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- ABSTRACT

| ‘
| ' This project is directed toward establishing an understanding of the
| relationships between low-stress and gouging wear resistance and microstruc-

ture of a series of Ni-Cr white irons and Co-base powder metallurgy (PM)

alloys.
The project has been iﬁ existence for 24 months, during‘&hich‘time wear
testing, optical and quantitative metallography (QTM), and scanning electron
: microscopy (SEM) have been compléted. In this quarterly report, the wear-
microstructure interactions of Ni-Cr iron (Ni-Hard 4)samples having various
volume fracgions of retained austenite are discussed. In addition, the results
of detailed SEM studies are considered along with micro—quantitatiﬁe analyses
of the wéar scars by energy-dispersive X-ray spectroscopy (EDXS), to provide

interpretation of the wear behavior in terms of material removal micro-

mechanisms in the white irons. -
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1. OBJECTIVE AND SCOPE

The purpose of this research is to develop quantitative relations between
microstructure and abrasion resistance of low-to-high Cr white irons (ASTM
Series 532) and Co-base powder metallurgy (PM) alloys commonly used in coal
conversion processes. The research includes study of gouging wear resistance,
necessary in mining operations, and low-stress abrasion resistance, required in
coal and coal-product handling and transfer operations. The project has both
applied and basic aspects. On the applied side, the establishment of the
optimum microstructures for wear resistance is allowing design engineers to make
more effective decisions regarding candidate alloys for coal-related processes.
From the basic viewpoint, the establishment of a better understanding of the
physical and mechanical metallurgy of wear is the foundation for the long-range
development of more economical and effective wear-resistant alloys.

The project has been in existence for two years and is currently in a
three~-month no-cost extension mode, pending action on a two—yéar renewal pro-~
posal. Essentially all of the data acquisition (wear testing, wear scar charact-
erizationland microstructure analysis) for the cast irons énd PM alloys has been
completed and reported in quarterly reports C00-4246-4 through C00-4246-7. 1In
this report the wear data fof the cast irons are analyzed in terms of optical
metallography, scanning electron microscopy (SEM) and energy-dispersive X-ray

spectroscopy (EDXS) studies. This analysis is provided in detail in the Appendix.
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2. TASKS AND PROGRESS

2.1 Task I - Preparation of Test Matrix

Task éompleted 6 June 1977.

2.2 Task II - Preparation of Materials

This task was completed by 15 March 1978, in that by that date all white
iron and Co-base alloys had been obtained. The compositions, heat treatments
and microstructures of the white irons have been discussed in the quarterly

report CO00-4246-4, and a similar discussion for the Co-base alloys has been

given in quartérly report CO00-4246-5.

2.3 Task III - Wear Testing

This task was completed by 15 January 1979, and the test data réported in
quarterlies C00-4246-4 through 7. A gouging abrasion wear test system (GAWT),

in which a bonded Al,0. abrasive wheel is rotated against the sample, has been

273
used to evaluate gouging wear resistance. A rubber wheel abrasion test system
(RWAT).has been used to evaluate low-stress abrasion resistance. In the RWAT
procedure, loose 8102 or A1203 abrasive is moved across the saﬁple surface by
a rotating steel wheel covered with a chlorobutyl rubber ring. Both tests have

been described in detail in quarterly report C00-4246-2 and are summarized in

the appendix to this report.

2.4 Task IV - Wear Scar and Microstructure Characterization

This task has been completed and its component sub-tasks have been described
in previous quarterly reports as listed below. | |
2,4.1 Optical metallqgraphy of white irons: C00-4246-2.
2.4.2 Optical metallography of Ni-Hard 4 irons of varying retained
austenite content: C60—4246-3.

2.4.3 Microtopography of Ni-Hard 4 wear scars: C00-4246-4.



2.4.4 Attempted correlation of Ni-Hard 4 wear behavior to mechanical

properties:. CO0-4246-4.

2.4.5 Optical metéllography,quantitative ﬁetallography (QT™) énd.wear
scar microtopograhy of Co-base PM alloys: C00-4246-5 and
C00-4246-6.

2.4.6 SEM and EDXS analysis of RWAT and GAWT wear scars of Ni—ﬁard 4

samples and Co-base PM alloys: C00-4246-7.

2.5 TaskAIV - Analysis of Data

| As was stated previously, Tasks I through IV have been completed, and the
task of analyzing and interpreting the experimental data remains. In this
quarterly, emphasis is placed on interpreting the data obtained on the Ni-Hard 4
series with varying volume fractions of retained austenite. This analysis and

interpretation is presented in detail in therAppendix.




3. SUMMARY

The data acquisition phase of this project has been completed. The results
of GAWT testing and RWAT teéting with SiO2 and A1203 have been reported. These
results have been complemented by QTM and SEM-EDXS studies of the wear scars.
A detailed interpretation of wear-microstructure interactions for one of the major
class of materials studied in project (Ni-Cr white iron) is presented in the

. Appendix to this report.

4. PERSONNEL

The co-principal investigators, Dr. N. F. Fiore and Dr. T. H. Kosel have
devoted 20% and .10% effort respectively during this quarter. Two graduate

research assistants, Mr:. W. Konkel and Mr. J. Fulcher have devoted 507% and

25% respectively.
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ABSTRACT

The 1ow—s£ress and gouging wear behavior of a series of Ni-Cr thte iron
(Ni Hard 4) samples'have been characterized. The samples have been processed
to contain 5 to 85 percent retained austenite in their microstructures, so
that their Rockwell C hardness ranges from 63 to 47. The low-stress abrasion
behavior has beenlmeasured'with loose 8102 and A1203 abrasives in a rubber
wheel test system. The gouging abrasion behavior has been determined in a
bonded A1203 wheel test system. Wear scars have been characterized by scanning
electron microscopy, used in conjunction with energy-dispersive X-ray spec~
troscopy.

Both low-stress and gouging wear behavior were strong functions of test
condition and microstruéture, and weight losses passed through maxima or'minima‘
as volume fraction retained austenite or abrasion condition varied. Carbides
controlled wear behavior in the low-stress test against SiOz,with their attrition
occurring by uniform scratchihg » preferential chipping at leading edges and
cracking-spalling. In low-stress and gouging tests against A1203, carbides
and matrix underwent attritioﬁrby uniform'micro-machiniﬁg. The test results:

indicated that retained austenite content could be used to optimize wear re-

"sistance in a variety of abrasion situations.



INTRODUCTION

Abrasive wear is often separated into three classifications [1]: .low—
stress, grinding and gouging wear. In low-stress abrasion, material attrition
is considered to occur by a scratching action which is assumed to leave the
abrasive intaqt. In grinding wear, stresses are assumed tb beAlarge enough that
the crushing strength of the abrasive is exceeded, so that fresh cutting surfaces
are continuously generated. In gouging wear, the abrasive is assumed to rigidly
plow through the material, often under impacé conditions.

Ni-Cr white irons of the ASTM 532 classification display a number of ad-
vantages in these abrasive wear applications. They contain moderate amounts of
Ni and Cr, yet they solidify to produce massive Cr-rich carbides in an alloy
matrix of sufficient hardenability to be transformed to martensite with rela-

tively simple heat treatment. They show excellent resistance to high-stress

grinding abrasion and very good resistance to low-stress scratching abrasion.

In addition, because they contain up to 10 w/o Ni and Cr, they retain abrasion
resistance in agressive chemical environments.

On the other hand, in gouging wear or other applications ihvolving moder-
ate to high impact, they perform less satisfactorily. This may be because the
large carbides and the martensitic matrix (even when tempered) undergo crack-
ing and spalling in additiqn to abrasion. Since the irons are C-rich and
highly alloyed, their impact resistance may possibly be improved by heat treat-
ment in which retained austenite (Yy) is made to cq—gxist with the more brittle
phases.

There is conflicting evidence as to the effect of Y on wear resistance.

Zum-Gahr [2] has studied the abrasion resistance of a MnCrV tool steel as a

function of retained. v. He employed tests in which pin-like steel samples

- were abraded against 70 um A1203 abrasive disks. The results of his tests,



which probaby simulate high-stress abrasion or grinding rather than gouging
abrasion with impact, indicate that a minimum in wear tendency exists at inter-
mediate retained austenite content  (Table I). In addition, Zum-Gahr fournd that
in this austenite of relatively low alloy contént, the abrasive particles induced
transformation to martensite. He postulaﬁed that at the high .y level near the
wear minimum, the martensite formed by the weér process imparted hardness to the
matrix and generated comﬁressi?e sfresses thch retarded the formation of the
microcracks responsible for gross material attrition.

The existence of a.minimum in wear te;dency may account for some of the
ambiguity that exists relative to the role of retainéd Y, in that wear might
increase or decrease with y volume fraction depending on the range of retained Yy
used in a particular stﬁdy. Further evidence of the complexity of the relation
between retained Yy and wear is provided by the work of Grundlach and Parks [3]
on alloy white irons. They employed the high-stress AMAX pin test (APT) in which
a pin-like sample traversed back-and-forth against a bonded abrasive paper fixed
to the bed of a milling machine [4]. This test probably simulates grinding wear;
The irons were of a variety of compositionsAand were subjected to a number of
heat treatments, so that matrices high in Y, martensite or bainite-like y de-
compoéition products were developed. Moreover, the authors employed SiC (Knoop
hardness 2600 HK), A1203 (2000 HK) and garnet (1400 HK) abrasive papers, so
that the effect of abrasive hardness as well as matrix microstructure could be
investigated. They found that irons wiﬁh a bainite-like ma;rix.exhibited poorest
wear resistance against all three abrasives. Against SiC and_A1203, irons with
retained Y were superior to martensitic irons, whereas against the softer garnet

abrasive the martensitic irons were superior.



Table I

Effect of Retained Austenite on Relative Wear Tendency
' of a Hardened MnCrV Tool Steel [2]

% Retained'AusteniteA Relative
29 . 1.

28 1.

27 | 1.

26 1.

16 1.

6 1

Wear Tendency
12
02
00
02

00

.22

.34
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EXPERIMENTAL
Materials

The abrasion study has been conducted on a Ni-Cr white iron of relatively
high alloy content (nominally 6 w/o Ni, 9 w/o Cr). The alloy, whose chemical
analysis is given in Table II, falls into the ASTM 532-Type I category and has
the designation Ni-Hard 4. It was melted, sand-cast, and then heat treated*
according to the schedules listed in Table II to develop retained Yy contents
of 5%, 20%, 40% and 85%. Retained Yy volume‘fractions were established by
point-count on tragsmission electron micrographs. The melting, heat treat-
ment and quantitative metallographic procedures have been described else-
where [5].

Following heat treatment, wear samples were cut from the cast blocks on
an abrgsive—wheel cut-off machine in which the block was completely submerged
in coolant. Then they were surface ground (50-90 pum rms roughness) to their
final dimensions, with the grinding parallel to the wear direction.

Metallographic samples were prepared from the wear blocks by means of
standard procedures. In addition, each wear scar was examined by optical and
. scanning electron micrbscopy (SEM). Carbides and other features on the wear
scars were subjected to micro-quantitative analysis by means of an energy-

dispersive x-ray spectroscopy (EDXS) system interfaced to the SEM.

Low-Stress Abrasion Testing

The low-stress tests have been conducted on a rubber wheel abrasion
tester (RWAT) of the type described in ASTM STP 615 [6]. In this test, the
sample, in the form of a rectangqlar pa;allelépiped, is pressed against a
rotafihg wheel covered with a chiorobutyl rubber ring (Figure 1). An abrasive

is fed between the sample and the wheel, and abrasion is characterized by

N

% :
Climax Molybdenum Research Laboratories, Ann Arbor, MI 48105
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Table II

Characteristics of Ni-Cr White Iron (Ni-Hard 4)-

Composition (w/o)

lo
[

Mo N S P N

3.22 .55 1.77 8.9 .04 5.86 .025 .032 .026

Heat Treatment of As-cast Blocks

5% Y - 750°C for 8 h, cooled to -195°C, 210°C for 1 h.

20% y - 550°C for 4 h, 450°C for 16 h, cooled to -195°C,
210°C for 1 h.

40% y - 750°C for 8 h, 550°C for 4 h, 450°C for 16 h.

85%Z vy - 230°C for 4 h.
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the weight of loss of the sample.

The wheel consists of a 203 mm diameter steel hub onto which is bonded a
12.7 mm x 12.7 mm chlorobutyl rubber riﬁ. The wheel is rotated at 200 rpm,
which corresponds to a linear velocity of 2.38 m/sec. A 13.6 kg mass is applied
to ; lever system to develop a 0.41 MPa nominal stress to press the sample against
the wheel. The white iron samples are 12.7 mm thick x 25.4 mm wide x 76.2 mm
long, a length sufficient to contain the entire wear scar.

The abrasive is gravity-fed between the rotating wheel and the sample through
a nozzle Qith a 12.7 mm x 1.6 mm opening. The flow rate of 130 g/mm is main-
tained for 1000 revolutions, and wear recorded as sample weight loss. The two
types of abrasives depicted in Figure 2 have been used: a -50 + 70 mesh semi-

% .
rounded Ottawa silica sand , and an angular A1203T (nominally 70 mesh).

Gouging Wear Testing

In low-stress wear, the abrasive may relax away from the target surface;

- however, in gouging wear it is rigidly supported as it plows through the target
material. To simulate this situation, Avery and co-workers deveioped [7] a
gouging abrasive wheel tester (GAWT), in which a 254 mm diameter, 70 mesh bonded
A1203 wheel** is rotated at 27 rpm égainst two samples (wear blocks) which are
diametrically opposed (Figure 3). Each sample is he;d in a lever arm onto'which
a force of 34.3 N is applied, so that a nominal stress of 0.127 MPa presses the
sample to the wheel. One block is 1020 hot-rolled steel, the standard reference
material for the GAWT, and the other is the white iron sample.p.

Before the wear measurement is made, the blocks (originally 11.7 mm x

17.2 mm x 25.4 mm) are "run in" so that cylinderical concave wear surfaces which

*
American Foundryman's Society AFS 50-70, Ottawa Silica, Ottawa, IL 61350

F Bendix Corporation, Abrasives Division, Marshall, MI 49068.

1314
’ Type AR-51177 - Bendix Abrasives, Jackson, MI 49203.
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completely conform to the wheel are formed. The actual wear. test proceeds in
two steps. The number of revolutions necessary to allow 366 m of abrési&e to
pass each block is set on a decremental counter, and the first phase is run.
The two wear blocks are weighed and then interchanged in the arms, so that
systematic errofs'are cancelled. The test is repeated and the blocks weighed
again. Gouging wear is characterized either by the weight. loss of the sample
or by the Abrasion Factor (AF), which is. the ratio of the weight loss of the
sample to that of the 1020 standard.

The two-step test compensates for slight differénces in the wearing action
of the two arms. 1In addition, it provides a built;in check of the validity of
each test. -Since a 1020 standard is run for all teéts, an abnormal weight loss
by the standard in either part of the test invalidates the entire test. Under
these particular test conditions, the mean weight loss for .the 1020 standard is
abouf 1.0 gm, with sgandard deviation 0 of about 0.12 gm. A weight loss outside

+ 2 0 limits invalidates a test.
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RESULTS

Optical Metallography

'The microstructures of the Ni-Hard 4 samples of 5, 20, 40 and 85 volume
percent retained austenite are displayed in Figure 4. Approximately one-half
of the stfucture is composed of'the angular M7C3 phase (~ 1700 HK), and the
remainder is retained Yy and the Y decomposition product. The micrographs show
clearly that refained Y is not easily identified optically since it is dis-
persed‘within other microstructural constituents. ' This underscores the neces-—

sity of conducting the quantitative electron microscopy.

Wear Testing

The results of the low-stress RWAT aBrasion tests with 8102 and A1203 aqd
the gouging test are summarized in Figure 5. Included in the figure are APT
results obtained at the Climax laboratories on A1203 and garnet papers. The
plots show wear vs Rockwell C (Rc) hardness, so that percen; retained Yy decreases
toward the right. The data are plotted against hardness because this parameter
is assumed to be dominant in theories of‘abrasive wear [8]. Wear rates inversely
proportional to hardness would appear as hyperbolas on such a plot.

The RWAT results with SiO2 closely coincide Qith the APT results with
garnet, an abrasive of similar hardness. A maximum in wear occurs at 40 volume
percent retained Y. The APT results with A1203~fit this trend, although, as

expected, greater weight loss occurs with this harder abrasive. In contrast,

the RWAT results with A1203 show weight loss to monotonically increase as

retained Yy decreases, in general agreement with ;ﬁe APT results of Grundlach

and Parks.

The GAWT results, obtained with the A1203 grinding wheel, show a minimum

rather than a maximum at the intermediate retained y level. They bear closer

resemblance to the results of Zum-Gahr and the RWAT A1203 data than to the APT
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results or the RWAT SiO2 data.

The data illustrate the extreme sensitivity of wear behavior to micro-
structure and test conditions. In no case does wear monotonically decrease
with increasing hardness, as predictedbby theory [8]. The RWAT results with

A1203 are more similar to the GAWT results than to the RWAT results with SiOz.

’

273

in wear behavior between various tests, and in other cases, these same tests

In some cases (APT Al,0,, APT garnet, RWAT SiOz), there is general agreement

(APT A1203, RWAT A1203) show opposite behavior. The SEM studies aid in clari-

fying this complex set of microstructure-test-abrasive interrelationships.

SEM-EDXS Results

In the RWAT test against SiOz, sample weight loss varied by about a factor
of 1.5, with maximum weight loss occurring at 407 retained y. This large range
in wear resistance is not reflected in the wear scar topography, which is
almost identical for the four microstructures. Figures 6a and 6b show the worn
surfaces midway down the wear scars of the 5% and the 40% retained Yy samples.
Both surfacesvcontain islands which stand out in relief and which ére surrounded
by regiogs grooved parallel to wear direction (from right to left). EDXS Cr maps
of the surfaces (Figures 6¢, 6d) indicate that the islands are the hard, Cr-rich
carbides. Although the retained Y content of the matrices varies by a factor of
8, the extent of matrix abrasion in the two samples appears to be identical.

Cracks appear across the carbides in both samples, and craters also appear
adjacent to them. Evidently carbides sometimes fracture during the ostensibly
"low-stress' wear érocess and pull out of the surface in the form of discrete
fragments. Iﬁ addition, the abrasive entrance side (right edge) of the carbides
shows scratches and scarring, which indicates that the carbides are often re-
moved by gradually being chipped away, rather than by gross fracture.

The role of the carbide phase in imparting wear resistance against SiO2
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for each microstructural state is illustrated in Figure 6a, b. Deep wear
grooves traverse the matrix, disappear (or at least become significantly nar-
rower) as they cross the hard carbides, and then appear again in the matrix.
Apparently the SiO2 abrasive particles. can cut the matrix of even the 5%
retained Y sample with relative ease, but are not effective in scoring the
‘carbides. The preferential wear of the matrix results in the carbides standing
out in relief. Carbide attrition appears to .take place both by cutting at the
leading edges where the matrix has been removed, and by the cracking-fragmen-
tation process previously noted.

Although there are no discernable differences in. the central regions of
the wear scars of the various SiO2 RWAT samples, there is a marked difference
between the abrasive entrance region and the céntral:region of the scar of
any given sample. As is indicated in Figure-7a,b carbides stand out in relief
in both regions, but in the entrance region, matrix wear is characterized by
‘short grooves inclined at acute angles to the wear direction. There is evidence
‘that the matrix has been gouged by the abrasive particles .and, at points,
smeared over the carbides. Evidently in the entrance region the SiO2 particles
have a certain randomness to their motion and are not behaving as simple micro-
cutting tools moving rectilinearly.

The sample weight losses in the RWAT tests with the hard A1203 abrasive
were greater by a factor of 5 than those with the SiO2 abrasive. Moreover the
weight loss increased monotonically with hardness, rather than passing through
a maximum. SEM aﬁalysis of the wear surfaces showed them to be so markedly
‘ different from the SiOz— worn surfaces, that the differences in wear behavior
were not surprising.

The SEM-EDXS results shown in Figure 8 for the A1203 RWAT test on a 40%
retained Yy sample are typical of those for the four microstructural states.

As is indicated in Figures 8a,b, deep wear tracks or grooves traverse the entire
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region of the scar. There is a very subtle indication that the grooves narrow
when they traverse carbide particles, and a correspondingly subtle indication
of the carbides standing out in relief. At high magnification (Figure 8b), the
relief effect is not discernasle, and the SEM micrograph and EDXS Cr dot map
(Figure 8d) of the same aréa clearly indicate that the A1203 particles are
uniformly effective in cutting matrix and carbide. There is no evidence of
carbide cracking-fragmentation as appeared in the Sin-worn scars, and material
attrition appears to‘Be completely by a micro-machining process.

As with the SiO2 wear scars, the entrance region differs from the mid-region
(Figure 8a,c). Short tracks, often inclined to the wear direction, appear on tﬁe
surface. The carbides do not stand ciearly in relief (compare with Figure 7a,b)
but the gouged, smeared—metél appearance similar to the SiO2 entrance region is
evident.

The GAWT weight loss passed through a minimum rather than a maximum at 40%
retained Y, in contrast with the RWAT SiO2 loss. . Beyond 40% Y, wear increases
steeply with hardness as it did in -the RWAT A1203 case. As with the RWAT 5102
and A1203 surfaces, the GAWT surfaces were identical for all four microstruc-
tural states of the alloy in spite of a marked difference in weight losses.

The GAWT surfaces were much more similar to the RWAT Al_0O. surfaces than

273
to the RWAT SiOz. (Note that the A1203 wheels were fabricated from the same
abrasive used in the RWAT A1203 test). It is apparent from Figure 9 that very

deep grooves traverse the entire weaf scar, and there are not even subtle indi-
cations of qarbidés in relief. One component of ﬁaterial attrition appears to
be the plowing up of thin ridges of material along the grooves. This material
is evidently folded back and broken away by the action of the subsequent particles.

Rectangular holes in the scar mark the regions where material has broken away
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from the groove. Carbides and matrix are cut uniformly by the abrasive, which

also must smear matrix material over the carbide surfaces, since no evidence
of the harder phases appear (Compare Figure 9b with its corresponding Cr dot

map, Figure 9c).
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DISCUSSION

Wear Tests

In the most common model ofbabrasive wear [8], the abrasive is assumed
to consist of angular, non-degradable particles thch are much harder than the
target material. These particles are assumed to partially penetrate the.target
under the action of an appiied load L and to machine V-grooves into the target
surface as they move in the direction of wear. The volume and weight of the
wear debris is taken to be equal to the volume and weight of the matter originally
contained in the grooves. No provision is made in the theory fof matter which
might be plastically deformed out of the grooves aﬁd retained on the target sur-
faces, for the loss of portions of hard, second—phase particles which may be
broken away from the térget by brittle fracture, or for preferential attrition
of a soft matrix phase which supports a harder phase. Under the simple condi-
tions post;lated in the model, the target material is characterized only by its

hardness H, and the target weight loss W is described by the relation

Lx
abr H 1)

where x is the total displacement of the particles relative to the target, and
kabr is a constant which characferizes the angularity of the abrasive.

In tﬁis s;udy the simple inverse H relation was not obeyed in any of the
wear tests throughout the entire hardness range of the series of samples
(Rc 47 to 64, retained Yy 85% to 5%).‘ As is indicated in Table III, tﬁe relation"
was followed qualitatively in certain regimes of hardness for certain tests.
The égreement may be simply fortuitous in that in the tests with garnet (1400 HK)
and Si0, (900 HK), the abrasive was softer than the M7C3 pérticles in the matrix

2

(1700 HK), and so a key condition of the model was not obeyed.
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Table III

Regimes of Qualifative Agreement with Abrasive .Wear Model

Test Sample Hardness Retained ¥y
' Range (Rc) , Range (%)
GAWT - A1,0, 47 - 56 | 85 ~ 40
RWAT - 8102 57 - 63 - 40 - 5
APT - Garnet 57 - 63 40 - 5
APT - A;z 3. 57 - 63 | 40 - 5
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Just as the wear data followed the predictions of the sample model in
certain regions, they were in agreement with behavior cited in the literature
in other regimes. Both Zum-Gahr and Grundlach and Parks found that against
hard abrasives (e.g. A1203), weight loss decreased as volume fréction retained
Y increased within certain ranges.‘ The RWAT results onlAlZO3 and the GAWT results
from 5 to 40% retained Yy suggest that Yy is a useful microstructural constituent
against hard, angular abrasives, or conversely that a hard, brittle target is
especially susceptible to attrition by harder, angular abrasives.

Zum-Gahr suggested three reasons that the presence of retained austenite

.should increase wear resistance. First, he observed stress—induced transfor-

mation of the retained aus tenite to marténsite, which would provide a local
increase in strength, retarding subsurface crack growth. Secondly, the volume
expansion which accompanies this traﬁsformation would tend to produce surfaée
compressive stresses which would help prevent crack initiation. Thirdly, the
stress—induced martensite would only be formed near the surface, and cracks
would not easily penetrgte into the ductile subsurface austenige. Unfortunately,
these arguments.do not suffice to explain the present observation of maxima and
minima in the wear rate as a function of rgtained<austenite content.

It shéuld be noted that in Zum-Gahr's experiments the primary carbides
were smaller than the observed grooves in the worn surfaces, in distinct con-
trast to the present case. This differeﬁce may account for the limitations of

his argument.

SEM-EDXS Studies

Perhaps the most surprising result of these studies is that the general
appearance of a wear scar is fixed by the test, not the microstructure of the
target. For example, the series of samples ranged in hardness from Rc47 to RC63

and correspondingly in retained Y content from 85 to 5 volume percent. - In the
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RWAT SiO2 test the weight losses ranged over a factor of 1.5, yet in a given
zone the wear scars of variops samples were identical. Exactly the same situa-
tion obtained for the RWAT A1203'and the GAWT scars, where a comparable range
in weight loss was observed. it is evident that SEM studies, at least at magni-
fications approaching 1000X, do not give as sgnsitive a measure of the material
attrition processes operative .in these tests as might be desired.

On the other hand, the SEM studies clearly differentiate between.the tests.
In the GAWT, the abrasives cut the matrix and carbide indiscriminantly. Not
only is material lost by micro-ﬁachining, but substantial amounts of matter are
plowed up above the target surface, to.be cut or fracfured by subsequent abrasive
particles. The rectangular holes in the GAWT wear scar may be sites where de-
lamination has occurred, in a manner similar to that described by Doyle and
Turley [9] in a single-phase brass.

In the RWAT SiO. tests, there is little evidence of plowing up of matter,

2
and the matrices are abraded by micro-machining to a much greater extent than
the carb ides. The carbides, which consequently stand out in relief, are abraded
away at their leading edges, are cracked, and at times pulled out from the matrix
(which has been abraded and can no longer support them adequately) in the form
of discrete fragments. The relative importance of these two modes of carbide
attrition is not known quantitatively, but since most carbides protruding from
the worn surfaces do not show evidence of having lost large fragments, it is
concluded that chipping away of material from the leading edges of the carbides
is the more important process. The carbide surface relief and fracturing were
never observed in the GAWT tests.

The RWAT A1203 surfaces share features with each of the other tests. The

abrasive particles cut matrix and carbide particles to an almost identical

extent, although there is some evidence of subtle surface relief. There is no
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evidence of the plowing-up effect found in the GAWT surfaces or cratering
similar to that observed near carbides in the RWAT SiO2 tests. The increased
wear rate observed for A1203 versus SiO2 in the RWAT is most certainly due to
both the greater hérdnesé of the abrasive and to its much greater angularity.
The increased abrasive hardness resulted in easier penetration of the hard
carbides, and the greater angularity would lead to a more positive average
rake angle. As discussed by Graham and Baul [10] and by Samuels et al [11],
abrasives only remove material from a single phase material by machining a
continuous chip when the rake angle is more positive than a critical value.
In the present case, such chips would probably terminate at carbide sites, but
a more positive rake aﬁgle,would stil; be expected to increase the efficiency
of material reméval.

In the RWAT tests with either abrasiveit is obvious that the wear process
near the entrance region differs from that at the central regioﬁ, and the fact
that the abrasives in the RWAT behave. differently at different positions of the
sample complicates the already complicated phenomenon of low-stress abrasign.
However, the carbidgs stand in relief in both the entrance and mid-regions of
the SiO2 RWAT wear scars.

The SEM studies provide valuable insight as to why simple pictures of
abrasive wear lead to erroneous conclusions. The material attrition process
assumed in the mathematical derivation greatly over—simplifies the actual wear
processes. In the GAWT and the RWAT A1203 tests, the abrasive does act by.
micro-machining, but the plowing-up, cutting and fracturing of ridges of

material protruding above the wear surface is an important aspect of material

attrition. This plowing-up is completely negiected in the theory.
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Microstructural Features and Wear Resistance

In the case of the SiO2 RWAT test, the hardness of the carbides (~1700 HK)
is the greater than that of the abrasive (~900 HK). The carbides are therefore
not easily cut by the abrasive, and so they are left protruding from the surface
after the surrounding ma;rix.has been worn away (Figures 6,7). Over a subs-
stantial portion of the surface (greater than 50%), the carbides are spaced
closely enough that the matrix material between them is not. removed until the
more resistant carbides have been cut or chipped away. In these areas the

carbides control the wear resistance. In the remainder of the surface, which

consists of large areas bf matrix material (Figures 6,7), long straight grooves
are formed. Consequently, the factors controlling the wear rate of these
different areas of the surface differ, and may interact in such a way that a
maximum or minimum in wear may result. °

In the GAWT and A1203 RWAT tests, the carbides do not control the wear
rate over a large fraction of the surface. In the GAWT test, the groove depth
is the same in the carbides as in the matrix areas, and this is almost true
in the case of the'AlZO3 RWAT. Since the A1203 abrasive hardness (;ZOOOHK)
is greater than that of the carbides (~ 1700 HK), the abrasive should be ex-
pected to cut the carbides more effectively than Si02. However? if hardness
were the only factor affecting groove depth,'the difference in depths in the
matrix and carbides would be expected to be greater in the A1203 RWAT case.
This follows since in the GAWT case, the load and penetration depth of any
given abrasive particle are largely determined by the distribution of the
externally applied load over all contact points between the abrasive wheel
and the specimen. Deflection of the abrasive particle by a carbide would’
require reducing the load carried at all other contact points, so the carbides

are necessarily cut through. In contrast, the load on individual abrasive

particles in the RWAT case is independently applied by the indentation of
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the particle into the rubber wheel, so that the abrasive particle can change
its depth of cut when it reaches a carbide.

Factors which may affect the wear rate in the A1203 RWAT and GAWT tests
include the rake angles of the abrasive particles, the critical rake angles of
the Various microconstituents [9,10], thermal effects on the microstructure,
and stress-induced transformation of retained austenite to martensite.

The average rake angle of the A1203 particles in the RWAT test is probably
considerably more positi?e than that of the SiO2 abrasive, which would lead to
more efficient cutting due to a greater proportion of chip-forming contacts
relative to plow-forming contacts as described by Graham and Baul [9] and by
Turley and Doyle [10]. Thus the A1203 abrasive might be expected to cut more
efficiently than SiO2 because of both its angularity and its hardness. The
presence of a minimum in wear rate for the‘4OZ retained Y microstructure in the
GAWT may reflect a more positive critical rake angle for this structure. How-
ever, this effect cannot be separated from the other effects discussed.

In»view of the large number of difference in test conditions between the
SiO2 RWAT and the GAWT, the changing effectiveness of the microstructures is

not surprising; however, much experimental work would be required to isolate

the effects of each variable.
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CONCLUSIONS

Both low-stress and gouging wear behavior of the Ni-Cr whité iron studied
are atrong functions of its microstructural state, espécially the retained
Y content of its matrix.

In both gouging andllow—stress wear against_a very hard abrasive (A1203),
matrix and carbide undergo uniform attrition by a micro—ﬁéchining actions
In lowfstress'wear against SiOz, an. abrasive of hardness intérmediate,between

matrix and carbide, the material attrition mechanisms are much different

" than those against Al.0 The matrix is abraded preférentially by micro-

273°

machining, and then the carbides which stand out in relief are chipped
away at their exposed leading edges and are to a lesser extent lost by
fracture and sbélling. The resistance of the carbides to the softer
abrasive appears to be mainl& responsible for the factor of 5 improvement

in wear resistance over the AlZO3 case:

- Over a substantial fraction of the surface, the carbides control the wear

rate in the SiO2 RWAT. This is not true in the GAWT or A1203 RWAT tests,
and the large number of variables present do not permit conclusive evalua-
tion of the factors controlling wear in the latter tests.

In the low-stress tests, in which the abrasive has greater freedom than in
the gouging, the entrance region shows evidence of a more randém direction

of particle travel than in the central region. This may be a limitation

of the test, in that the abrasive is not behaving uniformly as it moves

-along the sample surface.

SEM-EDXS studies are extremely useful in illustrating differences in mate-
rial attrition processes in the various tests. They are less effective

in differentiation between differences in sample behavior in a given test.
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