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LABORATORY TESTS OF SPALLING, BREAKING, AND ABRASION
OF WEAR-RESISTANT ALLOYS USED IN MINING
AND MINERAL PROCESSING

By R. Blickensderfer "and J. H. Tylczak?

ABSTRACT

Laboratory wear testing was conducted by the Bureau of Mines on a
variety of typical wear-resistant alloys used in mining and mineral-
processing equipment to establish their relative spalling and abrasion
resistance. Test specimens in the form of 75-mm-diam balls were sub-
jected to repeated impacts until they broke, spalled excessively, or
received several hundred thousand impacts. Pin specimens removed from
the balls were evaluated for high-load abrasive wear. The alloys in-
cluded commercial forged steels, cast steels, manganese steels, and four
types of white cast iron, with a range of heat treatments. The effects
of hardness and microstructure on impact wear and abrasive wear are dis—
cussed. The data should help mine operators select the compositions and
heat treatments that best suit service conditions.

1Supervisory metallurgist.
2Metallurgist.
Albany Research Center, Bureau of Mines, Albany, OR.



INTRODUCTION

When mining equipment is excavating,
crushing, and grinding ore, it is sub-
jected to a wide variety of wear condi-
tions. One of the most insidious and
severe wear conditions is a combination
of repeated impacts and abrasion, such as
occurs in hammer mills, ball mills, exca-
vator teeth, and pulverizers. Materials
that are resistant to repeated impacts
generally are not very resistant to abra-
sion and vice versa. Lack of information
on the resistance to repeated impacts has
hampered the ability to match alloys to
the particular impact-abrasion condition.

Although several reproducible abrasive-
wear tests have been devised, repeated-
impact tests that give reproducible re-
sults 1in a reasonable length of time
generally are lacking. Recently, the
Bureau of Mines devised a repeated-impact

test that was relatively fast and gave
reasonably reproducible results (L).3
Consequently, it became possible to de-

termine relations between repeated-impact
wear and abrasive wear of alloys.

A number of investigators have studied
wear of materials under simultaneous im—

pact and abrasion conditions found in
ball mills. Ellis (g) conducted early
tests in l-gal jar ball mills. The im-

pact forces in such a small-diameter mill
were probably insignificant. Norman and
Loeb (3) conducted studies on 75-mm—diam

commercial mill,
cause fail-

balls were found in the
but the number of impacts to

ure could not be determined. Paul and
Hamel (4) evaluated materials by using a
rotating—-impeller test specimen inside a

counterrotating drum, thus producing im-
pact and abrasion between the impeller
and the ore. Eleven alloys were compared
qualitatively. Pearlitic steel was least
effective, white cast irons were very
wear resistant, and a lean—-Mn steel con-
taining C, Cr, and Mo was the most wear
resistant. Dixon (5) devised and wused
one of the early ball-drop testing ma-
chines to produce known numbers of re-
peated impacts 1in the absence of abra-
sion., Test balls, 38 wm in diam, were
dropped 6.4 m onto an anvil. In studies
of the effect of heat treatment on a Ni-
Cr white cast iron, the number of impacts
to cause fracture ranged from a few hun-
dred to 7,200, depending upon the type of
heat treatment. Studman and Field (6)
developed an apparatus that produced re-
peated low-velocity impact damage by a
3-mm—diam tungsten carbide (WC) sphere on
the surface of a test specimen. On a
hardened carbon steel test specimen, 50
impacts produced radial cracks outside
the contact area and flakes within the
contact region.

The purpose of this report is to show
relationships between repeated impact
wear and abrasive wear, as well as other

properties, on a variety of typical wear-
resistant alloys.

EXPERIMENTAL METHODS

balls in a l-m-diam laboratory mill and

studied wear of marked balls in commer-

cial mills. Spalling and broken test
ALLOYS

Twenty—-two compositions, representing a
wide range of wear-resistant materials,
were selected, and as many as 11 dif-
ferent heat treatments were given to each
composition. In this report, a given

3Underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

composition with a particular heat treat-
ment 1s designated as an alloy. Only a
few typical heat treatments were selected
for inclusion here, giving a total of 34
alloys. Each alloy includes at least 3,
and as many as 14, duplicate balls
for repeated—impact testing. The alloy
compositions presented in table 1 are
grouped into seven categories, The heat
treatments are included in table 2. The
seven categories are:



1. Forged steel, alloys 1 5. Includes
three types of commercial steel grind-
ing balls, and two chromium steel al-
loys. The 3 commercial grinding ball
alloys are representative of 12 differ-
ent types of commercial balls evaluated.
More detailed results on the commercial
balls are given in a previous publication

(7).

2. Cast steel, alloys 6-10. 1Includes
medium— and high—-carbon steels with a
range of chromium content.

3. Mn steel, alloys 11-19. Includes

four compositions of lean—-Mn steel and
Hadfield steel, both forged and cast, and
several heat treatments.

4, Ni-Cr white cast iron, alloys 20-
23. Includes a low—Cr-Ni alloy of the
Ni-Hard 1 type and 9Cr-Ni alloys of the
Ni-Hard 4 type with three heat treat-
ments.

5. Cr-Mo white cast iron, alloys 24-
27. Two compositions. Three alloys of
the same composition were selected as
representative of a more extensive series
of 11 heat treatments (8).

6. Cr white cast iron, alloys 28-31.
Two compositions. Three aliloys of the
same composition were selected as typical
of a more extensive series of 11 heat
treatments.

7. Sulfur white cast iron, alloys 32~
34. Two compositions, one with two heat
treatments, were selected from a more ex-
tensive test series. The sulfur white
irons, containing FeMnS hard particles,
are not commonly wused in mining and
processing applications but are believed
to have potential for those applications
(9.

All test specimens consisted of 75-
mm—diam balls. Most were cast, either by
a commercial foundry or by our own labor-
atory; others were forged. Laboratory
melts were air-induction melted in 20- to
40-kg charges. The commercial steel
balls were purchased in the forged condi-
tion. Two of the Mn steel alloys were
hot-forged in closed dies in our
laboratory.

The cast balls were made in groups of
three. The 75-mm—diam balls were con-
nected by generously sized gates, 3 cm by
3 cm, to a central pouring basin or riser
10 cm in diameter. The large gates and
riser assured that liquid metal was
available to the balls during solidifica-
tion, thereby preventing shrinkage cavi-
ties. The castings were allowed to cool
for several hours before shakeout. A
typical casting 1is shown in figure 1.
The balls were cut off at the gates with
a slow-speed band saw fitted with a tung-
sten carbide-edged blade. This sawing
method was found to prevent heat checking
during cutting.

Many of the balls were
the producer; others were heattreated in
our laboratory. The heat treatments
chosen (table 2) were similar to the com-
mercial heat treatment normally used for
the given alloy. Several of the composi-
tions, a lean-Mn steel and four of the
alloyed white cast irons, were given a
series of heat treatments in order to

heattreated by

study the effect of heat treatment and
microstructure on spalling. Specimens
were heated 1n a neutral atmosphere to

prevent decarburization.

FIGURE 1. - Typical three-ball casting. The

balls are nominally 75 mm in diameter.



TABLE 1. - Analyzed composition of specimens, weight percent

(Iron-based alloys; 75-cm~diam balls)

Alloy Description C Mn Si Cr Ni Cu Mo P S
No.
FORGED STEEL _
lawasss High C, low alloy, 0.51 1.11 | 0.25 0.95(0.08 | 0.17 NA | 0.029 | 0.028
commercial.
2ieenee| seed0cucneesanccnos .63 .90 .76 66 <.1 <.1 NA .018 | <.005
Jawmeen | wiewdO eewioie s s soews | 100 .82 .20 .62 .27 .37 NA .021 | <.005
beveoss 2Cr=0s5MOcavavannns .95 1.48 .60 2.22| .60 12| 0.41 NA NA
Spsns s o | 4CT-2MNecueenssonos .27 2.0 <.01 4,20 .07 ] <,01| <.01 NA NA
CAST STEEL
Heeeeos | Med. C, low alloy..| 0.34 0.86 | 0.20 0.57(0.11 | 0.21] 0.15 NA NA
JTeeeoss| Meds Cy 2Cruuenas .o .30 1.52 .55 2,12 .62 .12 41 NA NA
Bessanos High C5; 1.5CTasenns | 143 .39 | 1.05 lo44) .10 NA 041 0.02 0.018
Qeiensnae High C, 3Cr-0.5Mo.. .91 .76 .62 2.541 .27 NA .48 NA NA
100eeee High C, 6Cr-1Mo.... +99 .69 .54 5.67| .19 .16 .92 NA NA
MN STEEL
1leesea | 6Mn-1Mo, castosees. 1.33 5.92 | 0.49 0.23/0.10| 0.13| 1.10 NA NA
12566aa 6Mn—-1Cr-1Mo, forged | 1.29 6.44 .45 .82 .26 NA| 1.01 | 0.08 NA
13sanae 6Mn-2Cr—-1Mo, cast.. | 1.21 5.29 46 1.84) .11 J11 | 1.11 NA NA
14-17.. | 6Mn—-2Cr—1Mo, cast.. .97 5.29 48 1.87| .11 NA .99 .03 0.018
18.¢.4. | 12Mn, Hadfield, 1.17 | 13.3 .80 .72| .30 .13 .06 NA .031
cast.
19 eeans 12Mn, Hadfield, 1.20 ( 13,2 02D .56 .13 «13 .05 NA .031
forged.
Ni-Cr WHITE CAST IRON
200000e| 1a5Cr=4Nivieeeoansns 3.16 0.56 | 0.25 1.56,3.70 NA| 0.04 {<0.01 0.028
2leeeee| 9Cr—6Niseeeanoonnsss 3.19 .63 | 1.79 8.5215.96 | 0.07 .04 NA NA
220 wawn | win0i0Ots 0 ninienmmisin vie .. | 3.07 .79 | 1.04 8.34(5.23 NA NA .028 .040
23i0vas | oo0edOvesaens ssnasve | 2u8l 1.2 1.2 9.9 |5.5 NA .02 NA NA
Cr-Mo WHITE CAST IRON
240 000s| 15CT-3MOctveansanss 2.89 0.73 1 0.70 | 15.14]0.27 | 0.12 | 3.14 NA NA
25-27..| 17Cr-1Mo, commer-— 312 .65 32 17.1 41 NA| 1.1 | 0.04 | 0.10
cial alloy.
Cr WHITE CAST IRON
28-30..| 18Cr, commercial 2,06 0.54]0.29 | 18.4 [0.38 ] 0.08 | 0.0 NA | 0.049
alloy.
3lunwas | 250 anennncaseosnens 2.71 .71 .66 | 25.30| .21 .15 .12 NA NA
SULFUR WHITE CAST IRON
32-33.. | FeMnS-0.2Ni-0.1Mo.. | 2.85 0.20 | 1.25 NA| 0.20 NA| 0.10 NA | 0.45
30 mine FeMnS-0.4Ni-0.2Mo.. | 2.85 .20 |"1.25 NA| .40 NA .20 NA 45

NA Not analyzed.



TABLE 2. - Heat treatment and microstructure of specimens

Alloy Description Heat treatment Microstructure
No.
FORGED STEEL
lsv.. | High C, low alloy, Unknown, probably austeni- Martensite.
commercial ball- tized, quenched, and
tempered.
2uens | sasd0sesnacvsscecnecenss | s00d0sceumansenaseneoasssosas Do.
Beeee | soedOecssssssoccancscs | eeedOeececnseccccccoscosscane Do.
4.,.. | 2Cr-0.5Mo, martensitic | Forge at 1,150° to 980° C, Inhomogeneous; coarse martensite,
AC, austenitize at 1,010° intergranular precipitates.
Cc, AC.
S5¢eee | 4Cr-2Mn, martensitic.. | Dual phase: WQ, intercriti- | Fine martensite in ferrite matrix.
cal, (A;—Az) anneal step
quench.
CAST STEEL
6eee. | Med. C, low alloy..... | Austenitize at 845° C for Martensite with a few areas of
2 h, 0Q, temper at 205° C. retained austenite.
Towes | Mede C; 20T . cenuanmainis | mwol00 siow o aisisaoeme anesisn s s Martensite.
8.c0ss | High C, 1.5Creeeeessss | Soak at 1,040° C for 4 h, Extremely fine martensite, bainite,
AC, austenitize at 845° C or pearlite.
for 4 h, 0Q, temper at
370° C.
9.... | High C, 3Cr-0.5Mo..... | Austenitize 1,040° C for Pearlite and martensite.
6 h, 0Q, temper at
425°-565° C.
10... | High C, 6Cr-=1MO.sss.s. | Austenitize at 1,065° C for About 60 pct martensite, 40 pct
2 h, AC, temper at 230° C. austenite in dendrites.
Mn STEEL
11... | 6Mn—-1Mo, cast......... | Heat at 1,040° C for 2 h, Primary-phase austenite with
FC. coarse Widmanstatten FezC; 20 pct
pearlite.
12... | 6Mn-1Cr-1Mo, forged... | Forged at 1,100° C; reheat Primary—-phase austenite; about 40
to 1,100° €, AC. pct pearlite, in clusters.
13... | 6Mn—-2Cr-1Mo, cast..... | Heat at 1,040° C for 2 h, Similar to above but less Widman-
FC. statten FesC.
ldeve | eeedOseesnnnsessssanse | ASCASteeseesssssesesesaaass | COarse—grained, primary austenite.
Small amounts of Widmanstatten
FesC and pearlite,
15¢ee | e0ed0cececcacecessssss | Heat at 955° C for 4 h, FC.. | Coarse-grained, primary austenite.
Small pearlite clusters, especial-
ly along grain boundaries.
16cee | eeedOsenansannssaasnaas | Heat at 1,050° C for 4 h, Primary, austenite. Distributed
WQ; age 6 h at 600° C. small pearlite clusters and
grains, 30 pct.
17¢ee | ceedOseceensesanaensass | Heat at 1,100° C for 4 h, WQ | Coarse-grained austenite with
Widmanstatten FesC.
18... | 12Mn, Hadfield, cast.. | AS=CaStessssessseesasssessss | Primary, austenite. Circular
precipitates in grains; 3-4 pct.
19... | 12Mn, Hadfield, forged | As—forged.iseesseeccessaessss | Austenite with extensive Widman-
statten FesC.
Ni-Cr WHITE CAST IRON
20... | 1.5Cr—4Niseeesscescess | Temper at 450° C for 4 h, Relatively large dendrites that
AC, temper at 475° C for contain coarse martensite. Con-—
4 h, AC. tiguous interdendritic carbide
with secondary austenite.
2lees | 9Cr—6Ni.eeveeeeneeses. | Heat slowly to 775° C, hold | Continuous tempered martensite with

AC Adir cool.

FC Furnace cool.

6 h, AC, temper at 220° C.

0Q 0il quench.

about 30 pct acicular carbid

WQ Water quench.

€.



TABLE 2. - Heat treatment and microstructure of specimens—-Continued

Alloy
No.

Description

Heat treatment

Microstructure

Ni—Cr WHITE CAST IRON--Continued

22...

23...

9Cr—=6Ni.eeoesoeccnnnes

o 5 o0 wia 0 0 avmio w i 0iw 1w wiwie @ o

Heat slowly to 775° C, hold
8 h, slow FC at 35° C per h.

Heat slowly to 775° C, hold
5 h, slow FC at 35° C/h.

Dendrites of tempered martensite
with about 30 pct carbide as col-
onies and islands.

Dendrites of tempered martensite.
Almost continuous interdendritic
carbide and transdendritic acicu-
lar carbide.

Cr—Mo WHITE CAST IRON

24...

25...

260e.

27...

15Cr—3MOceesesccacaans

17Cr-1Mo, commercial

alloy.

006000 000000 senneessan

o6 5000 0 wis % w Wi W ede B e b

Austenitize at 980° C for 8
h, fan cool to 540° C, AC.

AS CaSt.eesscsccscsossossansons

Austenitize at 1,010° C for
4 n, AC.

Austenitize at 1,010° C for
4 h, AC, temper at 540° C
for 12 h,

Continuous martensite with retained
austenite, about 30 pct acicular
carbides.

Dendritic austenite. Interdendritic
Fe-Cr acicular carbides with sec—
ondary austenite.

Dendrites, partially transformed to
martensite. Interdendritic M;Cg3
needles. .

Dendrites of tempered martensite.
Interdendritic M;Cs.

Cr WHITE CAST IRON

28...

29...

30...

3l...

18Cr, commercial alloy

5305 sn s aedsnene das s

eeedOsesesacsssnsensns

25CT s s v o de 8 5 0is 8 5 6 10 6

A8 CASTEs v s v o ave @ o1 & & 656 % w056 0 8

Temper at 540° Cieeuevssonnns

Austenitize, commercially
proprietary temperature,
temper at 510° C.

Austenitize at 980° C for 8
h, fan cool to 540° C, AC.

Almost continuous dendrites of aus-—
tenite. Interdendritic and Fe-Cr
carbides.

Austenitic dendrites, edges trans-—
formed to martensite. Interden—
dritic M7Cs needles.

Dendrites of tempered martensite.
M7C3 particles (former needles)
interdendritic.

Continuous tempered martensite with
about 30 pct acicular and globular
carbides.

SULFUR WHITE CAST IRON

32...

33..e

34...

FeMnS-0.2Ni-0.1MO.44sss

oio 00Ol o 56 o o060 wisze @ o8 b

FeMnS—0.4Ni-0.2Mo.....

Heat in N, at 910° C for 2
h, FC to 845° C, hold 1 h,
AC; reheat to 565° C for
2 h, FC to 345° C, AC.

Heat in N, at 565° C for 2
h, FC to 345° C, AC.

Heat in N, at 910° C for 2
h, FC to 845° C hold 1 h,
AC; reheat to 565° C for
2 h, FC to 345° C, AC.

Tempered martensite and ferrite.
About 35 pct coarse carbides.
Scattered FeS—-MnS particles.

Coarse pearlite and ferrite. About
45 pct almost continuous network
of coarse carbide. Scattered FeS-
MnS particles.

Similar to alloy 32, slightly less
coarse.

AC Air cool.

FC Furnace cool.

0Q 0il quench.

WQ Water quench.



ANALYSES

Specimens for chemical analysis were
taken from the gate of the casting. Ana-
lytical methods included optical emis-
sion spectroscopy, for low alloys; X-ray
fluorescence spectroscopy, for white cast
irons; gas ignition with infrared detec-
tion, for carbon and sulfur; and wet
chemistry, for phosphorus and for cali-
brating the spectroscopic methods. The
analyses are presented in table 1.

Standard metallographic procedures were
used to mount, grind, polish, and etch
the specimens.

Hardness measurements were made on one
or more small flat spots ground on the
balls. A Brinell hardness tester with a
tungsten carbide ball and a 3,000-kg load
was used.

REPEATED-IMPACT WEAR TEST

The testing machine used for repeated-
impact resistance (shown in figure 2) was
devised by the Bureau of Mines to create
large numbers of impacts in a relatively
short time. A detailed description of
the equipment is described by Blickens-
derfer and Tylczak (l). When the machine
is in operation, balls are dropped 3.4 m
onto a column of balls contained 1in a
curved tube. The impact from each
dropped ball is transmitted through the
column of balls, with each successive
ball receiving an impact on each side.
The kinetic energy of the ball at first
impact is 54 J. The energy of the balls
decreases as the impacts progress through
the tube until about 5 J of kinetic ener-
gy is transferred to the last ball. This
carries the last ball onto a ramp where
the ball actuates a counter. It then
rolls into a conveyer bucket that carries
it to the top of the machine to be
dropped again. By using a mixture of
single and double wide ramps and
maintaining multiple balls in the ramps
at a given time, random mixing of the
balls occurs, This insures that each
ball changes neighbors over time. Thus,
each ball will receive impacts from all
of the other balls during a test.

L

D DY B W INY N7

L

FIGURE 2. - Repeated-impact wear testing machine.



Since many differeat specimens were run
simultaneously, each ball was identified
by grinding a distinctive pattern of two
or three small flats on its surface.

To start a test, 22 balls are loaded
into the machine, 18 balls in the tube
and 4 in the ramps and conveyer buckets.
During operation, the machine drops about
22 balls per minute. For each ball
dropped, 36 impacts are created--two on
each ball in the tube. This gives a rate
of about 45,000 total impacts per hour in

the system. The machine was operated
until a ball spalled excessively, or
broke and blocked a ramp, or until each

ball had been subjected to about 15,000
additional impacts. All balls were then
removed and weighed. Balls that either

Weight —

Travel
_—

broke or spalled more than 100 g did not
roll down the ramps properly and were re-
placed. The total number of impacts on
each ball was calculated from the ball
count. Ralls were replaced by either
another test ball or a hardened steel
filler ball.

PIN-ON-DRUM ABRASIVE-WEAR TEST

The test wused to produce high-load
abrasive wear, as found in crushing, was
a pin-on-drum test (fig. 3). In this

test, one end of a cylindrical pin speci-
men is moved over an abrasive paper with
sufficient load to abrade material from
the specimen and crush the fixed abrasive
grains. Norman (11) has shown that the

«—Chuck
Sample pin

Drum

chrorion

F+—Drive chain

FIGURE 3. - Pin-on-drum abrasive-wear testing machine.



pin test simulates the wear that occurs
during crushing and grinding of ore in
which the ore (the abrasive) is crushed.
The pin-on-drum abrasive-wear testing
machines represent an improved variation
of the more commonly used pin-on-disk ma-
chines that others have used to produce
high-load abrasive wear. Unlike the pin-
on-disk machines, the pin-on—-drum ma-
chines provide constant surface speed and
rotate the specimen. Our apparatus was
patterned after the pin-on-table machine
of Climax Molybdenum Co. (12) and the
Melbourne Re-
All three ma-
type abrasive,
the pin

pin-on—-drum machine of the
search Laboratories (13).
chines can use the same
path length, load, and speed and
is rotated.

The pin-on-drum testing equipment con-
sists of a head that rotates the pin test
specimen while traversing the length of a
rotating cylinder that 1is covered with
abrasive paper. The head has three func-
tions: It loads the specimen, it trans-
lates the specimen along the cylinder so
that only fresh abrasive 1is encountered,
and it rotates the test specimen to pro-
duce wear scars in all directions. The
steel cylinder is 0.509 m in diam and 61
cm long. A garnet abrasive cloth, made
from 105-uym garnets, was obtained in
rolls 61 cm wide from a commercial
source, cut to length, and glued to the
cylinder. During operation, the drum
turns at 1.7 rpm to give a surface speed
of 2.7 m/min, while the pin specimen
rotates at 17 rpm. Through gearing, a
single motor drives the entire machine,
The drive automatically stops after com-
pleting a preset number of revolutions.

Specimens were cleaned ultrasonically,
rinsed in alcohol, and hot air dried be-
fore each weighing. A new test specimen
was worn-in for approximately four drum
revolutions before beginning the test
runs. The test of a material requires
two runs of the machine, one on the test
specimen and one on a standard specimen.
The test specimen run required about six
drum revolutions for the soft steels and
12 or more revolutions for the hard white
irons. After the test specimen run was
completed, a standard specimen of ASTM

A514 type B with hardness of 269 HB was
subjected to the same number of drum rev-
olutions. The wear track of the standard
specimen was Dbetween the tracks left by
the test specimen.

The wear of the standard specimen was
used to correct for wvariations in the
abrasiveness of the abrasive cloth. The
mass loss of the test specimen was cor-
rected and converted to volume loss per
unit path length wusing the following
formula:

V, = corrected wear volume of the
test specimen per unit
path, mm>3/m,

where

W, = measured mass loss of the
test specimen for X number
of revolutions,

S, = measured mass loss of the
standard specimen for the
same X revolutions in the
same mass units as W,,

S = long-term average mass loss
per drum revolution, mg/r,

and p = test specimen density,

g/cm3,
The constant 1.6 is the circumference of
the drum in meters.

Test specimens 2 to 3 cm long were re-
moved from along a radius of a ball by
electrodischarge machining. The cylin—
drical surface was finish-ground in a
lathe to a diameter of 6.35 #0.02 mm.

RESULTS

The impact test results for each of the
seven categories of alloys represent an
average of three or more balls of each
alloy and heat treatment. The heat
treatments and microstructure data were
summarized earlier in table 2. The hard-
ness and results of the repeated-impact
tests and abrasive-wear tests are pre-—
sented in table 3.



10

TABLE 3. — Results of repeated-impact and abrasive-wear tests

Repeated—-impact wear

Alloy | Hardness, | Density, Average number Rate, Abrasive pin
No. HB g/cm3 Failure mode impacts to mg/impact | wear, mm>/m
break, 1000's
FORGED STEEL
l.o... 321 7.82 Flaking..eeeoeeos >530 0.041 1.101
O 627 771 Minispalling.... >310 .031 .634
i R 740 7.76 Breaking...eee.. 21 ND .513
beos 627 7.78 R . S 41 ND <450
Deass 411 7.81 Minispalling.... >780 .025 .886
CAST STEEL
6eeee 370 7.82 Flakinge.eeeoeo.. >280 0.050 1.129
Teuen 375 7.73 O TR >1,200 .021 971
8eweve | 495-555 7.67 Spalling...eees. >360 .078 743
9....| 520-590 7.84 Breaking...ss«s 141 5.1 .572
10... 643 7.75 Minispalling.... >260 .010 423
Mn STEEL
11... 595 7.78 Spallinge.eees.. 29,1 28 0.595
12... 512 7.79 eeedO0ueneenennns 358 1.1 460
13... 461 7.81 Breaking..eeee.. 30 ND .502
l4... 255 7.90 Minispalling.... >280 .37 452
15... 311 7.90 ceedOrenrnnnnnns >190 .69 .540
16... bbb 7.90 ceedOueunennnnns >360 .036 .710
1700 | 429-477 7.90 T [~ T >360 .042 <547
18...| 180-220 7.80 B . S >280 .039 NA
19... 226 7.83 ceedOuunnannnnas >280 .011 748
Ni-Cr WHITE CAST IRON
0 45 601 7.73 Spalling........ >70 2.4 0.397
21... 622 7.60 ceedOeevennnnnns >190 .72 418
2% 653 7.62 B T, >360 .16 423
B8 5.6 700 7.78 5550000 bronsnn vs >30 3.8 AN
Cr-Mo WHITE CAST IRON
24. .. 540 7.67 Spalling..eeeees. 28,4 6.7 0.251
254 s 415 7.68 wow il 5 o 5w e wnoe 6 8 29,5 11 .273
26... 785 7.68 ceedOiennnrnnnnn >43 2.7 <240
2740, 618 7.68 B L T >140 .86 .565
Cr WHITE CAST IRON
28...| 401-426 7.58 Breaking........ 29,2 8.6 0.267
29...| 606-621 7.58 Spalling..eeee.. >55 1.9 A
30...| 665-695 7.58 ceedOeenniennnnns >400 .23 480
31... 648 7.48 eeedO0ernnnnncnns 1>64 1.4 .577
SULFUR WHITE CAST IRON
32... 341 7.58 Breaking....oeeee 30 ND 0.837
33... 341 7.51 eeedOuirennnnnnns 13 ND .653
34... 375 7.60 L T 20 ND 742

NA Not available.

ND Not determined--insignificant weight loss at time of breaking.
'Breaking was associated with casting flaws.
2] or 2 balls broke; all spalled.

3Casting flaws contributed to spalling.



From our previous research on repeated-
impact tests, four types of failures were
identified, as illustrated in figure 4:

A. Breakage. — Major and sudden frac
ture of the ball, usually into halves.

B. Flaking., — Separation of very thin
pieces, 1 to 3 mm across, from the sur-
face of the ball. Flaking is not ob-
served in commercial ball mills because
the abrasive-wear rate 1is much greater
than the flake formation rate. Balls
with sufficient ductility to sustain
flaking usually began to deform into some
sort of polyhedron after 200,000 or more
impacts. Worn polyhedral balls are found
in commercial ball mills.

C. Minispalling. - Separation of
pieces, approximately 1 to 3 mm across
and equal in depth, from the surface of
the ball. Minispalling is not observed
in field applications unless the abrasive
wear rate is very low.

D. Spalling. — Separation
approximately 1 to 3 cm across
than 1 cm in depth, from the
the ball.

of pieces,
and less
surface of

Forged Steel

Although the exact heat treatments used
by suppliers of the commercial steel
balls are not known, the normal heat
treatment is an austenitizing treatment
followed by an o0il or water quench to
about 200° C with a subsequent air cool.
Alternatively, balls are quenched from
the austenitizing temperature to room
temperature and then tempered. The opti-
cal microstructure of alloys 1, 2, and 3
were essentially all martensite (see ta-—
ble 2). Alloy 1, the softest at HB 321,
was apparently overtempered. The balls
did not break or spall but lost weight by
flaking as a result of surface fatigue.
The abrasive pin wear (table 3) was rela-
tively high at 1.101 mm>/m.

The development of flakes on the sur—
face of steel balls is illustrated in
figure 5 for alloy 1. Several flakes and
fragments appeared to be separated from
the ball. Considerable iron oxide was
present on the surface. The interface
between the oxidized layer and the mar-
tensitic steel was wavey as a result of
deformation after repeated impacts.

1]

Alloy 2, martensitic and relatively
hard at HB 627, also resisted spalling
and breakage but lost weight by mini-
spalling. Alloy 3 was the hardest in the
steel series and broke after an average
of only 21,000 impacts. This was the
poorest impact resistance of any commer-
cial ball that we have evaluated. The
abrasive pin wear was relatively low at
0.513 mm3/m.

Alloy 4 (2-wt-pct Cr), with a hardness
of HB 627. contained coarse martens-
ite and intergranular precipitates. The
balls failed by breakage at an average of
41,300 impacts and the abrasive pin wear
of 0.450 mm3/m was the lowest among these
five commercial steel balls. Alloy 5 (4-
wt-pct Cr) had a uniform fine martensitic
structure, but the hardness of only HB
411 1dindicates that it was overtempered.
During impact testing, the material loss
occurred by minispalling and at a fairly
low rate, 39,600 impacts per gram. No
breakage or spalling occurred to 783,000
impacts. The pin wear was moderate at
0.886 mm>/m.

Cast Stee%
The microstructure of the cast steel

alloys consisted primarily of martensite
with various amounts of retained austen-

ite or pearlite. The balls of alloys 6
and 7 did not spall or break during im-
pact testing, but the surface did slowly

flake. Alloy 7 (2 wt pct Cr) was slight-
ly harder and flaked at a lower rate than
did alloy 6. The abrasive pin wear of
these two alloys was among the highest of
all alloys. Alloys 8, 9, and 10 (the
harder cast steel balls) failed by spall-
ing. breaking, and minispalling, respec-—
tively. Alloy 9 spalled at an average
rate of 5.1 mg/impact before breaking.
These three alloys contained pearlite or
retained austenite in the microstructure.
The abrasive pin wear decreased with in-
creasing hardness.

Manganese Steel

tests on
two groups.
representing
steel, failed

The results of the impact
the Mn steels placed them in
Alloys 11, 12, and 13,
three alloys of lean—-Mn
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FIGURE 4. - Four types of failures from repetitive ball-on-ball impacts. 4, Breakage; B, flaking;
¢, minispalling; D, spalling.

prematurely by spalling and breaking. clusters; the second group contained lit-
The other alloys, l4 to 19 representing tle or no pearlite.

four lean-Mn and two 12Mn steels with The as--cast and heattreated conditions
several heat treatments, were softer and of the lean—-Mn steel, alloys 13 to 17,
did not break but deteriorated slowly by  showed that hardness had 1little correla-
minispalling. The microstructure of the tion with abrasive wear. However, the
first group consisted of coarse-grained hardest two heattreated alloys had the
austenite with 20 to 40 pct pearlite in lowest rate of impact wear.



repeated impacts.
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FIGURE 5. - Flaking of surface of steel ball (X 200) subjected to

Ball from alloy 1 after 530,000 impacts. Dark

gray in upper region is plastic mounting material, gray near middle
is oxidized iron, lower region is martensitic steel.

The 12Mn Hadfield steels (alloys 18 as-
cast and 19 as-forged) displayed minor
minispalling during impact testing while
surviving 279,000 impacts without break-
ing. The impact wear rate of alloy 19 at
0.011 mg per impact, was the lowest of
the nine Mn steels tested; however, its
abrasive pin wear was higher than that of
the lean-Mn steels.

Ni-Cr White Cast Iron

The Ni-Cr white cast iron Dballs failed
by spalling, although at different rates.
One ball broke; the failure was associ-
ated with a casting flaw. Alloy 20
(1.5Cr-4Ni, similar to commercial Ni-Hard
1) spalled at a moderate rate, 2.4 mg
per impact. The three higher Ni-Cr al-
loys, similar to commercial Ni-Hard 4,
gave a wide range of spalling rates,
from 0.16 to 3.8 mg per impact, apparent-
ly depending wupon heat treatment and
microstructure. The lowest spalling rate
and a relatively low abrasive pin
wear resulted in alloy 22 that had a mar-
tensitic matrix containing nonacicular
carbide colonies.

Cr-Mo White Cast TIron

The Cr-Mo white cast irons all spalled,
although at quite different rates, de-—
pending primarily upon heat treatment and
microstructure. The results on alloys 25
to 27 are representative of the results
on the extensive series of 11 heat treat-—
ments reported previously (8). Alloys 24
and 25 contained appreciable retained
austenite with acicular carbides and
several broke prematurely. The as—cast
balls (alloy 25) spalled at the greatest

rate, 11 mg per impact, and two of the
three balls broke after an average of
only 9,500 impacts. An impact surface

from which small pieces have separated is

shown in figure 6. However, most ma-
terial loss was from spalling of much
larger pieces. Alloys 26 and 27 (the

same composition as alloy 25) were heat-
treated such that most of the austenite
was transformed to martensite. As a con-
sequence, none of the alloy 26 or 27
balls broke, and their spalling rate was
significantiy lower then that of 25. A
typical subsurface microcrack that leads
to spalling in white cast irons 1is shown
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FIGURE 6. - Impact surface of a Cr-Mo white cast iron ball (X 200).

Ball from alloy 27 after approximately 10,000 impacts.
of some carbide particles (light phase) at surface.

Note fracture
Primary failure mode

was spalling of large pieces from beneath surface.

in figure 7. Alloys 24, 25, and 26 had
very low abrasive pin wear, typical of
white cast irons. However, the abrasive

wear of alloy 27 was about twice that of
the first three even though the micro-
structures of alloys 26 and 27 were near-
ly identical. The tempered martensite
in 27 apparently increased 1its abrasive
wear.

Chromium White Cast Iron

The Cr white cast irons spalled during
repeated impact testing but at rates dif-
fering by a factor of nearly 40. Alloys
28 to 30 were selected as representative

of the results from an extensive test
series of 11 heat treatments. The as-
cast balls (alloy 28) spalled at the

greatest rate, and two balls broke at an
average of only 9,200 impacts but had the
lowest abrasive wear. The lower spalling
rates of alloys 29 and 30 show again the
effect of heat treatment and microstruc-
ture on spalling rate and resistance to

breaking. As the retained austenite was
changed to tempered martensite, the
spalling rate decreased, reaching a low
of 0.23 mg per impact, and the 1life ex~-
ceeded 400,000 impacts.

Alloy 31, containing more chromium (25
wt pct) spalled at a relatively low rate
but lost more weight than the other three
on the abrasive-pin-wear test. The poor-—
er performance could be attributed to
chipping of the acicular carbides during
abrasion testing.

Sulfur White Cast Iron

The sulfur white cast irons failed by
breaking after about 13,000 to 30,000
impacts. Because the impact surface did
not spall or flake significantly, no im-
pact wear rate could be determined. The
abrasive pin wear was greater than that
of the other white cast irons and that of
some of the martensitic and manganese
steels.
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FIGURE 7. - Development of spalling microcrack beneath a surface

subjected to repeated impacts (X 200).
Crack is 2 mm below and parallel tothe

austenitized and tempered.
impact surface.

Cr-Mo white cast iron, re-

DISCUSSION

The wide ranges of impact wear rate and
abrasive piln wear illustrate that large
differences 1in wear performance can be
provided by a variety of alloy composi-
tions and heat treatments. Impact life
and impact wear rate were affected more
than was abrasive wear. Impact life
ranged from 8,400 to over 1,200,000 im-
pacts, a factor of over 140; impact wear
rate ranged from 0.021 to 28 mg per im-

pact, a factor of over 1,000. In con-
trast, the abrasive pin wear ranged from
0.251 to 1.101 wm>/m, a factor of 4.

Heat treatment has a much greater effect
on repeated impact wear rate than on
abrasive wear. For example, the commer-
cial steel balls of approximately the

same composition (alloys 1l to 3) ranged
in dimpact 1life from 21,000 to over
530,000, a factor of over 25, but the

abrasive pin wear differed only by a fac-
tor of 2. Two other examples are the Cr-
Mo white cast iron (alloys 25 to 27) and
the Cr white cast iron (alloys 28 to 30).
The dimpact 1life and spalling rate dif-
fered significantly within each group of
the same composition, but the abrasive
pin wear differed by less than a factor
of 2 (table 3).

The effect of heat treatment, hardness,
and microstructure on impact wear rate
and abrasive wear can not be generalized
because they depend upon the type of al-
loy. The commercial steel balls gave a
decrease in abrasive wear with increasing
hardness (the most common response), but
some of the white cast dirons had the
least abrasive wear in the softest, (as-
cast) condition.
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FORGED STEEL

The three types of commercial balls had
decreasing abrasive wear with increasing
hardness and carbon content. The micro—
structure of all three was primarily mar-
tensitic. In the chromium steel alloys,
the coarse martensite and inhomogeneity
probably contributed to the early break-
ing of alloy 4 and the continuous fer-
rite explains the excellent resistance
to breakage but high abrasive wear of
alloy 5.

CAST STEEL

the forged steel alloys, the
abrasive wear decreased as hardness in-
creased., High hardness up to HB 650 re-
duces the abrasive wear and does not nec-
essarily lead to breaking. Apparently,
the microstructure, rather than hardness,
controls the spalling and breaking. Tem-
pered martensite is desirable for long
life against breaking, whereas pearlite
may contribute to premature breaking.

As with

MANGANESE STEEL

As is already known, the abrasive wear
of highly work-hardenable materials, such
as copper, nickel, and manganese steel,
does not depend upon the initial hardness

that was produced by work hardening be-
cause these materials work-harden during
the wear process. The present results

show, in addition, that the abrasive wear
of lean-Mn steel does not depend upon the
hardness produced by heat treatments.
However, the breaking, spalling, and im—
pact wear rate of the lean-Mn steels are
affected by heat treatment. A high-
temperature solution treatment followed
by a quench that suppresses the formation
of pearlite seems to provide the best re-
sistance to impact conditions.

All of the lean-Mn steels were more
abrasion resistant than was the 12Mn
steel, in agreement with the findings of
others (10-11)

Ni-Cr WHITE CAST IRON

The hardened alloys have relatively low
abrasive wear. Spalling 1is the main

problem when these alloys are subjected
to repeated impacts. The spalling rate
can be 1low if the microstructure con-
sists of almost continuous tempered mar—
tensite with scattered carbides; however,
a continuous carbide phase or a netwcrk
of acicular carbides leads to excessive
spalling rates.

Cr-Mo WHITE CAST IRON

The abrasive wear of these alloys was
the lowest of all, but the spalling rates
were among the highest. High spalling
rates may be associated with retained
austenite and acicular carbides in the
microstructure. Dodd (14) has reported
that retained austenite leads to spalling
of Cr-Mo white cast irons subjected to
repeated impacts. The present results
indicate that small differences 1in the
amount of transformed and tempered mar-
tensite resulting from heat treatment
also can affect the spalling rate, Tem—
pering the martensite reduces the spall-
ing wear, but overtempering increases the
abrasive wear.

CHROMIUM WHITE CAST IRON

of these alloys was sim—
that contained

The behavior
ilar to the preceding set
molybdenum. The abrasive wear was not
quite as low, on the average. The as-
cast condition gave the least abrasive
wear and the greatest spalling rate,
The reaustentized and tempered (about
510° C) condition seems to give the low—
est spalling rate. The condition re-
sulted in no visible austenite in the
microstructure,

SULFUR WHITE CAST IRON

irons may have
impact—abrasive

The sulfur white cast
potential in repeated
wear service because of their relative
low cost. However, both the abrasive
wear and breakage must be reduced. The
amount of ferrite and pearlite should be
reduced to lower the abrasive wear. In
addition, reducing the amount of coarse
carbides would presumably decrease the
breaking.
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