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An Indentatlon Method for Measuring Wear 

By Samuel A. McKee 

This paper describes a mcthod for accu rately measuring the wear that takes place on the 

bearing ~urfaces of machinery . The method consists of mak ing minute indentations in the 

wearing surface by means of a specia ll y shaped d iamond point. As materia l is worn from 

t he surface, t he dimen sions of th.e marks change ,dth the amount of materia l removed. Meas

urements of the dimensions of these ma rks before and a fter weal' provide a means for deter

mining the amo unt of wear that has taken place. 

Apparatus is descr ibcd fo r using this method for the meaS lll"cm ellt of wear occ urring in 

the cylinders of a ircraft, engines. The results of tests with engin es in opera tion ind icate t ha t 

the method is p rac ticable. Cur ves a re also given showing typ ical weal' da~a obtai ned in en

gine cy Ii nclcrs. 

The chief advall tages of the method ove r the usua l methods a re ( i ) greater acc uracy. 

(2) a precise indi cation a s to where \\'ear occurs, a nd (3) the measurements a re not a fl'eeted 

by growth , shr ink age o r di stor tion of the mac hi ne e lemen t uncl eI' test. 

I. Introduction 

One of the major difficulties in the determina
tion of the 'wear of machinery has been the lack 
of a convenient method for m easuring directly 
the amount of material r emoved. Among the 
methods t hat have been commonly used are the 
weighing of the parts before and after weal', the 
measurement of the dimensions of the parts before 
and after wear, and the determination of the 
amount of worn material found in the lubricant 
after operation. 

In some cases, more especially with laboratory 
apparaLul:l, LIte parts are of such size and shape 
that the wear may be determined with reasonable 
accuracy by weighing 01' by measuring the dimen
sions. In the normal operation of many machines, 
however, the amount of material worn off in a 
reasonable time is so small compared to the size 
of the part as to maIm it impracticable to deter
mine the wear by loss in weight. The method of 
measuring changes in dimensions requires sensi
tive apparatus and painstaking technic to obtain 
the accuracy required. Even under ideal condi~ 
tions both of these methods have some serious 
limitations. The weighing method gives a value 
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for the total wear but docs not i.ndicate where the 
wear occurred. The method of measuring the 
changes in the dimensions of the part has this 
same limitation to a lesser degree in cases where 
wear occurs 11pon both surface that determine a 
given dimension. This m ethod also docs not 
differentiate between actual weal' and other 
changes that m ay occur such as growth, shrink
age, or distortion of the part. The method of 
determining the amount of worn material in the 
lubricant presents a number of difficulties and 
usually is used only as a qualitative i ndication in 
conjunction with other data. 

These limi tations indicate the desirability of 
developing a method or m ethods of m easuring 
wear that are independent of the size or mass of 
the part. The idea of the use of such a method 
is not new. For years engineers have used the 
appearance of t he tool marks on a par t as an 
approximate indication of the amount of wear. 
This practice suggested an investigation to deter
mine the practicabili ty of a metllOd of measuring 
the amount of material worn off. This was done 
by applying to the working surfaces marks . of 
such a shape that a relatively small amount of 
weal' would make a definite change in one or more 
readily m easurable dim ensions of the marks and 
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hence provide a measurable indication of weal' at 
the points where th e marks are made. 

The problem of particular interest in this 
investigation was the study of wear in radial air
craft engines, especially in the cylinders where the 
conditions are such that perman ent distortion 
migh t occur during operation that could nullify, 
from the standpoint of measuring wear, the sig
nificance of even the most careful measurement. 
The apparatus therefore was designed primarily to 
locate and measure marks on the cylinder walls of 
a radial aircraft engine, although provision ~\'as 

also made for measuring the pistons. 

II. Method and Apparatus 

The choice of th e particular type of mark used 
in this investigation was influenced by the fact 
tha t at the National Bureau of Standards there 
was already under developmen t an indentation 
m ethod for measuring th e hardness of materials 
that utilized a mark that appeared to be readily 
adaptable for the measuremen t of wear. This 
hardness apparatus is lmown as the Knoop In
denter. ' The indentation is made by pressing 
into the surface the apex of a four-sided diamond 
pyramid having a rhombus-shaped base. The 
diamond used in these wear tests is of the same 
gen~ral shape as the Knoop diamond but differs 
in essential dimensions. Greatly enlarged views 
of a typical inden tation are shown in figure 1. 
The views on the left from top to bo ttom are the 
plan, longitudinal section, and transverse section 
respectively of a mark before wear has occurred, 
while those on th e right are the respective views of 
the same mark after material has been removed 
from the surface. From this figure it will be 
noted tha t the shape of the mark remains the 
same, but the length decreases in propor tion to the 
thickness of material removed. With th e dia
mond used in these tests the ratio of depth of 
m ark to length of long axis is about 1 to 35, that 
is, a mark about 0.001 in. deep has a long axis of 
abou t 0.035 in. 

Special apparatus was developed for making 
and measuring these marks. A cylinder or piston 
to be tested is placed in a special fixture, and 
marks at any desired position on thc surface are 
npplied to a predetermined depth by means of 
the diamond point, which is forct'd by mechanical 

I Frcderick Knoop, Chauncy O. Peters, and Walter B. ],rnerson , J. Re· 
,earci! NBS 23, 39 (1939) RPI220. 

156 

F'GURIC I. - Enlarged views of typical indentation. 

press ure through suitable cams and levers in to 
the surface of the part. A photograph of the 
apparatus for indenting the cylinder s is shown in 
figurc 2 and a drawing of this apparatus in 
figurc 3. 

FIGURE 2.- Apparatus for indenting cylindeTs. 

FIG UR E 3.- D rawing of apparatus for indenting cylinders. 
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In making an indentation, the cylinder is 
mounted in the fix ture as shown in figure 3. The 
cam lever, A, is moved by one hand of the opera to I' 
to rotate the cam , B, in engagement with th e 
roller, C, and raise level', D. The upward move
ment of D is communicated to level', E, through 
the spring assembly, F'. This depresses th e in
dentation head, G, until it is clamped solidly 
aga inst thc surface of th e cylinder by the force of 
spring, F. The indenta t ion pin , H , carrying the 
diamond indentor is then depressed by the other 
hand of the operator by pushing the plunger, J , 
into its handgrip , K , thu s moving the link, L, 
a nd actua ting the indpn tation cam , Ni, on the 
inden tation head. The cam co ntacting with the 
head of the inden tation pin forces it clownward 
and impresses the diamond inden tor in to the 
surface of the cylinder, the stop, N , regulating the 
depth of the mark. On l' C'moval of both hand::> 
the indentation h ead and pin return to theil 
or iginal position. The apparatus is arranged for 
thc use of both h and s in order to prevent the 
operator moving the cylinder relative to the 
indenter until t he di amo nd is in a safe position. 

Tbe v iewing and measllring apparatus consists 
of a conventional microscope and eye p iece scale 
excep t that the tube is lengthened and two r igh t
angle prisms inser ted to permit usc as a periscope 
to v iew the inside of the cylinders. A photo
graph of th is appa.ratus as used in measuring a 
mark on a piston is shO\n1 in figure 4. 

A partieula,r advantage of the usc of this 

FIG URE 4.- Apparatlis Jar viewing and measuring 
indental ions. 
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method and apparatus is tha t it provide an 
indication of wear only, while the usual measure
ments of cha nges in diame ters of the pistons and 
cylinders do no t differentiate between wear and 

Llch distDr tion as may occur during a test. A 
furth er advan tage is that it indicates the weal' at 
a particular point on the surface, whereas thf' 
meas urements of diameter involve changes at 
two points, and usually there is no pract ical 
method of determining how much of the wear 
occurred at either one . Also, the method does 
not require the careful technic necessary to 
meas ure diameters with corresponding accuracy. 
Temperature variations do not materially affect 
the accuracy with the indentation method, hrn ce 
it is no t necessary to bring the cylinder to a 
standard temperature before making the measure
ments. This resul ts in a aving in time. In this 
connection , the apparatus is provided with locat
ing pins, and is so an anged that a mark made at 
given pin settings win fall within the field of 
vision of the periscope when using the same set
tings. This eliminates loss of time in searching 
for the marks that are too small to be readily 
discel'nable to the eye. 

III. Preliminary Experiments and 
Calibra tian 

Preliminary experiments were made to de
te rmine whether the marks would r etain their 
shape sufficien tly well to provide reasonable 
accuracy of measureme nt . A study of grinding 
and lapping operations using flat blocks sui tably 
indented indicated tha t there was probably 
greater likelihood of the mark reta ining its shape 
whell the long axis of the base is perpendicular 
to the line of motion of the rubbing surfaces. 
With the lapping opcl'&tions it was found that 
when the motion was parallel to th e long axis the 
scratches trnded to obscure the points of the 
mark. Subsequen t tl'i9.1runs in engines indicated 
that marks perpendicular to th E' ax is of the 
cylinder \\'e1'e in grn el'al satisfactory for the 
purpose. 

Accurate measuremen ts were macl e of the 
contour of the diamond in order to determin e the 
ratio of depth to the long axis of an indentation. 
It was felt , however, that greater accuracy co uld 
be obtained by direct calibration of typical in
dentations made in various materials. As the 
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mdentations are made by pressing the diamond 
point into the metal it would be expected that 
the marks would be shallower than the diamond 
point because of the elastic recovery of some of 
the metal after the stress was removed. These 
calibrations were obtained by comparing the 
changes in lengths of indentations placed on fla t 
blocks of cylinder and piston materials with direct 
measurements of change in thickness occurring 
when material is lapped from the surfaces. 

The results of these calibrations are given in 
figure 5 where the wear (average depth of material 
lapped from the surface) is plotted against the 
average change in length for a numher of marks 
on a given block. The ratio of change in length 
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FI (rC RE 5.- Indentation calibration curves jor l'arious material:; . 

_ , diamond indenter ; .... ___ , aluminum alloy (piston); 0 - , 
s t~c l (cylinder); + ___ , nitrid~d s tcel (cylinder). 

to change in depth based on measurements of the 
contour of the diamond is also shown in figure 5. 
Comparison of the curves in this figure indicates 
that the deviations of the marks from the climen
sions of the diamond follow the order of hardness. 
The curve for the relatively soft aluminum alloy 
piston material is the closest to the curve for the 
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diamond , while the greatest deviation is shown for 
the very hard nitt-ided steel. 

The action of impressing the marks in the sur
face of the metal raises a bu rr around the mark. 
The shape of the diamond is such, however , that 
the major portion of the burr is formed on the 
sides of the mark. There is no apparent burr 
visible to the eye at the ends of the marks, but 
the presence of a very slight raising of the surface 
at the ends may account for the sligh t deviations 
from a straight line shown by the calibration 
curves. In the course of the investigation it was 
found that most of the burr could be easily re
moved by rubbing lightly with fine polishing 
paper . For use with the cylinders, a sheet-metal 
guard similar to the usual eras ing shield but of 
larger dimensions was found convenient. The 
holes in this guard were so arranged that the pol
ishing paper could b e rubbed with one finger over 
a small area at each mark on the cylinder wall . 

As the marks are placed with their long axet; 
perpendicular to the axis of the cylinder , the rela
t ion hetween the change in depth of mark to change 
in length of long axis is affected by the curvature 
of the cylinder. vVhile this effect is relatively 
small for the particular cylinders used, suitable 
corrections for curvature provide greater accuracy 
in determining wear. The calibration curve cor
rected for curvature for the chrome-molybdenum 
steel cylinders used in most of the engine tests is 
shown in figure 6. The corrections for curva ture 
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arc based upon a mark having a length of 0.032 in. 
and upon a cylinder diameter of 5%6 in. , these 
values being representative of most test conditions. 

A study was also made of the possibility of error 
due to the base of the diamond indenter not being 
parallel to the surface when the indentation is 
made. This would result in an unsymmetrical 
marle Computations indicated that if the dia
mond-shaped mark was symmetrical to within a 
ratio not less than 41 to 50 along its major axis 
(ratio of dimension "A" to "B" in fig . 1), the eITor 
would be not greater than 1 percent (approxi
mately 0.00001 in. ) . It was found that the ap
paratus could be adj usted to produce a sym
metrical mark, and that other marks either in the 
same cylinder or in other cylinders of the same 
nominal size could be made well wi thin the limits 
of symmetry without further adjustment. Ac
cordingly, no corrections for lack of symmetry were 
necessary. 

IV. Performance of Marks in Service 

Ono of tho important considerations in this 
investigation was the question as to whether the 
marks would retain their shape during the opera
tion of the engine. R esults of a number of engine 
tests have shown that marks made in the cylinders 
of radial aircraft eng ines retain their shape suffici
ently to provide reasonably accurate wear me as
ur·ements. Photographs of marks in cylinders 
that were taken after the engines had been oper
ated are shown in figures 7 and 8. The views in 
figure 7 are typical of most of the marks observed. 
In a few cases the marks were distorted to the 
extent shown by tho views in figure 8. The right
hand view in this figure is unu sual in that the 
metal has flowed over part of the marl;;:. Experi
ence has shown that most of the poor marks occur 
when they have beon worn to about one quarter 
of their original length or less, hence greater ac
curacy may be obtained by so regulating size of 
marl,;: and length of test to avoid this condition . 

The scales shown in the views in figures 7 and 
8 repr esent an actual length of 1 .mm (0.0394 in. ) , 
and Lhe marks wero originally about 0.9 mm. 
W·hen observed in Lhe viewing apparatus the scale 
is abou t 2 7~ in. long. With the diamond u eel and 
with the chrome-molybdenum tecl cylinders the 
total length of the scale repre ents about 0.001 2 
in. in deptll , hence one of the small-scale divisions 
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FW U RE 7. - T yp'ical marks in cylinders aItel· operalion. 

FIGURE S. - Cylinder marks that were distorted by 
operation . 

is equivalent to slightly more than 0.00001 in. of 
wear. This gives an idea as to the order of sensi
tiviLy of the method. 

The accuracy of the wear measurements, of 
course, depends upon the condition of the mark. 
,\Vith new marks the poin ts are sharp and th e 
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lengths can be accurately determined . After the 
engine has be<;n operated however, as is seen in th e 
figures, th e marks are somewha t blunted and i t 
is n ecessary to estimate th e position of th e point. 
It is estimated that under normal conditions th e 
wear can b e determin ed with an over-all accuracy 
of ± O.00004 in. Under favorable conditions this 
figure can be r educed t o ± 0.00002 in. This 
estimate applies to th e determinations of cylinder 
wear . Operating experien ce with marks in th e 
pistons indicates that with th e softer aluminum 
a~loy th e m arks have a much greater tenden cy t o 
dIstor t, and th e r esults are no t especially satis
factory. Photographs of typical m arks in pistons 
after operat ion ar e given in figure 9. Ano ther 

FIGURE 9.- 1I1arks in aluminum pistons after operation. 

difficulty with this material is the tenden cy for it 
to b ecome impregnated with carbon , making i t 
difficult to see th e m arks. 

A second consid eration of importan ce in this 
investigation was wheth er the presence of th e 
marks materially affected the lubrication in th e 
cylinder . Apparently th ey had little effect. This 
is illustrated by th e views in figures 7 and 8 where 
it is. seen tha t th e surface scratch es and ridges 
passmg through a m ark ar e not m aterially dif
fer en t from those beyond the ends of the mark . 
In this connection , th e viewing apparatus provides 
a convenien t m eans for th e microscopic exam in a:" 
t ion of th e surface condi tions in th e cylinders. 
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V. Typical Wear Patterns in 
Engine Cylinders 

Most of th e engine tests for th e study of the 
performance of th e marks in service were m ade 
with radial aircraft engines h aving ch.1'ome
molybd enum steel cylind er barrels 5 ~{ 6 in. in di
ameter. In these tests 24 marks wer e made in 
each cylinder , 6 spaced 60 degrees apar t at each 
of 4 levels. These levels were approxima tely 2, 4, 
6 and 8 in. respectively from the open -skir t end 
of th e cylinder. The upper row of marks was 
n ear th e top of th e ring travel and was in con tact 
wi th the top ring only while th e lower rOK wa 
contacted by the oil ring only . 

T ypical cylinder-wear patterns ob tained in th ese 
tests are shown in figures 10, 11 and 12. I n 
th ese fi gures th e wear at each of the four levels is 
plo tted as ordinates and the angular position- .of 
th e marks as abscissas. The angular loca tions 
are taken in a clockwise direction when looking 
in to th e open end of th e cylinder . Zero (0) 
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FIGU RE 1O.- lVem· in cylinder of radial aircraft engine. 
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FI G UR E 1l.- l Vem· in cylinder of radial aiTeraft engine. 

degrees is at the center line of th e spark-plug 
hole located between the rock er-a rm cages. 

These figures are of interest in that they indi
cate an unsymmetrical wear with respect to th e 
axis of tb e cylinder that would be impossibl e to 
determine with the usual m easurem ents of di
ameter. 

VI. Conclusion 

The data given in this paper indicate that the 
indentation method is practicable for th e m easure
m en t of ·wear in radial aircraft engin e cylinders. 
It is apparent that th e m ethod is also applicable 
for use on other machin e elements, gages, dies, 
and other wearing surfaces where the material is 
of such a nature that th e marks will retain their 
shape in service. 

The m etbod is covered by U. S. Patent No. 
2,233,403, granted to H . C. Dickinson and S. A. 
McKee on March 4, 1941 , and assigned by them 
to the United States Government. The American 
Instrument Company , Silver Spring, :~vId . was 
licensed to manufacture the instrum ent by the 
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F I GURE: 12.-TVear in cylinder oj radial aircraft engine. 

Secretary of Comm erce. This company has 
developed a modification of the instrumen t for 
use with automobile engine under th e trade 
name "11cK ee ' Veal' Gage" .2 

The indentations used in this llwesLigation were 
made by impressing in to the test surface th e apex 
of a four-sided diamond pyramid , which wh en 
"iewed through th e microscope was in th e form of 
a sharp-pointed diamond . The chief limitation 
from th e standpoint of accura cy was that th e 
sharp points of the marks were bluntcd to omc 
extent when wear occurred . A promising field 
for further work is to inves tigate the pos ibility 
of th e use of cutting or grinding m ethods for pro
ducing marks without burrs and without sha1'p
pointed ends. 

Acknowledgment is mad e to H. C. Dickinson, 
who instigated this investigation , and who , with 
O. E. Haven , F . A. Case, th e late F . C. Knoop 
and other m embers of th e Burea u staff , assisted 
in tbe developm en t of th e method . 

' VASHINGTON, ~fay 5, 1947. 

2 Amine McKee ' Year Gage, cata log 45, p . 208, American Instrum ent 
Co .• Si h 'er Spring. rvld . 

161 


	jresv39n2p_155
	jresv39n2p_156
	jresv39n2p_157
	jresv39n2p_158
	jresv39n2p_159
	jresv39n2p_160
	jresv39n2p_161
	jresv39n2p_162

