. The ma.chine was designed in such e. way that this could be 

a.ceonrplished. Distillate was used in these tests because of .its 

low lubricating properties and probable similarity to actual 

c·ondit i ons when metal to metal contact occurs in actual operation. 

It served to cool and main'1.ain the test parts at a moderate 

temperature and in addition served the important function of' wash­

ing away an7 abraded material. The specimens were d.esigned in 

such a way that a. constant a:rea was maintained throughout the test, 

thus giving a eonsta.ut pressure. Also. the specimens were small, 

thereby inereasing the aecw:-acy with whioh the loss of weight 

could be determined. 

Apparatus 

The wear tests were carried out on a wea.r testing machine in 

the 'l'e sting Mfl. teria.ls Labora tory at the Cal ifornia Ins ti tu te of 

Technology. '.rhis ma.chine was originally a bearing testing 

ma.chine, but wa,s redesigned. under the direction of Dr. Dona.let s. 

Clark, in order to adapt it to the requirements of the wear tests. 
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Figure 1 . 
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Figure 3 • 

.. 
C 

Figure 2 . 
Figure 4 . 

Figure 5. Figur e 6 . 
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A general view of the machine is shown in Figru-e 1. .It 

consists of a rote.ting sb.af't, .A , on which are plaeed the two 

rings, B, against which the specimens wear, as shown in Fig\ll'e 2. 

The shaft is supported by four .heels running freely on fixed 

axes. The number of revolutions ma.de by the shaft is recorded by 

a counter . c. geared to the shaft. The shaft is :rotated b;y belt 

Sketch of Specimen and Ring 

drive from a. variable 

speed unit, D, mounted on 

the main driving motor 

stand., E . as shown in 

Fi gure 1. The outside 

diameter of t he rings is 

~. 4375 inches and they a.re 

one- hal f. i nch wide. Eaeh 

ring is keyed to the shaft 

and i s held firmly in place 

by t wo locki ng rings. The 

specimens are small bl ocks 

having a Cll'fl) SS sectional area one-fourth by three-f ourths of an 

inch , or seven-sixt eenths by seven-eights of an i nch, depending upon 

the t r:, st being made . The l a r ger S? ecimens 'Eere used fo r low 

pre s~ures and the smftl l er ones for hi gh pressures . The surface of 

contact on the speci;nen is gro-<lnd. on the same r adi us as the rings 

against which it wears . The a.~is of c~rvature ie parallel to the 
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short side o:f . -the specimen. as is sho'IVl'l in the aecompan7i1:1:g 

sketch. The two specimens are mounted in e. specia.1 head. shown 

in Figure 3, which holds th~m firmly in position on the rings. 

On each side of the specimen, F, is a copper holder, G, which is 

drilled :for -erater cooll ng. The b~cking plate, H, is also water 

eooled when necessary. The tubes . I, extendi ng from the head 

are the intake and the outlet pipes for water cooling. Figure 4 

shows a general. view of the head. The tubes. J, shown in position. 

over the specimens are those used for bathing the specimens and 

rings with distillate. The distillate is supplied from the tank, 

K, overhead, as shown in Figure 1. The arr angement, L, sho1m to 

the, right of .Figure 4 1s set a,ga.inst the bearings, M, shoq in the 

background of Figure 2. By proper adjustment, the specimens are 

made to set svenly on the wearing. rings and any movement in the 

direct i on of motion is prevented by the arrangement shown. The 

friction moment 1s not affected by t his system, because the sectors 

which contact the bearings a.re gr ound on a. radius whose eenter is 

at the center of rotation of the shaft. Figures ti and 6 show the 

head in position with the beam balanced. In the lower right-hand 

comer of Figure 6 can be seen the arrangement of sectors and 
\ 

bearings which prevent movement of the head in the direction of 

motion. The proper load is applied to the head by means of a suit­

able lever mechanism. The head is ma.inta.ined in balance 1n ord.er to 

determine the friction moment during the test. The machine was 
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equipped so that it could be ran eo.ntinu.ou.sly if desired. An,y 

r e.dical change in the position of the head or the lower ing of the 

surface level of distillate in the reservoir immediately stopp.ed 

t he power supply. 

Procedure: 

The s:p@cimens and rings were riu in a. 'bath of distillate which 

acted as a coolant and removed the worn material from the surfaces 

throughout the entire test. Clean dist.illate was run onto the 

wearing surfaces at the rate ofmou.t 0.1 gallons per min-ute when 

the surface speed was 393 feet per minute or less. and at a rate 

of a.'bo-ut 0.2 gallons per minute when the surface speed was 786 feet 

per :minute. It was then drained off for settling and recirculation. 

When the wear was high the distillate was filtered before recircu­

lation. 

The wear of the specimens wa.-s determined by the loss of weight 

experienced during the ri.m. The specimens were washed in alcohol 

before each weighing to remove any foreign matter. All specimens 

were given a first period of wearing in. The s-peei.mens were weighed 

before and after each rwl. Where possi'blet t he tests were contirm.ed 

until unifo:rm results were obtained for the material tmder test. 

The wear on the: rings wa.a not measured, but the surfaea condition 

after the test periods was_ 0bse:rvecl closely and reported. 

The wear at any gi van load and. speed is a function of the 

oontact surface area. and the length ·of the surface passed over. 



15, 

Therefore, the results of these tests were determined by d.ivid.ing 

the loss in weight experienee1l by the specimen b;,v tb.e projected 

area of contact and the length of travel. The projected are.a of 

contact is the area of the speeime:n cross section. Since all of 

the tests were ma.de on the same t~_?e of rings having a constant 

radius of cu.rvatare, this area eau.ld be used instead. of the actual 

cir.eumferential area of contact. In case the finish of the s1U'faee 

of the specimen was not ex;;ict and. the rate of wear was low. the 

area of cnnta.ct was not over the whole surface and the running-in 

period did not remove suff icient material to cause eomplete contact. 

Where this condition occurred, the area of contact was estimatecl, 

and the U.'lit pressure was comp11ted on this basis. All pressu.:res of 

this t ype a.re listed in the data. with e. '11± 11 after the value. The 

length of travel was determined from the circumference of the ring 

and the total number of revolutions of the shaft . '!'he unit value 

ol1tained in this way is expressed in grams per square inch per foot. 

'.fo simplify the presentation of results , the term "wear factor" has 

been selected whiehia equal to 108 times the less in weight 

expressed in grams per square inch per foot . The higher the wer:u­

factor, the greater vrill be the rate of wear of the given .material . 

The coefficient of friction was determined b~ dividing the 

force tangent to the surface of cc,ntact by the normal force applied 

to the specimens . The tangential force was obtaine4 from the 

friction moment. which in turn was obtained by balancing the head 

of the machine. 
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material.§: 

Eleven different materials were use.d in. these tests. ftey-

are listed with designations in Table I. '?he analysis is given 

where possible. .Metals tt Afl and ":B" a.re alloy white east irons 

b.avag hardnesses of a.bout 700 and 850 diamond brinell. respec­

tively, as determined by the rtonotrone machine. These materials 

are products of the same company-. and initial tests showed that 

11J3tt was superier to "A" so tho.t 0nly a few tests ~•ere made on 

the latter material. These alloys have a lower melting point 

than steel. so that they can be spun in steel c;rl i nders giving a 

hard lining on the steel ba se. Fo·r this reason, they are very 

suitable for w€a.r resistant liners in variou.s applications. Metal 

ttcrr is a typical gray ca.s t iron and was used extensively in the 

tests for determining the relRtions b&tween loe.d a.ncl wear at 

1.•ariou.s speeds. The ra.te of wear is high, therefore the length of 

time required for a test run is short. Metals "F;t1 and "F11 are 

gray cast irons which are typical of those ''being used in engine 

blocks in Diesel applications. tt B H is used a:f'ter h£at treatment 

and 11 T'1 is used in the as-cast condi t'.~on. Metal 11 G11 is a typical 

piston ring material. Metal 0 WC 11 is a plain white ce..st iron and 

has a diamond brinell hard.ness of abod 475. ThE analysis of the 

remaining materials is not_ .known. 11 0R" is a case hardened steel. 

ttFA" is a special mate~~1a.1. known as li'].int Alloy. 11 £'1'" is a nitrided 

nitralloy. 11 St 11 is a stellite ma.n.u.fa.ctured by t he Eaynes Company. 
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The va.rio:u.s materials will be referred to by their designations 

in th.e discussion which follows. 

Comparison of Wear Factors: 

The results of about two hundred test runs are given. in 

Table II. This table bas been divided into nine sections te 

provide easy comparisons of materials. The combination tested is 

indicated by the first two colwnns, in which are listed the material 

of the specimen and the ring. The third and fourth columns list 

the load and speed, respectively. The wear faetGr of the specimen 

for the combination is given in column fiTe. The coefficient of 

friction is giTen in the succeeding column. If the coefficient 

of friction was not determined, the space is left blank. In case 

it is d.esi€.Uated by 0.00-, the coefficient was less than 0.01 and 

the apparatus is insufficiently accurate to determine its exact 

value. The surface cond1 tion. O•f the ring and specimen after test 

is alse indica ted by abbreviations, which are explained at the 

end of the table. 

The first section o.f Table II gives the r esults of tests in 

which the same material was used for rings and specimens. Section 

'B shows the results of tests in v,hicb. "B" metal specimens were run 

on "A" metal rings. In the following section , c. the results of 

tests in which several different materials were used for the 

specimens and 11 13 11 metal was used for the rings. are given. Sections 

D, :E , G, H, and I compare 11B" metal. running on another metal with 
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the me tal rtmning on itself. Section F shows the results of tests 

in which the material ffG" was run on rings of three different 

materials. 

Note that in section C, two values for the wear factor of "E" 

on "B" are given. In tests on this combination the exact value was 

diff1cul t to determine. Tr..e loss in weight on several tests seems 

to fall into twG classes; one, a low value, and the other, a higher 

value. The wear was computed for both and is listed in section C. 

It appears that for this combination the cr itical load is a.bout 

three hundred pounds per square inch for a. surface speed of 786 

f eet per minute. Therefore small variations in conditions greatly 

affect the wear factor. 

Effect of Speed and. Load on the Wear Factor: 

In order to study the effect of load and speed on the w-ea.r 

factor. a. series of tests was mad.e wee.ring gray ca.st iron against 

":B" ri ngs. The results of these tests are found in section C of 

Table !I. These tests indicate an increase in wear factor with 

a.n increase in speed, as can be seen from the table. It is 

apparent tha.t the eff ect of the speed on the wear is not as great 

as the load. The r elation between t he wear fact.or and the load 

at surface speeds of 786. 393, 295, and 197 feet per minute for 

-
grs.y- ca.st iron running against 1113n is shown in Figure 7. The data 

for these curves was taken from Table II, section C. 
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This same relation has been observed by- other investigators wo.rlt­

ing with cast iran. When the pressure is low, the rate of wear is 

extremely low and as the load is increased a critical point will be 

reached at which time the rate of wear increases very markedly. 

It was obse"ed during these tests on gray east iron that the 

value of the wear factor was greatly dependent upon the condition 

of the wee.ring surfaces before the test run. It was f'ound that 

under certain conditions. if the wearing elements were polished with 

400 grain alundum paper, the wear values were zero for the length 

of run tested.. However, if the wearing surfaces were smoothed with 

280 grain alundum paper, approximately the same length of run gave 

wear values which were uniform, a.s shown in the data. 

The results of this investigation with gra:y east iron cannot 

be applied directly to the results with other materials. HoweTer, 

these tests indicate that at loads below a critical, the speed is 

of minor importance and the wear factor will be small. Also they 

indica.te that a.t loads above this cri tica.l. the speed is of great 

importance in. the test results. The ctitical pressures for materials 

other than gray cast iron have not been determined. It can be seen 

that su.eh a determi11a.ti on would be a long procedure. It was observed 

that for material "E" running on "13 11 the critical load at a surface 

speed of 786 feet per minute appeared to be about 300 pounds per 

square inch. The tests on other materials seem to indicate thl'!.t the 

conditions of the test were below the critical pressure. 
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In section A. of Table II the wear factors for "B" on "B" a.t 

speeds of 393. 786. and 1180 feet per minute a.re given. The 

pressures are the same for these runs with the except i on of the 

f irst. where the wear f actor is zero for the length of run given. 

It is seen that the wear factor increases with the speed., al though 

it is low in all eases. In the same section are shown the results 

of tests on white east iron at approximately the same pressure. In 

these t ests the highest wear factor was obtained at a speed of 786 

feet per minute, but this value 1s based on only one run, a.nd, 

further, the specimens had been used on previous tests at lower 

speeds which may have affected the results. At any rate, the wear 

factor does increase with speed even for the low values obtained 

with the hard materials. 

The Relative Wear Resistance of Combinations of Materials : 

When considering the wear of t wo dissimilar meta.ls against each 

other, the wear of each material must 'be ta.ken into aecou.nt. The 

tests as they were conducted do not allow a direct evaluation o.f 

the wear resistance of a combination. but give only a value for the 

wear resistance of each material rabbing against the other member of 

the combination. The wear factor for the combinat i on of materials, 

which is the i nverse of the wear resistance, has been computed by 

ta.king the average of the individual values of the t wo materials 

rubbing together. These computed values are shown in Table III. The 

first column of the table gives the r a ting of the various combinations 
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Till,:E IIL 

P.ELATIVE WEAR RESIST¼ff.CE 

J.t 300 lb.s/1a2 and 786 Ftlain 

Rating Combination Wear Factor Ratio Surface eond1t1ons 

l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

:S-1.A. 

:B-lt 

WO-WC 

CH-OR 

St-St 

13-E 

FA-FA 

0.20 100 Very slight galling 

0.40 60 l3 shows slight ridging and 
ti shows slight ridging and 
galling 

0.58 35 Both Yer, slightly ridged 

0.60 33 l3 shC!>ws ridging and FA 
shows galling 

0.8 25 ll shows smooth surface and 
F shows slight galling 

1.4 14 :B shows ridging a.nd St shows 
galling 

2. 6 8 Ridging 

3.4 6 Ver7 slight galling 

34. 0.6 Slight ridging and galling 

48. 0.4 Ridging 

140. 
3500. 

15000. 

0.14 13 shows slight galling and 
0.006 E shows slight ridging and 

g:alling 

0.001 Shows ridging and slight 
galling 
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in order of decreasing; wear resistance. i.e .• nu,11ber one has the 

highest wea.r resistance. The third column gives the eomputed wear 

factar as discussed above. The fo-llrth column gives the l'fea.r resist­

ance of the ~ .rticular coml>inat i on in per cent of the wear resistance 

of "J3-B". The values given in this table a.re only for a load of 

300 pounds per square inch and a. rt1b'bing speed of 786 feet per 

minute. 

Tests i ndicated that "B-wou would be a. combination superior to 

11:B-B" although the data. is insufficient to give an exact Talue. The 

diffieul ty in evaluating this eoro"bi:ns. tion was due to the exceedingly­

long time required to obtain any mea.surea'ble loss 1:n weight of 11:B" 

n:mning ag~inst wwcn. 

Surface Conditions: 

During these tests, three different types of surface conditions 

were observed. Specimens were either smooth. galled, or ridged a.fter 

test. The smooth surfaces were mirror bright in appearance on the 

hard ma terials and were very even ~.nd u.~iform on the gre.,- cast iron. 

11:he galled surfaces wBre those surfaces which snowed that adhesion or 

cohesion of localized areas of the two mating materials bad taken 

place. Thi.s causes a. tearing out of small fragments from one surface 

or t he other. This defi nition of ga.lling has been given by Louis 

Jordan of the :Bureau of Stand.~ds and is included in the introduction 

of Pa.rt I of this thesis. The ridged surfaces were grooved in the 

direction of wear. 
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A-1 5X 

Figures • 

.. 

A-1-A Unetcihed 150X 

Figure 9. 

A-1-B Etched l50X 

Figure 10. 



The surface conditions of the wearing materials have been 

reported in the tables according to the above designations. 

A metallographie investigation was made of each type of surface 

condition. Specimens ha Ting a surface condition corresponding to 

each of the tb.ree types mentioned abo~e ~ere examined. Maerographs 

were first taken of each specimen to be investigated in or.derfto 

sh.ow the condition of the worn surface. A la,.er of copper was plated 

on the worn surfacas o.f the specimens. A lengi tudinal section a.t 

right angles to the worn surface was polished in the us,ial way for 

meta.J.lographic investiga.Uon. The copper layer whieb. was bo~d to 

the worn surface helped maintain a flat surface to the edge of the 

specimen. This gave a view of the worn edge along the entire length 

of the specimen. 

Of the specimens which bad smooth surfaces a.fter test. A.-1. 

:B-14. C-25, CH-4, N-2, WC-3 were selected for metallographic 

inTesti g;a.tion. With the exception of the gr~ ea.st iron specimen, 

C-25, all of theze •!iurfa.ces were mirror bright after test. Some 

showed evidence of slight ridging or slight galling. but the surf'a.ee 

as a whole was sm~oth. The gra...v cast iron was very even and smooth, 

but was not mirror bright due to the presence of the graphite. Also, 

this surfa.e .,, was slightly ridged. 

The maierograph of specimen A-1 is shown in Figure 8. Contact 

wa.s not complete over the entire surface of the specimen so that the 

lighter area shows the condition of the surface before test. The 
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dark area is the wom surface which was mirror bright. However. 

slight ridges may be seen. ~his specimen was run on ring A-7 at a 

pressure of 300 pounds per square inch a.nd at a surface speed of 

393 feet per minute. Figures 9 and 10 show a cross-sectional view 

of the worn edge at a magnification of 150 diameters. At the top 

of the picture is the copper plate and below is the structure of 

the specimen.. Figure 9 shows the surtaee unetehed and J'ignre 10 

shows the structure after etching ten seconds in a solution of 1% 

nitric acid in methyl alcohol. fhe edge is smooth. clean cut, and 

shows no evidence of distortion. The structure of the specimen i8 

eharaeteristie of white cast iron. The white areas are eementite, 

Fe;!J, and the dark areas are grains of pearlite, which is the 

euteetoid of iron and iron carbide. 

In all of the photomierographs to follow the copper plate will 

be at the top of the picture. The stl'll.cture below the worn edge 

will be that of the material of the specimen. Unless othenise stated 

the eteh for all specimens was e. solution of 1% nitric acid in methyl 

alcohol. 

Specimen D-14 was rwi on ring B-6 at an approximate load of 

500 pounds per square inch and at a surface speed of 393 feet per 

minute. This specimen did not seat properly on the ring go tb.a.t 

only ab.out one-half of the surface was worn. Figure 11 1s a me.ero­

gra.ph of the surface. The darker area. on the picture is the worn 

pa.rt of the surface. The lighter portion was not in eontadt. !he 
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B-14 5X 

Figure 11. 

·f 

B-14-A 150X 

Figure 12. 

B-14-B 400X 
Figure 1:3. 

B-14-C 400X 

Figure 14. 



worn surface wa.s mirror bright after test. although slight ridges are 

visible in the macrograph~ Evidence of galling can. be seen on the 

edge at the top of the :picture. Figure 12 show111 the worn edge at a 

magnification of 150 diameters in the unetched eondi tion. This 

cross s ection was taken on the edge seen at the top of the picture 

in Figu.re 11. Two surfa,ce cracks can be seen. These a.re caused by 

the stresses developed at tn+urfac~ during the process of wear. 

Figure 13 shows one section of the worn edge at a magnification of 

400 diameters after etching. A layer of worked material can be 

seen in this view. fhe nature of this layer will be discussed in 

detail later, page 6'0 . after the descriptions of the various 

surfaces examined. Below the lqer of worked material can be seen 

the structure of the alloyed cast iron. The dark grains are composed 

of iron and solid solution of iron carbide and iron horid.e, and the 

white grains are the solid solution of iron carbide and iron boride. 

Note that the grains of these oonsti tuents are deformed to a. consider­

able extent. The direction of wear in this ea9e was from right to 

left over the surface of the specimen. The grains a.re bent in this 

direction. Figure 14 shows another section of the worn edge on which 

no layer of worked metal has formed. The magnification is again 

400 diameters. The layer as shown in F1g\U'e 13 appeared only in a 

few places. The rest of the surface was similar to that shown in 

Figure 14. 

Specimen C-25 was run on ring B-27 at a load of 300 pounds per 

square inch and at a surface speed of 197 feet per minute. The 
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C-25 5X 

Figure 15 . 
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C-25-A l50X 

Figure 16 . 

C-25-B 150X 

Figure 17. 
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CH-4 5X 

Figure 18 . 

. ' . 
. . • , • ,r, 

CH-4-A 150X 

Figure 19. 

CH-4-B 400X 

Figure 20. 
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CH-4-C 400X 

Figure 21. 

CH-4-D lOOOX 

Figtu-e 22. 



36. 

N-2 5X 

Figure 23. 

N-2-A 150X 

Figure 24. 

N-2-B 150X 

Figure 25. 

_j 

N-2-D 400X 

Figure 26. 
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macrograph of the surface after test is shown in Figure 15. ~e surfaoe 

was only slightly ridged and wa.s quite smooth. Figures 16 &"-1.d 1'7 show 

th.e worn edge and the str1.leture of the gray cast iron unetehed and 

etched, respeet1vely. The edge is straight end smooth showing no evi­

dence of distortion or a la:ye!' of worked metal. 

Figure 18 is a maerogra.ph of the worn surface ef specimen CE:-4 

whieh was ru.n on ring :s-::J6 at a. load of 300 :pounds per square ineb 

and at a surface speed of 786 f .eet per minute. 'fhe s·urface after 

test was mirror bright except for a few dull places . A cross section 

of the worn edge. unetched, a.ta. magnification of 150 diameters is 

shown in Fi gure 19. Further investigation showed that a worked lay-er 

had formed in some places. Figure 20 shows the thickest section of 

this layer at a magnifieation of 400 diameters e.fter etching. The 

severity of the working is clearly shown.. 'l'his is a very geod 

example of the process by which wear takes place by- cold hardening. 

The mater ial is worked until cracks form which separate fragments 

from the rest of the material. The fragments are then easily vorn 

away. Figures 21 and 22 show the surface where no worked layer laas 

formed. !11he magnification is 400 and 1000 diameters. respectively . 

in ea.eh picture. 

Fig\lre 23 is a. ma.erograph of 21paeimen N-2 which was r-iin on 

ring N-2 at a load of 300 poun~s per square ineh and at a speed o.f 

786 feet per minute. The surfaee was mirror bright after test, 

although the macrogra.:ph shows it to be somewhat rough in places. 



VlC-3-B 
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V/C-3 5X 

Figure 27. 

l50X 

Figure 28. 

l50X 

Figure 29. 
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WC-3-C 150! 

Figure 30. 

WC-3-D 400X 

Figure 31. 



Figure 24 is a v-iew of the ed.ge before etohi~. at a magnification of 

l&> diameters . Note the cracks wb.ieh rum parallel to the su:rfa.c:e ~ 

The same area after etehing 1s s hown in Figure 25. fhe structure of 

the ni tralloy is clea.rl;y shown. li-'igi.lre 26 shows the same area at a 

magnification o±' 400 diameters. 

Specimen W0-3 was run on ring :B-7 at a load of a bout 400 pounds 

per square ineh a.ncl at a speed of ?86 feet per minute. After t~st 

t he surface ,,.,as mirror bright. bu.t slightly galled in pl aces. as 

shown in the macrograph, Figure 27. Figares 28 and 29 show the 

edge and str-ll.cture after etching, a t a. ma.gnifieation of 150 di?...meters. 

These two views show the edge on each side of the blow-hole seen at 

the upper right-hand eorner of the macrograph. -rhe s·u.r:f'a.ce towemls 

the end of t he specimen on the section through the blowhole is smooth. 

The surface on the other si de. towards the middle , is galled. Figu.re 

28 shows the e~e tGwards t he mi du.le which 1s a layer of worked metal 

corresponding to the galled surfa ce. :Figi.ire 29, taken on the other 

side, shows no layer. This condit i on corresponds to the smooth 

surface . Further, the surface at the center ri,f the speeimen 011 a 

sectio~ through the blow-hole is smooth. The,cross section of the 

edge at th.ii!! point is shown at a magnification of 150 diameters in 

Figure 30. l!'igure 31 shows t he sa-rae area at a magnification of 

400 diameters . 

From these o·bservations it appears that a smooth mirror--i:>right 

surface is accompanied by a smeoth, clean eut, edge with ne layer 

of worked metal . If galling has occurred a. la¥er is fo rmed. '?he 
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mechanism of the formation ~f this layer will be discussed later, 

page 60 . ,Jordan and Rosenberg fo-a11d in their work on oxide films, 

mentioned previcrusly~ tha.t a rough film free surface was aecom:pa.nied 

by- evidence of severe working. while a smooth filme<l surface wa.i:; 

accompanied by A. structure only sl igh~ly distorted with no evidence 

of sev~re working. The edge tn the latter c~se appeared smooth 

even Wlder the m.ic!'oscope. 

The surfaces "Which 'W'ere galled were quite seve?'ely worn in all 

cases. Several specimens ':'!ere chosen f-or metaJ.logra:phic investiga­

tion and will be discussed in the following paragraphs. 

In Figure 32 , is shown a cross section of ring B-17 at a m~gn.i­

fication of 150 diameters. This ring was sectioned through a. galled 

area where the material of the speeimen, 0-19 , had adhered to the 

surface of the ring. At t his partieula.r section the bond between 

the two ma.terials is very po '.1r. In Figure 33 is shown the same area 

after etching, at a mi,-gnification of 400 diameters. T'he adhered 

mater ial from the specimen hr.'ls been severely 1'1orked and 1s not 

homogeneous in structure. The specimen and ring were run a t a lo!\d 

of 130 pounds per square inch a,.nd at a speed of 786 feet pe-r minute. 

After test there were several galled areas on the ring where the 

mat erial of the s-pecimen had adhered to the surface of the Ting. 

FiE;Ure 34 is a maerograph of specimen W-C-5 which was run st a 

speed of 786 feet per minute. During the test on which this s-peeimen 

was last :rt1n, t.he load. increased to eonshlerably more than 300 

p o-wide per sq_ua.:re inch, whieh eaused severe galling to take place. 
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:B-17 l50X 

Figure 32. 

B-17 400X 

Figure 33. 
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WC-5-A 
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WC-5 5X 

Figure 34. 

Figure 35. 

• 

. ~ 
l50X 

WC-5-E 150X 

Figure 36. 
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The galled areas are clearly seen in the ma.crogra.pla. Although the 

results of this test are not recerded in the tables, due to the 

in.creased load. the specimen offers a good example of a. galled 

surfa.ee. The worn edge is shown u.netched a.t a magnification of 150 

diameters in Figure 35. Surface cracks are clearly evident and one 

large fragm.ent has been worn away. The same area after etching is 

shown in Figure 36. A layer of worked material appears on the 

surface, a.nd the characteristic white east iron structure composed 

of grains of cementite and pea.rlite is seen below. 

Specimen :B-19 also exhibits a. galled surface, although it is 

smoother than that previously discussed. A. ma.erogra.ph of the 

surface of this spe-cimen is shown in Figu.re 37. This speeiman was 

run at a lead of 300 pounds per squ.a.re inch and at a. speed of 1180 

feet per minute on ring B-7. The edge is shown unetched in Figure 38, 

at a magnificRtion of 150 diameters. Figure 39 shows the same area 

after etching. at a mr-,gnifieation of 400 diameters. Note that the 

cemen.tite and pea.rlite grains have been deformed in the direction of 

wear. A layer of worked metal is in the preliminary stage of form­

ation. Figure 40 sho?ls the la.yer at a. magnification of 1000 diameters. 

It is much thinner than that seen on specimen W0-5 and did not a:ppea.r 

over the entire length of the specimen e.t this cross-section. 

Specimen St-3 which was run 0n ring 13-5 at a load of 300 pounds 

:per squa.r e inch antl a.t a. speed of 786 feet per minute, a.lso appears 

to have a galled surface, as shown in Figure 41. The edge is shown 

u.netched in Figure 42 at a magnification of 150 diameters. The struc-
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B-19 5X 

Figure 37. 

B-19-A 150X 
Figure 38. 

B-19-B 400X 

Figure 39. 

B-19-C lOOOX 

Figure 40. 
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St-3 5X 

Figure 41. 

.. 

St-3-A 150X 
Figure 42, 

St-3-B l50X 

Figure 41. 

) 

St-3-C 400.X 

Figure 44 . 
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FA-2 6X 

Figure 45. 

B-24 5X 

Figure 46. 

B-24-A l50X 

Figure 47. 

13-24-B 400X 

Figure 48 . 
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ture after etching electrolytically in a 10% solution of NaOH and a 

10;$ solution of HCl is shown in Figure 43. Figure 44 shows the edge 

at a magnification of 400 diameters. !here is a slight indication 

of a worked layer and a higher magnification would have been desir­

able . This was impossible, however, ~ue to the fact that the electro­

lytic etch is very severe and the edge was rounded off . Note that 

the edge 1s not straight, but has a war.r character. 

Specimen FA-2 was galled during the test a.nd the surface condi­

tion is shown in Figare 45. This material was ·badly pitted when an 

attempt was made to copper plate the specimen so that no photomicro­

graphsp,ere taken . 

Specimen B-24 was run en ring ViC-8 at a. load of 300 pounds per 

square inch and at a speed of 1180 feet per minute. However, the 

speed increased to about 1500 f eet per minute for a short peri od of 

time before the specimen was removed. Figure 46 shows the condition 

of the su.rfa.ce after test. '.f:he edge is sho,<rn in Figure 47 before 

etching , a t a magnification ·of 150 diameters . 'l\~o very large surfaee 

cracks can be seen in this view. In Figu.re 48 is shown the edge a.nd 

structure after etching at a magnification of 400 diameters. Here 

again the deformation of the cementite and pearlite grains in the 

direction of wear is clearly shown. 

The condition of the surface of specimen WC-8 which was run on 

ring B-11 at a load of 300 pounds per square inch and at a speed of 

1180 f eet per minute is shown in Figur e 49. The surface is very 
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WC-8 5X 

Figure 49. 

WC-8-A 140X 

Figure 50 • 

WC-8-C l40X 

Figure 51. 
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WC-8-D lOOOX 

Figure 52. 

WC-8-E lOOOX 

Figure 53. 
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N-4-A 

N-4-B 

51. 

5X 
Figure 54 • 

150X 

Figure 55. 

l50X 

Figure 56. 

N-4-C lOOOX 

Figure 5-7 . 
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rough and badly galled.. Figure 50 shows the edge une tched, at a 

magnification of 140 diameters, and Figure 51 shows the same area 

after etching. The contour of the edge is very uneven and a la;rer 

of worked metal bas formed. This layer did not appear on the entire 

surface, as is shown in .Figure 52. where the grains have been cut 

evenly. In Figure 53 is shown another area where a la7er is present 

and considerable working is evident. Surface -eracks are clearly 

seen which run parallel to the edge. One large fragment has been 

broken away- during the process of wear. The magnification of the 

last two pictures is 1000 diameters. 

Specimen N-4 was run on ring B-25 at a load of 300 pounds per 

square inch and at a speed of 786 feet per minute. The galled condi­

tion of the surface is shown in Figure 54. The edge, u.netched, is 

shown in Figure 55 at a magnification of 150 diameters. Note that 

there a.re several surface cracks which run approximately at right 

angles to the edge. Figu.re 56 shows the struet,o.re after etehing, at 

a magnification of 150 diameters. The structure appears to be quite 

different than that of N-2, which was shown in Figures 24, 25, and 

26. There a.re not as many hard nitride needles in the stru.cture ef, 

U-4 as there are in N-2. Figure 57 shows tbe structure at a magnifi­

cation of 1000 diameters and shows evidence cf a. layer of worked 

material. This layer extends over the entire length of the specimen 

at this section. 

The surface of spec imen F-2 was also galled. as is shown in 

Figure 58. The specimen was badly etched in the copper :plating 
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C-19 5X 

Flgure 59. 

C-19-A 150X 

C-l 9-'B- 150X 

Figure 61. 
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G-8 5X 

Figure 62. 

St-2 5X 

Figure 63 . 

FA-1 5X 

Figure 64 . 
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wc-2 sx 

Figure 65. 

WC-2-A 400X 

Figure 66. 

_) 
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process, so it was net exa.tained under the microscope. 

Most of the grey cast iron speeimens were ridged to some extent 

depending upon the conditions of the test. Specimen C-19 is a typical 

example. The s1J.rface after t est is shown in Figure 59. The edge and 

structure are shown at a magnification of 150 diameters before and 

after etching in Figures 60 and 61, respectively. Note that one 

f ragment has been lifted from the surface and that another has been 

worn away. The str11eture is typical of a grey cast iron and consists 

of ferrite, pearlite, and graphite. 

The grey- iron specimen. 0-8 which was run on ring :S-2O at a load 

of 155 pounds per square inch and at a speed of 786 feet per minute 

was ridged after test, as shown in Figure 62. No photomierogra.phs 

were taken of this specimen because the copper plate was not bonded well 

to the cast iron. The grains appeared to be cut clean, and there was 

no evidence of a worked layer. The structure was very dirty and fine 

grained. 

The stellite specimen St-2 and the "Flint Alloy" specimen FA-2 

were also ridged after test, as is shown in fig\ll'es 63 and 64, respec­

tively. It was not possi ole to plate these specimens with copper with 

the facilities available, so no microscopic investigation was made. 

The white cast iron specimen WC-2 wa.s run on ring WC-2 at a. load 

of appr0ximately 450 pounds per square inch and at a speed of 786 

feet per minute. After test the surface was ridged, as is shown in 

Figllre 65. After etching no worked layer was visible. The grains were 

cut cleanly, as shown in Figure 66 at a magnification of 400 diameters. 
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E-5 5X 

Figure 67. 

E-5-A 150X 

Figure 68. 

Figure 69. 

) 

400X 

Figure 70. 
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E-6 5X 

Figure 71. 

E-6-A l50X 

Figure 72. 

E-6-B l50X 

Figure 73. 



Specimens E-5 and E.-6 were run simultaneously under the same 

conditions. They were I'llll against rings B-21 and B-22. respectively. 

at a load of 300 pounds per square inch and at a speed of 786 feet 

per minute. After test the surfaces were ridged and galled. a.s shown 

in Figures 67 and 71. The edge is shown unetehed in Fie,11res 68 and 

72 at a megnifieation af 150 diameters. The rough eharacter of the 

surface is clearly seen. Figure 69 shows the edge and structure of 

specimen E-5 after etching a t a magni f ication of 150 diameters. The 

t y-pical grey iron struc ture is evident and a t hin lay-er of worked 

metal can be seen. The same area at a magnification of 400 diameters 

is shown. in Figure 70. The structure and edge of specimen E-6 after 

etching is shown in Figure 73 at a magnification of 150 diameters. 

This s pecimen also exhibits a layer of worked metal. The appearance 

of the surfaces and the structures of these t wo specimens is practi­

cally the same. 

As mentioned earlier, page 22. the wear f actor for this materia l 

running on "B" metal. as determined from the tests with these two 

specimens, was very er r a tic. E-5 had. a. low wear fa.ctor and :E-6 h.4d a 

hi gher f actor. Since there appear to be no structural differences, 

this phenomen:u.m can probably be explained by the f Rct that the 

critical load for this combination at a speed of 786 feet per minute 

is abou t 300 pounds per s quare inch. Therefore an7 slight variation 

in the conditions of the test will greatly affect the wear factor. 

The l a.r ge var i a tion i n wear f actor for small v0.riations in load near 

the critical pressure ba.s been shown for grey ca,st iron running on 

"B" in the curves of Fig11re 7. 
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Fl{JUJ'e 74. 
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A-4-A 150X 

Figure 75 • 

.. 
.. 

A-4-B 150X 

Figure 76. 
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As stated at the beginning of this thesis, all tests for compar­

ative purposes were run in. a bath of distillate. However, two runs 

were made with 11A11 specimens rwming dry on "A" rings. The wear 

factor was very high and the machine did not operate se.tisfaetorily 

for this type of test. The surfaces of the specimens are interesting 

and are shown to be covered with cracks. The test was ma.de at a 

load of ;300 pounds per sq_ua.re inch and at a speed of 393 feet -per 

minute . Figure 74 is a macrograph of the ~nu•face and shows n'Wllerous 

surface cracks which run perpendicular to the direction of wear. 

»'igw-es 75 and 76 sho" ;, a cross seat ion of the edge and surface at a 

magnification of 150 diameters before and after etching, respectively. 

The penetrating cracks are clearly visible and no worked layer can be 

seen. 

Nature of the Worked La.yer ~ 

In t he following :paragraphs the nature of the lay-er of worked 

l!.lEl.terial which appears on several of the specimens discussed above 

will be considered in detail. It must be remembered that these 

mat,erials are for the most part hard alloys whose chief constituents 

are iron and iron-carbide. The iron is ductile and the iron-carbide 

is brittle and hard. Each of' these phases may have present in 

solution some alloying element or elements, but the general character­

istics will be u.nchanged. Considering the specimen of unalloyed white 

cast iron, WC-5, shown in Figures 34, 35. and 36, a layer of worked 

material is seen on the edge. This lay-er is quite thiek and shows 



evid.enee of considerable working. Sinee onl;r iron and iron-earbide 

are present as constituents of the material. this layer must be 

composed of one or both of thfi>se unless it is a film 0f eeme foreign 

substance. 

Other investigators have found oxide films on the surfaces of 

worn specimens which were tested in the Amsler ma.chine with rolling 

wear . The tests of Jordan and Rosenberg {5) have b~en mentioned w.i th 

regard to this phenomena. Max Fink (5) states that oxide films do 

not form when metal to metal contact occurs or when sliding wear takes 

placti i f the load h above about 5 poun.ds per squar~neh. When t .hese 

conditions exist, the meeha.nica.l r-emoval of pe.rt1cles takes pla.ee and 

no film can :form. Further, these oxide films have been observed to be 

only about 0 . 006 millim~t.,rs t hick , while in the prese:at ea se the 

layer is eoou.t 0 . 050 millimeters thick. It seems rather imp:roba.ble, 

t herefore ._ t b3t the laye r is an oxide film. 

Experience has shown that iron .. carbide is very brittle and ha:rd. 

i 'her~fore, a l ayer of worked iron-car'bitle seems rather improbable, at 

first thcrnght. However. experiments have been performed with brittle 

ma.terfa.ls in which the ·brittle ma terial b.a.s been made to flow in a 

plastic manner . For ins ta.nee. mll¼-rble was tested: in compression when 

subjected to hydraulic pressure (5Z) . lt was 1.!lhown that materials 

"rhi ch fail in a brittle manne:r under a.n ordinary tension or compression 

test act as a SC>ft ductile material when sn.bjeeted to t est under 

hydraulic pressure . It is also known that materia.ls which fail in a. 
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wc-o-F 4oox 

Figure 77. 

WC-5-R lOOOX 

Figure 78. 

WC-5-?l 5000:X 

Figure 79. 
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brittle nature when subjected. to r apidly applied loa.ds will def'orm 

plastically- when -subjected to sven modera.te pressure over a lo-ng 

period. o.f time~ 

Most e-f the wear tests under cons idera tion r eg:u,ired a long period 

of time. In many ca.ses the travel was over one million fee t. In addi­

tion to the normal load between the surfaces e ehearing force existed 

which wa.s thE'· result of the acti on between twe surf aces in contact. 

The continual e,ction of the forces e:tis ting a t the surfaces caused 

the grains of cementi te a.nd pea.rli te to deform. For example, in 

Fi67.ll'es 13 , 39, and 48, it is clearly seen that the grsins e f iron­

c:ex-1)ide and pearUte have been bent in the direction of vreP..r. The 

more ductile constituent, pe8,rlite1 help-ed. support the grains of 

oementi te on .a.11 sides. In vie.w of these observations, the fact that 

ceroentite is brittle in most ca.sea does not mean that it cannot flow 

in a. plastic manner such as occurs in the formation of the l ayer under 

consideration. 

The third possibility as to the composition of the l ayer is that 

it might be composed of ferrite. !n east iron of tbis c omposition , 

all of the ferrite present has be P.n precipi t a.ted simultaneously- with e 

portion of the cementite present to form eutectoid pea.rlite . Therefore, 

no free ferrite should be present . 

In Figares 39, 48. 77, 78,. r:md 79, it appears that the more d.uctile 

:pearli te grains h&.ve been sq_ueezed out from bet-r;,een the cementi te 

grains. Some of it is tre.:pped in the layer which forms a.nd ~ome is 
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WC-5-G 400X 

Figure eo. 

WC-5-H 40OX 

Figure 81 . 

.) wc-s-1 400X 

Figure 82. 
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WC-5-K 3000X 

Figure 83. 
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forced to the surface•,,l'f.here it is swept away in the process of wear. 

Figure 80 shows a portion of the la.;rer of worked material i.,,hich is 

shown in Figure 36. At this magnification, 400 diameters, it is 

clearly seen thc"lt the la:,er is a banded structure showing evidence 

of considerable working. An etching solution of boiling alkaline 

sodilll:\I pierate attacks the carbides and does not affect ferrite . 

Carbide rich areas will be darkened and ferrite rich areas , sueh a.s 

pea.rlite , will appear light. Figure 81 shows the area of I•'igu..re 80 

after etching in the above mentioned solution. The grains of 

eementite a.nd the layer of worked material have been darkened while 

the pearlite has been only slightly attacked. Figure 82 shows 

another area at the same ma.t:;nification and with the same etch. 

F' i gure 83 sho,;; s a portion of the layer at a magnification of 3000 

diameters. ThB ground mass appears to be iron carbide in which are 

many small grains of pearli te. lJ:he grains of p earli te are equi-axed 

which suggests that recrys t allization h~s taken place . This does not 

seem unreasonable because it is known that cold. working will lower 

t he temperature at which recrystallization will take place . The 

greater the deforma tion and severity of cold working the lower will 

be the recr;rsta.llization. temperature. 

·Further proof a.s to the id.entity- of this l ayer was felt neces sary, 

so X-ra.y me thods were applied: Since it was impossible to obtain a thin 

section or small fragment of the layer, it was necessary to reflect the 

X-ray beam from the surface. In this way the pow<ler method could. be 
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used to det ermine the constituents present. The specimen. used in 

this investigation was white east iron, WC-11, which bad run on ring 

WC-9 at a loa,l of 300 pounds per squ.are inch and at a speed of 1180 

feet per minute. The specimen was mounted so that the X-ray beam of 

Mo-Kt,(. radiation hit the layer at a glancing angle. The specimen was 

rotated through an angle of about 5° so that more random orientation 

of the reflecting planes would occur. The constituents which were 

most probably present in this layer were alpha. iron. Fe- cl, and iron 

carbide , Fe3C . However., if the layer was an oxide film. FeO, Fe203, 

or Fe3')4 might be present. These various constituents were the 

possibilities which might show up in the powder pic ture . The 

11 Strukturbericht11 by P. P. Ewald and C. Herman gives the crystal 

structure of each of these materials so the positions of the r eflec­

tions on the film for all reflecting planes could be determined . This 

was done and put in tabular form which is included in the appendix. 

'fhe values of Q. = _L_ are listed for all reflectLv.ig -planes for each 
d2 

material llp to values of Q = 45° . From the powder picture the value 

of q can be determined for each reflection by the relation Q = 4 sin2Q/),.,2• 

Dy comparing the values of Q. which were obtained from the picture with 

those calculated from the lattice constants, any reflection cou.ld be 

identified. Three p ictures were taken. WC-11-1 and wc-11-;3 show the 

r eflecti ons obtained when the _ be 0,m was directed at the layer. WC-11-1 

was exposed abo11t 48 hours and WC-11-3 was exposed about 81 hours with 

Mo-K ~ r adiation. A metal tube wo·u.ld have been very desirable in 



order to shorten the. time of exposure and increase the intend ty 0f 

reflections. "bu.t none was available. WC-11-2 was exposed about 81 

hours and the beam was directed at the back of the specimen on ,vhich 

there was no layer of worked material. 'l?he glancing angle and other 

conditions were as nearly the same as possible. .. 

Due to the fact tha.t some of the ref lec tions appearing on t he 

film ~,ere faint and ethers were broad. the accuracy of measurement 

was not very good.. However, several reflections were. without a 

doubt due to the iron carbide. On films WC-11-1 and WC-11-3 

r eflections were obtained from both films from the follow ing planes 

of iron carbide; 003, 103, 122 , 114, and. 125. 'l'here was some doubt 

a.bout other reflections, but t hese are guff icient to show that the 

layer eontains iron carbi de i f these reflections are from the layer. 

The intensity of reflection from planes belo1F. the su.rfa.ce rapidly 

diminishes with the depth. For iron, planes at a. distance of ten microns 

from the surface in the direction of the beam will reflect with only 

one-half the intensity of planes on the surface. Since Ii'e3G has about 

the same density as iron, the absorption will be about the sc>.me. The 

thickness of t he layer at the section on which t he X-ray beam was 

directed was about ten mi cr ons. The beam, howe~er, intersected the 

surface at an angle of not more than about 15°. Therefore the distance 

travelled by the beam in the layer wa.s considerably more than ten 

microns, and the reflections which appear on the film a.re quite surely 

to be from the la7er and not from the material 'below. Thf:refore, it 

is qui t e certain that the layer does contain Fe;!J. In addition, a 
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WC-11-A 400X 

Figure 85. 

wc-5-X lOOOX 

Figure 86. 



refleetion was obtained from the 110 plane of alpha iron. and other 

refleetion.s from Fe;;G al t hough some of the latter di.d not appear on 

both films. On. the back of the specimen 'l!J'here no ui.yer was present, 

reflections were ob tained from the same planes of Fe~.(C a$ we:t-e listed 
"' 

on WC-11-1 and wc-11-;, . In addition ,to the reflection from the 110 

plane. r eflections from the 200, 211, and 220 planes of alpha iron 

were obtained .. More a l ph.~ iron reflections were present a t greater 

angles, 'but they were not indexed. :By comparisaa of film WC-11-2 

with WC-11-3 or l, ~'i gi.ire 84, it ce,n ·oe seen ta!'l.t there are many 

more iron lines in the form er than in eith1:lr of the l a tter . This 

s hor-rs that the layer is richer in iron carbide than the pa.rent 

ma terial. Although the accu.raey of the X-ray analysi s is somewha t 

limited , it s eems quite evident tbti.t the la,yer is composed of iron and 

iron carbide. and t hat the iron is present in less em0unt than on the 

back of the specimen. This cheeks the conclusions that have been 

drawn f rom the metallographi c study. 

After the X-rey analysis wa.s corapleted the specimen wa.s -pl a ted 

with copper and. prepared for metallogra.phic investigati:Jn. Fi gure 85 

sho~·s tr.e structure and· the layer at the s ection which was cut by the 

X-ray beam. 

The rela tive h.1:trdness of the micr,:,eonsti tuents and the la..,7er of 

speci:nen WC-5 was determined °!)Y the serateh width me thod. The 

specimen was scratched with e, d. i a,nond point subjected to a loall of 

abcru.t 16 grams . The idth of scratch was m.easured with a filar micro­

meter on the microscope. Figure 86 s hows the scratch after test at a 



magnification of 1000 diameters. The width of the scratch in the 

layer was 4.2 microns, in the ceme:n.tite 3. 8 microns. and in the 

:pea.rlite 8.5 microns. This shows the layer to be almost a.a bard 

as the cementite grains and much harder than the pearlite . For 

discussion of the relation between the width of scratch and the 

hardness. see pe,ge 75 . 

Surnmar~r: 

In t r.is i nvestigation the relative merits of seve:r.:u materials 

to resist wea r 1.1nd.er partic,:J.-3, r conditions ha•.re been shown . IR 

me t al 11:Bt1 ha s been s hown t o possess t: earing qua.li ti E,s superior to 

mori t of the comn,on v.,ea.r resi s ting ma teria ls. Some r elations between 

-e>iea.r and load at different speeds have been sho~.n for gray east iron 

TU.,"'lning en 11 B11 • 

A m6t a.llog r~-Phic i nvesti r.;ation h.e.s be en made ?..nd the structures 

a cc O?t;p&~ying the vru-i (rt.l.S surfa.cc condi ti tn s have been discussed. 

Those surfaces -r,hich a.re smooth after test a re apparently a ccompanied 

by a stlt'.i1cture y:hich is not d.i:td;ortecl . The edge is clean cut and • 

smooth even uncler the microscope . If go-J.ling has occu.rred, a layer 

of worked mfl t c-.1 appears on the ectge. This la.yBr in the case of white 

cast ircn is con.p osed of iron mrbide interspersed with small grains 

of p,:;a rli t e . The layer s nows evidences of s evere workh;_g G.nd 

c'iistortion. It appe2.rs t ha.t g:G.ring the process of wear, the softer 

:pearli te gridns have been squeezed from betw·een the cementi te grains. 

If they reaeh t he surface they are rub bed of f by the other wearing 



su.rfaee. If they do not reach t he surface. they are trapped in the 

layer of worked carbide. The layer has been shown to be richer in 

carbide than the pa.rent structure of the specimen. This l ayer of 

hard carbide is of about the same hardness as the carbide grains 

of the pa.rent metal. In the/li tera.ture which was reviewed no 

mention was made of a layer of V'.Orked carbide such as this investi­

gation has revealed. Most of the work which has been done has been 

on gray cast irons and steels. 
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PA.RT II. SCRATCH I NVESTIGATION 

Introduction: 

In s tudying the conditions of the wearing surfaces of the 

materials used in the tests described in Part I, it was found that 

in many cases ridging occurred. Apparently the action is that of 

plowing a groove in the wearing surface. Even those specimens 

which were smooth and mirror bright showed evidence of ridging in 

the di rection of wear. Such observations indicate that the action 

of a bard point on the sur face whieh may duplicate this plowing 

~ffeet might reproduce the conditions existing in actual operation. 

Wear may be considered. as the removal of material from the 

wearing surfaces. Su.ch action i mplies the absorption of energy, 

i.e., any removal of material will require energy to do so. This 

energy is absorbed in friction , in the deformation, and in the 

removal of material from the specimen. It seems reasonable that 

some method which might be devised to determine the amount of 

energy absorbed in this process would lead to some correlation with 

the wear resistance . An at tempt has been made to d.evise such a. 

method . In essence. t he me thod consists in using a d f.amond which 

makes a scratch in the material being tested . 

It is apparent from a search of the literature that considerable 

work has been done on scratch methods in attempting to find a simple 

method of hardness t esting. It has been known for some time that 

the relative wear r esistance of materials i s not a function of the 
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penetration hardness. However. it seems reasonable that there might 

be some correlation between serateh hardness ood wear resistance. 

110 definite correlation. has been made between these -properties u.p 

to t he present time. 

Perhaps the oldest method for determining serateh hardness is 

that which resulted i:n Mohs scale of hardness. Here the various 

materials a.re arranged in such a way that a given substance is 

scratched ·by a.ll of those minerals above it and not by those below it 

in the table. This method ef hardness measurement bas been taken 

over by the mineralogist, bu.t ha.s found very little .• if any. 

application in engineering . 1Phe difficu.lty of distinguishing 

between a mark and a tne scratch often leaves doa.bt as to the 

a.cc1u-acy of this test. The load applied to the scratch ing member 

is a variable which sh01ild be controlled. Also, the intervals 

betiveen the various minerals listed in the -~ohs scale are quite 

different. Recently in a :paper presented t,.efore the :Elect,rochemica.l 

Society, Ric4,.0'\\'ay, 'Ballard~ and. Bailey (40.) have inch1ded a. modified 

Mohs -sea.le in which some electrochemical :products have been inserted 

to fill in the gap at the hard end 0£ the scale between sapphire 

and dia.mon.d. Their tests were made with a definite load on the 

scratching point which was of a definite shape. 

A sclerometer devised b_,y Turner ( 41) and modified by Martens 

(42) employed a diamond point which was forced over the surface 

being tested. 'l'he width of scratch procluced. by a given load , or 
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the load required to produce a. scratch of a given width was taken 

as a measure of the hardness. A micro-sclerometer was devised by 

Jagga,r ( 43) for determining the hardness of the micro-eons ti tuents 

of roeks and minerals. Boynton (44) used this same m.etb.od to 

determine the hardness of the various constituents of iron and 

steel. Some oi' the most notable work on this method of hardness 

testing has been done by C. H. Bierbaum (45, 46. 47. 48). He 

developed an instrument whieh he calls the t1Mieroehanu::ter~. A 

diamond point is employed which is ea.used to move a.cross the surface 

being t ested under a given load at a. d.efinite spe-ed. The Miero­

character is really a laboratory inmt!'ll!llent and bas not been accepted 
·: ,"' . -~· 

as a commercial means for ha.rdness testing. 

So :far no mention has been ma£1.e by any investigators of 

mes.suring the scratching force or energy, or of making direct 

correlation of their results with wear resistance. 

The results of these investiLsati ons have shown that the best 

shape of the scratching point is that of the eorner of a cube with 

the d i agor1al perpendieu.lar to the surface being scra.tehed. The 

intersection of two Gf the faces fo:nns the leading edge of the 

cutting point. 

An a ttempt was made by Or. Donald S. Clark to find a relation 
-

bet~een the width of scratch made by a diamond and the wear test 

results. The diamond used in these te1!ts was slightly more blunt 
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Figure 8-7. 

Figure 88 . 



than the corner of a. cube. The three interf'a.cial angles were found 

to be 101° 50', 990 36'. and 104° 45' in.stead of 90o. 

A simple method of supporting the specimen to be tested and 

mounting the d.1amond was set up on a small l a.the. as shown in 

Fit,-ure 87. The diamond was mounted ,in a threaded fit.tiag. A, which 

in turn was placed on the end. 0£ a piece of spring brass. B. The 

spring was fastened to a beam. C, supported by a ba.11 bea.rin.g. D, 

on the tail stock of the lathe. The specimen.. E. was clamped in a 

special holder,. F, on the carringe of the l a.the which w-as moved 

a:r:ay from the tail stock at a rate of 0 .. 0023 inches per second. The 

beam was loaded with an appropriate weight so that the diamond 

pressed on the surface with a force of six grams. The beam was 

maintained in a level position by adjusting the height of the 

specimen. It should be noted thet ths a.xis of the diamond is not 

per pendicula.r .to the surface ·being scratehed. 

The width of scratch was meMu.red nth a filar micrometer at 

a magnificati •:m of 1380 di!im;eters . It was found t.hat th€ width of 

scratch depended upon the constituent through whieh the diamond 

-passed , ~~ is ~ho~:n 11'. Figure 88. In the case of a specimen whose 

structure i s com-posed of '-10r~ than one micro-consti t"U:ent. the 

scratch width was taken as the statistical average of t he widths in 

each con!S ti tuent. This v~lu.e was obtained by determining the per­

centage of total area covered by each cons tituent. Some difficulty 

w.a.s encountered in d.etermining th.e statistical average width of 
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scra.tch in gray east iron d11.e to the presence of graphite flakes. 

Th-e value taken for this material was the width in the matrix. The 

results of the determinations are shown. in i"able IV. 

TABLE IV. STA!rI S'I'!QAI, SCf¼TCH JIDTE:s 
) 

Material Width of Scratch, Micron, 

Heat t reated Cast Ir:n E-20 4. 5 

IR Metal :a-4 4.6 

Case Hardened Steel cs ... 5.1 

IR Metal A- 5 5.5 

White Cast Iron WC-13 5. 8 

Stelli te St-4 6.1 

Ni,Or,Mo Cast I:xo.n F- 2-3 6.8 

Pla.i r1 Oas t Iron c-21 7.8 

It would be expected tha.t the softest material would have the 

greates t width o:f scratch, and that probably the most wear-resistant 

ma terial wou.ld have the narrowest. The table above gives the results 

in order of increasing width of scratch or in order of deerea.si.n.g 

wear resistance, as would be predicted by this method. From the 

results of the wear tests, the materials a.re arranged in the following 

order when running on themselves: B, WC, N, OH~ and St. In the wear 

tests :E wae n0ta.bly inferior-when running against other materials. 

although no data was obtained for E running on itself. It is appa.rent 
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tha t the scratch width results do not show any correlation. with 

the wear results, in fa.ct , E and WC are f'a.r from correla ting posi­

tions in the list. 

In view ef the fa.ct that no correlation could be obtained 

between the width of scra tch and the wear results, it was decided 

to consider the energy requ.ired to scratch. 

Theoretical Considerations: 

In order to obtain values of energy, 1 t is necessary- to eonsi der 

the nature of the energy involved in the scratching :process . Energy 

or work is the product of a. forc·e times the distance through which 

it acts . I n t his case it is the fo rce resisting the pu.11 of the 

diamond times the distance tl!l:rou.gh which the diamond moves . It is 

desirable to refer t his energy to a unit volume of material since 

for greater loads on the rliamoncl point deeper scratches will r e sult 

and more material will be re111ovecl . If the diamond point is ground 

to the shape of a corner of a cube, and the i n tersection of two of 

the faces forms the l eading edge with the diagonal perpend.icul a.r 

to the surface being tested, the depth of c·o.t is proport:i.on?..l to 

tb.e width. This has been checked experimenta lly by Bierbaum (47). 

The cross- sectional area removed will,therefore, be proportional 

to the s quare of the wid th, and the volume removed will be propor­

tional to the s qu.are of the width times the length of travel. The 

work, or energy-, per unit volume is then proportion..~l to the force 

divid.ed by the square of the scratch width. i.e ., E f/w2 . "E" is 
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the energy required to scrateh per ti.nit volu.11e of material, •rn is 

the force required to scratch, and "w" is the width of scratch 

produeed by the diamond point. 

Apparatus: 

Considerable experime~tation was necessary- before a suitable 

means of measuring the force r equired to scratch was obtained. !file 

first attempt was made by supporting the specimen holder on balls. 

To each end of the holder was fastened a thread carrying a pan, a,s 

shown in Fig~re 89. A mieroseope was set u.p to observe a mark on 

the holder. The specimen w-a.s moved under the diamond in the same 

manner as was previously described. in the discussion -o:f' Dr. Clark's 

work. The force resisting the motion of tbe diamond over the 

surf ace of the specimen was measured by pla.cing the eorreet weight 

in the weighing pan so that the holder remained in approximately a 

fixed position. The difference i:n weights balanced the foree 

required to scratch. The procedure was f ound to be very d ifficrn.l t 

and little difference cou.ld be detected between different materials. 

The system was not sensitive, probably due to fricti on, and. was, 

therefore, discarded. 

In order to determine the force more accurately, an induction 

bridge circuit was constructed. This is shown schematica.lly in 

Figure 90. 'rhe oonstructir>n of such an instrument is very eritieal. 

The proper nu.mb~r of turns on the coil, the :proper shape of the pole 

pieces, and the proper voltage mu.et be obtained. This instrwnent 
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Figure 92. 

Fig,,ire 9i • 
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Figure 94. 
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Figure 9.5 0 

Figure 96. 



was also not sensitive enough, probably due to its design. and 

eonstruction. It wa$ replaced by a mP,€netic circuit, which is shown 

in l'igure 91. This cireui t 1s the same as that used in old magneti~ 

loud speakers. The results with t his instrument were satisfactory 

?hen the load on the diamond noint was less than a.bout 23 grams. 
~ , 

The deflection limit of the instru.ment would not allow greater 

loads. 

The arrangement is shown in Figares 92 and 93. The specimen. 

A, is clamped in the holder, n, which is hung from an overhead 

support, C, by threads. The diamond, D, is mounted a.sin the 

previous eases. The specimen was attached by means of the com­

pression link, :E . to the beam, l!', fastened to the armature of the 

magnetic coil, G. Vibrations were held to a minimum by means of 

the oil in the pan, H, which was in contact with the holder, B. 

The deflection of the beam induced a current in the eleetrical 

circuit whieh was mea.sured on the multimeter. The force meas-rlring 

device. which is shown in Figure 94, was calibrated by- means of a 

spring, A. which was connected through the balance wheel. B, and a 

tension member. C, to the beam, D. A close-up of the testing 

equipment may be seen in Figu.re 95 a:ad a general view of the 

ma:chlne in Figure 96. 

Procedure: 

Each speeimen was carefully polished as for met.allographie 

exnmination and then etched with a suitable reagent to bring out the 

micro-structure. The specimen was then placed in the holder and 



moved into place 1.-mder the di a.llwnd which was loaded with an 

appropriate weie..,ht. The carriage was moved under the d.iamond at 

a spe:ed of 0 .0023 inches :per second. The speed was the same for 

all tests . When the scratch was compl eted the carriage was 

ret,urn-ed to the ori ginal position and. shi f ted for e, new seratch. 

A higher load was a_p:pli~d to the diamoml and another scra tch was 

made. The process mas repented for l oads of 2. 7. 6 . 0, 9 . 5, 12. 9 , 

16 . 3 , and 2~.l grams on the point 0£ the diamond . 

While each serateh was being made, the maximum, minimum, and 

average value of the feree was observed. on the multimeter which 

was read in micro- amperes . It was found th.at wi th loads balow a'l:iout 

12 grams on the diamond point,. l a r ge fluct-ua.tions occ,.rred iu the 

meter readings . and the scratch showed evidence of j umping. This 

prod.uced a non- u..'1.ifo:rm scratch wi dth and made the determinat i on of 

the scratch width veey difficult . Ju..mping dirl not occur when loa.ds 

above 12 grams were used . Higher loads than reported wov.ld b.a.v-e 

been desira ble , but were impossible with. the de:l:'leetio.n meter use.d . 

The specimen was placed u:nd.er the mieroseope and the width of 

scratch was mm1st1.red with a filar mi crometer . With the lower l oads, 

eonsidera.ol s <Hfference was observed in the wid.th of scratch in the 

different eonsti tu.ents. Therefore.., a statist.ic"8l average was ta.ken. 

to o·btain the average wid tn of scratch. 1/'or higher leads this 

met hod of averaging was n-ot ne-cessary as greater uniformity was 

observed in the width of the scra tc...li . 
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The force measuring mechanism was calibrated at intervals 

,luring the testing, and the calibration for the curve give» in 

11'1.gtU"e 100 was made before rwi 53 and aft.er run 56. The calibra­

t ion was a.ccomplished -oy means of a. spring mounted as shown in 

.FigQ.re 94, whieh in turn l'Tas calibra ted by weights. 

Aft.er the tests wer-e completed. the point o.f the diamond was 

observed under the microseo:pe and wa;s fon.nd to be rounded off. 

which indicated that wear had taken place on the diamond. For 

such a cond.i tion the dep th of e:-a.t will not be :proportional to the 

width, and the energy will not be :proportional to that calculated 

from the relatioa given above. This will invalitlete the results to 

some e x tent., al though the general trend of eonelusio:ns may be 

unchanged. In viork of this kind the diamond should be sharpened 

when necessary in order to obtain accurate results. No facilities 

were available for doing thi s in the laboratory. 

Materials: 

'l'en different materials were used in these tests. Eight o:f 

them were also investigated in the wear tests which were diseu.ssed 

in Part I. In ad.di tion? a specimen of armeo iron and a. specimen 

•Of instrument brass were t ested by- the scratch method. These 

ma terials a:i,.d their analyses, where known , have been listed in 

T.0ble I af' Part I. The analyses of the armco iro.n and the 

instrument brass !it re not known. 
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;g.esul ts and Di.seuseion: 

The original an,l computed data for this investigation 1;:tre 

reported in the appendix. The relations between the load~ width 

of scra.tch, a,nd force req,tdred to scratch are shown in Figures 

97 .. 98. and 99. The relation between the energy and the load is 

shown in Figure 101. 

I.n Figure 97, which shows the relation between the width of 

scratch and the load on the :point of the diamond for the several 

materials tested, it is apparent that the softer materials a.re 

at the top and the h..i:;.rder mater ials are below. From top to bottom 

they are arranged in the following order~ brass. a:rmco iron. 

cast iron (C-19) 1 oa.ge h;;i.rdened steel (CH-6). white cast iron 

{WC-13). stellite (St-4). IR metal (A.-5), nitrided nitra.lloy- (N-2), 

and IR metal (E-4). 

In Fig11re 98. which shows the relation between the foree 

required to scr atch and the load on the dia.'llond, the softer 

materials are to the left and. the harder are to the right. In 

order from left to right. they are arranged as follows: armco, 

brass, ca.st iron (.C-19), case hardened steel (C'H-6), white ca.st 

iron ( WC-13), IR metal (A-S), tR metal {:B-4),. nitri ,ied ni tralloy 

(N-2). and s-telli te (St-4). 

It is evident from th~se two sets of curves th.~t the order is 

different~ a.nd that within each. set the curves a.re not similar in 

form. At higher loads the resalts are more uniform, whieh 

indiea.tes tru,it if even higher loads were possible, m,ore uniform 
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results might be obtained.. In their tests on the hard electro­

cb.emieal products, Ridge?JaY, :Ballard, and :Bailey found th.8.t the 

values of width of scratch for lo8.d.s less than 50 grams were very 

errRtic. Their tests were ma.de wi tlil loads ranging from 50 to 600 

grams and a new poimt was u.sed for• each test. They used a diamond 

point which had interfa.cia.l angles of 120 degree-a. !n the present 

work higher loads were impossible beeau$e the 'beam in the magnetic 

bridge was not suffieiently rig;id to withstand higher forces. 

Higher loads would also cause greater wear on the diamond point, 

which would necessi t ?.te fr~qu.ent lapping.. It is apparent that if 

higher loads were used, an order different f:rsm that stated might 

be obta.inad. 

Bierbaum st.:a.ted i.n one of his papers (48) tb2~t the width of 

scratch increased as the square of t he load. Briggs and Williams 

(49) and Ridgeway and associ ates (40) found a linear relation 

between the load alild the width of scratch. the former workers 

f ound that the wi<lth of scratch with a six gram l oad on different 

materials was from 1.7 to 2 .1 times the width of sc:rateb. with a 

three gram load . .liidgewa:y- and associates found a. linear relation 

between t he width of scra tch and the lo:;i~d.. However, their loads 

were much higher than those of :Briggs and ~i'ill iffills. Ref erring to 

the curves in Figure 97, i~ is evident that at the higher loa.d:s 

the relation is a ppro:lcimai;ely linear . 

No comparison can be ma.de wl th the results of other investi­

gators in regar d to the f orce load curves because ne literature 
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waa found on this phase of the :problem. 

In Figure 99 curves are shon which give the relation between 

the force and the width ef scratch. The softer materials are at 

the top and the harder below. fhe order from top to bottom 1s as 

follo~,s: brass, a.rmeo, cast iron (C-19), stelli te (St-4). IR 

metal (A-5). white east iron (WC-13) , nitrided nitralloy (N-2), 

and IR metal (:B-4). The curve for ease hardened steel (CR-6) is 

erratic and bas not been included in the a.rra.ngement given above. 

It is seen. that for the harder materials the force increases more 

rapidly than the width. 

Figure 101 shows the relation between the energy per cubic 

centimeter required to scratch and the load on the diamond. The 

curves for armco, brass, cast iron, and case hardened steel are 

very erratic. The curves for nitrided nitralloy, white cast iron, 

IR metal 11A". and stell:ite are approximately linear for the hi.gher 

loads. As was stated previously, the/energy per cubic centimeter 

required to scratch is proportional to the qW3J':l.tit;r obtained by 

dividing the force by the square of the width of the scratch. 

This assumes that the depth of scratch increases in proportion to 

the width? which will be tme if the diamond is sharp and correctly 

ground to the shape of a. corner of a cu.be. In ease the diamond has 

become dull, the depth of sera.tch will not increase in proportion 
-

to its width. This means tha.t for the same width of scra tch, the 

area removed with a r ounded point ~ill be less than that removed 

•itll a sharp point. Not only will the area. of material removed be 
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different than aseUD1ed, b'o.t further error may be introduced in the 

energy ea.leulations due to the difference in forc.e required to 

scratch~ Let us assume, for example, that the diamond has a 

rounded point and that we shall use the relation tha.t the energy 

is proportional to the foree divided by the width of scratch 

squared. If' the material is on.e which shows only slight diff er­

ences · in width with changes in load on the diamond, small differ­

ences will be fou.nd in the energ calculations. However. if the 

material shows large differences in width of scra tch for various 

loads. the differences of the squa.res of these wid tbs wi 11 

introduce large differences in the energy calculations. It is 

also apparent that the f .oree determinations will depend upon the 

shape of the diamond point, and. a.s the point becomes more blunt; 

i.e., rounded off, du.ring the testing, the force values will 

change. Such effects will introduce further inaccuracies in the 

determination. 

It will be noted by studying the curves in Figures 97, 98, 

and 101~ that those curves which are erratic in the first two 

figures result in the erratic curv-es in Figure 101. 

It must be emphasized that the accuracy of the data obtained 

in these scratch tests is poor, partly due to the limited 

facilities at band. No means were available for relapping the 

diamond and keeping it sharp. Higher loads could not be used 

because of the limitations of the force measuring Qevice. However, 
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the results indiea.te that with higher loads and perf'eet dift.mon-d 

points a relation might be obtained between the wear resistan:ee 

and the energy required to scratch the material. 
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OOlfCLUSI ONS 

The research has -shown the relative order of sliding w-ear 

re-sistance of some ha.rd alloy-sand eombinations. as is shown in 

Table III on page 26. It has show some relations between the 

load and the wear factor for gray east iron running on IR metal 

"B" at various speeds. These relations are shown in :figure 7 on 

:page 23. A. metellogra.phie iavestigation has shown tbAt for sliding 

wear under the e.ondi tions of these tests. a smooth surface is 

accompanied by a smooth, clean-cut edge, with practically no work­

ing of the material at the surfa.ce-. When the eondi tions are such 

thf:. t galling occurs, a layer of worked material is formed, which 

in the case of white ca,st iron is composed of iron carbide and 

ferrite. This layer is richer in carbide than the pa.rent struc­

ture and is almost as hard as the cementite grains, as determined 

by the scratch method. l3y the formation of this layer, the hard­

ness of the s·urfa.ee as a whole is increased . although 1 t ma::, be 

rough. This may or may not be advantageous in a particular 

application. An:y short time test will not be able to fully predict 

the effe.ct o.f such a layer on the actual wearing life of a. parti­

cular application. 

'i'he na,ture of the surface condition is important in its effect 

on the wear. This f act has !)een realized by other investigators 

and has been emphasized by the present research. All extremely 

smooth surface condition before test will give a very low wear 
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factor . .For the same conditions of test, th.e wear faetor will be 

high if the surface is rough. 

The serateh investigation has been primarily of a preliminary 

na ture . The facilities were extremely limited and the results ar~ 

of questionable value. i'he value of ' the investigation is in the 

:presentation of a new method for testing a material in order to 

ob tain a measure of its wear resistance. This method is limited in 

its application because it me11sures a quality- which the ma t ,:;-riftl 

possesses at the time of test . The test det6rmines an intrinsic 

property of the mater ial under consideration . From su.eh a test, 

nothing can be said as to how the mate rial will a.ct when worn 

against another material . An:y beneficial effects due to cold 

,,vorking du.ring the process of wear will not be shown in the scratch 

method . At the presemt time, the facilities which are necessary 

in order to satisfactorily perform the tests are too expensive 

and delicate to warrant extensive use. 

In T;i ble IV is shown the order of the various materials investi­

ea,ted arranged according to the method of test. The first column 

shows the order of decreasing wear resistance, for materials wearing 

on themselves , as determined by the wear tests . The s econd e0lumn 

sho., s the order arranged. for increa sing width of scratch , a.s 

de termined by D. s . Glark . The next f our columns show the orders 

obtained from the curves shown in Figu.res 97, 98, 99~ an.d .101. 

These curves are discussed. on page 96. The l ast co'.1.1.,;..t·.::. shows the 
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order when the material.s are arranged according to decreasing 

Di amond :Brinell hardness. , as determined on the Monotrone machine . 

Wear Width Width Force Wi dth Hardness 
Tests (Clark) vs . vs . vs . Energy Nonot:rone 

Load Lo~.d Foree 

13 E :s St 13 :B N 
WO B N N N N I, 

N CE A :s we WC CH 
CH A St A A A A. 
St )VC WC WC St St St 

St CH CH C WC 
F C C Armco C 
C Armco :Brass :Br a s:s Armco 

13r ass Armco :Br ass 

The order as determined by the wear test results and t he ener gy 

method is about the same . The exact position of "NH in the energ;f 

column is somewhat doubtful , due to t he fact that the ener gy eurve 

f or t his material czrosses the others . The pos ition of 11 CB11 coul d 

not be determ ined becaus e t he energy curve was very erra t i c . The 

wear value a t t his speed and load; namely , 786 fee t per mi nute and 

300 pounds per square inch , was not determ ined for "Afl . Although 

a. definite correl at i on has no t been obtained between t he results 

of t he t wo methods, the order of the wear r esistance as determined 

by the t wo methods is quite close . 
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APPENDIX 












































































































