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SUMMARY

Thig thesis presents & discussion and the resulis of an
investigation of the wear resistance of some hard alloys to
sliding wear. The relative order of wear resistance of these
alloys and combinations for a speed of 786 feet per minute and a
load of 300 pounds per square inch is given.

The effect of the speed and load on the wear factor of gray
cast iron running on an alloy cast iron is shown.

A discussion is presented of a metallographic investigation
which was made of the surface conditions obtained on the specimensg
in the wear tests.

A method ig proposed for the determination of the relative
wear resistance of materials to sliding wesr, in which the energy
reguired to scratch the material with a diamond point is congidered
to be vproportional to the wear resistance.

An attempt is made to correlate the results of the wear

investigation with those of the scratch investigation.
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GENEEAL INTRODUCTION

This thesis presents a discussion and the results of en
investigation of the relative gliding wear resistance of some hard
alloys. At the present time there are several hard alleys on the
market which are being used in cylinder liners for engines mnd
purnps, 2s well as in many other avplieations. The wear resistance
of these mesterials is one of their most important properties.

The relative wear resistsnce of materials ¢an be determined
in the laboratory on a sulitable wear testing machine which simulates
the conditions to which the materiasl is subjected in actusl
practice. Tegtz for this investigation were made on = machine
which gave the gliding wear resistance of the various alloys.

Thege tests and results are described in Part I of thig thesis.
Such tests ag these require congiderable time for completion. A
test requiring much less time would be.very desirable.

The energy regquired to remove material ffom the surfsce of a
gpecimen should be proportional to the sliding wear resistance. A
scratch method in which the energy required to scratch is measured
hag been deviged and is discussed in Part II of this thesis. Tests
of this kind can be made in a few minutes.

A correlation of the Tesults of the two types of tests is very
desirable because it is known that the resulteg of the sliding wear

tests are commensurate with the results of actual field tests.
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introduction

The subject of wear is extremsly complicated and at the present
time is far from selution. Hany investigstions amnd experimenis
have been carried out, each prcducing valasble dats and furthering
the solution of this complex problem.

éf the available literstuve on wear, the investigstioans con-
sidered in the following paragraphs have ssemed to be of the
greatest interest in visw of the present research.

The Duresu of Standards has made a2 large number of tests on
the wear resistance of materiale under different applications.
{16,18,19,21,23,29)* They have made tests investigating the
effect of vsrious zlloying elemenis and various amounts of these
elements on wear resistance. A% the present time they are
attempting en investigation of the fundsmental factors imvolived in
the wear of metals.

Louig Jordan of the Buresu of Standards (18) etates that the
mechanism of wear is composed of thres factors; namely, mechanieal
avrasion, erosion, snd galling. Hechanicsl abrasion is the
"aechanicel distertion of the surface layers of the metal fellowed
by the removal of the distorted surfsces by frictional forces

between the wearing material and solids". Wear by erosien "involves

*Humbers in parentheses refer to bibliogrephy.



an alteration of the surface layers by chemical attack followed by
the removal of the metal or the products of oxidation by frictional
forces, which frictional forces are restricted to those between the
wearing metal and flowing liquids, gases, or vapors®. Vesr by
galling "involves the adhesion or 9ohesion of localized areas of
two bearing surfaces of metals, followed by the tearing out of
small fragments from one surface or the other®.

iax Fink (28) has given as the three components of wear, the
following; mechanical removal of particles, cold hardening process,
and weay oxidation. The mechanical removal of particles accompanies
wear asually in the sliding process, while cold hardening is en-
countered in rolling wear. Of course both of these types of wear
may occur at once. Wear oxidation is asg yet only = theory, but
Fink and Hofmann (14) have performed msny experiments which agree
with the theory. Malmberg (28) has alse lent some support to the
oxidation theory. In 1934, Jordan and Rosenberg (5) completed
tests at the Bureau of Standards on steels in various atmospheres;
their results did net sgree with thoss found by Fink and Hofmann.
The tests were accomplished on an Amsler machine with rolling
friction. Their test conditions dupliecated as nearly as possible
those of Fink and Hofmesnn. Thelr results were reported under the
title of ¥"The Influence of Oxide Films on the Wear of Stselg®. 1In
this serieg of tests Messr;. Jordan and Rosenberg obtained

characteristic types of surfaces. One was a rough filw free surface



which was accompanied by high rates of wear. The metal adjacent to
the worn surface wag severely cold-worked and cracks were found
which were cauged by the stresses accompanying the wearing process.
The second type of surface was a filmed surface which was accompanied
by low rates of wear. The material adjacent to this surface was
only slightly distorted. These tests were made on steels of 0.88%
Carbon and under. The analysis of the wearing dust obtained from
the tests resulting in & filmed surface on the gpecimens mhowed
the dust to be composed of Fey0z and Fe304 with no Fe or FeDd present.
The investigators concluded, therefore, that the film was an oxide
film and that such a film protected the: surface of the specimen,
preventing metal to metal contact, thus reducing the rate of wear.
Sueh films have been observed by many other investigators, including
Dr. Max Fink (28,5) who reports that the film is usually about
0.006 hm. thick. These filme are usually cbserved on specimens
tested on the imsler mschine with rolling contact and slight siip-~
ping. If the pressures ars guite high or the slipping speed is
high, mechanical removal of particles takes place and the film
does not form. Dr. Fink states that a film may form on the surfaces
with eliding frietion if the pressure ls very low and the rate of
slip is not too high.

The theory of wear oxidation s2s presented by Fink and Hofmann
(14) in the peper "Zur Theorie der Reiboxydation? in 1933 is rather

long. Briefly, however, they show thet wear doss not cccur when



materials are tested in pure inert atuospheres, if the presnures
are not high enough to cause the wmechanicsl removal of particles.
Wear doeg occur when oxygen is present and zll other conditions
ere the same by the formation of iron oxides on the wearing
surfaces. The oxides are rubbed off after formation and new ones
secur, which process causes o loss in weight of the specimens.

J. G. R. %Woodvine (22) performed tests which were reported im
1931 ander the title "The Influsnce of Nickel on the Wear of Qase
Hsrdened Steel”. He found the 3% nickel and plain carbon steels
to have about the same wear resistance with dry rolling friction
or abrasion with emery. C(ase hardened sieels havingvl% or 5% nickel
were inferior. With dry sliding friction the plain carbon case
bardened steel was superior, with 55, 3%, and 14 niekel steels in
descending order. ¥rom hig investigations Woodvine deduced that
work hardening of itself is not an important factor when considering
the wear resisting properties of very hard materials. At the same
time, it was recognized that this is not a general rule to be
appiled to all sitsels in varying conditions.

G. J. G, Malmberg (26) made a seriss of investigations on an
Amsler machine and found severzl interesting results. When two
rotating surfaces are travelling in the same direction, cold
working tskes place and a black wearing dust appears which containsg
only 75% iron, the rest being oxides of iron. He feels that Fink's

explanation of these oxides in the latter's theory of wear oxidation



is good. Further, when two surfaces are travelling in opposite
directions, giving sliding contact, no cold working occurs and a
pure metallic dust is formed. He concludes that the wear resist~
ance is greatly dependent upon the siructure of the material. For
example, two materials bhaving the same analysis and heat treatment,
but from different furnace melts, may have guite different wear
registance.

Recent tests have been made in connection with the wear of
eylinders and pistons in motors. H. Ricardo (7) and the Institute
of Antomotive Engineers in England have data supporting the theory
that wear in combustion engines is not due to mechanical abrasien,
but is due to corrosion. The worst condliion is when the motor
is cold. The relation of corrosion %0 wear in this field is
important and needsg further investigation.

EB. Knittel (11) has reported a very extensive investigation in
Die Glesserei, 1933, in which tesis were made on a high grade gray
cast iron. These tests determined the effect of various alloying
elements on the wear resistance. They were made by rotating a
small test cylinder, the end of which was in contact with the tast
block. These tests were made in the dry condition. The wear wasg
taken as the total loss in weight of both test pieces. Xnilttel
found that the least wsar occurred when the hardness of the two
test pieces was the same. This fact was also mentioned by Malmberg

in his paper, although the latter said that such is not a2lways the



case. EKnittel further found that the surface condition was also
important. This was found to be true in the present investigation.
Wallichs and Gregor (10) have aleo made investigations of the
"%ear Resistance of (ylinder Cast Irons®. They reported their
work in Die Giesserei in 1933. They also found thet the structure
is very important and that the hardness of the material is not a
true measure of its wear registance.
The results of the invegtigations reviewed above may be
summarized as follows:
1. Wear is a very complex problem and is far from solution.
2. Wear may teke place in one of the following ways:
a. The mechanical removal of particles from the wearing
surfaces.
b. 7The cold hardening process.
c. Wear oxidation.
3. 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 affect the wear.
5. %he structure of the material influences the wear
resistance.
6. The condition of the wearing surface affects the wear.
7. The effect of corrosion on wear is an important factor

and warrants further study.



8. There is no rolation bebwesen the hardness of 2 mateorial,

ag determined by the usual tests, and the wear resistance.

The investigations by Fipk and Hofmann, Jordan and Rossnberg,
and G. J. G. Halmberg are of importance in the present ressarch
because of thelr bearing on the fundamental factors concerning
wear. The others have been of interest becsuse of their sinilarity
with the present research. Zach bas had a particalar objset in
view and hag made tests on svwecific materials. No data has been
found which would allow direct comparison with the resulis of the
present research. The literature is conflicting at times and in
general affords no concrete comparisons of resulis.

Field tests to determine the wear resisting gqualities of
materials are, of course, the most reliasble and glve the true
relations for the application. However, tests in the field are
necessarily long and expensive and afford no data upon the
variables and their relation to the wearing resistance. ILabor-
atory teste have thersfore been devised in which the various
conditions of test can be controlled and duplicate as nearly as
possible the actual field application. In this way the effect of
the many variables which can be controlled are studied. It should
he zaid that most of %the laboratory tests which have been nade
were carried out in order %o answer some definite problem in the
field.

In this resesarch, a2 comparison of various hard materials bas

been made in tests in which the materials have been subjected to



pure sliding friction in a bath of petroleum distillate. Due to
the faet that the relative wear resistance of hard alloy materisls
in e¢ylinder liners, primarily in Diesel motors snd gasoline sngines,
was degired, it wag feld that 2 test in which wear was accomplished
by pure sliding would be superior to zmy other. Also, these fests
should be such that any combination of materizls could be investi~
gated. The machine was designed in such a way that this could be
accomplished. Distillate was used in these tests because of its
low lubricating properties and probable similarity to actual
conditions when metal to metal contact occurs in actuml operation.
It served to cool and mainiain the test parts at & moderate
temperature and in addition served the important function of wash-
ing away any abraded material. fThe gpecimens were designed in
such & way that a constant area was maintained throughout the test,
thus giving a constant »ressure. Also, the gpecimens were small,
thereby increasing the accuracy with which the loss of weight
could be determined.
Apparatus

The wear tests were carried out on a wear testing machine in
the Testing Materials Laboratory at the California Institute of
Technelogy. This machine was originally a bearing testing
mechine, but was redesigned under the direction of Dr. Donald 8.

Glark, in order to adapt 1t to the requirements of the wear tests.
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A general view of the machine is shown in Figure 1. It
consists of s roteting shaft, A, on which are placed the two
rings, B, against which the specimens wear, as shown in Pigure 2.
The shaft is supported by four wheels running freely on fixed
axes. The number of revolutions made by the shaft is recorded by
a counter, C, geared to the shaft. The shaft is rotated by belt

drive from & wvariazble

speed unit, I, mounted on

Specimen the main driving motor

"""" stand, B, as shown in
Figure 1. The outeside
dismeter of the rings is
:::::l 72,4375 inches and they are
one-half ineh wide. 3Bach
ring is keyed to the shaft

----- = and is held firmly in place

by two locking rianges. The

Sketch of Specimen and Ring specimens are small blocks

having a cross sectional area one~fourth by three-fourths of an
inch, or seven-gizteenths by seven-eights of an inch, depending upon
the t=st being made. The larger specimens were used for low
preseures and the smaliler ones for high pressures. The surface of
contact on the specinmen is ground on the sazme radius as the rings

against which it wears. The zxis of curvature is parsllel to the
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short side of the specimen, as is shown in the sccompanyimg

sketch. The two specimens are mounted in o special head, shown

in Figure 3, which holds them firmly in position on the rings.

On each side of the specimen, ¥, is a copper holder, &, which is
drilled for water cooling. The backing plate, H, is also water
caole&-when necegsary. The tubes, I, extending from the head

are the intake and thé 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,
¥, overhead, as shown in Figure 1. The arrangsment, L, shown to
the right of Figure 4 is set against the bearings, M, shown 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
direction of motion is prevented by the arrangement shown. The
friction moment is not affected by this system, because the sectors
which contact the bearings are ground on a radius whose center is
at the center of rotation of the shaft. Figures B and 6 show the
head in position with the beam bzlanced. In the lower right-hand
corner gf 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 hesd by means of a suit-
able lever mechanism. The head is maintained in balance in order to

determine the friction moment during the test. The machine was
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egquipped so that it could be run continuously if desired. Any
radieal change in the position of the head or the lowering of the
surface level of distillate in the reservoir immediately stounped
the power supply.

The specimens and rings were run in 2 bath of distillate which
acted as a coolant and removed the worn material from the surfaces
throughout the entire test. Clesan distilinte was run onto the
wearing surfaces at the rate ofsbout 0.1 gallons per minute when
the surface zpeed was 393 feet per minute or less, and at = rate
of about 0.2 gallons per minute when the suriace gpeed was 786 fest
per minute. It was then drained off for gettling and recirculation.
¥hen the wear was high the distillate wag filtered before recircu-
1ation.

The wear of the specimens was determined by the loss of weight
experienced during the run. The specimens were washed in alcohol
before sach weighing to remove any foreign matter. All specimens
were given a first period of wearing in. The specimens were weighed
before and after each ran. %here possible, the tests were contimed
until aniform resulis were obtained for the material under test.

The wear on the rings was not measured, but the surface condition
after the test periods was observed closely and reported.

The wear at any given load and speed is 2 function of the

contact surface ares and the length of the surface passed over.



Therefore, ths results of these tests were determined by dividing
the loas in weighl experienced by the specimen by the projected
area of contact snd the length of travel. The projected area of
contact is ths area of the specimen cross section. Since all of
the tests were made on the same type of rings having a comstant
radius of curvature, this ares could be used instead of the actual
circumferential area of contact. In case the finish of the surface
of the specimen was not exact and the rate of wear was low, the
area of contset was not over the whole surface and the ranning-in
period did not remove sufiicient material to cause complete contact.
Thers this condition occurred, ths area of contact was estimated,
and the unit pressure wae computed on this basis. All pressures of
this type are listed in the data with a "&£ ofter the value. The
length of travel was determined from the circumference of the ring
and the total number of revolutions of ths shaft. The unit value
obtained in this way is expressed in grameg per sguare inch per foot.
To simplify the pregentation of results, the term "wear factor! has
been sslected whichis egual to 108 times the loss in weight
expressed in grams per square inch per foot. The higher the wear
factor, the greater will be the rate of wear of the given material.
The coefficient of friction was determined by dividiang the
force tangent to the surfaye of contact by the normsl force applied
to the specimens. The tangential force wag obtained from the
friction moment, which in turn was obtained by balancing the head

of the machine.
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Baterialg:

Eleven different materials were used in these tests. They
are listed with degignations in Table I. The analysis is given
where possible. Hetals "A® and "B" are alloy white cast irons
having hardnegses of about 700 and 830 diamond brinell, respec-
tively, as determined by the ilonotrone machine. These materials
are products of the same company, and initial tests showed that
"E® was superior to "AY so thaot only a few tests were made on
the latter materisl. Thesge slloys have a lower melting point
than steel, so that they can be spun in gteel cylinders giving a
hard lining on the steel bass. For this reason, they are very.
suitoble for wear resistant lipers in various applications. Hetal
BCH ig a typical gray cest ircon and was used extensively in the
tests for determining the relstions between losd and wesr at
various sveeds. The rate of wear is high, therefore the length of
time required for a test run is short. Ietals "LY and WF® are
gray cost iroms which are typical of those being used in engine
blocks in Diesel applications. "i% is used after heat treatment
and "IV ig used in the ag-cast condition. HMetal "G® is a typiecal
piston ring materiel. ketal "WC" is a plain white cest iron and
has & diamond brinell hardness of about 475. The analysis of the
remaining materizls is not_ known. R{E" is 2 case hardened steel.
BFA"  is a specizl material known as Fiint Alloy. "i" is s nitrided

nitralloy. "85t¥ is a2 stellite manufactured by the Haynes Company.
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The various materisls will be referred to by their designations
in the discussion which follows.
Compariscon of Wear Factors:

The results of about two hundred test runs are given in
Table II. This table bag been divided into nine sections to
provide easy comparisons of materislgs. The combination tested is
indicated by the first two columns, in which are listed the material
of the specimen and the ring. The third and fourth columns list
the load and speed, regpectively. The wear factor of the specimen
for the combination is given in column five. ?he coefficient of
friction is given in the succeeding column. If the coefficient
of friction was not determined, the space is left blank. In case
it is designated by 0.00-, the coefficient was legss than 0.01 and
the apparatus is insufficiently accurate to determine its exact
value. The surface condition of the ring anrd specimen after test
is also indicated by abbreviations, which are explained at the
end of the table.

The first section of Table II gives the results of tests in
which the same materiesl was used for rings and specimens. Section
B shows the results of tests in which *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 "B® metal was used for the rings, are given. Sections

D, B, G, H, and I compare "B" metal running on another metal with
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the metal ruanning on itself. Section F shows the resulis of tests
in which the material "G" was run on rings of three different
materials.

Hote that in section , two values for the wear factor of %E®
on "B" are given. In tests on this combination the exact value was
difficult to determine. The loss in weight on several tests seems
to féll into two classes; one, & low wvalue, 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 critical load is about
three hundred pounde per square inch for a surface speed of 786
feet per mimate. 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 losd and speed on the wear
factor, o series of tests was made wearing gray cast iron against
"R rings. The results of these tests are found in section € of
fable II. These tests indicate an increase in wear factor with
an increase in speed, as can be geen from the table. It is
apparent that the effect of the speed on the wear is not as great
as the load. The relation between the wear factor and the load
at surface speeds of 786, 393, 295, and 197 fert per minute for
gray cast iron running agéinst #BY is shown in Figure 7. The date

for these curves was taken from Table II, section C.
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Thig same relation has been observed by other investigators work-
ing with cast iron. When the pressure is low, the rate of wear is
extremely low and as the load is increased 2 critical point will be
reached at which time the rate of wear increases very markedly.

It was observed during these tests on gray cast iron that the
value of the wear factor was greatly dependent upon the condition
of the wearing surfaces before the test run. It was found that
under certain conditions, if the wearing elements were polished with
400 grain alundum paper, the wear values were gero for the length
of run tested. BHowever, if the wearing surfaces were smoothed with
280 grain alundum paper, approximately the game length of run gave
wear values which were uniform, as shown in the dats.

The results of this investigation with gray cast iron cannot
be applied directly to the results with other materials. However,
these tests indicate that at loads below a critical, the speed is
of minor importance and the wear factor will be small. Also they
indicate that at loads sbove this ecritical, the speed is of great
importance in the test results. The ckitical pressures for materials
other than gray cast iron have not been determined. It can be seen
that such a determination would be 2 long procedure. It was observed
that for material ®"E" running on "B" 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 materidls seem to indicate that the

conditions of the test were below the critical pressure.



In section A& of Tgble II the wear factors for "B" on BT at
speeds of 393, 786, and 1180 feet per minute are given. The
pressures are the same for these runs with the exception of the
first, where the wear factor is zero for the length of ruam given.
It is seen that the wear factor increases with the speed, although
it is low in all cases. In the same section are shown the results
of tests on white cast iron at spproximately the same pressure. In
these tests the highest wear factor was obtained at a speed of 786
feet per minute, but this value is based on only one run, =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 msterials.

The Relative Wear Resistance of Combinations of lateriasls:

When considering the wear of two dissimilar metals agminst each
other, the wear of each material must be taken into account. The
tests as they were conducted do not allew a direct evaluation of
the wear resistance of a combination, but give only a wvalue for the
wear resistance of each material rubbing against the other member of
the combination. The wear factor for the comﬁination of materisls,
which is the inverse of the wear resistance, has been computed by
taking the average of the individual values of the two materials
rubbing together. Thegse computed values are shown in Table III. The

first column of the table gives the rating of the various combinations
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TABLE III.

BELATIVE WEAR RFSISTANCE
£ 300 1b 2 and 786 Ft/min

Bating Combination Wear Factor Ratio Surface Bonditions

st AT
e - RS

il

1l B-B 0.20 100 Yery slight galling

2 - BeN c.40 80 B shows slight ridging and
N showes slight ridging and
galling

3 B-CH 0.58 &8 Both very slightly ridged

4 B-FaA 0.60 33 B shows ridging and FA

: ghowg galling

5 B-F 0.8 25 B shows smooth surface and
F shows slight galling

] B-8% 1.4 14 B shows ridging and St shows
galling

7 WC=-W0 2.6 8 Ridging

8 NN 3.4 & Very slight galling

g CH-CH 34, 0.6 Slight ridging and galling

10 St-5t 48, 0.4 Ridging

11 B-E 140, 0.14 3B shows slight galling and

3500. 0.006 E shows slight ridging and

galling

12 FA-F4 15000, 0.001 Shows ridging and slight
2alling

ll

=== e e s




27.

in order of decreasing wear resistance, i.e., nunber one has the
highest wear resistance. The third column gives the computed wear
factor as discusszed above. The fourth column gives the wear resist-
ance of the psrticular combination in per cent of the wear resistance
of "8-B*. The wvalues given in this table zre only for a load of

300 pounds per sgquare inch and a rubbing speed of 786 feet per
minute.

Tests indicated that "B-UCY would be a combination superior to
UB-R% although the data is insufficient to give an exact value. The
difficulty in evaluating this combination was due to the exceedingly
long time required to obtain any measureable loss in weight of "B"
ranning agsinst WEQGY.

Surface Conditions:

During these tests, three different types of surfsce conditions
were observed. Specimens were either smooth, galled, or ridged after
test. The smooth surfaces were mirror bright in appearance on the
hard materials and were very even and uniform on the gray cast iron.
The galled surfaces were those surfaces which showed that adhesion or
cohesion of localized areas of the two mating materisls had taken
place. This causes a2 tearing out of small fragments from one surface
or the other. Thig definition of gelling has been given by lLouls
Jordan of the Bureau of Standards and is included in the introduction
of Part I of this thesis. The ridged surfaces were grooved in the

direction of wear.



A-1-B
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Unetched

Figure é.

Etched

Figure 10,
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The gurface conditions of the wearing materials have been
reported in the tables according to the above degignations.

4 metallographic invegtigation was made of each type of surface
condition. Specimens having a surface condition corresponding te
each of the three types mentiomed above were examined. Macrographs
were first taken of each specimen to be investigated in ordeq&o
show the condition of the worn surface. A laysr of copper was plated
on the worn surfacés of the specimens. A longitudinal section at
right angles to the worn surface was polished in the usual way for
metallographic investigation. The copper layer which was boé?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 speecimen.

0f the specimens which had smooth surfaces after test, A-1,
B-14, C-25, CH~4, H-2, W(-3 were selected for metallographic
investigation. %ith the exception of the gray cast iron specimen,
C-25, all of these furfaces were mirror bright after test. Some
showed evidence of slight ridging or slight galling, but the surface
as a whole was smeoth. The gray cast iron was very even and smooth,
but was not mirror bright due to the presence of the graphite. Also,
thies surface was slightly ridged.

The macrograph of specimen A-1 is shown in Figure 8. Contact
was not complete over the entire surface of the specimen so that the

lighter area shows the condition of the surface before test. The



dark area is the worn surfsce which was mirror bright. However,
slight ridges may be seen. This specimen was run on ring 4-7 at a
pressure of 300 pounds per square inch and at a surface gpeed of
393 feet per minute. Figures 9 and 10 show a cross-sectional view
of the worn edge at a magnification of 150 diameters. A%t the top
of the picture is the copper plate and below is the structure of
the gpecimen. PFigure 9 shows the surface unetched and Figure 10
shows the structure after etching ten seconds in a solution of 1%
nitric seid in methyl alcohol. The edge is smooth, clean cut, and
shows no evidence of distortion. The structure of the speecimen is
characterigtic of white cast iron. The white areas are cementite,
Fe0, and the dark areas are grains of pearlite, which 1s the
eutectoid of iron and iron carbide.

In all of the photomicrographs to follow the copper plate will
be at the top of the picture. The structure below the worn edge
will be that of the material of the specimen. Unless otherwise stated
the eteh for all specimens was a solution of 1% nitric acid in methyl
alcchol.

Specimen B-14 was run om ring B-6 at an epproximate 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 so that
only about one-half of the surface was worn. PFigure 11 is a mscro-
graph of the surface. The da;ker area on the picture is the worm

part of the surface. The lighter portion was not in contadt. The
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B-14 5X
Figure 11.

B-14-A 150X
Figure 12,

B-14-B 400X

B-14-C 400X
Figure 14,
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worn surface was 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 shows the worn edge at a
magnification of 150 diameters in the unetched condition. This
cross section was taken on the edge seen at the top of the piecture
in Figure 11. Two surface cracks can be geen. These are caused by
the stresses developed at thg@urfacé during the process of wear.
Figure 13 sﬁows 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. The nature of this layer will be discussed in
detail later, page 60 , after the descriptions of the various
surfaces examined. Below the layer of worked material can be seen
the structure of the =2lloyed cast iron. The dark grasins are composed
of iron and solid solution of iron carbide and iron boride, and the
white graine are the solid solution of iron carbide and iron boride.
Hote that the zrains of thege constituents are deformed to a consider-
able extent. The direction of wear in this case was from right to
left over the surface of the sgpecimen. The grains are bent in this
direction. Figure 14 shows snother section of the worn edge on which
no layer of worked metal has formed. The magnification is again
400 diameters. The layer a&s shown in Pigure 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

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

Figure 15.

C=-25-A 150X
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CH-4 65X

CH-4-A

Figure 18,

150X

Figure 19.

CH-4-B

400X

Figure 20,
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CH-4-C 400X

Figure 21.

CH=4-D 1000x

Figure 22,
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N-2-A 150X
Figure 24,

N-2-B 150X
Figure 25.

N-2-D 400X

Figure 26.
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macrograph of the surfacé after test is shown im Figure 15. ¥%he surface
wag only slightly ridged and was quite smooth. PFigures 16 and 17 show
the worn edge and the structure of the gray cast iron unetched and
etched, respectively. The edge is straight and smooth showing no evi-
dence of distortion or a layer of worked metal.

Figure 18 is » macrograph of the worn surface of speecimen CH-4
which was run on ring B-26 at 2 load of 300 pounds per sguare inech
and at a surface speed of 786 feet per minute. The surface after
test was mirror bright except for a few dull places. A4 cross gection
of the worn edge, uneiched, at n magnification of 150 diameiers is
shown in Pigure 19. Further investigation showed that a worked layer
had formed in some places. Figure 20 shows the thickest section of
this layer a2t a magnification of 400 diameters after etching. The
geverity of the working is clearly showmn. %his ig a2 very good
example of the process by which wear takes place by cold hardening.
The material is worked until cracks form which separate fragments
from the rest of the material. The fragnents are then essily worn
away. ¥Figares 21 and 22 ghow the surface where no worked layer has
formed. The magnification is 400 and 1000 diameters, respectively,
in each picture.

Figare 23 is a macrograph of gspecimen N-2 which was run oﬁ
ring ¥~-2 at a load of 300 pounds per square inch and at a speed of
786 feet per minute. The surface was mirror bright after test,

although the macrograph shows it to be somewhal rough in places.



WC-3-B 150X

Figure 29.
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WC=-3-D 400X

Figure 31.



Figure 24 is a view of the edge before etching, at & magnification of
150 dlemelers. Hote the cracks which run parallel to the surface.
The game area after etching is shown in Figure 25. The structure of
the nitralloy is clearly shown. Figare 26 shows the same ares al &
magnification of 400 dismeters.

Specimen WC-3 was run on ring B-7 at a load of zbout 400 pounds
per square inch and at & speed of 786 feet per minute. After test
the surface was mirror bright, but slightly galled in places, as
shown in the maerograph, Figure Z27. Figures 28 and 29 show the
edge and stracture after etching, at a magnification of 150 diaméters.
These two views show the edge on each side of the blow-hole seen at
the apper right-hand corner of the macreg:aph. The gurface towards
the end of the specimen on the section throug: the blovwhole is smooth.
The gurface on the other sgide, towards the middle, 1g galled. Figure
28 shows the edge towards the middle which is s layer of worked mestal
corregponding to the galled surface. Figure 29, taken on the other
gide, shows no layer. This condition corresponds to the smooth
surface. Fuarther, the surface at the center of the specimen on a
section through the blow-hole is smooth. The cross section of the
edge at this point is shown at a magnification of 150 diameters in
Figure 380. Figure 3l shows the same ares at a magnification of
400 diameters. _

from these observations it appears that 2 smooth mirror-bright
sarface is accompanied by a smooth, clean cut, edge with no layer

of worked metal. If galling has occurred 2 layer is formed. The



mechanism of the formation of this layer will be discussed later,
page 60 . Jordan and Rosemberg found in their work on oxide films,
nmentioned previously, that 2 rough film free surface was accompanied
by evidence of sevesre working, while a smooth filmed surface was
accompanisd by a structure only slightly distorted with no evidence
of severs working., The edge in the latter case anpeared smooth

even under the microscope.

The surfaces which ware gallsd were gquite severely wora in all
cases. Several specimens wsre chosen for metsllographic investiga-~
tion and will be discussed in the following paragranhs.

In Pigure 32, is shown a3 cross section of ring B-17 at a magni-
fication of 150 diemeters. This ring was sectioned through a galled
area where the material of the specimen, 0-19. had adhered to the
surface of the ring. At this particunlar section the bond betwesen
the two materisls is very noor. In Figure 33 isg shown the same area
after etching, at a mrganifieation of 400 diemsters. The adhered
material from the gpeelmen hag been seversly worked and is not
homogensous in siructure. The specimen and ring were run at s load
of 130 pouhds per square inch 2nd at a gpeed of 7856 feet per minute.
After test there wers seversl galled aresas on the ring where the
material of the specimsn had adhered to the surface of the ring.

Figure 34 is a macrograph of specimen WC-5 which was run st a
speed of 788 feet per minute. During the test on which this specimen
was last run, the load increaged to consideradbly more than 300

pounds per sqguare inch, which caused severe galling to take nlece.



B=-17 150X

Figure 32,

B-17 400X

Figure 33,
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WC-5 5X

Figure 34,

A

Figure 36,



The galled areas are clearly seen in the macrograph. Although the
regults of this test are not recorded in the tables, due %0 the
increased load, the specimen offers a good example of a galled
surface. The worn edge is shown unetched 2t & magnification of 150
dismeters in Figure 35. Surface cracks are clearly evident and one
large fragment has been worn away. The same area after etching is
shown in ?ignre 36. A layer of worked masterial appears on the
surface, and the characterisilc white cast iron structure composed
of grains of cementite and pearlite is geen below.

Specimen B-19 algo exhibits a gnlled surface, although it is
smoother than that previocusly discussed. A macrograph of the
surfzce of this specimen is shown in Figure 37. This specimen was
run at 2 load of 300 pounds per sguare inch and at a speed of 1180
feet per minute on ring B-7. The edge is shown unetched in Figure 38,
at a magnification of 1350 dismeters. Figure 39 shows the ssme area
after etching, at a mrgnification of 400 diameters. Hote that the
cementite and pesarlite grainsg have been deformed in the direction of
wear. A layer of worked metal is in the preliminary stage of form-
ation. Pigure 40 shows the layer at a magnification of 1000 diameters.
It is much thinner than that seen on specimen ¥WC-5 and did not appear
over the entire length of the specimen at this cross-section.

Specimen $t-3 which was run on ring B-5 at a load of 300 pounds
per square inch and at a speed_of 786 feet per minute, also appesrs
to have a galled surface, zs shown in Figure 41. The edge is shown

unstched in Figure 42 at a magnification of 180 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 1000X

Figure 40,
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St=3-A 150X
Figure 42,

St-3=B 160X
Figure 48.

St=3-C 400X
Figure 44,
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FA=2 5X
Figure 45,

B-24 5X
Figure 46.

B~24-A 150X
Figure 47,

B-24-B 400X
Figure 48,



ture after etching‘electrolytically in a 10% solution of NaOH and a
10% solution of HCl is shown in Pigure 43. Figure 44 shows the edge
at a magnification of 400 diameters. There is a slight indication
of a worked laysr and & higher magnification would have been desir-
able. This was impossible, however, due to the fact that the eleciro-
lytic etch is very severe and the edge was rounded off. Note that
the edge is not straight, but has a wavy character.

Specimen FA-2 wag galled during the test and the surface condi-
tion is shown in Pigure 45. This material was badly pitted when an
attempt was made to copper plate the specimen so that no photomicro=-
graphsfrere taken.

Specimen B-24 was run on ring WC-8 at a load of 300 pounds per
sguare inch and at a speed of 1180 feet per minute. However, the
gpeed increased to about 1300 feet per minute for a short period of
time before the specimen was removed. PFigure 46 shows the condition
of the surfsce after test. The edge is shown in Figure 47 before
etching, at a magnification of 180 diameters. Two very large surface
cracks can be seen in this view. In Figure 48 is shown the edge and
structure after eiching at a magnification of 400 dismeters. Here
again the deformation of the cementite and pearlite grains in the
direction of wear is clearly shown.

The eondition of the surfgce of specimen W(~-8 which was ran on
ring B-11 at a load of 300 pounds per sguare inch and at a speed of

1180 feet per minute is shown in Figure 49. The surface is very
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WwC-8-D 1000x

Figure 52.

WC-8-E 1000x

Figure 53,
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N-4-A 150X
Figure 55.

N-4-B 150X
Figure 56,

N-4-C 1000X
Figure 57,
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rough and badly galled. Figure 50 shows the edge unetched, at a
magnification of 140 diaéeters, and Figure 51 shows the same area
after etching. The contour of the edge is very uneven and a layer
of worked metal has formed. This layer did not appezr on the eatire
surface, as ig shown in Figure 52, where the grains have been cutl
evenly. In Figure 53 is shown another area where a layer 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 788 feet pesr minute. The galled condi-
tion of the surface is shown in Figure 54. The edge, unetched, is
shown in Figure 55 at a magnificatidn of 150 diameters. HNote that
there are several surface cracks which run approximately at right
angles to the edge. Figure 56 shows the structare after etching, at
& magnification of 150 dismeters. The structare appears to be quite
different than that of ¥-2, which was shown in Figures 24, 25, and
26. There are not as many hard nitride needles in the structure of
N-4 as there are in N-2. Figure 57 shows the structure at a magnifi-
cation of 1000 diameters and shows evidence of & layer of worked
material. This layer extends over the entire length of the specimen
at this section.

The surface of specimen F-2 was also galled, as isg shown in

Figure 58. The specimen wag badly etched in the copper plating



C=-19 5X

C-19-A 150X
Figure 60.
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¢-19-B 150X
Figure 61,
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St-2 5X

Figure 63.

FA-1 5X

Figure 64,



WwC=-2 5X

Fig\lre 65,

WC=-2-A 400X

Figure 66,



process, 80 it was nolt examined under the microscope.

fost of the.grey cast iron specimens were ridged to some extent
depending wpon the conditions of the test. Specimen (~13 is a typical
example. The surface after tcst is shown in Pigure 59. The edge and
structure are shown at a magnificatioﬁ of 150 diameters before and
after etching in Pigures 60 and 61, respectively. Hote that one
{ragment has been lifted from the surface and that another has been
worn away. The structure is typical of a2 grey cast iron and consists
of ferrite, pearlite, and graphite.

The grey iron specimen (-8 which was run on ring B-20 at a load
of 155 pounds per square inch znd at a speed of 786 feet per minute
was ridged after test, as shown in Figure 62. ¥o photomicrographs
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 z worked layer. The structure was very dirty and fine
grained.

The stellite specimen $t-2 and the #Plint Alloy® specimen FA-2
were also ridged after test, as is shown in Figures 63 and 64, respec-
tively. 1t was not possiuvle to plate these specimens with copper with
the facilities available, so no microscopic investigation wasg made.

The white cast iron specimen WC-2 was run on ring WC~-2 at a load
of epproximately 450 pounds per sguare inch and at a2 speed of 786
feet per minute. After test the surface was ridged, as is shown in
Pigure 65. After etching nc worked layer was visible. The grains were

cut cleanly, as shown in Figure 66 at a magnificstion of 400 dismeters.



E=5 5X
Figure 67,

i

E-5«B 150X
Figure 69,

E-5-C 400X

Figure 70,



58,

E-6-A 150X

Figure 72,

E-6~-B 150X

Figure 73,
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Specimens E-5 and E~6 were run simultaneously under the same
conditions. They were run against rings B-21 and B-22, respectively,
at a load of 300 pounds per gouare inch and at s speed of 785 feet
per minute. After test the surfaces were ridged and galled, as shown
in Plgares 67 and 71, The edge is shown unetched in Figures 68 and
72 at a megnification of 150 diameter;. The rough eharscter of the
surface is clearly seen. Pigure 69 shows the edge and structure of
specimen.E-S after etching at a magnifieation of 150 diameters. The
typical grey iron structure is evident and a thin layer of worked
metal can be geen. The same area at 2 magnifiecation of 400 dismeters
ig shown in Figure 70. The strueture and edge of specimen E-6 after
etching is shown in Flgure 73 at a magnification of 150 diameters.
This specimen also exhibits 2 layer of worked metal. The appearmnce
of the surfaces and the structures of theﬁe two specimens is practi-
cally the same.

Ag mentioned earlier, page 22 , the wear factor for this material
running on "B metal, as determined from the tests with these two
specimeng, wag very erratic. E-~5 had a low wear factor and E-6 had a
higher factor. Since there appear to be no structural differences,
thig phenomenum can probably be explained by the fact that the
critical load for this combination at a géeed of 786 feet per minute
is esbout 300 pounds per square inch. Therefore any slight variation
in the conditions of the test will greatly affect the wear factor.
The large variation in wezr factor for small variations in load near
the critical pressure has been shown for grey cast iron running on

"B in the curves of Figure 7.
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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 ¥A" gpecimens running dry on "A" rings. The wear
factor was very high and the machine did not overate satisfactorily
for this type of test. The surfaces of the specimensg are interesting
and are shown %o be covered with cracks. The test was made at a
load of 300 pounds per square inch and at a speed of 393 feet per
minute. Figare 74 is a macrogrsph of the surface and shows numerous
surface cracks which run perpendicular to the directicn of wear.
¥igures 75 and 76 show a cross section of the edge and surface at a
megaification of 150 diameters before and after etching, respectively.
The peunetrating cracks are clearly vigible snd no worked lasyer can be
geen,

Hature of ithe Worked lLayer:

In the following parsgraphs the nature of the layer of worked
material which appears on several of the specimens discussed above
will be considered in detail. It must be remembered that these
saterials 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 herd. Hach of these phases may have present in
solution some alloying element or elements, but the general character-
istics will be unchanged. {onsidering the specimen of unalloyed white
cast iron, WC~Z, shown in Figures 34, 35, and 36, a layer of worked

material is seen on the edge. This layer is quite thick and shows
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evidence of considerable working. Since only iron and iron-carbide
are present as constituents of the material, this layer must be
composed of one or both of these unless it iz a8 film of some foreign
substance.

Other investigators have found oxide films on the surfaces of
worn specimens which were tested in the Amsler machine with relling
wear. The tests of Jordsn and Hosenberg (5) bave been mentioned with
regard to this phenomena. Hax Fink (5) states that oxide films do
not form when metal to metal contact occurs or when sliding wear takes
placé if the load is above =zbout 5 pounds per sguarefiach. When these
cenditicns exist, the mechanical removal of partlcles takes‘place and
no film can form. Further, these oxids films have been observed to be
only about 0.C086 millimetars thiek, while in the present cnse the
layer is aboubt 0.050 willimeters thick. It seemg rather improbable,
therefore, that the layer is an oxide film.

Experience hag shown that iron-carbide is very brittle and hard.
Therefore, a layer of worked iron-carbide sesms rather improbable, at
firet thought. However, experimenis have been performed with bristle
materizls in which the brittle material has been made to flow in a
plastic manner. For instance, marble was tested in compression when
subjected to hydraulic pressure (52). 1t was shown that materisls
which f2il in & brittle maznner under an ordinary tension or compression
test act as a soft duectile material when subjected to test under

bydrsulic pressure. It is also knowa that materials which fail in s
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WC=5-F 400X

Figure 77,

WC-5-R 1000X

Figure 78,

WC=5-M 000X

Figure 79.
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brittle nature vhen subjected to rapidly epplied loade will deform
plagtically when subjected to sven moderate pressure over g long
period of time.

¥ost of the wear tests under consideration required a long periced
of time. 1In many cases the travel was over one millicn feet. In addi-
tion to the normal load between the surfaces & shearing force existed
which wae the result of the sction between iwo surfaces in contact.
The continual sction of the foreces sxisting at the surfaces cszused
the grains of cementite and pearlite to deform. For example, in
Figares 13, 38, 2nd 48, it is clearly seen that the greing of iron-
carbide and pearlite have heen bent in the direction of weer. The
more ductile constituent, pearlite, helped support the graing of
cementite on 211 sides. In view of these observations, the fact that
cementite is brittle in most ceses does not mean that it cannot flow
in & plastic nmanner such as occurs in the formation of the layer under
consideration.

The third possibility as to the compbsition of the layer ig that
it right be composed of ferrité. In cast iron of this composition,
all of the ferrite present has been precipitated simultaneously with a
portion of the cementite present to form eutectold pearliite. Therefore,
no free ferrits should be present.

in Pigures 39, 48, 77, 78, and 79, it apuears that the more ductile
pearlite grains heve been squeezed oul from between the cementite

grains. Some of it is trzvwped in the layer which forms snd some is
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WC=-5-G 400X

Figure 80.

WC-5-H 400X

Figure 81.
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WC=5-K 3000X
Figure 83.

s6a€0 vy A
4‘1'7’,"6[N‘ PG

‘9':»

eR o 7
B8 Ltk Sty A

\IQ

WC-11 X-Ray Powder Pictures

Figure 84,



67.

forced to the surfacershere it ig swept away in the process‘af wear.
Figure 80 shows a portion of the layer of w&;ked material which is
shown in Pigure 368. At this magnification, 400 diaéeters, it is
clearly seen that the layer is a banded structure showing evidence
of considerable working. An etching éolution of boiling alkaline
sodiur picrate attacks the carvides and does not affect ferrite.
Carbide rich areas will be darkened and ferrite rich areas, such as
pearlite, will appear light. Figure 81 shows the area of Figure 80
after etching in the above mentionéd gsolution. The grains of
cementite and the layer of worked material have been darkened while
the pearlite hss been only slightly attacked. Figure B2 shows
another area at the same ma/mification and with the same etch.
#izure B3 shows a portion of the layer at a magnification of 3000
diameters. The ground mass appears to be ironm carbide in which are
many small grains of pearlite. The grains of pearlite are egui-axed
which suggests that recrystaliization has taken place. This does not
seem unreasonable because it is known that cold working will lower
the temperature at which recrystallization will take place. The
greater the deformation and severity of cold working the lower will
be the recrystallization temperature.

Farther proof as to the identity of this layer was felt necessary,
so X-ray methods 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 sarface. 1In this way the powder methed ecould bhe
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used to determine the constituente present. The specimen used in
this investigation wag white east iron, ¥0-11, which had run on ring
WC~9 at a load of 300 poundes per square inch and at 3 speed of 1180
feet per minute. The specimen was mounted so that the X-ray beam of
Mo-K X 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 p;esent in this layer were alpha iron, Fe-X, and iron
carbide, FezC. However, if the layer was an oxide film, FeO, Fe,0g,
or Fez04 might be present. These various constitusnts were the
possibilities which might ghow up in the powder picture. The
"Strukturbericht" by P. P. Ewaldland C. Herman gives the crystal
structure of each of these materials so the positions of the reflec-
tions on the film for all reflecting planes could be determined. This

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

The values of @ = 1? are listed for all reflecting planes for each
material up to value; of & = 45°. TFrom the powder picture the value

of @ can be determined for each reflection by the relation @ = 4 singeﬁkz.
By comparing the values of Q which were obtained from the picture with
those calculated from the lattice constants, any reflection could be
identified. Three pictures were taken. W¥W(C-1ll-l and WC~11l-3 show the
reflections obtained when the_be m was directed at the layer. W0-11-1

was exposed about 48 hours aznd ¥(C~-11-3 was exposed about 81 hours with

Ho-KN radiation. A metal tube would have been very desirable in
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order to shorten the time of exposure and increase the intensity of
reflections, but none was availsble. WC-11-2 was exposed about 81
hours and the beam was directed at the back of the specimen on which
there was no layer of worked material. The glancing angle and other
conditions weres as nearly the same ag possible.

Due to the faet that some of the refleciions appearing on the
film were faint and others were broasd, the scecuracy of measurement
was not very good. However, several reflsctions were without a
doubt due to the iron carbide. On films W0-11l-1l and #(C-11-3
reflections were obtained from both films from the following planes
of iron ecarbide; 003, 103, 122, 114, and 125. YThere was some doubt
atout other reflections, but these are sufficient to show that the
layer contasins iron carbide if these reflections are from the layer.
The intensity of reflection from planes below the surface rapidly
diminiches with the depth. For iron, planes at a2 distance of ten microns
from the surfsce in the direction of the beam wiil reflect with only
one~half the intensity of planes on the surface. Since ¥eg( has about
the seme density as iron, the absorption will be 2bout the same. The
thickness of the layer at the section on which the X-ray beam was
directed was about ten microns. The beam, however, intersected the
gurface at an angle of not more than about 15¢. Therefore the distance
travellsd by the beam in the layer was considerably more than ten
microns, and the reflections which appear on the film are guite surely
to be from the layer and not from the material below. Th=srefore, it

is quite certain that the layer does contain FezC. In addition, a
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400X

WC=11-A

Figure 85,

1000X

WC-5-X

Figure 86,



reflection =as obtained from the 110 plane of alpha iron, =nd other
refleciions from Fegl although some of the latter did not appear on
hotﬁ films. On the back of the specimen where no layer was present,
reflections were oblained from the same planes of Fe,U as were listed
on WG-ll-l and Wl-ll-2, In addition to the reflection from the 110
plane, reflections from the 200, 211, and 220 planes of alpha irom
were obbained. More alvha iron ;eflectiﬂns were present 2t greater
angles, bub they were not indexed. By comparison of film ¥0-11-2
with Wo~11-3 or 1, Figure 84, it csn De seen that there are many

more iron lines in the former than in either of the latter. This
shows that the layer is richer in iron carbide than the varent
material. Although the accuraey of the Z~ray snclysis is comewhat
limited, it seems guits evident that the layer is composed of iron and
iron carbide, and that the irom is pregent in less amount then on the
back of the specimen. Thig checks thé conclusions that have been
drawn frow the metallographic study.

After the X-ray analysis was completed the spscimen %as platea
with copper and prepared for metallographic investigation. Figure 85
shows the structure and the layer at the section which was cut by the
A=ray bean.

The relative hardness of the microeconstituents and the lzyer of
specimen %¥0-5 was determined by the scratech width method. The
specimen was scratched with a diacond point subjected to a load of
about 16 grams. The width of scrateh was measured with a filar nicro-

meter on the microscope. Figure 86 shows the scrateh after test at a
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nagnification of 1000 diameters. The width of the serateh in the
layer was 4.2 microns, in the cementite 3.8 microne, =nd in the
pearlite 8.5 microns, Thig shows the layer to be almost as hard
as the cemepntite grains and much hérder than the pearlite. TFor
discussion of the relation between the widih of scratech and the
hardness, see pege 75.

Summary:

In this investigation the relative merits of seversl materials
to resist wear under particulsr conditions have been shovn. IR
metsl "B® has been shown to possess vearing gualities superior to
meet of the common vear resisting materials. Some relatlions between
wear end load st different speeds have been shown for gray cast iron
running on "B",

A metallographic investismtion hec beesn made and the stractures
accompanying the varicus surfsce conditims have been discussed.
Those surfaces which are smooth after test are apparently accompanied
by 2 stracture whick ic not distorted. The edge is clean cut and
smooth ceven under the mieroscope. If gslling has occurred, 2 layer

of worked metsl appears on the edge. This laver in the case of white
Lt & 3

;

cast ircn is couposed of ironemrbide interspevsed with small grains

L,

cf pesrlite. The layer shows evidences of severe working apd
alstortion. It appears that during the process of wear, the softer
pearlite greins have been squeered from between the cementite grains.

If they resach the surface they ares rubted off by the other wearing
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surface. If they do not reach the surface, they are trapped in the
layer of worked carbide. The layer has been shown o be richer in
carbide than the parent structure of the specimen. This layer of
hard earbide is of about the same hardpess as the carbide grains

of the parent metal. In thqﬁiteraturé which was reviewed no
mention wasg made of & layer of worked esrbide such as this investi-
gation has revealed. Most of the work which bag been done has been

on gray cast irons and steels.,
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PART II. SCRATCH INVESTIGATION

Introduction:

In studying 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. Appérently the action ig that of
plowing a groove in the wearing surface. ZEven those specimens
which were swmooth and mirror bright showed evidence of ridging in
the direction of wear. Such observations indicate that the action
of a hard point on the surface which may duplicate this plowing
sffect might reproduce the conditions existing in actusl operationm.

Wear may bDe considered as the removal of material from the
wearing surfaces. Such action implies the sbsorption 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 absorbsd in this process would lead to some correlation with
the wear resistance. An attempt has been made to devise such a
method. In essence, the method congists in wusing a diamond which
makes 2 scratch in the material being tested.

It is zppsrent from 2 search of the literature that considerable
work has been done on seratch methods in attempting to find a simple
method of hardness testing., It has been known for some time that

the relative wear resistance of materials is not a2 function of the



penetration hardness. However, it seems reasonable that there might
be some correlation batween serateh hardness and wear resistance.

Vo definite correlation has bsen made between these propertiss wup

to the present time.

Perhaps the oldest methed fpr determining sceratch hardness is
that which regulted in ¥ohs scale of hardness. Here the various
materials are arranged in such a way that a given substance ig
scratehed by all of those minerals above it and not by those below it
in the table. This method of hardness measurement has been taken
over by the mineralogist, but has found very little, if any,
spplication in engineering. The difficulty of distinguishing
between a merk and a true scratch often leaves doubt as to the
accuracy of this test. The load applied to the scratching member
is a variable which should be controlled. Alsoc, the intervals
between the various minerals listed in the %ohs gcsle are guite
different. Recently in a paper presented before the Electrochemical
Society, Ridgway, Ballard, and Bailey (40) have included a modified
lohs scale in which some electrochemical products have been 1n§é;ted
to fill in the gap at the hard end of the scale beiween sapphire
and dismond. Their tests were made with a definite load on the
seratching point which was of a definite shape.

A selerometer devised by Turner (41) and modified by Hartens
{42) employed a diamond point which was forced over the surface

being tested. The width of seratch produced by a given load,. or
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the load reguired to produce a scrateh of a given width was taken

ags & measure of the hardness. A micro-sclerometsr was devised by
Jagegar (43) for determining the hardness of the micro-constituents
of roecks and minerals. Boynton (44) used this same method to
determine the hardness of the variogs constituentis of iron and
stecl. Some of the most notable work on this method of hardness
testing has been done by C. H. Bierbaum (45, 46, 47, 48). He
developéd an instrument which he c¢alls the "Microcharacter®. A
dismond point is employed which is caused to move ascross the surface
being tested under a given load at a2 definite speed. The Micro-
character is really a laboratory instgggent and has not been accepted
ag & commercial msang for hardness tesiing.

So far no mention has been made by sny investigators of
weasuring the scratching force or energy, or of making direct
correlation of their results with wear resistance.

The results of these investigations have shown that the best
shape of the scratching point is that of the cormer of a cube with
the diagonal perpendieular to the surface being seratehed. The
intersection of two of the faces forms the leading edge of the
cutting point.

An attempt was made by Dr. Donald S. Clark to find a relation
between the width of scrateh made by a diamond and the wsar test

results. The diamond used in these tests was slightly more blunt



77,

Figure 88,
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than the corner of a cube. The three interfacial angles were found
to be 101¢ 50', 98% 36', and 104°¢ 4&' instead of S0¢.

4 gimple method of supporting the specimen to be tested and
mounting the diamond was set up on & small lathe, as shown in
Figure B7. The diamond was mounted in & threaded fitting, A, which
in turn was placed on the end of a pliece of gpring brass, B. The
spring was fastened to a beam, O, supported by a ball bearing, D,
on the tail stock of the lathe. The specimen, E, was clamped in a
special helder, ¥, on tﬁe ecarrisge of the lathe which was moved
awvay from the tail stock at a rate of 0.0023 inches ner second. The
beam was loaded with an appropriate weight so that the diamond
pressed on the surface with a foree of six grams. The beam was
maintained in a level position by adjusting the height of the
gpecimen. It should be noted that the axis of the diamond is not
rerpendicular to the surface being scratched.

The width of scratch was messured with 2 filar micrometer at
a magnification of 1380 dismetérs. It was found that the width of
seratch depended upon the constituent through which the diamond
pasgsed, =2s is shown in Figure 88, In the case of a gpecimen whose
structure is comnosed of more than one micro-constitwbnt, the
scratch width was taken as the statistical average of the widths in
snch constituent. This value was obtained by determining the per-
centaze of total area covered by each constituent. Some difficulty

was encountered in determining the statistical average width of
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scrateh in gray cast iron due to the presence of graphite flakes.
The value taken for this material was the width in the matrix. The

results of the determinaticons are shown in Table IV.

TABLE 1V, STATISTICAL SCRATCH WIDTHS

aterial Width of Scratch, Microng
Heat Treated Cast Irm E-20 4.5
IR Metal B-4 4.6
Case Hardened Steel CH- 5.1
IR Hetal A-D 8.5
¥hite Cast Iron We-13 5.8
Stellite St-4 6.1
Ni,Cr,¥o Cast Ivon P-23 6.8
Plain Cast Iron C-21 7.8

It would be expected that the softest materisl would have the
greatest width of scratch, and that probably the most wear-resistant
material would have the narrowest. The table above gives the results
in order of increasing width of scratch or in order of decreasing
wear resistance, as would be predicted by this method. From the
results of the wear tests, the materials are arranged in the following
order when running on themselves: B, %, N, CH, and St. In the wear
tests ¥ was notably inferior-when running against other materials,

although no data was obtained for E running on itself. It is apparent
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that the scratch width resulis do not show any correlation with
the wear resulis, in fact, & and W0 are far from correlating posi-
tions in the list.

In view of the fzmect that no correlation could be obitained
between the width of scrateh and the wear results, it was decided
to consider the energy required to scrateh.

Theoretical Considerstions:

In order to obtain valuss of energy, it is necessary to consider
the nature of the energy involved in the scratching process. Energy
or work is the product of a force times the distance through which
it sets. In this cage it is the foree resisting the pull of the
dismond times the distance through which the diamond moves. It is
desirable to refer this energy to 2 unit volume of materisl since
for greater loads on the diamond point deeper scratches will result
and more material will be removed. If the dismond point is ground
to the shepe of a corner of a2 cube, and the intersection of two of
the faces forms the leading edge with the diagonal perpendicular
to the surface being tested, the depth of cut is proportional to
the width. Thie has been checked experimentally by Biecbaum (47).
The cross-sectional area removed will, therefore, be proportional
to the square of the width, and the volume removed will be propor-
tional to the square of the width times the length of travel. The
work, Or energy, per unit volume ig then proportional to the force

divided by the square of the serateh width, i.e., B f£/w2. "g% ig
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the energy required to scratch per unit wvolume of material, #f® ig
the force reguired to scratech, znd "w" is the width of scrateh
produced by the diamond point.

Apparatus:

Considerable experimentation éas necesgary before a suitable
means of measuring the force required to scratch was obtained. The
first’attempt was made by supporting the specimen holder on balls.
To each end of the holder was fastened a thread carrying a pan, ss
shown in Figare 89. A microscope was set up to observe a mark on
the holder. The specimen was moved under the diamond in the same
manner as was previously described in the discussion of Dr. Clark's
work. The forcé resisting the motion of the diamond over the
surface of the specimen was measured by placing the correct weight
in the weighing pan so that the holder remasined in approximately =a
fixed position. The difference in weights balanced the foree
required to scratch. The procedure was found to be very difficult
and little difference could be detected between different materials.
The system was not sensitive, probsbly due to friction, and was,
therefore, discarded.

In order to determine the force more accurately, an induction
bridge cireuit was constructed. This ig shown schematically in
Figure 90. The oconstruction of such an instrument is very critieal.
The proper number of iturns on the ceil, the proper shape of the pole

pieces, and the proper voltage must be obtained. This instrument
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Figure 92.
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Figure 95,
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was also not sensitive enough, probably due to its design and
congtruction. It was replaced by 2 megnstic circult, which is shown
in Figare 91. This circuit is the same ag that used in old magnetip
loud speskers. The results with this instrument were satisfactory
when the load on the diamond point was less than about 23 grams.
The deflection limit of the instrument would not allow greater
load35

The arrangement is shown in Pigures 92 and 93. The specimen,
A, is clamped in the holder, B, which is bung from an overhead
support, C, by threads. The diamond, I, is mounted as in the
previcus cases. The speéimen wag attached by means of the com-
pression link, E, to the beam, P, fastened to the armature of the
magnetic coil, G. Vibrations were held {0 2 minimum by means of
the 0il in the pen, H, which was in contact with the holder, B.
The deflection of the beam induced z current in the elesctrical
circuit whieh wag measured on the multimeter. The force measuring
device, which is shown in Figure 94, was calibrated by means of a
gpring, A, which was connected through the balance wheel, B, and a
tengion member, C, to the beam, D. A close-up of the testing
equipment may be seen in Figure 85 and a gensral view of the
machine in Figure 96.»
Procedure:

Each specimen was carefully polished as for metallographic
exsmination and then etched with 2 suitable reagent to bring out the

miero-structure. The specimen wag then placed in the holder and
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moved into place under the dizmond which was lomded with an
appropriate weizht. The carrisge was moved under the diasmond at
a speed of 0.0023 inches per second. The speed was the same for
all tests. When the seratch was completed the carriage was
returned to the original position and shifted for a new scratch.
4 bigher load was applied to the dismond and another scraich was
made. The process was repeated for loads of 2.7, 6.0, 9.5, 12.9,
18.3, and 23.1 grams on the point of the dismond.

While each scrateh wvas being made, the wmaximum, mivimum, and
average value of the force was observed on the multimstey which
was read in micro-smperes. It was fouwnd that with losds below aboub
12 grems on the diamond point, large fluctuatlons occurred in the
meter readinge, and the scratch showed evidence of Jjuuping., This
produced & non-uniform gerstch widih and made the determinstion of
the serateh width very difficult. Jurping did not occur when loads
above 12 grasms were used. Higher loads than reported would have
been desiranle, bul were impozsible with the dsilection meter used.

The gpeecimen was placed under the microscope and the width of
scratech was measured with a filar micrometer. %With the lower losds,
conslderable difference was observed in the width of scraich in the
different constitusnis. Therefore, 2 gtatisticsl sversge was taken
to obtain the average width of scrateh. For higher loads this
methiod of averaging was not necesssry as greater uniformity was

observed in the width of the scrateh.
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The force measuring mechanism was calibrated at intervale
during the testing, and the calibration for the curve given in
Figare 100 was mude vefore run 53 and after run 56. The ealibra-
tion was accomplished by means of a spring mounted as shown in
Pigure 94, which in turn was calibfated by weights.

After the tests were completed, the point of the diamond was
observed under the microscope and was found to be rounded off,
which indicaied that wear had taken place on the diamond. For
such & conditicn the depth of cul will not be proportional to the
width, and the energy will not be proportional to that calculated
from the relation given above. This will invalidate the results to
gome extent, although the genersl itrend of conclusions may be
unchenged. In work of this kind the dismond should be sharpened
when necessary in order to obitain sccurate results. MNo facilities
were available for doing tkis in the laboratory.

Materials:

Ten difierent materials were used in these tests. Bight of
them were also investigated in the wear tests which were discussed
in Part I. 1In addition; a specimen of armeo iron and a specimen'
of instrument brass were tested by the scratech method., These
materials ard their analyses, where known, have been listed in
T-ble I af Part 1. The analyses of the armco iron and the

instrament brass sre not known.
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Besults and Discussion:
The original and computed data for this investigation are

reported in the appendix. The relations between the load, width
of scrateh, and force required to scratch are shown in Figures
97, 98, and 99. The relation between the energy and the load is
shown in Figure 101.

In Figare 87, which shows the relation between the width of
gcrateh and the load on the point of the diamond for the several
materisls tested, it is apparent that the softer materials are
at the top and the harder msterials are below. From top to bottom
they are arranged in the following ordsr: brass, armco iron,
cast iron (C-12), case hsrdened steel (CH-B), white cast irom
(90-13), stellite (St-4), IR metal (4-5), nitrided nitralloy (N-2),
and IX metal (B-4).

In Figure 98, woich shows the reiation between the force
required to scratch and the load on the diamond, the softer
materials are to0 the left and the harder are to the right. In
order from left to right, they are arranged as follows! armeco,
brass, cast iron (C-i9), case hardened steel (CH~8), white cast
iron (WC-13), IR metal (A-5), IR metal (B-4), nitrided nitrslloy
(5-2), and stellite (St-4).

It is evident from these two sets of curves thatl the order is
different, and that within each set the curves are not sgimilar in
form. At higher loads the resaultis are more uniform, whiech

indicates that if even higher loads were possible, more uniform
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resultis might be obtained. In their tests on the hard electro-~
chemical preducts, Ridgeway, Ballard, and Bailsy found that the
values of width of scrateh for losds less than 50 grams were very
erratiec. Their tests were made with loads ranging from 50 to 600
grams and a new point was used for easch test. They used a diamond
point which had interfacial angles of 120 degrees. In the present
work higher loads were impossible because the beam in the megnetic
bridge was not sufficiently rigid to withstand higher forces,
Higher loads would 2leo cause grester wesr on the diamond point,
which would necegsitate fracuent lapping. It is apparent that if
higher loads were used, an order different from that stated might
be obtained.

Bierbaus stated in one of his papers (48} that the width of
scrateh increased as the square of the load. Briggs and Williams
{49) and Ridgeway snd associates {40) found a linear relation
between the load and the widih of serateh. The former workerg
found that the width of scrateh with & sixz gram load on different
materials was from 1.7 to 2.1 times the width of zcrateh with a
three gram load. Ridgeway and associstes Tound & linear relation
vetween %the width of scrateh and the load. However, their loads
were mwach higher than thoss of Briggs amd ¥illismg. Heferring to
the curves in Figure 397, it is evident that at the higher leads
the relation is aporoximately linear.

Fo comparison can be made with the results of other investi-

gators in regard to the force load curves because no literature
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wag found on this phase of the problem.

In Pigure 99 curves are shown which give the relation between
the force and the width of seraten. The softer materials are at
the top and the harder below. The order from top to botiom is as
follows: brass, armeco, ecast iron (C-19), stellite (8t-4), IR
metal (A-5), white cast iren (§G-13), nitrided nitralley (¥-2),
and IR metal (B~4). The curve for case hardened steel (CH-6) is
erratic and has not been included in the arrangement given above.
It is seen that for the harder materials the force inereases 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. Thse curves for nitrided nitralloy, white easi iron,
I8 metal "A", and stellite are approximately linear for the higher
loads. As was stated previously, thqénergy per cubic centimeter
required to seraich is proporticnal to the quantity 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 trme if the dismond is sharp and correctly
ground to the shape of a corner of a cube. In case the diamond has
become dull, the depth of scratch will not increase in proportion
to its width. This means that for the same width of scrateh, the
area removed with a rounded point will be less than that removed

with 2 sharp point. Kot only will the area of material removed be
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different than assumed, buat further error may be introduced in the
energy calculations due to the difference in force regquired to
seratch. Let us assume, for example, that the diamond has a
rounded point and that we shall use the relation that the energy
is proportionsl to the force divided by the width of scratch
squared. If the material is one which shows only slight differ-
ences in width with changes in load on the diamond, gmall differ-
ences will be found in the energy calculations. However, if the
naterial showse large differences in widtk of scratch for various
loads, the differences of the squares of these widths will
introduce large differences in the energy calculations. It is
also appsrent that the force determinations will depend upon the
shape of the diamond point, and, as the point becomes more blunt;
i.e., rounded off, during 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
figares result in the erratic curves in Figure 10l.

It mast be emphasized that the accuracy of the data obtained
in these scratch tesits is poor, partly due to the limited
facilities at hand. 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 device. However,
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the results indicate that with higher loads and perfeet diamond
noints & relation might be obtained between the wear resistsnce

and the energy reguired %o scrateh the material,
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CONCLUSIORS

The research has shown the relative order of sliding wear
resistance of some hard alloys and combinations, as is shown in
Table III on page 26 . It has shown some relations betwsen the
load and the wear factor for gray cast iron running on IR metal
"B" st various speeds. These relations are ghown in Figure 7 on
page 23 . A metsllographic investigation has shown that for sliding
wear under the conditions of these tests, & smooth surface is
accompanied by a smooth, clean-cut edge, with practically no work-
ing of the material at the surface. When the conditions are such
that galling occurs, a layer of worked material is formed, which
in the case of white csst iron is composed of irom carbide and
ferrite. This layer iz richer in carbide than the parent struc-
tare and is almwost as hard as the cementite grains, as determined
by the scratch method. By the formation of this layer, the hard-
ness of the surface as a whole is increased, although 1t may be
rough. %his may or may not be advantageous in a particular
application. Any short time test will not be able to fully predict
the effsct of such a layer on the actual wearing 1ife of a parti-
cular application.

The nature of the surface condition is important in its effect
on the wear. This fact has been realized by other investigalors
and hag been emphasized by the present research. An extremely

smooth surface condition before test will give » very low wear
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factor. For the same conditions of test, the wear factor will be
high if the surface is rough.

The serateh investigation has been primarily of a preliminary
nature. The facilities were extremely limited and the results are
of guestionable value. The walue of the investigation is in the
presentation of a new method for testing a material in order %o
obtain 2 measure of its wear resistance. This method is limited in
its application because it measures a quality which the material
possesses at the time of iesi. The test determines an intrinsic
oroperty of the material under consideration. From such a test,
nothiﬁg can be said as to how the material will act when worn
against another material. Any beneficial effects due to cold
working during the process of wear will not be ghown in the scratch
method. At the present time, the facilitieg which are necegsary
in order to gatisfectorily perform the tesis are too expensive
and delicate to warrant extensive use.

In Table IV is shown the order of the various materials invegti-~
gated arranged according to the method of test. The firgt coluan
shows the order of decreazsing wear resistance, for materials wearing
on themselves, ag determined by the wear tests. The second column
shows the order arranged for increasing width of seratech. as
determined by D. S. Glark. The next four columns show the orders
obtained from the curves shown in Pigures 97, 98, 89, and.1l0l1.

These curves are discussed on page 96. The last coluen shows the
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order when the materials are arranged according to decreasing

Diamond Brinell hardnesgs, as determined on the Honotrone machine.

TABLE 1V,

Wear Width Width Porece . Width Hardness
Tests (Clark) vs. ve. vs. Energy lionotrone
Load Load Foree
B B B 234 B B w
%0 B ] ] N N B
W CH A B we we CH
CH A 8% A A A A
St ¥eC WG WO St st St
3t CH CH ¢ %G
F ¢ c Armeo c
¢ Armeco Brass Brass Armes
Brass Armco Brass

The order as determined by the wear test results and the energy
method is about the same. The exact position of "HY in the ensrgy
column is somewhat doubtful, due to the fact that the energy curve
for this material crogses the others. The position of "CH" comld
not be determined because the energy curve was very erratic. The
wear value at this speed and load; namely., 786 feet per minute and
300 pounds per square inch, was not detemined for "AR. Although
a definite correlstion has not been obitained between the resulis
of the two methods, the order of the wear resistance ss determined

by the two methods is quite closs.
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APPENDIX



Run No.

No.

No.

No.

No.

No.

No.,

No.

No.

No.

No.

15.

17

18

19,

20,

22y

No.23.

105,

Original Remarks on Wear Tests

The first eleven runs were preliminary'runs..

"B" specimens were run on "B" rings. The specimens
were worn considerably. They had galled and were burnt
on the edges. Small chips fell from the edges during
the test. The unit pressure was too high. Run #13 was
the same so was combined in the data as run #1lZ.

The same specimens were used as in run #12 so
that nothing could be said as to the affect of the press-
ure on galling, however no further galling is apparent.

" The friction moment was very steady.

The same specimens were used as in runs #12 and
#14. The friction moment was quite steady but not as
perfect us in run #14.

Grey cast iron specimens were used., Wear was ex-
ceedingly high., Wearing rings were rubbing on the copper
specimen holders at the end of the run, :

"A" specimens were used on "A"™ rings. A very long
wearing in period was necessary. There was no galling.
The surfaces were mirror bright and the friction moment
was very steady.

Same conditions exactly as in #17., The specimens
were bright and shiny after wear.

Same as #17 and #18.

Same as #19. These runs were made for a check on the
wear values.

"B" specimens were run on "A" rings. Very little
wear took place causing a long wearing in period. The
friction moment was so low that it could not be measured
on the machine., There was no appearance of galling.

Same set up as in run #21. At the end of this run
there wae a very slight indicatlon of galling on B-l2,
Thés specimen did not wear evenly so that the pressure
was greater than 300 lbs./in?, B-11 was smooth and shiny.

Same as #22 except that the¢ lo:zd was increased to
600 1lbs/in2, There is still no evidence of galling on
B-11l, although the metal seems to have been pulled along
over the surface., B-12 did not wear over the whole sur-
face, &and there was one area which had galled.
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Run No. 24. The set up was the same as for run #23. B-1ll showed
no indication of galling. It was very bright and shiny.
B-1Z had worn on only a little more than one half the
surface, There were two arecas which were galled.

No. 2 5. Same set up as for #24. B-1ll had galled slightly.
The surface was ridged and not as smooth as af'ter pre-
vious runs. B-12 had continued to gall-during this run,
The galled area was larger,

No.26. Ring A-1 which was used in previous runs was used
in this test for one wearing surface. It was only slight-
ly worn and the surface was smooth. Ring A-4 was a new
ring. Specimens A-3 and A-4 were new specimens. The
friction at the first of the run was lowest and most
evem. After the run progressed for a short time the fric-
tion moment became very uneven and the loading beanm
vibrated excessively. The runs were unsatisfactory for
this reason.

Both specimens galled quite badly, although the app-
earance of the surface is different than when the spec-
imens gall in distillate. There are a great many cracks
on the surface which are at right engles to the direc-
tion of wear. Phe specimens have been very hot &t the
edges as evidenced by the blue color. The cracks on the
surface are probably due to heat.

In regard to the low coefficient of friction at
the beginning of the runj it is probable that this is
the true coefficient between the metul surfaces. As soon
as the dust gets between the surfaces, the friction
noment becomes fineven and the friction is higher.

The fiiction dust is a black powder in which there

i are many small shining particles.

No. 27, The rings and specimens appearcd much the same as
after run #26. Ring A-1 cracked during the test. Also
during this run the load increased considerzbly for a
time. Jhis was caused by the fact that the loading beam
vibrated very much and the operator was not aware of the
incresed load for several minutes. This would cause the
wear to be greater by some unknown amout for this run.

It can be concluded from these tests that dry
conditions on this metal with this machine are very un-
satisfactory.

No. 28. In this run after about 130000 feet of travel, the
friction moment was so low that the value of the coeff-
cient could not be determined. The spetimens wore on
only about one half of the surface, thereforc the unit
pressure was estimated at 700 1lbs/ink. There was no
indication of galling and the surfaces were mirror bright.
The wear was greater on the inside surfuces of the gpecimens
and the edges were blue from heat. On these ecges chunks
had fallen out as in the cuse of those tested at 1000 lbs/in<,
Most of the wear, or weight loss, in this run was due
to theseparticles which fell off.
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Fun No. 29 The specimens appeared about the same as after
run #28. There was no evidence of galling. Wear had tuken
place over sbout one half the surface. The surface was
bright and mirror like.

No. 30 The run was & contiuation of #29. The conditions of
test were the sume. The rings and specimens had smooth
shiny surfaces at the beginning of these two runs. After
the test the surfaces were not worn all over and the unit
pressure was estimated at 500 1lbs/inR. There was no
appesrance of galling. The surfaces were smooth and
mirror bright, é '

No. 31 After test the surfaces were not worn all over.
The unit pressures were estimated at 400 1bs/in? for
WC-1 and 600 1lbs/in% for WC-2, There was no indication
of gulling. The surfaces were worn bright and shiny. The
rings had not worn much, for the grinding marks were
still visible.

No. 3. The s-ecimens were not worn in yet. The unit press-
ure was estimated at 500 1lbs/in?. There was no evidence
of galling. The surfaces were very well polished where
mm.%eﬁmsmmpdﬁ%dmanwmwmmpmae
the specimens were wearing. The friction moment at the
end of this run is comparable with that of B on B
at the ¢nd of runs #29 and #30.

No.33. The conditions for thi: run were the saue &g for #32.
The specimens did not wear over the entirc surface. The
unit pressure was estimated to be 400 lbs/inz. There was
a slight indication of galling on the :peclimenc. The
rings appeared to be about the swme as fter run #3<.

The rote of flow of distillate for runs #31, #32, #33
was -bout 0,11 gallous per minute.

Nos 34. After run #33 it was decided to increese the speed to
1200"RPM, 786 ft/min. In order to see LI the speed would
affect the results of wear and coefficient of friction,
run #34 was run under the same conditions as #33 with
the exception that the speed was increased as indicated.
The rate of flow of distillate was increased to about
0.25 GPM.

As can be seen from the data, the wear was consid-
erably greater than in the previous runs. Also the coeff-
icient of friction was slightly hi_her.

After this run the specimens were ridged in the direc-
tion of wear. The rings were also ridged. There was 1o
indicatlon of galling or overheating.

Bas 55 Run #35 was nade im order to study the affect of
this speed on B metul. Rings 5 ana t& were used as the



Run NO. 35'
cont.

No. 36.

No. 37

No. 38‘

No. 39

No. 40.

No. 41.

NO.42,

No. 43

108,

wearing surfaces. These rings had been worn somewhat
smooth in runs #28, #29, and #30. The gringing marks were
still visible on most of the surfaces. Specimens B-15 and
B-16 were new specimens. They had been ground smoothly

and had worn all over the surfaces, There was no appear-
andce of galling and no particles had fallen from the edges.
The surfaces were not ridged deeply as in the case &f the
white iron samples, but were smooth and shiny,

Run #36 was run under the same conditions as run #35.
After the run the specimens had worn over the entire sur-
face. They were smooth with no ridges, but were not pol-
ished as at the lower speed. There was a slight amount
of galling on B-15, The rings were smooth, The rate of

flow of distildate was about 0.12 GPM on runs #35 and #36.

The wearing surfaces on thiks run were new rings and
new specimens, After the run the specimens were worn over
the entire surfaces., They were slightly ridged. There
was no appearance of galling, The rate of flow of distill-
ate was about 0.2 GPM.

Run #38 was run under the same conditions as run #37.
The surfaces were run all over, St-2 was ridged rather
deeply. St-1 was slightly ridged and quite smooth. There
was no appearance of galling. The surfaces of the rings
were the same as the corresponding specimens,

The specimens were worn considerably, The surfaces
were galled rather badly. The rings were ridged, although
not deeply. ,

The specimens and rings looked about the same ag after
run #39.

-The specimens still looked zbout the same as after the
39th run. The galled surfaces did not seem to be so
severely scored during this run as in the previous runs.

Runs 42, 43, and 44 were made with B specimens on
stellite rings. The flow of the distillate was about 0.2
GPM. Specimen B-17 was worn all over. The surface was
galled. Specimen B-18 had not worn over the whole surface
8o the unlt pressure was estimated at 375 lbs/in?, The
surface was smoother than that of B-17 and was mirror bright
in most places, The rings were only slightly worn, and the
grinding marks were still visible on most of the wearing
surface. There is no apparent reason for the large differ-
ence in thw wear on the two specimens.

The surfaces of the specimens were becoming mirror
bright, B-17 was still scored, although it did not appear to
be as bad as after run #42., Almost the entire surface of
B-13 was mirror bright and highly polished. However, there
was some evidence of galling. The rings looked abou% the

same as after the previous run.
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20, 45,

No. 46.

NO. 470

NO- 1480

No. 49.

No. 50,

109.

The specimnens were galled, but some smooth places
were mirror bright. b-17 wgs called more than B-18, The
rings were not worn severely.

The specimens were new when installed. They were badly
ground and had low spots on the surfaces. The unit pressures
were estimated to be; on WC-3, 500 lbs/ln and on WC-4, 550
1bs/in?. WC-3 was galled slightly in some places on this
run, The remainder of its surface was mirror bright. WC-4
was mirror bright where worn. The rings were only slightly

worn. The rate of flow of distillate on runs #45, #46, and

#47 was about 0.2 GPM,

The specimens appeared to be about the same as after
run #45. WC-3 had galled some. WC-4 wus not galled. The

unit pressures were Sstimated to bey on WC-3, 375 1lbs/in%;

on WC-4, 425 lbs/in*, The rings showed practically no wear.
The specimens seemed to be about the same as after

runs #45 and #46., The unit pressures were the same as &fter

#46., The surfaces were bright and well polished. The rings

were only slightly worn.

Specimens B-19 and B-20 were new specimens, but rings
B~7 and B-8 had been used on the phree preceeding runs.
They seemed to be very smooth. i

After the run B-19 had worn over the entire surface
and was badly galled., The ring on which it wore had a
narrow path on it which was galled. Specimen B-Z0 had
hardly begun to wear-in. The ring on which it run was
brightly polished.

At this point it would be wedl to note that the wear
on the ring listed above in the data has been greater in
the last ten or more runs. This might indicate that the
unit pressure on this ring was greater than on the other.
If siich is the case, the wear would be greater and the speci-
men would be more likely to gall because of the hi:her
pressure. Ao attempt was made to remedy this condition
before run #,9. The knife edges were reversed on the load i
mechanism. However, it can be seen {rom the results of
the runs up to #55,at least, that the condition is still
present., A ball and cup loading device would probably
remedy this difficulty.

Specimen B-19 laooked about the same, It was galled
over the entire surface, B-20 was galled on one half
of the surface, which was the area in contact with the ring,

The specimens looked about the same as after the pre-
ceeding run., The rings were quite smooth., The flow of
distillate in the last three.runs was about 0.3 GPMS



Run No.

No.

No.

No.

No.

No.
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Noe 58,

51

52,

53.

56

57,
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New specimens and rings were used on this run. They
wore over the entire surface. They were ridged deeply in
the direction of wear and were severely galled. The sur-
faces of the rings looked about the same as that of the
specimens.,

The data for this run was not givenvin the data because
the load increased during the test and the wear values were
very high.

Because of the non—unifdrmity of results obtained in
runs #48, #49, and #50, B specimens were run again on B
rings in runs #53, #54, and #55. New rings and new speci-
mens were used. One can see from the data that the results
are little if any better than those of the previous runs.

After the run both specimens had worn on the whole
surface, B-21 was badly galled while B-22 was not worn
muich. (This again indicates thzt the load was not evenly
distributed between the two specimens.) Ring B-9 was worn
more than ring B-10. The former was galled on a very small
area. They were not ridged.

B-21 did not appear to be galled as much as after the
previous run. Ring B-9 was ridged slightly after this run.

Specimen B-21 appeared to be about the sume., B-22 was
galled somewhat after this run. Ring B-9 had worn consid-
erably more than B-10,

New specimens and rings were used. After the run
specimen WC-7 was worn only on a very small area. Te unit
pressure was estimated to be 1200 1bs/in<, if the load
was evenly distributed between the two specimens., WC-8
was badly galled. The ddges were burned indicating that the
surface had been hot. Ring B-12 was worn considerable,’
but B-11 was not. The results indicate that very probably
the load was not evenly distributed.

This run wag made under the same cénditions as the
previous run, emcept that specimen WC-7 was run on ring
B-12 instead on B-11.

After this run the soecimens were hadly galled, WC-7
was worn on about four fifths of the surface., The unit press-

ure was estimated to be about 375 lbs/in?. WC-8 was worn
over the entire surfzce, The rings were worn deeply and
were galled.

In spite of the fact that the specimens were reversed
on their respective rings, the weur on WC-8 was still con-
siderably more than on WC-7,

This run was made -ith new rings and specimens. After
the run both specimens were worn over the entire surfaces
and were galled., WC~9 seemed to be more badly galled than
WC-10, Ring WC-5 was worn slightly more than WC-6. Both
rings and specimens were slightly ridged.
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No. 60

NOcélt

NO. 62-

No. 63

No. 64..

No, 65,

No. 66.

NO . 670

69.
704

111.

This run was the same as #58. After the rum the speci-
mens looked about the same as after the preceeding run.

This run was the same as #58. The specimens did not
seen to be galled as badly as after the preceeding runs.
The rings were about the same. The wear was more consistent.

New rings and new specimens were used. After the run
the specimens were worn all over and galled, although not
severely. The rings were also galled and worn considerubly.

This run was thrown out because the thrust bearing
on the friction wheel failed. The speed increased to about

1500 feet per minute. The results could not be used.

This run was made as a check run to see if the wear
would be consistent with different sets of specimens. The
conditions were the same as for runs #58 and #59.

The specimens were worn severely after the rum and were
galled. The rings were worn considerably, Although WC-12
apparently lost no weight, it appeared to be worn almost
as much as WC-1l. This fact might be explained elther by
a misteke in the initial weight of the specimen in question,
or by the fact that the specimen had picked-up some of the
ring material.

The run was the same as #63 except that the time of
running was doubled. After this run WC-9 was worn much
more than ring WC-10,

Runs #65 to 108 inclusive were made with cagt iron
specimens wearing on B rings, These tests were made in
order to study the effect of speed and pressure gn the wear.

Run #65 was run at a pressure of 600 1lbs/in® aud
at 197 feet per minute. After the run the specimens were
slightly galled and slightly ridged. The rings were well
polished,

The specimens and rings looked about the same as after
the preceeding run.

New specimens were put on the same rings and the loud
was reduced to 300 lbs/in%, After test the specimens were
slightly ridged and slightly galled. The rings were highly
polished. a

These runs were under the same conditions as #67.
The specimens and rings appeared to be about the same as
after the preceeding run, The wear gradually became
smoller, and was zero for the length of run tuken., Further
runs were not considered because these tests are for come
parative purposes and this speed is quite slow.
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The specimens after the run locked much the same as
after preceeding runs.

This run was the same as the preceeding one. The speci-
mens looked the same as before, The wear was very uneven
during these runs so the iron links from the fulerum to the
head' were replaced by fgexible wires. This would give
point contact instead of line contact for applying the load.
This gave a better distribution of the load.

New specimens were used on the same rings. The surfaces
were the same as after preceeding runs, and the wear was

more evenly distributed,

New specimens were used on the same rings. The press-
ure was 96 lbs/in® and the speed was 393 ft/min., The
specimens appeared about the same. They were slightly
ridged and turned over at the edges.

These runs were all made under the same conditions
as #77. The surfaces looked about the same after each
mn . :

Note that in runs #77 to #8l, the wear velues gradu-
ally increased. This may be explained by the fact that
the surfaces were quite smooth when finish ground, but as
wear took place the surface condition was &ltered, which
increased the rate of wear.

New specimens were used on the same rings. The
pressure was reduced to 33 lbs/in?, After the run the
specimens were smoother than when they ran at the higher
pressures. The ridges were not as deep and the wear was
much less.,

The same specimens and rings were used at the same
pressure, but the speed was increased to 786 ft/min,
After this run the specimeng seemed to be galled a little
more, but otherwise appeared to be about the same, The
wear @ropped off with each succeeding run,

The same set-up was used except the pressure was in-
creased to 96 lbs/in€, After the run the specimens were
considerably rougher -than after previous runs. They were
galled and the edges were turned over. They were ridged
in the direction of wesr.

The same specimens and rings were used and the pressure
was reduced to 70 lbs/ind. The surfaces were smoother after
khis run. They were the same after each of the runs.



Hun No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

95

96,

97,

98.

<9
/

101.

102.

103

104

105,
106

113.

The same srecimens and rings were used in this run,
but the load was increased to 130 1lbs/in<, The specimens
were deeply ridged and the edges were turned.

The specimens looked about the same after this run,
but the rings were beginning to get rough.

The specimens looked about the same after this run,
but the rings were galled. The wear increased during this
run over that of #95.

New rings and specimens were installed. The load
was lowered to 70 1lbs/inR and the speed reduced to 393 ft/
min, After this run the specimens were very smooth.

This run was made under the same conditions as #98.
The specimens were quite smooth, although not as smooth
as when finish-ground.

Note that the wear in these two runs, #98 and #99,
is much less than in runs ##77 to #85 inclusive. During the
earlier runs,specimens were used which had been previously
run &t 300 1bg/in? and at a speed pf 393 ft/min. The
surfaces before test were therefore not as smooth &s those
in runs #98 and #99. The surface of the specimens has
undeoubtedly considerable affect upon the wear.,

The same specimens and rings were used, but the ;ressure
was increased to 96 lbs/in<. In this run the wear is
a great deal less than in runs #77 to #81 inclusive. The
gurface conditions probably account for the differences
in the weur values. The latter values are probably the
true valmes for smooth surfuces under sliding wear with
distillate present.

This run was the same as #100. The wear was nothing
for the length of run tested.

The same specimens and rings were used, but the load
was increased to 150 lbs/inz. The specimens were smooth
and looked about the same as after 101 and 100,

The conditions of the test were exactly the same
as for #102 as flar as they could be controlled. However,
The wear suddenly increased a great deal. The surface
condition evidently broke down during this run. The surfaces
were quite smooth and the edges were turned.

The conditions of test were the same as for 103. The
surfaces of the specimens were ridged and the edges were
turned.

These two runs were the same as #104. Tue specimens
looked the same ag after 104.



114.

Run No. 107. The same specimens and rings were used, but the load
108. was increased to 200 1lbs/in?. The surfaces of the specimens
looked about the same as after the runs with 150 1bs/in<,

fun No. 109 funs 109 to 126 inclusive were made with ring material
"G", on rings of metal "B", rings of unheat-treated block
naterial "F", and rings of heat-treated block ma terial "E",
Run #109 was made with new G specimens on rings B-15
and B-16 which had been used on the grey iron runs. The
rings were smooth. The pressure was 300 lbs/in? and the speed
was 1180 ft/min.
After the run the specimens were ridged deeply and the
rings were badly galled.

No. 110. New rings and hew specimens were used. The pressure
wes 155 lbs/in2 and the speed was 1180 ft/min, After the
test the specimens were deeply ridged and the edges
were turned.

The wear was less during this run than in the succeed-
ing run. Thie might be accounted for by the fact that if
the runs were continued at this speed, the wear would un-
doubtedly reach a much higher value as the rings roughed.
The rings had started to gall during this run.

No. 11le The same rings were used on thls run as on #110.
However, before the run they were smoothed with alundum
paper. New specimens were used and the speed was reduced
to 786 ft/min. After the run the specimens were much
smoother then after #110, but they were still turned on
the edges.

Since the wear was considerably greater after this
run than it wes after #110, when new rings were used,
it was decided té install new rings which were smoother
than B-13 and B-14.

No. 11Z2. New specimens were sun against new rings., After the
run the specimens were slightly ridged. The rings showed
evidence of galling, but felt smooth. The wear for this
run was higher than that for 110, It may be that the
wear for #110 is abnormally low.

No,113.

114, These runs were the same as #112. The specimens
looked the same. The rings showed only slight evidence of
galling., The wear on the three runs is quite consistent.

No. 115. New G specimens were run on F rings. After the run
the specimens were slightly rigged and the edges were
turned.

The rings were quite similar to the B rings after
wearing against the G material. A few spots developed
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116.

117.

118,

119.
120.

121.

12%.

123,

124.

125,
126.

115,

on the surfaces of the rings. These spots do not make the
sufface feel rough to the fingers, but the spots are visibly
rough in the bottom. The writer feels that these spots are
caused by a geuging action of hard cementite or phosphide
particles which are worn from the specimens. The G material
is rather high in phosphorous content and probably has some
phosphide eutectic, which is very hard.

The specimens seemed to be ridged a little uore after
this test. The rings were galled some more also. The wear
is higher, but is still uneven.

The specimens and rings looked about the same after

‘this run. The wear was still uneven so that new specimens

and rings were installed for the next run.

The same condition of test were used as for the three
preceeding runs., The specimens looked about the same after
test. The wear was much more even,

These two runs were the same as 118. After the test
the specimens were the same as after #118. The rings
had more spots but they were smaller. These spots were
places where the ring material had been pulled out.

New G specimens were used on new E rings. After
the tests the specimens were only slightly ridged and the
edges were slightly turned. The rings were quite porous,
especially E-2. This might account for the higher wear
fuctor on specimen G-14. The rings did not seem to gall.

After this run the specimens were really quite smooth.
They were only slightly ridged. The rings showed only a
slight indication of galling, but seemed to be quite porous.

The wear was not consistent on the two specimens, so
new specimens and rings were installed before rumn 124.

The specimens were again only slightly ridced. The
rings showed only slight evidence of galling. They appeared
to be superior to either B or E. The wear was fairly even
between the two specimens.

After these runs the specimens had pmactically no
ridging on them. They were very smooth, although not
as smooth as when finish-ground.

The wear of the piston ring material G was about the
same on B, F, and E. It was slightly less on the latter
materisl. The surfaces of the E rings, However, were much
superior after wearing againgt the G specimens than either B
or F. The B and F rings galled rather badly and the E rings
stood up rather well., At lower pressures probably nelther
B nor F would gzall at this speed.
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131.
132.
133.
1324,

135

136.

137,

138,

139.

116,

Runs 127 to 134 were Made with E specimens on E rings.
The load was 300 1bs/in? and the speed was 786 ft/iin.After
the run the specimens were badly Balled and the edges were
turned. The surfaces felt smoéth in spite of the ga i1ling.
The rings were slightly galled. The temperature of the distill-
ate rose slightly during the run.

This run was the same as #127. The specimens and rings
looked the same. Note that the wear is less.

This run was the same as #127 and #1z8. The rings
were spotted after this run &nd the wear has increased.

This run was also the same. The specimens and rings
looked about the same, The distillate heated up on each

of these runs, slighilly.

The wear has again dropped. Due to the inconsistency
in the results, new specimens were used in the following runs.

New specimens were used on the same rings. They
looked about the same as after run #130. The rings spotted
up a little more.

Note that in these runs the wear is not at all con-
sistent. It is sometimes low and sometimes high. The
high values are rather consistent among themselves, but
the low values are more scattered. It appears that the
conditions are at a critical value.

Runs 135 to 138 were made with F specimens on B rings.
The load was 300 lbs/in® and the speed was 786 ft/min.
New specimens were run on B-13 and B-14. The latter had
been used but were smooth. After test the specimens were
galled and seemed to be porous. The rings were smooth
and did not spot up as when E ran on them,

The specimens galled but were mirror bright in some
places, There was a slight rise in temperature during this
run, hotlce that the wear is quite low.

The rings and specimens were very smooth after thig
run, The surfaces of the specimens did not appear to be
as porous as before. Perhaps the wearing process smoothed
over the holes instead of removing materisal. There was no
loss in weight for the length of run taken.

This run was the same as the three previous runs, but the
length of travel was increased. F-1 was smooth after test
and had lost no weight. F-2 was rougher and had galled
slightly. There were a few ridges in the latter. Ring E-13
was very smooth. B-1l4 had about fomr spots in it where gall-
ing had started. '

Runs 139, 140, and 141 were made to supplement 127
to 134. New E specimens were run on B-13 and B-14 after the
latter had been smoothed with alundum paper. sfter the rud
the specimens were galled although quite smooth. The rings
were also Bmooth.
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117,

After this run the specimens looked the same but
tne rings had started to gall. FKing B-13 had only a few
spots, but B-14 had many.

Ring B-1/ had galled still more during thic run,
which undoubtedly increased the wear on E-8. E-8 had
galled considerably, and the dges were turned. E-7 looked
about the same. It was fairly smooth although it was galled
slightly. Note that the wear in these last three runs
is low except for E-8 in the last two. The high valuve
obtained in the last run checks with high value obtained
in #131 and #132. The surface condition undoubtedly plays
an important part in the wear.

General Remarks on Runs #l42 to #226, inclusive,

No. 142.

No. 143-

Mol
145,
14{)0

Further tests were made with cast iron specimens
wearing on B rings, under different speeds and pressures.
New specimens were installed on new rings at the beginning
off run 142. Runs 142 to 154 inclusive show decisively
that the surface condition, of the rings especially, is of
great importance. In thig series of runs the wear value
continued to decrease with the length of travel on the rings,
even with increasing loads. These runs show little beside
this, for the wear values are clearly higher than they
should be. This type of test was continued in the runs 166
to 204, inclusive. It is to be noted that the friction coeffi-
cient is very uniform in all of these runs except those made
at very low pressures.

Runs 155 to 165, and 205 to 208, inclusive, were made
investigating the wear of case hardened steel agsinst itself,
on B metal, and the wear of B metal on the case hariened
steel.

Runs 209 to 215 give the results of tests on Flint
Alloy and B metal.

Runs 216 to 226 inclusive give the results of tests on
Nitrided nitelloy and B metal.

New specimens were run on new E rings. The speed was
197 ft/min. and the load was 400 lbs/in2. Runs 142 to 146
were made under the same conditions. After this run the
rings looked like new. Specimen C-15 was worn all over and
thie edges were turned.  Specimen C-12 was worn only slightly.
The surfaces were smooth, almost like finish-ground.

The rings were the same. Specimen C-15 was swooth,
but turned at the edges. There were no ridges. C-13 seemed
not to have been worn, A dark fill seemed to cover the
surface.

The rings were the same. They were getting smoother. The
specimens were worn all over and the edges were turned. They
were smooth with no ridges. The film on C-13 had disappeared
during these runs.
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Rub No,' 147, The same specimens and rings were used, The pressure
14%. was increased to 500 lbs/in<, The specimens and rings
1.9, were smooth with no ridges. ‘

Boe 2150 The specimens were really quite smooth although not
as smootll as {inish-ground. The rings were gradually be-
corning smoother znd highly polished.

N 1615 The rings were the same as after the last run. The
15%. specimens were very, very slishtly ridged.
(e

Wos davalir: Jen Speclmens anc Clilgs ‘were - ised oy this run., CH

sprecimens were. tested against CH rligs. The load was 300
1t:./in< und the speed was 786 ft/min. After the run the
surfaces of the specimeng an¢ rings both looked alike.
They were mirror brignt in some places and dull in others.
This caused the surfaces to look ridged although they felt
smooth,

No. 156, The conditions of the ifollowing runs, 156 through 161,
57. were the same as for run #155. After these runs the specimeuns
158. were slightly ridged and slightly galled. They were mirror

bright. "
No, 159 The surifaces after these runs looked the sure ac after
160, #158.
3615
No. 162 The following four runs were made with CH specimens

on B rings., New specimens were installed on new rings at
the beginning of this run., The speed and pressure was the
same as those immediately preceeding. After the run the
specimens were very slightly ridged. The rings appeared
about the same as the specimens.

No. 1€3. After these runs the specimens were very slightly
164, ridged and mirror bright,

No. 165, This run was made under the same condilions as those
immediately above., The totel distunce of travel for this
run was almost 6000000 feet, over 1100 miles. The walue
of “he wear for this run was considered to be correct for
these conditions. Thé& specimens were mirror bright over
nost of the surface, although there were a few dull places.
The iings were also uirror bright although rid.ed slightly
in the direction of wear.

No. 166, The following runs through 175 were made witn cast
iron specimens ou b rings. The speed was 197 ft/min und
the load was 300 lts/in‘. After this run the specimens were
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167.
168,
169,
170,

171.

172,

173.

174.
175+

176.

No.177.

No.

No.

178.

179.
180.
181.

119.

very sligntly ridsed. The rings were smoother than finish-
ground., They looked about the same as new rings, but felt
smoother, -

Af'ter these runs the specimens and rings looked the
same as after run #166, ;
The specimens and rings looked about the same. The

latter were getling smoother with each gucceeding run.

The specimens and rings looked the same after this run,

.except that specimen C-26 had a darker surface. This darker
p

surface was thought to be an oxi#e film.

After this run the specimens looked about the same.
Note the small wear on C-26 on which the darker surface
appears.

New specimens were installed on the same rings and the
conditions were held the same for runs 166 to 177. After the
run both specimens were very, very slightly ridged. They
were both dark on the surface as in the case of C-26 in
runs 171 and 172. The rings were smooth, but ridged very,
very slightly in the direction of wear.

The specimeris and rings looked about the same after
this run. C-2¢ was ridged slightly more on one side than
on the rest of the surface, '

The same specimens and rings were used, but the load
was increased to 600 lbs/in2, The speed was 197 ft/min.
After the run the specimens and rings were very slightly £]
ridged. This ridging was greater than that for 300 1lbs/in<.
The dark film had disappeared from the surface,

Ring B-23 broke during this run. The wear value on
C-28 was of no value. The wear on C-27 might even be too
large, although this valuve is included in the data. After
the ring broke, the machine was stopped immediately.

New specimens were run on rings B-27 and B-24, The
rings were smoothed with #280 and #400 alundum paver, The
speed was ilncreased to 295 ft/min and the load was lowered
to 300 lbs/in<. The following runs through 181 were made
under these conditions. After the run the s?ecimens were
slightly ridged and the ddges were turned. he rings were
very smooth and almost mirror bright,

The specimens and rings looked the ssme as .fter
run # 178.
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Run No, 182. ‘The same specimens and rings were used. The load
183. was increased to 450 1lbs/in?. After the run the specimens
were slightly ridged and turned at the adgea. The rings
were very smooth,

" Noe 184. New specimens were used on the same rings. #400
185. alundum paper was used on the rings. This made them less
186. smooth, but made them more uniform. The laod was 200 lbs/
in2, Runs #184 through #188 were made under these conditions.
After runs #184, 185, and 186 the specimens were very,
very slightly ridged and the edges were turned., The rings
wefe very smooth,

No. 187. . The specimens loéoked the same. The rings were very,
188, very smooth and dimly mirror bright.

No. 189. New specimens were used on the same rings. The load
was reduced to 96 1bs./in?. These conditions were main-
tained in the following runs through #193. After run #189
the specimens were very, very slightly ridged, and their
surfaces were darked by what appeared to be a film,

No. 190. The specimens and rings after these runs looked sbout
191. the same as after #189. After runs #192 and #193 the rings
192, were somewhat smoother.

193,

No. 194. New specimens were run on the same rings. The latter
195. were smoothed before the run with #280 alundum paper. The

speed was still 295 ft/min. and the load was 450 lbs/in<.
These conditions were maintained through run #198. After
run #194 the rings were very smooth ,although.not as smooth
as before the run, They were also somewhat galled. The
specimenswere slightly ridged and the edges were turned.
The rddges were worse than those at the lower pressures.
After run #195 the specimens and rings looked the same,

No. 196. New specimens were used on the same rings under the
197. same conditions. The rings were smoothed before the run
198, with #280 paper. After the runs the specimens were ridged

and the edges were turned. The rings were very slightly
galled,

Note. The rings were smoothest after run #195 on #400 alundum
paper. They were very smoofﬁnand mirror bright after this
procedure. Specimens were/under the cénditions for this
group of runs for 8000 revolutions, 5000 feet, with no
loss in weight. The surfaces of the specimens appeared
as though they had not been touched by the rings. Ferhaps
the smooth condition of the rings prevented metsl to metsl
contact by maintsining a film of distillate between the
surfaces, The rings were then smoothed with #280 paper
and the wear of the speciémens was high, as is shown in the
data for runs #196 and #197. This again emphasizes the
importance of the surface conditions on the wear,
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212
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New specimens were run on the same rings at 393 ft/min
and at 300 1bs/in?. After the runs the specimens were slight-
ly ridged and the edges were slightly turned. The rings
were galled elightly.

New specimens were used on the same rings. The latter
were smoothed on 280 paper. The load was 200 lbs/in2,
After these runs the specimens were slightly ridged and the
edges were slightly turned. The rings were very smooth.

These runs were made at 393 ft/min. and at a load of
300 lbs/inz.New specinens were run on case hardened rings,
which were smoothed with #280 paper before the run. During
run #205 the friction moment was quite unsteady for parts
of the run. After the runs the specimens were smooth and
mirror brignt. The rings were very slightly ridged. They
were very, very slightly galled but mirror bright.

Runs #209 through #216 were run at a speed of 786 ft/
min and at a load of 300 lbs/in?, Runs 209 and 210 were
made with Flint Alloy specimens wearing on one Ilint Alloy
ring and one B ring. The rings were new and they were
smoothed before the run with #280 alundum paper. The speci-
mens were also new. After run #209 both rings were ridged.
Specimen FA-2 which wore on rin B-29 was badly galled. This
ring was ridged worse than FA-1. Specimen FA-1 was slightly
ridged. As can be seen from the data, FA-Z increased in
weight during the run. Probably some of the I metal ring
adhered to the specimen during the test. The system was
quite warm after the run.

This run was made under the same conditions as #209.
before this run ring FA-1 was smoothed with #280 paper.
B-29 was replaced by B-26, which was also smoothed. Speci-
mwen FA-2 was also smoothed slightly with #280 paper.,

After this run ring FA-l was ridged and slightly galled.
The specimens looked about the same as after run #.09.
During this run specimen FA-1 on ring FA-1 became warm.
FA-2 on ring B-26 did not. Ring B-26 was very slightly
ridged.,

Specimen FA-1 was replaced by B-1¢., FA-2 remained
on B-26., The rings were smoothed with #280 paper before
the run., Specimen B-12 had been run on stellite and was
extremely smooth and mirror bright. After the run ring
FA-1 looked about the same as when it was instelled. The
B ring was ridged. The b specimen was very sli htly ridged
and mirror bright. The FA specimen was slighily galled,

The rings looked the same after this run., The b speci-
wen was very slightly ridged, very very slightly galled, and
mirror bright. The FA specimen was galled.
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The FA ring looked aubout the same after this run. The
B ring was gradually worn down during these runs and was
ridged in the dieection of wear. The B specimenwas smooth
and looked about the same. The surface of specimen FA-2
was not good; it was galled and ridged.

llew nitrided specimens and rings were used. The rings
were smoothed with #280 paper. The speed was 786 ft/min
and the lead was 300 1bs/1n . Runs #216 to #2226 were made
under the same conditions. After this run the surfaces
of the rings and specimens each looked the same., There
was a dull central portion with brighter portions on the edge.
The whole surface was a mirror.

The surfaces looked about the same except the shiny
areas were larger.

The surfaces were streaked with dull and shiny areas.
They were very smooth. There were small flaked places on
the rings. The latter condition may be galling or due to
the nitrided surface.

The specimens and rings looked the same. The surface
conditions were quite satisfactory.

New B specimens were run on the same rings. After the
run the specimens were not worn in., They were extremely
bright and shiny where worn. B-29 had more shiny places
than B-<8 and was very slightly ridged. The rings looked
about the same as after the previous runs.

After this run the rings looked the same. The speci-
mens were worn all over and were extremely well pollﬂhed.
B-29 was slightly ridged.

The rings were slightly ridged and slightly galled.
The eppearance of galling may again be due to the nature of
the nitrided surfuce. The specimens were mirror bright and
very slighily ridged,

New N specimens were run on B rings. The latter were
smoothed with #280 paper. After the run the specimens were
not worn in. They were slightly ridged and mirror bright
where worn. The ringe were very smooth, but ridged slightly.

After this run the rings looked about the same. Speci-
men N-4 had galled. This again may be due to the fact that
the nitrided surface is not very thick and with wear may
become thin enough to flake off., Speclmen N-3 looked the
csame as after previous runs, namely, slichtly ridged and
mirror bright.
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Xray Investigation

From the "Strukturbericht" by P.P. Ewald and C. Herman, the crystal
structure of Fe-a, Fe3C, FeO, Fep03, and Fe304 were found.

Alpha iron, Fe-a, is of the A-2 type, which is a body centered cubie
lattice. The length of one side of the unit cube is 2.86 angstroms. For
a cubic crystal the interplaner distance is given by the following relationi;

d = v
hkl = /2% K2+ 12

where h, k, and 1 are the indices of the planes, and ay is the length
of one side of the unit cube.

For a body centered cubic lattice, planes with hy+hot+hs odd do not
appear.,

The angle of reflection is related to the wave length of the xray
and the interplaner distance by the relation, nA = 2dsin®. If a circular
film is used having a radius R, the angle 6 times R is equal to the
distance to a reflection from the spot at which the xray beam hits the
film with no interference., By measuring the film distance, it is a simple
matter to determine the interplaner distance of the planes causing the
reflection. By cowmparing these values of dpykl with those computed for
various values of h, k, and 1 from the first relation given above, it
is possible to identify the reflections.

Tables have been made up which give the values of Q = l/'d2 for
all plenes which can reflect up to angles of about 8 = 45°. The values
for Q were determined by the use of the "International Tables for the
Determination of Crystal Structures", Berlin 1935, Vol. II.

Cementite, Fe3C, is an orthorhombic crystal. a=4.52g, b=5.083, and
c=6.73§. Only the {ength of the lattice constants are known for this
compound. Therefore, the values of Q for all planes were calculated.
The value of Q is determined from the lattice constants and values for
h, k, and 1 by the following relation:

. _h® kR 312
hiEt o5

FeO 1s a face-centered cubic crystal of the B-1 type. Ay = 4.28 3
In a face centered cubielattice only those planes in which h, k, and 1
are all odd or all even will appear.

Fes03 is a hexagonal crystal of the D-5 type. a = 5.42 X and a =
55%917'.,  “When calculated on the basis of rhombohedral axes, the relation
is as follows:

cos? % i
R F in 3 sin i%éhz’szﬂz)—(l—tgz -%)(kl+1h+hk)]
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FeBO‘,+ is a face-centered cubic crystel of .the H-11 type. ay = 8.4 2

Values of Q have been calculated for all reflecting planes up to
values of 8 equal to about 45°. These have been listed in a table which
appears on the following pages. The indices of the plane are given and
the value of Q for the plane is also given, in order of increasing values
of Q. This table gives all planes which might possibly appear. All will
not appear, however, due to differences in intensities of the different
planes. Only strong lines will appear on, the film.

Three pictures were taken of WC-1l. This was a white cast iron
wear specimen. On one surface a layer of worked material was found as
described in the thesis, WC-11-1 and WC-1l-3 were taken with the Mo-Ka
xray beam directed at the layer. The beam hit the layer with a glancing
angle of about 5 or 10°, WC-11-2 was taken in the same way on the back
of the specimen, where there was no worked material. The measurements
and calculated values for Q as determined from the films are given in
the table. By comparing the values of § as determined by the film meas-
urements with those calculated from the lattice constants, the reflect-
~ing planes were identified., The reflections were broad and not very strong
so that the accuracy is not too good. The table shows that practically
all lines are without a doubt due to FeaC or Fe-a, which agrees with the
~ conclusions of the metallographic inves%igation.
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(calculated from the lattice constants)

Fe;C Fe-a Fe203 Fe304 Fe0
hkl Q hkl ) il *1 hkl Q hkl Q
001 0.0221
010 0,0387

111 0.04252
111 0.0477
100 0.0489
200 0.05669
100 0.0581
011 0.0608
101 0.0710
110 0.0741
110 0.0876
002 0.0883
11} 0.1097
220 0.11338
Di2 0270
102 0.1372
25) D137
020 0.,1550
311 0.15589
110 0.1582
111 0.16377
222 0.17007
112 0,1759
21 0.1771
: 221 0,1855
222 0,1910
200 0.1957
003 0.,1987
120 0,2039
210 0.2060
1II 0.2162
201 0.2178
200 0,21836
121 0.2260
400 0.22675
200 0,2325
210 0.2344 :
013 0.2374
022  D.2433
110 0.2445
103 0.2476
211 0.2565

331 0.26927
420 0.28344
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FeBC Fe-a Fe203 Fe30 FeO
hkl Q hkl Q hkl Q hkl é hkl Q
202 0:28L0
113 0,2863
122 00,2922

© 220 00,2960
322 0,3125
212 03227
311 0.3435
030 0.3487
2ty Q3507
004 0.3532
023 0.3537
031 0.3708
221 0.3728 %)
210 0.3745
511 0.38265
333 0,38265
: 211 0.3905
014 0.3919 7
- 332 0.3925
203 0.3944
130 0.3976
104 0.4021
123 0.4026
131 10,4197
333 0.430
213 0.4331
220 0.43673
Q32 0.4370
222 0.4390
300 0.4404
114 0.4428
‘ 440 0.45352
310 0.454
301 0,4625
33} 0472
211 0.4755
310 0.4791
132  0.4859
200 0.4890
531 0.49604
31 0,5012 2 ;
320 0.5015
024 0.5082
600 0.51021
442 0,51021
300 0.5225
22k 0520
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FeBC Fe-a _ Ee203_ Fe304ﬂ Fed
hkl ) hil S hkl 5 hkl 9 hkl Q
202" 0,.5287
230 00,5444
033 0.5474
204 0.5489
223 04,5494 422 0,5505
005 Q.5520
231 0.5665

620 0,56689
31z 0,567,
433 0.584
432 0,588
015 "0,590%7
320 0.5954
133 0,5963
311 0.6005
105 0.6009 _
533 0.60941
040 00,6100
622 0.62358
041 G«6321
£33 - 0,6327
220 0.633
303 0,6391
115 0.6396
222 0.,65509
140 0.6589
330 0.666
411  0.666
313 0.6778
421 0.680
< 444 0,68028
141 0.6310 311 0.681
322 0.6337
214 0.6876 5
221 0,692
443 0,695
042 0.6983
034 00,7019
224 0,7039
025 0.7070 A
330 0797
431 0.709
321 0,7125
321 0,TLTS
211 07338 551 0,7228
Til - G.7288
640 0.73697
442 0.7415
233 0.7431
142  0.747z2
205 00,7477
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FeBC
Q

Fe-a

hkl
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F9203

FeBOA
hkl Y

FeO
nkl Q-

134
125
400
<215
330
304

323
006
401
240
043
331

410
41

314
016

106
411
143

402
332
116
242
R34

035
R25

412

324

139
026

0.7508
0.7559
0.7830
0.7864
0.7891
0.7926

0.7941
047948
0.8051
0.8057

0.8087

0.8112
0.8217
0.8278

0.8323
0.8335

0.8437
0.8438
0.8576
0.8713
0.8774
0.8826
0.8940
0.8976

0.9007
0.9027

0.9100

0.9486

0.9496
0.9498

410

420
655

nm

533
222

532

522
441

543
400
430

544,

0.817

0.824
0.826

0.850

0.853

0.866

0.900

0.950

642 0.79366

731 0.83618

553 0,83618

800 0.90703

733 0.94955

400 0.87346
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FeaC Fe-a Fe-0 Fe,0 FeQ
hlcl i Q nkl g hel  © 3& hkl A AQ hgl Q
421 0.9601
044 0.9632

820 0.96372
644 0.96372
321 0.966
050 0.,9688
220 0.9779
331 0.978
403 0.9817
333 0.9878
206 0.9905
05% 0.9909
305 0.9924
126 0.9987
243 1.0044
€65 1.007
320 1.009
144 1.0121 542 1,012
150 1.0177
413 1.0204 822 1.02039
660 1.02039
521 1.025
422 1.0263 ‘ <
216 1.0292
331 1.0372
151 1.0398
321 1.050
340 1.0504
052 1.0571
751 1,06291
555 1.06291
531 1,063
341 1,072%
662 1.07708
007 11,0819
411 1,088
420 1.0918
664 1.093
410 1,100
511 1.104
152 1.1060 .
315 1.1311
430 1.,1317 >
# 840 1.13378
421 1.136
404 1.1362
342 1.1387
i 1:14)
334 1.1423
226 1.1455

431

1.1538



hkl

Feal
# Q

Fe-a

hill 0§

hicl

F9203 v
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S

Fe30

4_
G

FeO

244,
250
053
414

1.1589
1.1645
1.1675
1.17.9

1.1866
1.2164

1.2200

1.2234
1.2367
1.2455
1.2491
1,2528
1.2621
1.2842
1.2912
1.3092

1.3117

1.3784

310 1.2224

322

541
321

322
411
330
551

1.156

1.218
1. 219

1.328
1.341

l.422
1.442

911 1.¥%630
753 1.17630

422 1.31018
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Original and Computed Data on Scratch Investigation

829 6°6 ¥2°T %0°T #%°1T ¢©2°9 094 094 094 O°STIT T°22
23¢ 6°8 TT°T T°0 2e°T g6°2 082 062 002 GS°'¥IT 4°61
962 8°9 €810 06°0 T2°'T g2°2 002 08T 082 g&°*2TT £2°91
042 9°9 €8°0 08°0 CT°T 22°T 00T 08 0%T O°PTI 6°2T
84T 8°¢c 24°0 S¥°0 66°0 09°0 (057 (6] 00T 8°2IT ¢°6 ‘988 02 u ST-OM GE8-¥2-C LS
02w "L Y 02°9 064 084 0S4 O°%TIT T°22
¥2e or - ee”T gs*e 00 08¢ 008 G°¥TIT 4°6T
g6z 00T 82°1 G6°2 082 002 Oc¥y 2°%IT 2°9T1
a8e 6°8 EIST Gzg°2 002 00T 0¢¢ 9%°¥TIT 6°3T1
0z2 2°4 ¥6°0 32° 1T 00T og 002 %°%1IT &°6
¥°02 8°8 OT'T 0T°0 0t 0 0g O°¥%TIT 0°9 °098 OT ¥1-0 ¢g2-%3-G 98
029 2°6 L 8 i ¥ c6°¢g 089 049 069 G°2TT 1°¢2
809 8°4 .86°0 (03 A4 082 08T 082 €°2TT 4°6T
8¥S 8°g 34°0 06°T 09T 02T 002 0°2TT 2°91
eLY 8°2 8v°0 06°0 09 og 02T 2°31T 6°21
20°0 4 0 8 2°21T 8°6 ‘oeg Qg ToyooTs
g00°0 g°0 (0] g S°2TT 0*9 TAwy uT OTI}INY¥ P-4 G2-83-S S¢S
SeT d°’8T 88°'2 0T°¢ 08s 028 048 YT 2°91
04T LT U 7 7 Mg ST 00g 082 Ogg P1T 6°21
e3T S EE . OFT 08T 02T 08 003 ¥11 6°6
8°02 0°6 eT°1 0T°0 ¥0T 0 G4 0°9 ‘98s Q0T
¥°8 OT 98°'T 40°0 4 4 3T STT 4°2 HOVHN uTe0%H 90T ss8Ig Gg-22-C %C
042 8°%T G8°1 G6°G 089 089 089 8°CTT €°9T1
o1e 9°2T 48°T 04°% 00 08F 009 GS°QTT 6°2T
9¢2 e°0T 63°1 83°g 002 08T 002 G°2TT ¢°6
g &g 8°8 O1'T . 0g°0 02 0 00T g°g1T 0°9 ‘988 GT TOUooT®
G*8 $°8 go°1 90°0 9 0 6 G*SIT &4°2 *TAwy UF STIFINYP OOWIY GS-T2-G €C
w.sv\feo.ew BUOJID TJf °*ISAY °*UTI}y °*XBp °*Suls
KABIBUT  83BISAY YO3BIDG JO YIPTH ©0J04 °*IOAYV ‘U X8R S1TOA *sud _ *oN *ON
*ISAY 2UTpBOY jJUSUMILSU] ©2wITOA DPBOT yo3q *oedg eg3eg Uny




*ATeAr309dsax ‘ZT puUB [T SOINSTJ UT SOAIND SYF WOJIJ U B} 9JI8A .mz\h =T
‘@TnuIoJ oyj} UL Posn UY3PIA PUB ©OI0F JO SOnTBA 92U} ‘1d4BI0s 03 pertnbes LBrsus syj SuUTIEINOTBO UI

eT9 L6 12° 1 44°S 089 009 004 G°3TT T1°c¢e
¥0¢ 4°8 60°T 622 002 08T 042 €'3TT 4°6T
%1 0°4 88°0 88°0 09 OF% 02T G°3TT 2°9T1
24 8°9 G8*0 £0%0 . ¢ 0 S G*81T 6°cT 0734702309719
9T 9°G 04°0 S00°03S°0 0 2 G*2TIT ¢°6 TOH/0T HOBNZOT #-3S §2-68-G 19
289 ¥'e LT T 44°C 0689 009 O%s S*'PIT T1°¢2
ogs g8 e0°T1 94°2 092 0s2 082 0°%TT 4°61
Y42 ¥4 86’0 89°0 “I°'T ©6°T BT O¥T . 08T 71T €°9T1
s 922 0*9 S4°0 ¥¥°0 90°T 22°T 00T OS 002 ¥°PIT 6°2T °998 0g TOYOOT®
= 711 g°g 99°0 4270 ¢6°0 02°C 02 O 00T 2°9TT ¢°6 TAwy UT OTIIINY¥Y G-V 82-G2-C 09
0°8 00°T 32T 00T "l o A ke T
'8 G0°T I00°0 1 0 0T 0°*PIT ¢°6
g9t g'6T T8 02°9 094 0S4 04  O°%IT T1°¢2
0sT 0°9T 00°2 9¥*c 0¥ 082  0Oce G*°STIT 4°61
ST2 e'TIT 99°T1 04°2 082 O%2 042 9°eIT e°9T
863 o8 70°T 28°T 0ST O%T 002 8°2TT 6°31
46T T°4 68°0 OT°0 . OT O 00T 0°%TT G°6 u 9-HD ¢8-88-C 66
2ce6 9°8 40°T 02°9 044 0S4 084 0°%TIT T1°¢2
848 8°4 66°0 c6°z2 082 0gg 02¢ 0*%TIT 4°61
89¢ 6°9 98°0 28°T 08T 02T 081 B*PIT £°61
84T 8°¢S 840 0g9*0 0% ©g c6 G*PIT 6°3T °o38 Qg TOoUooT®
g°01 AR 490 20°0- % [ 8 G*PIT G'6 TAwy UT OTIFINYF 2-N GS-G2-S 8¢
L WO /tUDCUD  SUOIDTH *JIBAY ‘UTY *Xep CSWH
¢ JABxeuy eFBIoAY UD3BIOG JO YIPTH 90I0F *IOAY UTR °Xey S3ToA *sud *oN *oN

*JoAY Juipeey jusuMIsUT 238ITOA DPBOT

7o3T .

*o0dg  e3Bg UNY




154.

Bibliography

1% "Pitting Due to Kolling Contact" Stewart Way
Trans, A.S.M.E. June 1935 p A-49

2 "Reducing Abrasion by Compound‘Contact Pieces" 8, Saito and
N, Yamamoto Metal Progress June 1935 p 52

35 "Wear Resicstance of Cylinder Cast Irons"™ A. Wallichs and J.
Gregor Foundry Trade Journal v 50 Feb, 22, 1934 p 138

bo "The Question of Wear in Cylinders of Combustion kotors"
W.A. Ostwald Automobiltechnische Zeitschrift v 37
May 10, 1934 p 246

5. The Influence of Oxide Films on the Wear of Steels" S.J.
Rosenberg and Louis Jordan Trans. A.S.M., v 23 n 3 p 577

6. "Effect of Composition on the Wear Resistance of Cast Iron"
E. S8hnchen and E, Piwowarsky Archiv. f. des Eisenhfitten-
wesen Vv. 7 Dec. 1933 pp 371-372

7. "Cylinder Wear in Diesel Fngines" H,R. Ricardo
Mech, World and Eng. Record v 93 Mar, 31, 1933 pp310-12

3 "Special Steel Developed for Wear Resisting Service" E.F. Cone
Steel ' Nov. 12, 1934  p 49

P "Wear of High Duty and Alloy Cast Irons" K. Knittel
Foundry Trade Journal v 49 Oct. 26, 1933 p238

10, "Investigations of Wear of Different Kinds of Cast Irons for
Automobile Cylinders by Wear Testing Machines and Automobile
Motors" A, Wallichs and J. Gregor Die Giesserei v 20
Nov. 24, 1933 pp 517-523 Dec. 8, 1933 pp 548-555

11, "Investigations of Wear of High Grade Castings and Alloyed
Gray Castings with Considerations of the Requirements for
Pistons and Cylinders of Combustion Motors"™ H. Knittel

Die Giesserei v 20 July 21, 1933 pp 301-310
Aug. 4, 1933 324~329
Aug 18, 1933 352-355

12. "Resistance of Nitrided Steels under Abrasion Wear" A. Quag-
liatto 1. Industria Meccanica v 15 Oct. 1933 pp 778-792

13, VWearing Properties of Cast Iron" P,A, Heller
Die Giessereli v 20 Sept. 8, 1933 pp392-400

14. "Zur Theorie der Reiboxydation" M, Fink and U. Hofmann
Arch. f. das Eisenh#ittenwesen 6 (1932-33) Heft 4. s 161-164



15,

16,

17.

18,

19.

20.

<1.

155,

"fethod of Increasing Wear Resistance of Cast Iron" I. Takaba
Pub. of the Soc. of Mech. Eng. Japan Jv. 35 n 188 ppll80-90

"Resistance of Wear of Carbon Steels" S.J. Rosenberg
AeS.8,T. Trans. v 19 n 3 Jan. 1932 pp 247-64
Bur. of Standards Jour. of Res. 7 Sept. 1931 RP 348 p 419

"Wear of Cast Iron" A.A. Timmons
Foundry Trade Journal Jv 46 n 816 Apr. 7, 1932 ppzlé-23

"Wear of Metals" 8.J., Rosenberg and H.K. Herschman
Metals and Alloys v 2 n 2z Feb., 1931 pp 52-56

"Wear of Metals" Louis Jordan -
Mech. Eng. v 53 n 9 Sept. 1931 pp 644-650

"Some Tests of Intermetallic Abrasion" H.W. Swift
Eng. v131l n 3414 June 19, 1931 pp783-85

"Resistance of Cr-plated Plug Gauges to Wear" H.K. Herschman
ASST Trans. 10 683 1926 1z p 921 1927
BSJR 6 RP 276 p 295 1931

"Influence of Nickel on the Wear of Case Hardened Steel™ J.G.R.
Woodvine Iron and Steel Inst. Carnegie Schol. Memoirs
v 20 1931 pp 125-150

"How Carbon Content and Heat Treatment can Affect Wear Resistance"
S.J. Rosenberg Iron Age v 128 n 22 Nov. 26, 1932 p 1366

"Friction and Wear Tests on Solid Dry Bodies" E. Zimmerman
Metals and Alloys v 2 n 2 Feb, 1931 p 95

"A Study of Abrasion" S. Saito "
Science Reports of Tohoku Inp. Univ. v 20 n4 Oct., 1931 p560

"Redogoerelse foer Noetningsundersoekningar i amslermaskine" Malmberg
Test of Endurance Properties in Amsler llachine
Jerkontorets Annaler v 85 n 11 Nov. 1930 pp572-92

"Wear Resistance of Nitrided Nitralloy" V.0. Homerberg and J.P.
Walsted Metal Progress Dec. 1930 p 68

"Wear Oxidation, a new Component of Wear" M. Fink
ASST Trans. v 18 1930~ p 204

"Kesistance of Steels to Abrasion by Sand" S.J. Rosenberg
ESJE 5 RP 214 Sept. 1930 ASST Trans. v 18 1930 p 1093

"Abrasion Testing" H.J. French

Metallurgist (Supp. to Engineer) Mar. 30, 1928 p 45
"Weur Testing of Various Metals"

Iron Age v 122 n 3 July 19, 1928 141-142



156.

A "The Wear of Metals and Lts Determination"
Engineering v 126 n 3207 Aug. 24, 198 p 237

33. "Wear Tests on Cast LIron" H,. Lehman
» Foundry Trade Journzl Jan. 13, 1927 p 36 Feb. 2/, 1927 p 35

3,. "Wear Testing" (Short Time Nitriding - Egan)
ASM Trans. v 19 n 6 p 494

365 "Erinnell's Researches on the Resistance of Iron, Steel, and Some
Other Materials to Wear" H.A, Holz Testing 1 104-40 1924

Lo
o~
.

tiachine for Testing Wear and Tear" A, hgichalt
Giessener 4&ug. 1, 1y15 n 63534 b

37, "Wear of Rails of Different Grades of Steel" Anon
Eng. hews 66 5338-9

38. "The Wear of Bronzes" A. Portevin and E, Nusbaumer
Proc. Int. Assoc. of Testing Materials. 2 (8) III4

3%,  "Hardness Testing and liesistance to Wear" E.H. Saniter
Proc. Int. Assoc. Test. Mat. 2 (9) III4

40. “Hardness of Some Electrochemical Products" hidgeway, Ballard,
and Bailey. Trans. Electrochem. Soc, v LXIII 1933 p 369

41. Proc, Birmingham Phil, Soc. 1886 v 5 p 291 Sclerometer
42, Mitt. k. techn. Versuchs-Asnt. 1890 v 8 pz36 Sclerometer
43,  Am. Jour, of Sei, 1897 w4 p 399 Micro-sclerometer

44. Jour. Iron and Steel Inst. 1906 #2 p287 1908 #2 pl33
Sclerometric Determination of llicro-coustituents of Steel

45 Mech. Eng. Jan. 1919 p 71
FACH A I.M.E. Feb. 1923

AT "The licrocharacter Hardness Tester" C.H, Bierbaum
ASH Trans., v 18 1930 p 1009

48, "Jardness Determined by Microcut" C,H. Bierbaum
Metal Progress Nov. 1930 p 159

424 "Properties of Ferrite as Determined by Scratch Hardness Test"
Abstract by H.W. Gillett Hetals and Alloys July 1934 p 159

50. “"Abrasion Hardness" Robin
Carnegie Schl. Mem. 1910 n 2 p1l

51, "Hardness of Chromium as Determined by the Vickers-Brinnell, Bier-
bzuu, and Mohs lethods™ K. Schneldewind.
ASN Trens. v 19 n 2 Dee 1331 p 115

52,  MNitt. 4 Forschungsarb V.D.I. 118 Berlin 1913





