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ABSTRACT

The objective of this research program is to establish quantitative relations
between microstructure and wear resistance of highiy alloyed materials, including
high-Cr white irons and experimental Co-base and Ni-base powder metallurgy (PM)
alloys now used orpotentially to be used in coal mining, handling aﬁd gasification.
Tﬁe specific types of wear under study are low-stress abrasion, encountered in
coal conversion and transfer applications, and gouging wear encountered in mining.
The objective has twé facets, On the practical side, the establishment of the .

optimum microstructures for wear resistance will allow design engineers to make

-more effective decisions regarding candidate alloys for coal-eonversion processes.

On the basic éide, the establishment of a better understanding of the physical
and mechanical metallurgy of wear will allow development pf alloys with maximum
wear resistance in a specific application with minimum-alloy éontent.

The project has been in existencé for 27 months, and has just beeﬂ renewed
for an additional 24 months. During the first 27 months (Phase I), research was
conducted on existing alloy cast irons from the ASTM 532 series and existing
Co-base PM alloys. In.Phase II of the work, research will be conducted on experi-
mental cast irons, Ni-base and Co-base alloys which show potential for providing
extremgiy good abrasion resistance while containing subétantially less alloy
content than existing materials. In this first quarter of Phase II, the analysis
of the Phase'I Co-base results has been completed and two of the four sets of

experimental alloys have been obtained.
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1. OBJECTIVE AND SCOPE

.Al.l Background

This project has been.in exisﬁence for about two and one-half years, and has
been renewed for an additional two years. This report is the 10th in a series of
quarterly reports which summarize the résearch conducted.

In very general terms, the purpose of this project is to develop quantitative
relations between microstructure and abrasion resistance of highly alloyed white
irons and Co- and Ni-base powder metallurgy (PM) alloys copmonly used in coal con-
ﬁersion processes. The research includes study of gouging wear resistance, nécessary
in mining operations, and low-stress abrasion resistancé 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 re-
gafding candidate alloys for coal-related processes. From the basic viewpeoint, 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 effec-
‘tive wear-resistant alloys.

In this first two and one-half years of the work (Phase I), effort has been
concentrated on the study of abrasion resistance in a spectrum of existing white
irons (ASTM Series 532) and Co-base alloys. Phase II of the work will involve the
'study of wear in iroms of low Cr content and in Ni-base as well as Co-base PM alloys;
thus this phase adds to the basic and applied aspects of the project the aspect of
coﬁservation of strategic alloying elements. The aspect.of the work is being con-
ducted in close cooperation with alloy producers (Climax Molybdenum Corporation and
Stellite-Cabot Corporation), who are in the process of developing less expensive
alloys for wear resistance. Phase II of the project follows directly from Phase I,

and a summary of results achieved in the first phase is given in the following



section of this report.

1.2 Summary of Phase I

1.2,1 Scope

Phase I involved the study of standard alloy white irons and Co-base PM

alloys. The work was based on a three-way experimental program consisting of

- ‘mechanical testing, metallographic analysis and wear testing. The mechanical testing,

which included fracture toughness and fatigue studies,.was conducted to determine

how wear correlated with better-understood mechanical behavior phenomena (e.g. plastic
defqrmation). The metallographic analysis, which included automated quantitative
metallography, was directed toward establishing quantitative, although perhaps_empir—
ical, relations between wear mechanisms and such microstructural parameters as second-
phase éize, size distribution, shape, orientation and hardness. The wear tesﬁing.
included characterization of the wear scar by computer-aided microtopographical

examination, scanning and transmission electron microscopy and micro-quantitative

analysis of phases.

1.2.2 Significant Results

Wear Testing

; Low-stress abrasive testing in a rﬁbber wheel abrasive test éystem
(RWAT) with AFS 50-70 mesh silica abrasive (hardness KHN~1000) and similarly sized
alumina abrasive (hardness KHN~2000) was conducted. Both fresh abrasives and those
used in one previous test wefe empléyed to demonstrate the influence of abrasive
breakdown on wear. Gouging wear tests were conducted in a teét system (GAWT) in-
which the samples were pressed against alumina grinding wheels fabricated from the
loose alumina used in the RWAT. Both tests were found to be highly'reproduqible
with éoefficients of variation within 4%.

Cast Irons

Tests throughout the program indicated that microstructure has a



mArked effect on both low-stress and'gougiﬁg wear resistance. For example, in
pearlitic white irons, the higher the carbide volume fraction Ves the greater the
wear resistance. More surprisingly, carbide orientation was important, sirice weaf
resistance was lower perpendicular to than parallel to the carbide long axes.

Additional microstructural effects were evident in a series of Ni-hard 4
irons which consist of M7C3 carbides in a matrix of austeﬁite decomposition product
(o + Fe3C) with various amounts of retained austenite. RWAT test results with
silica and alumina abrasive, GAWT test results against an alumina abrasive wheel
and Amax pin tests (APT) indicated that, depending on the nature of the wear process,
wear resistance may either be improved or decreased by the presence of.retained
austenite, so the potential for optimizing microstructure for specific wear appli-
cations was evident. ’

AThe studies on cast irons indicated that macrohardness was a good prgdictor of
- low-stress abrasion resistance, and a fair predictor of gouging wear resistance.
Neither low-stress or gouging wear resistance correlated well to carbide micro-

: ﬁardness, which susggested that the carbide-matrik interaction, réther thaﬁ carbides
alone, govern abrasive weér.

‘Mechanical property tests on the Ni-hard 4 irons indicated that wear corre-
lated better to quasi-static tensile prbperties, such as compressive yield étrength,
than to measures of fatigue resistance or fracture toughness. These results under-
score the role of carbide-matrix interactions during plastic deformation on abrasion.
Scanning electron microscopy (SEM) studies coupled with energy dispersive X-ray
spectroscopy‘(EDXS) clearly showed material attrition to occur by such conventionai
flpw-ffacture phenomena as matrix micromachining and carbide chipping and spélling.
The relative importance of each materiallattrition phenomenon was greatly dependent
upon applied load, abrasive bardness and abrasive angularity.

A manuscript based on the cast iron research was included in report C00-4246-8

and has been accepted for publication in Wear.



Co-base Alloys

The research indicated that the microstructures of the PM alloys
have as strong an influence on abrasion resistance as do those of cast irons. 1In
gouging applications and in low-stress applications against SiOz, a moderately
: \
hard abrasive, wear resistance was a maximum for intermediate carbide Ve and alloy
contents. Effort and expense required to increase matrix solid-solution strength-
ener content or carbide Ve beyond the maximum are actually counter-productive.

In low—stress'applications against A1203, a very hard abrasive, increasing alloy
content monotonicélly increased wear resistance. As with the. cast irons, the
necessity of tailoring microstructure and composition to the specific wear applica-
tion was evident. |

For the éo-base alloys,A12q3mwnjwearresistance correlated moderately well to
hardness, but %92 RWAT resistance correlated in a less satisfactory manner. Wear
scar microtopography gave a qualitative gauge of low-stress wear behavior in that
the more resistant alloys had smoother wear scars. This suggests that uniform
wear of matrix and carbide is desirable in these applications, and provides further

evidence of the potential for improving wear resistance by microstructural control.

A manuscript summarizing research on the Co-base alloys is appended to this

report and has been accepted for publication in the Proceedings of the 1979 AIME

Symposium on Corrosion~Erosion Behavior of Materials

1.3 Objective and Scope of Phase II -

1.3.1 Objectives

Since continuity of the research is desired between the two segments of
the work, the five objectives of Phase II relate to the prior research and then
extend into new materials and tests. The objectives are:

1. To refine the analysis of the wear, mechanical property and metalldgraphic



data obtained in the first phase 6f the project on the alloy irons and
Co-base alloys; The empirical relations previously developed will be put
into forms which will couplé wear to current theoretical expressions for
flow-fracture material-attrition processes. This analysis may lead to a
more basic understanding of wear and its relation to fundamental mechanical
behavior.

To extend the testing and analysis program to a series of '"balanced-
composition'" alloy irons of increasing carbide volume fraction and fixed
matrix and carbide comﬁosition. These alloys contain sufficient alloying
element to display good hardenability and high carbide hardness yet not so
much that elements are wasted in.causing excess retained austenite to be
formed during processing. It is estimated that the market for such alloys,
in coal crushing applications alone, is 3 x 1dulkg per year, with alloying -
elgment (particularly Cr) savings of 107 - lO8 kg pgf year.

To extend the testing and anaiysis program to two series of Co-base PM
alloys, one with lean matrix alloy content and one with rich matrix alloy
content. Each seriés would contain samples with fine, medium and coarse
carbide size. As with the allby iron series, these alloys are commercially
relevant, yet have microstructures which are systematically varied and
amenable to a basic study of the mechanisms of abrasive wear.

To extend the program to two families of experimental alloys. The first
are Ni-B PM alloys which may display comparable erosion and erosion-corrosion
resistance to Co-base alloys at significantly lower cost. The second are
ultrafine—carbide.dispersion—strengthened;PM alloys developed under the
sponsorship of ARPA and which have potential for displaying exceptional
mechanical properties.

To investigate the interrelation between abrasive properties (including‘

degradation tendency) and wear in the RWAT and GAWT tests.



1.3.2 Scope
.The five objectives in Phase II of the project are to be accomplished
through the four tasks which comprise the Scope-of-Work. These tasks, and the sub-
tasks invélved in each of them are described below.

(Task I. Analysis of Co-base PM Data from Phase I)

1. Analyze existing RWAT and GAWT data in terms of QTM results, and
establish quantitative empirical relations between wear behavior
and quantitative metallographic parameters which define carbide size,
shape and volume fraction.

2. Correlate existing RWAT and GAWT data to wear scar microtopography.

3. Conduct SEM studies of RWAT and GAWT data to wear scars in an effort
to delineate flow—fracture processes governing material attrition.

4. Relate the empirical eyidence generated in Task I, sub-tasks 1, 2
and 3, to fundamental theories of material, flow and fracture so as

to elucidate the mechanisms of wear.

(Task ITI. Testing and Analysis of Balanced;Composition Irons)

1. Obtain a series of six as-cast specimens of a balanced-composition
iron with systematically increasing carbide Ve and constant matrix
and carbide composition.

2. Develop a raﬁge of microstructures in each sample by heat treatment
and maximize RWAT and GAWT wea? resistance. Heat treatﬁents will
consist of
a) Austenitizing at 1040, 1095 and 1150°C (1900, 2060, 2100°F5.

- b) Cooling at programmed rates already established at AMAX and
ABEX laboratories to simulate thick-section heat treatments in
- | practice . |

c) Stress relief-tempering at 200°C.




Characterize the microstructures developed sy optical and
quantitative metallographip techniques. i

Determine RWAT and GAWT wear behavior of the various miCrosgructural
forms of the alloys.

Characterize wear scars by micrdtopography, SEM, and, if possible,
TEM. |

Obtain mechanical property data for the alloys in conjunction with
AMAX laboratories.

Empirically correlate low-stress and gouging wear resistance to
microstructure and mechanical properties, employing results of

Task I1, sub-tasks i-6.

Attempt to develop quantitative relations between wear and mecﬁanical

behavior which elucidate the basic mechanisms of abrasion.

(Task III. Testing and Analysis of PM Alloys)

Procure the following series of PM alloys:

a) Co-base alloys4of‘moderate matrix solid-solution strengthener
content (Alloy #6) with fine, medium and coarse carbide particle
sizes.,

b) Co-base alloys of high matrix solid-solution strengthener content
(Alloy #19) with fine, medium and coarse carbide particle sizes;

c) Experimental Ni-B alloys.

d) Experimental alloys with ultra fine carbide dispersion.

Conduct wear, microtopographic, QTM, SEM and if possible, TEM studies

as in Task II, sub-tasks 2-5.

Develop empirical correlations as in Task II, sub-tasks 7 and 8.



(Task IV. Study of Abrasive-Target Interactions)

Characterize size distribution, shape, and hardness of loose

fresh quartz and alumina abrasive to be used in RWAT testing.

Have fabricated abrasive wheels for the GAWT from the fresh quartz
and alumina abrasive.

Characterize the size distribution, shape and hardness of spent

quartz and aluminum abrasive after use in the RWAT and GAWT.

Employ spent quartz and alumina abrasive in additional RWAT tests.

Attempt to qorfelate differences in abrasivaeness (frésh Vs spent)

to specific characteristics of the abrasives.

Procure silica sands in the AFS 50-70 size range having different
angularity than the Ottawa silica so as to defermine the influence

of abrasive angularity on RWAT behavior.

Employ SEM to characterize the alloy wear debris from the above
series of tests in order to determine how changes in abrasive proper-

ties influence material attrition mechanisms.



2. TASKS AND PROGRESS

"2.1 Analysis of Co-base PM Data from Phase 1

This task has been accomplished during the first three months of Phase II.
The analysis is described in the manuscript appended to this report and accepted

for publication in the Proceedings of the 1979 AIME Conference on Corrosion-Erosion

Behavior of Materials

2.2 Testing and Analysis of Balanced-Composition Irons

The first sub~task in this task is procurement of a series of irons. Samples
of 12 irons exhibiting a continuous increase in carbide Ve with constant matrix
composition have been obtained from Climax Molybdenum Research Laboratories. The
composition of the irons is given'in Table I.

Optical and quantitative metallography (QTM) will be performed on these irons

. during the next quarter of the work.

2.3 Testing and Analysis of PM Alloys

The first sub-task of this task is the procurement of:’

a) Three sets of PM samples of Co-base Alloy #6 (an alloy of moderate
solid-solution strengthener content) with fine, medium and coarse
carbide sizes.

b) Three sets of PM samples of Co-base Alloy #19 (an alloy of high solid-
solution strengthener content) with fine, medium and coarse carbide
sizes.

c) Experimental Ni-B alloys.

d) Ultra-fine particle size PM alloys.

The three sets of Alloy #6 and Alloy #19 have been obtained from Stellite
Division, Cabot Corporation, Kokomo, IN. The chemical compositions are listed
in Table II and the processing treatments used in generating the desired carbide

sizes are presented in Table III.



l(Climax Molybdenum Research Laboratories,

T
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able I

CHEMICAL COMPOSITION OF THE HIGH CHROMIUM-MOLYBDENUM IRONS

Ann Arbor, MI, 48105)

Element, %
Heat
No. C Si Mn Cr Mo Cu Ni P S
6117A |1.41 0.58 1.56 11.6 2.39 1.24 0.020 0.018 0.030
6117B 1.38 0.58 1.56 12.8 1 2.39 1.24 0.020 0.018 0.030
6118A |2.00 0.59 1.54 15L8 2.35 1.14 0.020 NA NA
6118B (1.89 0.59 1.54 17.8 2.35 1.14 0.020 NA NA
6116A |2.58 0.56 1.50 17.6 2.39 1.03 0.023 0.020 0.030
6116B [2.48 0.56 1.50 18.7 2.39 1.03 0.023 0.020 0.030
6119A |2.87 0.58 1.52 - 20.0 2.36 0.94 0.020 NA NA
61198 |2.79 0.58 1.52 21.0 2.36 0.94 0.020 NA NA
6120A {3.50 0.61 1.59 23.4 2.47 0.87 0.022 0.020 0.030
6120B [3.41 0.61 1.59 24.1 2.47 0.87 0.022 0.020 0.030
6121A [3.93 0.60 1.57 24,6 2.45 0.76 0.022 -NA. NA
6121B }3.81 0.63 1.57 25.7 2.45 0.76 0.022 NA NA
NA = Not Analyzed
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Table II

CHEMICAL COMPOSITION OF Co-BASE PM ALLOYS
(Stellite Division, Cabot Corporation, Kokomo, IN 46901)

Element ‘ Alloy Alloy
i#6 #19
Co - Bal | Bal
Ni | 1.16 2.00
Si - 0.98 0.40
Fe 1.73 1.82
Mn } 0.04 0.10
Cr | 28.46 ' 31.42
Mo 0.13 6.97
4.42 10.08
c 1.35 2.36
13 0.57 : 0.19
Table III

SINTERING TEMPERATURES FOR SPECIFIED CARBIDE SIZES

Alloy #6 Alloy #19

Set A - Fine Carbides - 1160°C Set A - Fine Carbides - 1l2¢4°C
Set B - Medium Carbides - 1182°C Set B - Medium Carbides - 1221°C
Set C - Coarse Carbides ~ 1204°C Set C - Coarse Carbides - 1238°C

Alloy #6 : Stellite Heat 1063-76-020

Alloy #19 : Stellite Heat 1192=77-024
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{Optical and quantitativé metallography will be performed on these alloys
during the next quart of the work. In addition, plans will be.made with Stellite
forAproduction‘of the Ni-B .and ultra-fine PM samples.

’

'2.4  Study of Abrasive - Target Interactions

No progress has been made on this task during the first quarter of Phase II.
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3. SUMMARY

- .

During this first quarter of Phase IT of this project, effort has been con-
concentrated on completion of Task I, Analysis of Co-base PM Data from Phase I.
This task has been completed and the results are presented as a manuscript appended
to this report. In addition, two of the four families of materials to be studied
in‘Phase II, balanced - composition alloy cast irons and Co-base PM alloys,have
been received. During the next quarter of the work these materials will be

-characterized and the remaining materials will be procured.

4. PERSONNEL

During this quarter of the research, the two co-investigators, Dr. Nicholas
F. Fiore and Dr. Thomas Kosel, have devoted one-third time effort to the project.
Three graduate Research Assistants joined the project at the end of the quarter

and a Postdoctoral Fellow is scheduled to join it about December 1, 1979.



- 14 -

APPENDIX

MICROSTRUCTURE AND WEAR IN HIGH ALLOYS

by

T. H. Kosel, N. F. Fiore J. P. Coyle, S. P, Udvardy
and W. A. Konkel

(Accepted for publication in Proceedingé of the 1979 AIME
Symposium on Erosion - Corrosion -- Approved for publication
by DOE)



MICROSTRUCTURE AND WEAR IN HIGH ALLOYS

T. H. Kosel, N. F. Fiore, J. P. Coyle, S. P. Udvardy, and W. A. Konkel
Department of Metallurgical Engineering and Materials Science
University of Notre Dame
Notre Dame, Indiana 46556

A series of Co-base powder metallurgy alloys has been tested for low-
stress and gouging abrasion resistance. The test results have been examined
with the objective of relating microstructural features to wear rates with
the aid of scanning electron microscopy analysis of the worn surfaces.

Increasing the carbide volume fractionm or alloy content of the materials
to increase wear resistance is valuable to a point, but may actually be
counterproductive beyond this point for some abrasion conditions. Macro-
hardness is not found to be a reliable gauge of wear resistance for these
alloys. '

The response of the alloy carbides to different abrasives in low-stress
abrasion depends on the angularity and hardness of the abrasive, and for
softer abrasives carbide attrition controls the wear rate. The rigidly
supported abrasive particles in the gouging abrasion test interact quite
differently with the carbides than the same abrasive does in the low-stress
test even under similar nominal loads.

-Al-




Introduction

The effect of a second phase in an alloy on its abrasive wear behavior
is expected to depend on the relative hardnesses of the two phases, the
second phase volume fraction and particle size, and the strength of the
interface between the two phases. The effects of such variables have been
studied, but there is no general agreement as to the magnitude or even the
direction of the effects, partly because the trends often reverse from one
abrasion test to another (1). Some general trends, along with some of the
conflicting observations, are cited below,

W. L. Silence (2), in a study of cast Co-base alloys, found that alloys
with fine carbides produced in graphite molds wore 2.5 to 10 times faster than
sand-cast alloys with coarse carbides. He concluded that in all cases studied,
processing conditions generating coarser carbides resulted in lower wear rates
for the Si07 abrasive rubber wheel test procedure employed. Dawson et al. (3)
also found that wear rates increased as carbide size decreased. In contrast,
Zum-Gahr (4) found that wear rates increased with carbide size for tool steels
abraded in a pin test on SiC papers.

Increasing the volume fraction of a hard second phase should be expected
to decrease wear rates, especially if the second phase is significantly harder
than the abrasive. Larsen-Badse (5), in a study of carbon steels, found that
wear rates decreased linearly as carbide volume fraction increased. However,
the decrease was rather small, and the effect is probably due to the strength-
ening of the matrix by the carbides, since the carbides were much smaller than
the width of the wear grooves. In another study (6), Larsen-Badse found that
in S.A.P. alloys of Al1203 particles in a matrix of Al, wear rates against SiC
papers were lower for alloys with a larger volume fraction of Al;0j3.

Alloys with large carbides, such as the Ni-hard 4 alloys studied by Fiore
et al. (1), the alloys used by Silence (2), and those in the present study,
gain wear resistance against S107 abrasive from the resistance of the hard
carbides (~1800 HK) to the softer abrasive (~900 HK). Fiore et al. (1) and
Furillo (7) have shown that massive carbides protrude from the worn surface
under low-stress abrasion with S102. It was shown in the former study (1)
that the carbides of Ni-hard 4 resist harder A1203 abrasive particles much
less effectively than they resist S$10j3.

The present work is a study of the abrasion of a set of six commercially
important Co-base powder metallurgy (PM) alloys tested against both Si02 and
Al203 abrasives in a rubber wheel testing apparatus and in a gouging wear
apparatus. In addition to the useful practical information obtained on the
relative wear resistance of the alloys, the work allows some critical examina-
tion of possible material attrition micro~mechanisms which characterize the
wear.

Experimental

The materials chosen for this study were six standard Stellite cobalt~
base powder metallurgy alloys whose chemical compositions and densities are
given in Table I and whose microstructures are shown in Figure 1. The alloys
consist of an FCC Co-rich matrix containing solid solution strengthening ele-
ments and MyC3 and MgC carbides. The M7C3 carbides have a hexagonal crystal
structure and contain about 70 welight percent Cr, about 12 weight percent Co,
and smaller amounts of the other metallic elements in the alloy. The MgC
carbides have a cubic crystal structure and are W rich; these occur only in
the alloys 98M2, 3, and Star-J, which contain in excess of 10 weight percent
W. Carbide sizes and volume fractions (V¢) were determined by standard
quantitative metallographic techniques and are presented in Table II.

~A2-



(e) (£)

Figure 1. Microstructures of Co-base PM alloys. Magnifications are all the

same as indicated in (a). (a) #6, (b) #6HC, (c) #19, (d) #98M2, (e) #3,
(f) # Star-J.

~A 3~



Chemical Compositions and Densities of Co-base PM Alloys

Tabl

e I.

fistar~J

#6 ##6HC #19 ff98M2 #3
B 0.49 0.49 0.22 0.66 0.49 0.27
C 1.49 1.94 1.88 2.12 2.52 . 2.67
Co . Bal Bal Bal Bal Bal Bal
Cr 28.99 28.99 30.17 30.57 30.91 31.57
Fe 1.46 1.46 1.92 3.09 2.29 0.32
Mo 0.32 0.32 - 0.24 0.35 0.02
Mn. - 0.13 0.13 0.65 0.23 <0.10 0.58
Ni 2.13 2.13 1.42 4.04 2,20 1.34
Si 0.92 0.92 - 0.51 0.51 0.34
\Y - — —~— 3.82 - <0.01
W ‘ 4.96 4.96 10.37 17.15 11.78 16.94
p (gm/cm3) 8.38 8.38 8.54 8.63 8.64 8.76
Table I1I.
Carbide Sizes* and Volume Fractionst
M7C3- MgC
Alloy Length Width V¢ Length Width " Vf Total V¢
{#6 27 6 33.8 - - -0 33.8
##6HC 22 7 39.5 - - 0 39.5
#19 26 7 37.4 - —— 0 37.4
#98M2 13 6 43.6 3 3 13.0 56.6
#3 . 29 9 46.3 10 7 8.9 55.2
fiStar-J 21 6 41.0 8 6 8.9 49.9

in an earlier report (1).

ing rubber wheel.

measured, whereas usually 1000 revolutions are employed.

*Carbide dimensions are in micrometers.

tVolume fractions are expressed as percentages.

Wear tests were conducted using two test machines described more fully
The first test i1s the rubber wheel abrasive test
(RWAT), in which abrasive particles are fed between the specimen and a rotat-

This test, designed to simulate low-stress abrasion, was
conducted with 50/70 AFS test sand (5102) and also with 50/70 Al703.

In the present work the weight loss after 3000 wheel revolutions was

The abrasives were

sieve-analyzed before and after testing, and because some degradation was
discovered, further tests were made to determine the effects of this degrada-
tion on the abrasiveness of the particles.

gouging abrasion conditions by using a bonded A1703 abrasive wheel.

The second test, the gouging abrasive wheel test (GAWT), simulates

In both

EWAT and GAWT tests, annealed 1020 steel 18 used as the ¢ontrol material.

The wear scars were examined in an ISI scanning electron microscope (SEM)
interfaced to a Princeton Gamma-Tech energy dispersive X~ray spectroscopy

system (EDXS).

The EDXS capability allowed the identification of Cr-rich

“Ab—



carbides in the worn surface through the use of X-ray maps. Most SEM micro-
graphs were taken using the secondary electron image mode, but in some cases
enhanced contrast was obtained using back-scattered electron images.

Resgults

Wear Test Results

‘The RWAT weight losses for the $102 abrasive are plotted versus R; hard-
ness in Figure 2a, and those for Al703 are displayed in Figure 2b. The GAWT
abrasion factors (specimen weight loss divided by the weight loss of 1020
steel standards) are plotted against R; hardness in Figure 2c. The RWAT
results include data obtained with abrasive previously used in another test,
as will be discussed later. Each point shown is the average of three tests.
The error bars for the S102 RWAT test would be about * 0.005 grams (-6%);
those for the Al1203 would be about * 0.1 grams (~5%); and those for the GAWT

- would be about * 10%. If the wear rates were inversely proportional to hard-

ness, the points would lie on hyperbolas. The lack of a clear correlation
between wear and R. for the Si02 RWAT and the GAWT results is apparent, al-
though wear correlates with R¢ hardness much more closely in the Al203 RWAT
test.
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Figure 3. Wear test results plétted versus carbide volume fraction.
(a) S102 RWAT and GAWT, (b) Al1203 RWAT.

One parameter which might be expected to affect wear rate is the carbide
volume fraction, Vf. Plots of wear versus V¢ are shown in Figure 3. The:
Star-J alloy shows the lowest weight loss for both the S109 RWAT test and the
GAWT test. As Vf increases beyond the value for Star-J, the wear rate in-
creases again for these two tests. This is not the case in the Al703 RWAT

test, in which the wear rate decreases monotonically with Vg.

Another parameter which might be expected to affect wear rates is the
matrix strength. Since this is not known accurately for these alloys,
normalized alloy content was taken to be a measure of matrix strength. This
was defined as the sum of the weight percentages of Ni, V, and W in the
alloys, normalized against alloy #6. The values for the alloys are shown in
Table III together with the Rockwell C (R.) hardness values. Normalized
alloy content gives an approximate measure of the solid solution strength-
ening of the matrix, as will be discussed in more detail later. As is seen
from Figure 4, the wear rates follow trends with normalized alloy content
similar to those with Vg. The S102 RWAT and GAWT weight losses pass through
minima at the Star-J alloy, whereas wear rates decrease monotonically with
both V¢ and normalized alloy content for the A1203 RWAT test.

Table III.

Normalized Alloy Content and R, Hardness of PM Alloys

Alloy e #19 #6HC #Star-J #3 #98M2

Hardness (R¢) 45.0 51.0 49.0 59.0 57.0 63.0

Normalized Alloy 1.0 1.7 1.0 2.6 2.0 3.5
Content : '
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Figure 4. Wear test results plotted versus normalized alloy content.
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Abrasive Degradation

The results of the sieve analysis of the Si02 and Al1,03 RWAT abrasives
before and after use in wear testing are shown in Figures 5a and 5b. The
S10, abrasive breaks down after one test, so that a considerable increase in
the number of particles in the finer sizes is observed. A second test
further increases the number of finer particles. The Al203 abrasive also
breaks down after the first test, but does not break down measurably in
response to a second test. SEM micrographs of the Si0, and Al203 abrasives
are shown in Figure 6. (The used abrasives are practically indistinguishable
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Figure 5. Sieve analysis results of RWAT abrasives before and after
ugse against Co-base alloys. (a) S102, (b) Al203.
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(a) (b)

Figure 6. Typical SEM micrographs of RWAT abrasives.
(a) §107, (b) Al503.

from the new in the SEM.) The Al703 particles are considerably more angular
than the Si03, and in addition they are much harder (~2000 HK) than the S103
abrasive (~900 HK). However, changes in the angularity of the particles as
a result of testing are very difficult to detect because the unused and
degraded particles are so similar in appearance.

The wear test results in Figure 3a indicate that the S10, loses approxi-
mately 50% of its abrasiveness after one test for the Stellite alloys. How-
ever, steel specimens showed that the used abrasive did not give measurably
lower wear rates for this material. For the Al703, abrasive breakdown caused
only a minor decrease in weight loss of the Co~base alloys (Figure 3b) and
only about a 10Z decrease in weight loss of the 1020 steel standards.

The new Al703 abrasive produced weight losses which averaged 25 times as
large as those for the new Si02 in the RWAT. In contrast, the 1020 standard
specimens wore 4 times as fast with new Al703 as with new S10j.

SEM Observations

SEM micrographs of the RWAT wear scars caused by new Si07 are shown in
Figures 7, 8, and 9 for alloys #6, Star-J, and 98M2. These figures include
examples of the x-ray maps used to identify the Cr-rich M7C3 carbides and the
W-rich MgC carbides. 1In the #6 alloy (Figure 7), the large M7C3 carbides
protrude markedly from the surface, and the matrix is worn preferentially.
Deep grooves in the matrix often end at one side of carbide particles and
reappear at the other side, indicating that the Si0 abrasive particles are
unable to cut the hard carbides. Preferential wear of the matrix is also
apparent in the Star-J alloy (Figure 8) and in alloy 98M2 (Figure 9). Star-J
and 98M2 both contain W-rich MgC carbides, which exhibit a characteristic
light contrast in the SEM, as shown by comparison of the W x-ray map of
Figure 8d with the corresponding secondary electron image in Figure 8b. The
M7C3 carbides in alloy Star-J tend to appear slightly darker than the matrix
(Figure 8), whereas in alloy 98M2 they generally appear somewhat lighter than
the matrix.
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Figure 7. SEM micrographs of §10,
RWAT wear scar in alloy #6. (a) Low
magnification, (b) Higher magnifica-
tion area showing wear debris at A,
(c) Cr x-ray map of (b). Direction
of abrasive flow indicated by an
arrow here and in later RWAT micro-
graphs.

(c)

Some interesting yet not understood observations relate to RWAT wear
debris on the scar surfaces. In alloy #6 there is evidence that the debris
is piled up against those carbides whose leading edges make large angles with
the direction of abrasive flow; for example, at A in Figure 7b. Such areas
are also identifiable by optical metallography, with the debris appearing
darker than the matrix, and often extending in front of the carbide for a
distance comparable to the width of the carbide. In the SEM, the debris
areas have a much rougher appearance than other matrix areas (Figure 7b). In
alloy #6 the raised areas associated with carbides are often much larger than
the carbides themselves due to the presence of a mass of debris at the leading
edge and a tapered area of grooved matrix material at the trailing edge
(Figure 7b). 1In alloy Star-J, the raised carbides do not have such large
areas of raised matrix material associated with them.

The marked difference in MgC and M7C3 sizes is evident for the 98M2

alloy, and the smaller MgC carbides in this material appear to be pulled from
the matrix by the Si02 abrasive (Figure 9). These small carbides may contri~
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(c) (d)

Figure 8. SEM micrographs of Si02 RWAT wear scar in alloy Star-J.
(a) Low magnification, (b) Higher magnification, (c) Cr
x-ray map of (b), (d) W x-ray map of (b).

bute to the abrasion, because in some cases distinct grooves of the same size
as the small carbides are found in the larger carbides.

SEM micrographs of the #3 alloy, not shown here, were very similar to
those from the Star-J alloy.

SEM micrographs of the Al;03 RWAT wear scars are shown in Figure 10, It
is apparent that this harder abrasive is able to effectively cut the alloy
carbides, but the carbides still protrude from the surface to some extent,
indicating preferential removal of the matrix. This is more apparent in
micrographs taken with the direction of abrasive flow from tup to bottom than
in those with flow from left to right due to a contrast effect in the SEM, as
shown by the comparison of Figures 10a and 10b. The detector in the SEM
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(a) ®)

Figure 9. SEM micrographs of S107 RWAT wear scar in alloy 98M2.
(a) Low magnification, (b) Higher magnification. MgC
carbides appear white, MgC appears smooth, and the
matrix areas are heavily gouged and darker than the
M7C3.

corresponds to the apparent source of light, and this is fixed at the upper
right corner of the picture for these micrographs. Because the leading and
trailing edges of the carbides are more steeply inclined to the surface than
are the sides, the shadowing of carbides 1s more pronounced in micrographs
with the flow from top to bottom. Careful examination of several micrographs
shows that in many instances the deep grooves in the matrix become narrower
when the abrasive particle enters a carbide, again indicating that the car-
bides resist the abrasive more effectively than the matrix (e. g., Figure
10b). It is interesting to note that because of the shadowing effect men~
tioned above, carbides appear to be depressed rather than raised when the
micrographs are viewed upside down.

SEM micrographs of the GAWT wear scars of alloys #6, Star-J, 3, and 98M2
are shown in Figure 11. The grooves cut by abrasive particles are much
deeper than in the RWAT with either abrasive. In alloy #6, large pits are
frequently observed, and these are identified with the aid of Cr x-ray maps
as sites of fractured, partially removed carbides in nearly all cases
(Figure 12). In a few cases such pits did not seem to be Cr-rich (which
would indicate the presence of M7C3), but since such pits had smoother sur-
faces inside, they were interpreted as being sites where smaller carbides had
been pulled out completely. Many carbides appeared to be slightly fractured
and partially covered with smeared metal.

The appearance of the Star-J GAWT wear scar is similar to that of alloy
#6, except for the presence of the light-colored MgC carbides. Pits associ~
ated with fractured carbides are also observed in Star-J. The GAWT wear scar
of alloy 98M2 shows a roughness in the grooves of a size scale comparable to
that of the smaller MgC carbides in this material (about one or two microms),
suggesting that this roughness is caused by direct removal of the small car-
bides. Many small pits one or two microns across, which correspond to the
size of the smaller MgC carbides, are observed. There are also gaps adjacent
to many small carbides which may be sites where the matrix has been pulled
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.(a) _ . 5

Figure 10. Al203 RWAT wear scars. Directions of abrasive flow are
indicated. (a) Alloy -#6, (b) #6, (c) #Star-J, (d) #98M2.

away from the carbides, making their subsequent removal easier. In additionm,
the edges of the grooves in 98M2 often have a serrated appearance where small
carbides probably have been torn loose from the thin ribbon of material formed
at the side. A

Alloy #3 shows a GAWT wear scar which is very similar to that of the
Star-J alloy, despite the fact that the wear rate of alloy #3 was nearly twice
as high.

(c) (d)
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(c) (d)

Figure 11. GAWT wear scars. (a) Alloy #6, (b) #Star-J, (c) #3, (d) #98M2.

Discussion

General Discussion of Wear Test Results

In the Si02 RWAT and GAWT tests a minimum wear rate occurs at an inter-
mediate value of either Vg or normalized alloy content (Figures 3 and 4).
Alloying to provide increased wear resistance is thus counterproductive
beyond a certain point for service conditions corresponding to these two
tests. However, for the Al1703 RWAT test, the wear rate continues to decrease
as V¢ and normalized alloy content increase. Thus the choice of an alloy for
optimum wear resistance appears to depend on the service conditions to be
encountered. Possible reasons for this will be discussed later.

The normalized alloy content parameter is used here to give a measure of
matrix strength because reliable microhardness values are not available, due
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(a) (b)

Figure 12. Identification of fractured Cr-rich M7C3 carbide in GAWT
wear scar of alloy #6. (a) SEM image, (b) Cr x-ray map.

to the difficulties associated with measuring microhardness in the very small
matrix areas between carbides. Although a quantitative measure of matrix
alloy content would have to take into account the partitioning of alloying
elements between carbides and matrix (2), the normalized alloy content used
here gives at least a qualitative measure of matrix strength.

RWAT Tests

Macrohardness is the most commonly used indicator of probable wear
resistance, but it is found to be unsatisfactory in this study, except pos~
sibly for the Al203 RWAT results. The simple theory of abrasive wear (8) is
based on the concept of an abrasive particle which forms a groove whose depth
varies directly with applied load and inversely with the macrohardness of the
material. All of the material in this groove is assumed to be removed in a
single cutting event. The limitations of the latter assumption are discussed
clearly by Murray, Mutton, and Watson (9). Depending on the rake angle of
the abrading particle and on the material, cutting interactions may occur
with chip formation, or ploughing interactions may simply plastically dis-
place material. Since this effect is neglected in the simple theory, it is
not surprising that the theory is unsatisfactory.

Even if the simple model of abrasion were modified to take into account
rake angle, it would not adequately describe the present case of two-phase
alloys in which abrading particles alternately encounter areas of relatively
soft matrix and hard carbides. In such cases the simple theory must at least
be modified to include some sort of averaging of the wear rates of the two
phases.

This averaging will in many cases not be as simple as correcting for the
area fractions of the phases, because under some ¢onditions the slowest wear-
ing phase will control wear. For instance, in the present study the S102
RWAT data do not fit the prediction that wear is inversely proportional to
hardness, and the SEM results clearly show that the matrix phase is preferen-
tially removed. As discussed by Fiore et al. (1), under these conditions the
removal of the hard carbide phase is controlling, because removal of the
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matrix material between the carbides is prevented by the fact that the large
abrasive particles usually touch two adjacent carbides. The carbide sizes
and inter-carbide spacings in these materials are about 30 microns, whereas
the rounded Si02 abrasive particles are about 250 microns in diameter. Thus
the rate at which the matrix phase is removed is determined by the removal
rate of the adjacent carbides.

There is evidence as to the manner of carbide attrition, the process
which controls wear in these tests. In previous work (1) on Ni-hard 4 cast
irons, large carbides were observed to be preferentially grooved on the
leading edges during Si0, RWAT testing, and it was concluded that the carbides
were gradually removed by attrition of the edges. In the present work, this
is probably also the case. Since gross carbide fracture in the §10, RWAT 1s
seldom observed, the carbides probably are removed gradually by fine-scale
chipping or cutting events. Under such conditions one would expect alloys
with higher V¢ to have lower wear rates, all other things being equal. This
simple behavior is not observed (Figure 3). However, as V¢ increases, the
macrohardness, the matrix phase hardness, carbide size, and possibly carbide
hardness vary as well. The increase in wear rate with V¢ after the minimum is
probably due to the interaction of these variables. The SEM observations sug-
gest that the reason that the 98M2 alloy, which has both the highest V¢ and
macrohardness, has less abrasion resistance than expected is that many of the
very small MgC carbides are pulled out of the matrix. The carbides thus con-
tribute to Vg but not to the wear resistance, and to some extent they also
increase the wear rate by becoming abrasive particles themselves.

The contribution of the pulled-out carbides should be rather small since
the carbides would comprise a small fraction of the abrasive material. Also,
soon after being pulled out they probably would be carried along between the
large abrasive particles. Regardless of the relative magnitudes of the losses
of wear resistance due to pull-out and to subsequent abrasiveness of the small
carbides, the probable reason for the relatively poor abrasion resistance of
98M2 against Si0y is carbide removal.

In both the Al303 and the S102 RWAT tests, the matrix is preferentially
worn, leaving carbides standing in relief. With A1203, however, this effect
is much less pronounced than for the Si102 abrasive, since the carbide relief
is seen only in micrographs taken with the abrasive flow from top to bottom.
This is understandable, since the Al703 is comparable in hardness (~2000 HK)
to the MgC carbides (~1800 HK), while the S10, is substantially softer (~900
HK) than the carbides.

Carbide Vg would not be expected to be the sole controlling factor in
Al703 tests because the carbides are being cut effectively by the abrasive
particles. The matrix is therefore less protected by them. In additiom, the
more angular Al;03 particles would probably penetrate into the matrix phase
between carbides more effectively than the rounded SiO2 particles. Since the
carbide V¢ probably plays a smaller role here than for 5109, a change in alloy"
ranking is not surprising. The SEM results suggest that higher V§ should in-
crease wear resistance here since the carbides resist penetration, and matrix
strength should also play a part since the matrix wear rate is comparable to
that of the carbides. Since both of these increase macrohardness, a mono-
tonic decrease in wear with R. 1s observed.

GAWT Tests
Even though the nominal load between specimen and wheel 18 lower for the
GAWT (0.127 MPa) than for the RWAT (~0.4 MPa), it is observed that the Al703

particles penetrate the carbides more effectively in the GAWT. This is
probably due to the fact that the abrasive particles in the GAWT wheel are

~Al5-



rigidly supported, giving rise to different particle loading conditions when
hard carbides are encountered. The particles in the RWAT test form approxi-
mately a close-packed monolayer between specimen and wheel, and the average
load per particle is the total load divided by the number of particles. How-
ever, when an individual abrasive particle encounters a hard carbide in the
RWAT test, it can be deflected into the wheel, increasing its load only
slightly. In the GAWT test, when an abrasive particle encountering a large
carbide begins to deflect over it, the other particles of the wheel must also
deflect simultaneously. Their loads are thus decreased, and the load on the
particle encountering the carbide is increased very rapidly as the deflection
begins. The cutting force on the particle thus becomes sufficient to pene-
trate the carbide before a large deflection of the wheel occurs. The
abrasive particle may fracture or the carbide may be fractured, cut, or
ploughed (9,10), depending on the rake angle. In contrast, the RWAT particles
are relatively easily deflected by carbides. It is not surprising in view of
this difference in particle loading characteristics that alloy rankings often
change between RWAT and GAWT tests (1).

The SEM observations indicate that the small MgC carbides in the 98M2
alloy tend to be pulled out in the GAWT test, but this cannot be the case for
alloy #3, which has larger carbides. The SEM observations do not show a
significant difference in the wear scars of the alloys #6, Star-J, and #3,
and although it is tempting to ascribe the upswing in the wear rate versus V¢
curve to pull-out of small carbides as in 98M2, this is not borme out in
alloy #3.

Abrasive Degradation

The RWAT test was designed to simulate low-stress abrasion conditions,
in which it is assumed that the abrasive is unaffected by the test. That this
is not the case is evident from the sieve analysis results on the used abra-
sives. This observation may have implications regarding the reproducibility
of RWAT results with different batches of the "same' abrasive, since small
changes in the abrasive are apparently capable of producing rather large
changes in its abrasiveness.

The abrasiveness of S102 18 reduced by about half against the Co-base
alloys, but does not decrease against 1020 steel. This is difficult to
understand, since changes in abrasive:size or shape would be expected to
affect the response of different alloys in similar ways, if not quite to the
same extent. Larsen-Badse (11,12) has examined the effect of abrasive parti-
cle size on wear rates and determined that above a critical grit size, wear
rate tends to become independent of abrasive size. This suggests that the
observed size reduction of the abrasive should not lead to substantial changes
in wear rate since the abrasive used here is large compared to the size at
which wear rates become insensitive to particle size. However, Larsen-
Badse's studies (11,12) were conducted with SiC abrasive papers, and the
dependerice of wear rate on particle size may differ for the rubber wheel test
of the present study.

The change in abrasiveness of the Al203 was rather small against all
materials. The sieve analysis results characterize size changes, but shape
changes (rounding, etc.) are much more difficult to define. Since long con-
tinuous grooves are produced on the specimens, abrasive particles must con-
tact specimens at just one point or edge, so that most of the particle would
not be blunted or affected. (As noted earlier, the size of the grooves is
"much smaller than the size of the particles.) Since loose abrasives are
employed in the RWAT, the corner of the particle which actually contacted the
specimen is unknown, and so it is not possible to determine whether a partic-
ular corner under observation has undergone degradation. The fact that only
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one edge or point of a particle is ariected by a given test probapiy meaus
that significant rounding of the particles requires many abrasion events, 8o
it seems likely tbat the observed decreases in abrasiveness of the particles
are primarily due to the size change.

Effects of Abrasive Type

The fact that the Co-base alloys wore about 25 times faster against new
Al,03 than against Si0; abrasive in the RWAT can be ascribed to the combined
effects of the greater hardness and angularity of the Al;04 particles. The
1020 standard specimens consisting of ferrite plus pearlite wore only about
four times faster using Al1703. The thin Fe3C platelets of the pearlite would
not be expected to resist even the softer S10, abrasive very effectively, and
the increased angularity of the Al,03 is probably primarily responsible for
its increased abrasiveness against 1020 steel.

This suggestion is in agreement with results reported by Avery (13), who
found an increase by a factor of 3.7 in the wear rate of 1020 steel for angu-
lar Wausaw crushed S10s compared to rounded Ottawa Si02 of the same grit size,
using a rubber wheel abrasion test. Preliminary results of Swanson (14) also
indicate that crushed quartz is four times as aggressive against 1020 steel as
the rounded AFS test sand normally used in the RWAT.

The hardness of the Al03 particles provides an additional increase in
abrasiveness against the Co-base alloys due to their ability to penetrate the
large carbides. It is also interesting to note that the 98M2 alloy wore only
16 times faster against Al;03, while all the other Co-base alloys wore
between 24 and 30 times as fast. This is consistent with the argument that
increased abrasive hardness increases wear rates more for alloys with larger
carbides.

Conclusions

1. Alloying Co-base PM alloys to provide increased carbide V¢ or matrix
strength improves abrasive wear resistance in low-stress wear against
hard abrasives. Againsi softer abrasives or in gouging conditions it is
valuable to a point, but may actually be counterproductive beyond this
point. The abrasion behavior of a given microstructure is a strong
function of the specific abrasion conditions, and the use of broad
generalities in predicting wear resistance is not warranted.

2. For these alloys, macrohardness is a satisfactory gauge of wear resistance
in low-stress applications against very hard abrasives. It is unsatis-
factory in low-stress applications against softer abrasives or in gouging
applications.

3. The simple inverse-hardness description of abrasive wear must be modified
to take into account the rake angles of abrading particles, the size and
hardness of multiphase particles, and the matrix-particle interactions.

4. Closely spaced large carbides protect the matrix against wear under low-
stress abrasion conditions, and carbide attrition rather than matrix
attrition governs wear rates.

5. Small second-phase particles may be dislodged from the matrix during
wear, resulting in marked weight losses and actually enhancing the abra-
sion environment.

6. The load-time history on an abrasive particle in gouging wear has a
strong influence on material attrition. The same abrasive employed under
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low-stress and gouging conditions acts quite differently in the two appli-
cations, jeven under similar nominal loads.

7. One of the most commonly accepted low~-stress abrasion tests causes degra-
dation of the abrasive. This degradation usually decreases the effective-
ness of the abrasive.

8. In low-stress abrasion against materials with large carbidea, hardness and
angularity of the abrasive control wear. Against alloys with small car-
bides, angularity appears to be more important than hardness.
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