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A STUDY OF METAL TRANSFER BETWEEN SLIDING SURFACES 

By B. W. Sakmann, N. Grossman, and John W. Ir\rine, Jr. 

SUMMARY 

This study is part of a program to determine the nature of the sur­
faces formed on hardened steel parts during rubbing, notably on piston 
rings and cylinders duril~ run-ln. The teChnique, previously developed 
in the Lubrication laboratory, Massachusetts Institute of Teclmology, 
of measuring the extremely small amounts of material transf.erred from 
one rubbing surface to another by making one of the surfaces radioactive 
and observing the subsequent activity on the other one, is applied in 
these experiments to hardened steel surfaces, both nitrided and non­
nitrided, and to chromi~'plated steel. 

Although the number of experiments vIas inauf.!:':i cient to separate 
deflnitely the effect on the amount of material transferred of the dif­
ference in hardness of the two surfaces from the difference in 
materials, it may tentatively be concluded that: 

(a) Much more material was transferred from the softer steel to 
the harder than the reverse. 

(b) From a softer steel surface much less material was transferred 
to chrome plate than to ni trided steel. 

(c) Of the combinations studied, there was least mutual transfer 
between nitrided s teel and chromium plate. 

These results suggest that the vitreous layers on the surfaces of 
run-in piston rings observed by the NACA Flight Propulsion Research 
Laboratorj' are composed, at least in part, of material transferred from 
the cylinder wall. Therefore, any further i nvestigation should compare 
carefully the layers on rings run against cylinder walls having dif­
ferent compositions. Furthermore, a possible pretreatment to obtai n a 
desirable surface layer might consist in running r i ngs in a special 
cylinder having walls of specially selected composition and controlled 
hardness to give surface layers of high~y improved characteristics in 
a minimum length of time, 
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INTRODUCTION 

It was the aim of this research to galn information about the "rear 
properties of different materials used for piston rings and cylinders. 
Besides the general importance of this problem, the wear of piston rings 
is further complicated by the appearance of metallurgical transforma­
tions the nature of ,.,hich has not yet been determined. The material 
transferred in the following comb1nations was measured: 

From non-nitrided steel to 

and 

From nitrided steel to 

{ 

non-nitrided steel 
Iii trided steel 
chrOmium-plated steel 

( ni trtded steel 
i non-nitrided steel 

\-. chromium:~plated steel 

In previous '/ork it was shown that transfer of matter between slid­
ing metals could be determined by radioactivation of one , of the two 
surfaces. The surfaces ",ere slid over each other, and the activity of 
the initially inert surface was measured. From these activity measure­
ments the amount of metal transferred was determined. In most of these 
experiments riders of' different materials and sUTface properties were 
slid over an activated copper--alloy surface; a fe'\ol preliminary tests 
were also made with an acti vated surface of manganese steel. In both 
cases, the surfaces ,.,ere activated by direct bombardment of deuterons 
from a cyclotron. Because of the 10'¥t penetrating power of the deu­
terons, most of the activity was concentrated at the surface of the 
copper alloy; the bulk material a short distance from the surface was 
practically inactive. Since the material affected in the friction tests 
"as near the surface and in the region of high specific activity, the 
sensitivity of the method was high. For the case of copper-alloy sur­
faces, the sensitivity was 60 gre~t that on the order of 10-~0 gram of 
metal could be detected. Although 'the method .las extremely sensi ti ve, 
its absolute accuracy left much to be desired. It ,res particularljr 
difficult to compare measurements made with different activations of the 
copper-alloy surfacej the dependence of the specific activity on the 
distance below the surface was the main reason for the limited accuracy. 

In the present work, friction specimens 'vere prepared which were 
uniformly radioactive throughout the bulk material. In this way) it 
was possib+e to eliminate the main source of error. The absolute ac­
curacy of the measurements was STeatly improved, anQ it was possible to 
compare measurements made with different activated specimens. The 
sensitivity of the tracer method with uniformly activated specimens was 
1000 times less, however, than with the surface activation. One·-tenth 

, , 
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of a microgram was the smallest amount of material that could be meas­
ured with certainty. A part of this decrease in sensitivity ~ms due to 
the fact that only gamma rays were used for these activity measurements, 
while in the previous work all the radiation (beta rays and positrons, 
as well as gamma rays) had been utilized. 

This inVestigation, conducted at the Massachusetts Institute of 
Technology, was sponsored. by and conducted with the financial assist­
ance of the National AdVisory Committee for Aeronautics. 

PREPARATION OF SPECIMENS 

In previous experiments (reference 1) the surface of the friction 
specimen to be activated was d~rectly expoeed to the deuteron beam of a 
cyclotron, but because of the low penetrating power of the deuterons 
the activity decreased rapidly with· the distanc6 from the exposed sur­
face. In the present tests, the radioactive mang~~ese was added to the 
steel, and the two were melted together, thus ensuring that the radio­
active manganese was uniformly distributed throughout the steel. The 
dlstribution of radioactivity throughout the resulting pellet was 
determined experimentally by fragmentation of the pellet and measurement 
of the specific activity of each fragment, that is, the activity per 
milligram of fragment. 

All specimens (active, inactive, n:i.trided, non-nitrided, and chr<>­
mium plated) .Tere made of U tralloy steel. (See reference 2.) The 
active specimens were made from a 1/4-inch Nitralloy rod, and the inac­
tive specimens were prepared from a 2~- inch round bar of Nitralloy 
135 Mod.Hied. The hlo pieces of stock had practically the same chemical 
composi tion, as follm1s: 

Nitralloy 135 
Rod Modified -------

Carbon 0.42 0.38 - 0.45 
Manganese .5·7 .40 .70 
Silicon .35 .20 .40 
Chromium '.59 1.40 1.80 
Aluminum 1.01 .8) - 1.20 
Molybdenum . 35 .30 - .45 
Phosphorus .016 
Sulfur .016 
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Melt.ing F-rocedure for Act:Lve Specimens 

The main difficulty in the preparation of the active specimen 'vas 
caused by the fact that the radioactive manganese was in the form of 
manganese oxide rather than metallic manganese. In order to make sure 
that the manganese oxide was reduced, two reduction methods were applied 
simultaneously: the thermite process and reduction in a ~vdrogen. at­
mosphere. It ,.rae hoped that the aluminum oxide formed during the melt­
ing would be deposited on the outside of the melted pellet. 

The radiamanganese was prepared in the M.I.T. cyclotron by deuteron 
bombardment of chromium. The nuclear reaction involved is 

The Ill&tganese thus prepared has a half life of 6.5 days. T'llirty-three 
percent of it decays by po~itron emission (0.582 MEV) and 67 percent 
by orbital electron captvre. Either ~ode of diSintegration leads to an 

52 
excited state of 24Cr "'hich emits three gamma rays in cascade 
(0.73 4, 0.94, and 1:.46 MEV) • (See reference 3.) 

A chromi um-pla ted wiggler probe (reference 4) was bombarded with 
l4.5-MEV deuterons by the cyclotron. After bombardment the chromium 
was dissolved from the target with 12 molar HCl containing 5 milligrams 
of inactive manganese for a carrier. This acid solution was poured into 
an excess of cold 6 molar NaOR containing an excess of 30 percent 
H2 02 ; the chromium was thus oxidized to chromate, soluble, and the 
manganese took the form of hydrated Mn02 ; insoluble. The colloidal 
preCipitate was coagulated by heat and filtered from the solution. Aft­
er being thoroughly washed, the Mn02 was dissolved in a small amount 
of dilute Hel containing a trace of H2 02 . 

PreCipitation of the hydrated oxide was repeated by use of 6 mol ar 
NH40li + li2 02 • The second precipitation removed the last traces of chro-
mium and copper in the filtrate. The precipitate .res dissolved as 
before and an aliquot of the solution reserved for activity measure­
ments. The manganese was preci pi ta ted a third tIme, again wi th 
NH40H + R2 021 and filtered out on ashless filter paper, washed thor­
oughly, and ignited i n a porcelain crucible to MnS 04 • 

The ignited oxide was wrapped in 0.00025-inch aluminum foil and 
introduced into a Nitralloy cup machined from a l/4-inch length of rod 
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and weighi ng about 1 gram. The amount of aluminum was 50 percent 
greater t han tbat needed. to red~ce com~letely the manganese oxide to 
t he metal lic state . 

The s teel cup and its 'contents were then placed in a beryllia cru­
ci bl e which was Gontained insido a graphite crucible of l~- inch 
diameter and 2~- inch height. A graphite lid was fitted to this cru­
ci ble, and the entire assembly wa.s placed in an alundum crucible ",hi ch 
was supported inside the coil of an induction furnace. 

I n ord.er to ensure as far a s possible the complete reduction of t he 
manganese to the me t allic state , i t was necessary to replace t he oxygen 
at mosphere with hydrogen. For thi s purpose, dry hydrogen gas was caused 
to f low into the interior of the graphite crucible through a hole i n the 
lid . After the hydrogen had been flowi ng for 15 rdnutes and the s t eel 
cup was presumably surrounded by a hydl~ogen atmosphere, the inducti on 
f urnace was started and. the t emperature -rai sed SlO'·lly. The power was 
shut down after 5 minutes, and t he crucible allowed to cool in air . 

The smelting procedure f inally adcpted was the result of severa l 
preliminarJ experiments , by whi ch t he proper dimenSi ons of the graphi te 
crucible were de termined, as well as the smelti ng t ime and ot her de t aile. 
I t i s to be noted t hat the graphi t e crucible was heated by the induc t ion 
current ~~d the berJlli a crucibl e and steel pellet were heated by radia­
tion and conduction from the graphite.. The eteel mass was too small to 
be heated appreciably by current induced i n it. 

In order to eee whether the manganese oxide wae reduced in a sat­
isfactory way, metallographic cross sections of different pellets were 
prepared. None of the sections revealed any manganese-oxide inclusions, 
thus showing that any manganese-oxide particles wh~ch miGht be present 
were of sub~tcroscopic size. 

For a check on the uniformity of the distribution of the radio­
activi ty , several pellets were f ragmented and. the gamma-ray ~,c tivi ty of 
the different fragments was measur ed. The follolnng table gives a 
t ypical example of the activity measurements of a set of fragments: 
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r-I Height Radio- Specific of 
ifragment actiYity activity 

(mg) 
(cpm)~ ( cpm/mg) 

87.7 611 7.85 
111.8 848 7.59 
193.8 1372 7.08 

76.3 542 8.21 
73.0 522 8.26 

210.8 1449 6.86 
33.8 229 6.'77 
14.5 105 7.96 
32.6 225 6.91 

107.2 770 7.18 
123.1 918 7.46 
201.7 1429 7.00 
72.5- 532 7.33 

~ 

c:pm counts :per minute 

Error calculations applied to the foregoing set of measurements 
show that the probable error of a single measurement of the specific 
activity equals 4 percent of the arithmetic mean. MeastITe~nts with 
smaller fragments the average weight of wh5_ch was about 7 milligrams 
gave similar results. The conclusion to be drawn from these tests is 
that within the investigated range of the weight of the fragments the 
distri bution of activity is uniform. 

Hot Working, Heat Treatment, and lvIachining 

In order to render the structure of the active specimen as nearly 
as possible like that of commercially used Nitralloy, the specimen was 
heat~d in cast-iron chips to 21000 F and then struck a couple of blowB 
by an' air hammer, which flattened it to a disk approximately 1/2 inch 
in diameter and 1/16 inch in thickness. The disk was then annealed by 
being heated to 18000 F and all.owed to cool in the furnace for a 3-hour 
period. It was next reheated to 17000 F,kept at this temperature for 
1 hour, and oil quenched. Finally, it was tempered at 12000 F. 

A layer 0.01 inch thick was removed, in a surface grinder, from 
each aide of the heat-treated di sk in order to take off any decarburized 
material. The disk was then cut along two parallel chords. The central, 
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parallel-side piece, about 3/J.6 inch wide, was nitrided at 9750 F for a 
2~-hour period, with 30-percent dissociation of the ammonia gas. A ' 
photomicroBraph of part of this piece i s ShO,\-lIl tn figure 1. The struc­
ture appears typical of a heat-treated nitriding steel. 

The nitrided rider was made from a strip cut from the center of the 
nitrided piece, perpendicular to the lor~ sides. The non-nitrided rider 
was cut from one of the segments of the disk. Each strip was soldered 
into an ax:l.al hole drilled in the end of a sui table steel bolt, and a 
short protrudlng portion of the strip ground to a diameter of approxi­
mately 1/32 inch. The bolt was then attached .to the horizontal arm of 
the testing apparatus shown in figure 2. 

Preparation of Inactive Specimens 

All the inactive spedmens, which were made from Nitralloy 135 
Modified, were cylindrical in shape; approximately 2t i ncheD in diameter 
and 2 inches long. All were provided ,,,1 th countersunk holes to mount 
them in the lathe between centers, and with means for attachment of a 
driving dog. 

The specimens to be plated were first ground and then plated with 
bright chromium to a thic}:nes8 of approx~mately 0.001 inch. 

The specimens to be nitrided were first heated to 17000 F, held for 
It hours, and. quenched ~.n oil. They next were tempered at 12000 F and 
held at thi s temperature for 3 hours. In order to remove all decar­
burized material, a layer 1/16 inch thick was machined from the cylin­
del's, after which they ,·rere ni tri ded in 3D--percent dissociated ammonia 
gas for a 72-hour period. 

All the specimens were ground by the same wheel (frequently re­
dressed) and under the same conditions. The surface roughness, as 
measured by a profilometer parallel to the ax1s of the cylin.?-ers, was 
as follows: 

Material 

Non-nitrided Hitralloy 

Nitrided Nitralloy, ground 
after nitridine; 

Chromium-plated Nitralloy, 
ground before plating 

Roughness 
(Ems microi.::..J 

35 - 45 

15 - 25 

30 - 40 
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TEST PROCEDtrnE 

A screw-cutting bench la.the formed the basis of the testing appara­
tus. The cylindrical inactive specimen was mounted between centers and 
driven by a dog. The "small radioactive rider was carried on a horizon­
tal arm hinged at one end to an upright clamped in the tool post of the 
lathe. The hinge was made from a piece of thin ·spring steel, 80 that 
there was no play laterally or in the direction of rotation of the cyl­
inder. A weight, hanging from the free end of the arm, pressed the 
rider against the inactive specimen. The testing apparatus is shown in 
figure 2. 

The inactive cylindrical specimen was mounted between centers in 
the lathe and finished by a small electric grinder mounted on the slide 
rest of the lathe. A strip of fine emery paper was, then wrapped around 
the cylinder and the rider ground to conform to the curvature of the 
inactive surface, by being pressed against the moYing paper; after which 
the rider was placed in contact with the cylinder 'under the desired 
load. The lathe was started and the rider moved over the cylinder in a 
helical path by the automatic carriage feed. The distance traveled by , 
the ca.rriage ,.,as approximately 1. 75 inches. 

A photOmicrograph of the end of a used rider is shown in figure 3. 
The true area of contact is seen to approximate that of the rider end. 

Different methods were tried, to . remove the transferred material 
from the initially inactive specimens. At first, a non-nitrided cyl-:­
inder was turned down on the lathe, and a chip 1/1000 inch in thickness 
was taken off. The chips were put on a mica sheet whj,ch was placed over 
the window' of a Geiger-Muller counter; it "Tas found that the activity of 
the chips was well. above the background of the counter. Similar tests 
were made with ni tride.d inactive specin:ens, which were so hard that tOO ' 
transferred matter had to be ground off wi·th a grinding attachment to 
the lathe. Despite the fact that there ~~s ample activity in the chips 
or the grinding debris, measurement of activity was found to be 
both inaccurate and inconvenient. While some of t he beta rays 
originating from the chips· reached the counter, a :portion 101as absorbed 
by the material of the chips. The fraction of the radiat i on absorbed 
depended not only on the geometry of the individual chips but also on 
their relative positions. The activity measured for a Biven assembly of 
chips changed if the chips were rearranged. It was) therefor~} decided 
to try to etch off the transferred material. The method finally adopted 
was as follows: . . 

In order to remove the ' material transferred to the cylinder during 
a run, the cylinder was placed in a beaker containing 60 ml of a nearly 
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boiling solution of I-molar hydrochloric acid, to which had been added 
a small amount of hydrogen peroxide. After beiBg etched for 15 minutes) 
the cylinder ~~s removed and the solution in the beaker evaporated to 
dryness. The residue "Tas dissolved in hydrochloric acid and the solu­
tion diluted so that it just filled a l~-ml glass vial. This etchi ng 
procedure satlsfactorily removed a~l the transfelTed material from the 
cylinder. 

Measurements of the acti' i t y of the dissolved resid.ue were made 
wi th a platinum-sereen--wall ga.mma-ray e01IDter and c01IDting-rate meter. 
All measurements of transfer samples were compared with stand.ard solu­
tions containins known w·e i ghts of the radioacUve alloy. The standard 
solutions vTere prepared from the radioactive frictj.on specimen. A few 
milligrams of the radioactive specimen were accurately i.;eighed and dis­
solved 5n hydrochloric add, The . solution vias diluted so that the 
activity of 10 ml was of the same order of magnitude as the solution of 
the etched-off material. FroDl the degree of dilution and the weight of 
the dissolved chip could be determined the amount of active material 
contained in 10 ml. The comparison of standard solution and solution 
of transferred material was made under identi cal conditions of geometr,y 
and in such a short time interval that decay was negliGible. The we ight 
of metal t:i.~ansferred was determined b;yo a simple ratio of counting rates 
of transfer sample to standard weisht of ol'iginal metal. The assump­
tions involved in this compar~. son are that the radi oactive man{~anese is 
uniformly distributed in the acti ve alloy and that the transferred 
material was representative of t he active alloy . 7he first asslllnpt ion 
was checked in the supplementar~r experiments described and the second 
is r easonable. 

RESULTS OF ·· TESTS 

All t ests were run under a normal load of 1000 grams . The surface 
veloci ty of the rotating cylinder was 55 fee t per minute in rearly all 
runSj in a few cases it was 59 feet per minut e. PreliminarJ tests had 
indicated that this slight change in sreed did not affect the results. 
The pitch used in these experiments was 48 per inch, the diameter of the 
inactive specimens was 2~ inche s, and the l ength of travel l~ inches. 

1 6 . 
The total distance of travel vTas 643 inch6s. The results are given in 
the following table: 
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Mass transfer (micrograms), 
from active specimen of -

To inactive 1--' 

specimen ·of - ~on-nitrided Nitra110y Nitrided Nitra110y 

1 - -m m (1- m m (1-
m m '. 

Non-nitrided 
Nitral10y 4.9 0.8 

2.1 .8 
2.1 .4 
2.5 .6 . . 

. 8 
2.9 ±0.7 0.7 ±o.l 

Chromium 
plate . 39 1.7 

97 .9 
29 1.8 
21 1.4 
53 4.5 

48 ±13 2.1 ±0.6 
, 

Nitrided 
Nitral10y 111 1.2 

90 2.5 
147 .8 
174 4.0 

2.0 
3 . 7 

131 ±19 2.4 ±0.5 

lIn this table: 

m measured mass transfer in any one t est, micrograms 

m arithmetic mean value of m for n tests on any given combination 

(1-
m 

cf materials ( ~ m ), micrograms 

A <m-m) 2 

standard deviation of iii:= n ---
n(n - 1) 

micrograms 

1 

1 

-~ 
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It is seen from the precea.ing table that, in all ca.ses, capslder­
ably more material was transferred from the non-nitrided active specimen 
than from the nitrided one. ' Furthermore, the transfer from either 
active specimen to non-nitrided steel was lese than that to chromium 
plate or n1 trided steel. The standard deviation of the mean varles from 
±10 to ±29 percent, inth an average value of roughly ±25 percent. 

The different specimens involved in the tests had the following 
hardness values, expressed as Knoop hardness numbers, obtained in a 
Tukon hardness tester: 

Active specimens Inactive specimens 

Non--nitrided Nitralloy rider .. , .. 480 Non-nitrided Nitralloy cylinder .. 327 

Nitrlded Nitra110y rider .. J50 to 770 Nitrided Nitra110y cylinder .•..•. 565 

Chromium-plated Nitralloy 
cylind,er .......• . •....•.••... 1614 

The variation in hardness over the working end of the nitrided 
rider was due to its laminar or sandwichlike structure. Two sides of 
this end bad been exposed, to the 8JllIlI.onia gas during the ni triding pro(}­
ess and were very hard. Between these two hard layers was a strip of 
softer material. The widths of all three layers were about the same, 
each being roughly one-third of the total. The Knoop hardness number 
varied linear~- from 770 at either edge to 350 at the boundaries of the 
central strip. Tne har~ness of this strip was practically uniform and 
equal to 350 Knoop. Renee "rhile only approximately one-third of the 
area of the ni trided rider .las harder than that of the non-n1 trided 
active specimen, most of the load will be taken by the hardest area. It 
is believed therefore that for the purposes of these experiments the 
r i der can be considered as having an average hardness of 600 to 700. 
Both riders were harder than the non-nitrided inactive Nitralloy. 

SUMMARY OF RESULTS 

The previous i{ork (reference 1) had shown that the amount of mate-­
r i al transferred between two metallic rubbing surfaces depended both on 
the relati ve hardness and on the materials of which they were composed. 
This work was done by rubbi ng a number of different surfaces, including 
hardened steel and glass, against a co~per alloy. 

The present experiments generally established the fact that the 
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radioactive method can also be applied to measurements of metal transfer 
when both surfaces are of hardened steel, and have therefore laid the 
foundation for further investigation. 

The great uncertainty i n the amount of transfer with different ac­
t i vations of one of the surfaces by direct exposure to a cyclotron beam 
was much reduced by adding the ra~ioactive material as an alloying ' agent 
to a melt of the steel. In this way, the distribution of activity 
throughout the surf ace was made much more uniform. 

Insofar as it ,is pos8ible to dissociate the effects of relative 
hardness and of material in the present experi ments, the follo'.;ing 
tentative conclusions may be reached: 

(a) In the non-nitri ded and nitri ded Nitralloy c~ination, much 
more material i s transferred from the softer material "hich is the non­
nitr ided one, to the harder, nitrided sttrface than the reverse . 

(b) On comparing chromium plate and nitri ded Ni tralloy when both 
are harder than the non-n1trided r.ider, i t was found that less material 
was transferred to the material of greater chemical difference , that. is, 
t he chromium. 

(c) Since the nitrided Nitralloy rurming agai nst the chromium. plate 
was the beet metal-pair combi nation tested wi th respect to mini mum ma­
teri al transferred, accordi ng to (a) it i s to be expected that even less 
t ha..."l 2.1 ± 0 .. 6 mi crograma would be trans! erre d from the harder chromium 
plate to the softer rider. 

Massachusetts Institute of Technology, 
Cambridge, Mass., July 9, 1946. 
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Figure 1.- Section of nitrided radioactive 
Nitra11oy. Etched with nita1. ( 250 X) 

NATIONAL ADVISOay COMMITTEE 
FOR AERONAUTICS 

Figure 3.- Working end of nitrided rider 
after a friction test. (100 X) 
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