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CORRELATING ABRASIVE WEAR TO ALLOY ADDITIONS
IN LOW-ALLOY STEELS

By J. H. Tylczak’

ABSTRACT

The Bureau of Mines studied the effect of alloy additions on abrasive
wear of low—alloy steels. A dry-sand, rubber-wheel abrasion test appa-
ratus using ASTM G65-81 procedure B was used for the abrasive wear
tests. Eighty-six material heat-treatment combinations were abrasion
tested. Results of these tests were analyzed statistically using re-
gression analysis to see 1if additions of Cr, Mn, Mo, Ni, Si, Al, Cu,
and S were significant in affecting the abrasive wear rate of low-alloy
steels. Regression analysis was zlso used to confirm hardness and C af-
fect on the abrasive wear rate of these steels. It was found that for
all the steels taken as a group, increased amounts of Mn significantly
reduced the wear rate, while increased amounts of Mo and Si increased
the wear rate. Analysis also confirmed previous research done by oth-
ers, that increasing hardness and amounts of C reduced the wear rate.
For the hardened steels taken as a class, only increasing amounts of C
and Mn reduced the wear rate, while increases in Si increased the wear
rate. In the class of unhardened steels, increases in C, Mn, and S re-
duced the wear rate, whereas increases in Mo increased the wear rate.
The steels with the best resistance to wear were two hardened experimen-
tal steels similar to AISI 1055 and AISI 1078.

1Metallurgist, Albany Research Center, Bureau of Mines, Albany, OR.



INTRODUCTION

Low—-alloy steels are inexpensive mate-
rials widely wused in ore transport and
mineral-processing equipment, such as ore
chutes, truck beds, and bin walls. A
simulation for the field condition of
loose ore flowing over steel 1is the use

of the well-known dry-sand, rubber-wheel
abrasion test, in which loose sand
abrades a test specimen. This test has

become an ASTM standard (1)2 for abrasive
wear and was used for this work.

Research was designed to determine the
effect of different alloy additions on
sliding abrasive wear  of low-alloy
steels, and to optimize the composition
of two types of low—-alloy steels: one
type with low (<0.3 pct C) carbon level

to make it more easily weldable, and
another type without a carbon 1limit,
Other alloying additions investigated

were Cr, Mn, Mo, Ni, Si, Al, S, and Cu.
Whether or not chromium is useful in pro-
viding wear resistance in low-alloy
steels was of particular interest. because
of U.S. dependence on imports for this
strategic metal.

EXPERIMENTAL

TEST PROCELDURE

Abrasion tests were conducted on a dry-
sand, rubber-wheel abrasion test appara-
tus in accordance with ASTM G65-81, pro-
cedure B. This test (fig. 1) consists cf
a rubber—-coated wheel, a test specimen
mounted on a pivoting load arm, and a
sand nozzle that produces a sand cur-
tain between the specimen and the rubber
wheel. The sand used was AFS 50/70 test
sand, shown in figure 2., This is a sub-
angular quartzitic sand with 90 pct be-
tween 50 and 70 mesh (U.S. sieve sizes).
The sand, acting as an abrasive, flows
into the specimen-wheel interface. The
wheel rotates against the specimen for
a distance of 1,436 m with a force of
130 N. Specimens are weighed before and
after the test., The weight loss 1is

2Underlined numbers in parentheses re-
fer to items in the list of references
preceding the appendixes.

Most prior work in abrasive wear has
been limited to studying variables indi--
vidually. Research has established the
effect of some of the variables studied.
Khrushchov (2-3), using a pin-on-abrasive
cloth test machine, documented that hard-
ness affects wear. Larsen-Badse (4), us-
ing a similar machine, showed that wear
resistance was proportional to material
hardness and work hardening rate. Car-
bon has long been shown to affect wear.
Haworth (5) reported in 1949 that carbon
was the most important alloying element
for abrasion resistance. Moore (6) fcund
a square-root relationship of weight per-—
cent carbon with wear resistance in mar-
tensitic steels. Grinberg, Livshits, and
Shcherbakova (7) studied the affect of
Cr, W, and V. They found that increasing

the amount of these elements, up to 5.9
Cr, 2.2 W, and 2.7 V, in ferrite did not
increase the wear resistance for fully

annealed steels.

The present work extends these past ef-
forts to a multiple-variable study of
abrasive wear.

PROCEDURE

divided by the sample
its volume loss.

density to obtain

SPECIMENS

specimens included commercially
purchased and laboratory-melted steels.
Table 1 1lists the analyzed composition
and calculated carbon equivalents for the
43 steels investigated. The carbon con-
tents ranged from O to 1.53 wt pct; the
other alloying elements (Cr, Man, Mo, Ni,

Test

Si, Al, Cu, and S) were within normally
accepted ranges for low-alloy steels.
Because the weldability of low-alloy

steels 1s often of concern, calculations
were made of the carbon equivalence (CE)
(8), which is used to predict the suscep-
tibility to cracking in the heat-affected
zone, The CE values ingluded in table 1
were calculated from the equation

_ Mn , Cr+Mo+V , Ni+Cu , Si
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FIGURE 1.—Dry-sand, rubber-wheel abrasion test machine.

where elements are in weight percent.
Because carbon 1is the most significant
element in this equation, an attempt was
made to develop a low-wear steel with a
carbon limit set at 0,30 wt pct, rather
than control CE to a set limit,

The laboratory-produced steels were
melted in a 2-kg vacuum induction fur--
nace or as 20-kg heats 1in an air induc-
tion furnace. These were initially hot
forged, then hot rolled at a tempera-—
ture of 1,100° C, with 25- to 30-pct re-—
duction on each pass to a final thickness
of 1.52 cm.

The specimens were fabricated into 2.5-
by 7.6~ by 1.3-cm bars and heattreated
as required. Appendix table A-1 lists
heat—-treatment temperatures and the mi-
crostructures obtained. The steels were
heated to around 860° C, based on similar
alloys found in the Alloy Digest (9),
held for 45 to 75 min, and quenched. The
quenching media and resulting hardnesses
are presented in table 2. It proved nec—
essary to temper several of the steels
after quenching because of their tendency
to crack; the temper wused was 1 a at

FIGURE 2.—Subangular quartzitic sand, minus 50 plus 70
maesh (X 100).

200° C. After this heat treatment, the
2.5- by 7.6—cm surfaces were wet surface
ground to 1.3 cm thick by removing equal
amounts of material from each side.

Hardness measurements were taken on the
specimen surface and in the bottom of the
wear scar with a Rockwell hardness tester
using the A or C scale. These values,
which are listed in appendix table A-1,
were converted to Vickers hardness, using
ASTM E140-79 (10) conversion tables, to
provide a continuous linear scale. The
unhardened steels were typically 10 Vick-
ers points harder in the wear scar than
on the nonworn surface because of work
hardening caused by abrasion testing. In
this case, the hardness in the scar was
used as the specimen hardness because
work hardening presumably occurred during
the entire test over the entire volume
of material removed. For the hardened
steels, work hardening was negligible.
But if the hardenability was so low that
the hardness was substantially lower in
the bottom of the wear scar than it was
on the wunworn surface, a correction was
made. To approximate the mean hardness
of the volume removed, the wear value
used was a weighted average of three-
quarters of the surface hardness plus
one—quarter of the hardness at the bottom
of the wear scar.



TABLE 1. — Analysis of test materials

Sam-— Alloy Analysis, wt pct CE'!
ple C Cr Mn Mo Ni Si Al Cu S
1..| Ferro Vac. E.vev.. | 0.0 0.05| 0.0 0.0 | 0.05[ 0.0 | 0.0 0.0 [0.0 0.01
2.0 Cor 99.ccvcenncens .01 .00 .06 .00 .03 .02 | <.01 .00 .013| .03
3..| Experimental steel .09 1.12 .12 .09 .08 .19 3D .02] .003| .36
bes| e0edOceccccccccnne ol2 »93 14| <.05| <,01 .23 .51 .02 .002| .35
See| eeed0ccececcccoccs .16 .26 | <.01 02 .11 .05 .04 221,027 .24
Oae| s0ed0cccaccsscnnne .17 .96 .35 | <.05 .05 1.05 .65 .38 .009| .50
7..| AIST 1018cceeccecs .18 .08 W43 .04 15 09| <.02 .34 .039] .31
8..| AISI 4620¢evevccss .18 .20 .54 211 1,71 W27 .04 +15] 016 50
9,.| USS "Tl"eccesonses .19 «30 | 1.33 23 .20 .25 .02 17| .030| .57
10..| USS "T1", Type B.. .19 .51 .88 « 12 .08 .30 .03 .02] .013| .48
1l.. | Experimental steel .20 1.3 1.05 .08 21 1.97 .07 01| .011] .75
12.. | AIST 8620ccssccsses .20 W43 .67 .13 .42 W27 .03 <,04| .019| .48
13.. | Experimental steel .21 | >1.35 .08 .09 31 .38 .17 <,01| .003| .69
ldeo] eeedOesvenesencsce .21 .11 47 .06 15 | <.05 W43 .01| .028| .33
150 eeedOececcaccensnsns .21 .11 .48 .07 Jd4 | 1.78 | l.44 .36| .032| .43
1600 | e0edOcsececsoceces 23 1.37 25 .08 .34 =12 .68 35| .022| .61
1700 eeedOcssccssesnnsns .23 2.0 .45 .06 .24 .05 .06 .29 .026| .75
1800 | ¢eeedOccececsconnss .27 1.64 .95 .04 1D .14 ol2 .36 .035| .80
19¢.| eeedOceesccnrenens .28 Jd1 49 ] <.01 A5 1.32 .06 39| 032 52
2000 | eeedOecesveccnsnas «31 .85 .08 | <.01 .08 .38 >.25 <.01] .002| .52
2l..| REM 500¢cecevccnss .33 .98 .61 .20 14 .38 .03 16| .004| .70
22..| Experimental steel .37 v 24| <,01 .28 | <.01 .068 .23| .033| .52
23.. | AIST 4340.cccecnes .40 .79 .71 27| 1.76 27| <.02 .05| .009| .86
24, .| AIST 4342..0000vens W42 .81 .80 .22 ] 1.93 .32 .026 .09| .018| .91
25.. | AIST 8740ccccesves 42 .50 .93 21 .43 .28 .02 15| .024| .77
26..| AIST 1340.cccccnes .43 .02 | 1.93 .02 .05 .24 .01 .04 .022| .78
27..| AIST 4142..000uens JAb 1.05 .83 .12 | <.l 27 .055 | <.04| .026| .83
28.. | Experimental steel .49 27 .67 .00 .16 17 01 210 .023| .69
29.,. | AIST 6150cccccccecs «31 1.08 .83 .04 .16 .29 .02 .08 .012| .90
30.. | Experimental steel .54 .28 .80 .03 .10 | <.01 .03 32| .024| .76
3l.. | AIST 1060ccoceosss .59 <.l .53 <.l .13 .18 <.02 22| .026| .73
32.. | Experimental steel .60 .0l .01 | <.01 «12 .02 .073 | <.01| .0l6| .61
33.. | AISI 5160ccevescscs .61 .80 .76 | <.1 aled W24 | <,02 .12 .032| .93
34.. | Omegalloy 6l...... .85 S | A0 | <1 L | <,01 NA | <.04 NA| .94
35.. | Experimental steel .87 .17 .55 .03 .06 | <.02 | <.02 .29 .027|1.03
360e| e0edOcesaccccccnne .90 .37 .97 .11 ol .18 .03 .38 .024|1.20
37.. | Experimental steel .92 .05 .02 | <,01 =33 .04 .14 <,01| .021| .93
380¢ | e0edOsccsscccecnnce +93 1.30 431 <.01 .03 .69 .08 .05 .023|1.30
39.¢| eeedOcecccccconnan .94 .83 .04 .01 .30 .07 .19 04| .020|1.14
4000 | oeedOeevevecsnscne .96 o719 .17 .03 .28 | <.01 37 .18 .023(1.18
41.. | AIST 52100¢ceeeees | 1.05 1.7 .34 .06 .18 26| <.02 .12) .016]1.49
42¢s | Wlenessmnnonnssoms | LaOF7 <.l 30| <.1 <.l .20 .04 <.04| .008|1.15
43, ., | Experimental steel | 1.52 .05 .38 | <.05 .08 | <.05| <.05 | .28| .025/1.63
NA Not available. 'Carbon equivalency.
The steels also were examined metal- ANALYSIS TECHNIQUES
lographically for differences in micro-
structure that might explain the dif- The effect of element additions and
ferences in wear. (Typical grain size hardness on wear of each specimen were
was found to be finer than ASTM grain analyzed by a multiple linear regression

size 8.)

(MLR) program.

The MLR program produced



TABLE 2. - Dry-sand, rubber-wheel abrasive test data

Hardness, | DSRWAT' | Coefficient Hardness, | DSRWAT' | Coefficient
Sample Alloy Condition HV wear variation, Sample Alloy Condition HV wear variation,
mm> pct mm 3 pct
Yaws Ferro Vac. E.....s R 70 187.8 1.3 2655 w00 | AIST 134006 55 005 w5 R 269 573 0.04
2ewen ) GO 9% ssswanmines R 93 166.0 1.5 wQ 640 38.5 543
3....| Experimental steel R 112 170.9 1.4 270000 | ATST 41424 susinsws A 172 95.0 5.0
O [ L T, R 116 155.6 2.6 R 192 86.7 1.3
Ssa 7 (o R 118 148.7 4.3 oQ, T 556 44.3 1.8
Gamssn|| wssQBe:awsmnis i R 159 120.3 23 28.... | Experimental steel R 214 64.4 1.5
Jeoos | ALSL 1018.ciuenss i R 139 129.6 .98 WwQ 653 37 .2 2.1
8. AISTE 4620k cs s R 190 141.3 2.8 294 e s | AIST 6150 ¢ i s 5ne A 192 80.4 3.8
A 135 134.6 2.1 R 346 83.0 2.4
WQ 426 76.2 2.0 0Q 610 32.7 245
Qisaw ]| USS "1™ ae on mnnwe s RQ 243 104.4 1.3 30.... | Experimental steel R 216 52.6 3sd
WQ 434 74.2 3.1 wQ 718 24,1 1.3
10....| USS "T1", Type B.. RQ 283 121.5 2.8 31wreww | ALBL 10600 s i a5s A 176 84.3 6.1
11....| Experimental steel R 346 99.4 .66 R 227 60.4 4.6
WQ, T 458 73.0 &5 wQ 708 32.1 3.4
12 w50 ALSL. 86204 v s wis 515 & A 133 E37.07 346 32.... | Experimental steel R 170 71563 T8
R 170 121.7 2.0 WwQ 725 40.7 .82
WwQ 434 67.6 2.7 330 oiw | ATST 51605 wis wisvs i A 208 76.8 5.2
13.... | Experimental steel R 322 110.6 2.0 R 306 513 8.4
wQ 424 70.0 1.6 wQ 709 39+6 3.0
Y. cuw | we o006 s ewm m vim o 518 & R 145 128.3 5.2 34.... | Omegalloy 6l.us... RQ 801 29.8 53
155006 | s06d0casens o nm s ww R 187 113.7 4.3 35.... | Experimental steel R 312 40.5 1.9
16:4.4a sed0ieanasane & wie w R 170 95.3 4.5 WwQ 842 24,1 .98
WQ, T 423 74.4 2.6 B6uimsre | 5 5el8e vio wins me wim g e R 346 36.2 +55
17 wim s o w80 o w18 w1 v wua 5 R 307 103.0 .06 0Q 817 25.2 1.4
WQ 512 63.7 3.30 3 eses | ssndo % ¥ae e R 230 47.3 243
18:m5 - (o R R 404 95.3 2.1 wQ 861 26.2 20l
wQ 513 60.5 4.2 38 s do viae wim wie v R 384 37.3 1.3
195 s % §Q0es s i . e R 212 119.5 1.7 0Q 820 32.1 3.0
WwQ 456 82.6 3.9 39 e | o wllBin e w5 006 we goave R 340 43,4 3.8
20.... w §005ere; 2 re w1 6 02 & . R 216 103.4 .93 0Q 766 33.8 A
WwQ 453 60.8 6.4 800uis wis | 4 96000 wis 5106 538 5.6 R 333 38.8 4.7
215 5w 5. | REM 5000 cc oo 0 in sin s A 176 136.6 3.0 0Q 766 33.'9 2.0
RQ 505 64.6 243 41.... | AISI 52100..cccuuns A 184 89.2 2.8
22.... | Experimental steel wQ 511 47.8 wll R 346 39.3 1.35
R 148 97.6 23 0Q, T 720 35.2 4,7
230000 | ATST 4340cu0veesss wQ 595 46.6 6.2 420000 | Wleooiannan w6 e . R 158 99,9 3.3
R 170 113.1 2.1 A 176 82.9 4,2
2heusei| ATIST 4342iiweiivas 0Q 530 54.3 6.7 WQ 800 29.1 2.5
R 184 102.4 2+d 43,... | Experimental steel R 298 47.5 .6
230 siws | AIST 87406 oo s 505 wQ 633 42.0 1.9 wQ 832 28.3 5.7
A 165 97.0 1.2
R 254 97.6 4
WQ 591 39.4 4.5
'Dry—sand, rubber-wheel abrasion test.
NOTE.--A  Annealed. R Hot rolled (assumed for purchased commercial steels).

RQ Received in hardened condition.

WQ Water quenched.

0Q 0il quenched.
T Tempered.



F values that could be used in hypothesis
testing to determine which of the inde-
pendent factors were significant. Prior
to running the MLR on the composition and
wear results, the element additions and
hardnesses were plotted versus wear. Us-
ing these plots, transformations were
performed on carbon and hardness to lin-

earize them with respect to wear. In-
verse, natural-log, and square-root
transformations were attempted. The

transformed data were used along with the

versus wear for these
was per—
method

elements additions
two conditions. The regression
formed by the forward stepwise
(11).

" The optimization routine consisted of
abrasion testing a variety of commercial
low—alloy steels, then optimizing the
composition through the rotating simplex
method of optimization, or self-directing
optimization (SDO) (12-13). The process
was repeated with a new optimized alloy
composition until the change in wear was
for the

element additions that were not trans- judged insignificant new alloy
formed for the MLR. The data also were compared with the wear data for the pre-
separated into hardened and unhardened vious one. An example of this technique
steels. A MLR was run on the nine is given in appendix B.
RESULTS
GENERAL The best wear resistance was obtained
with alloys having a martensitic struc-
Forty-three different steels were ture. Figures 3 and 4 show the micro-
tested. Because more than one heat structures of samples 30 and 35, which
treatment was used on many of the steels, are both martensitic. Other hardened
86 alloy heat-treatment combinations were specimens that were almost as abrasion
evaluated. Table 2 shows the wear re- resistant, such as samples 31, 33, 38,
sults. The range of wear loss was from and 41, showed a second phase, either
188 mm> to 24.1 mm°>. The alloy with the pearlite or cementite. The microstruc-
least wear resistance was Ferro Vac E,3 ture of the best low-carbon steel, sample

which is pure vacuum—arc-melted iron hav-
ing no alloy additions. The best wear
resistance was shared by hardened experi-
mental steels, samples 30 and 35. Sample
30 is similar to AISI 1055; sample 35 is
similar to AISI 1078. Both have rela-
tively high carbon levels, making them
difficult to weld. Among the 19 commer-
cial steels tested, sample 34, which is
Omegalloy 61, and sample 42, which 1is
tool steel W1, gave the lowest wear with
values of 29.8 and 29.1 mm3, respective-—
ly. The best nonhardened steel was sam-
ple 36, an experimental high-carbon man—
ganese steel with a wear of 36.2 mm,
which was better than many of the harden-
ed steels. Among the steels with carbon
content limited to 0.30 wt pct, sample 18
had the 1least wear, 60.5 mm. However,
the other elemental additions resulted in
a CE of 0.80, which is rather high for a
weldable alloy.

products does
Bureau of

3Reference to specific
not imply endorsement by the
Mines.

18, also was martensitic. The typical
microstructure of the nonhardened steels,
as shown for sample 36 in figure 5, was
fully pearlitic. In contrast, the alloy
with the worst wear resistance, pure-iron
Ferro Vac E, was ferritic, as shown in
figure 6.

ANALYSIS INCLUDING ALL SAMPLES

Relationships between wear volume and
alloying elements (C, Cr, Mn, Mo, Ni, Si,
Al, Cu, and S) on hardness of each sam-
ple were analyzed statistically using
MLR. Prior to the MLR analysis, hardness
values were transformed to inverse hard-
ness and carbon to the square root of
carbon because these transformations gave
the best linear correlation with wear.
Hypothesis testing showed, with a 99.5-
pct confidence level, that alloying ele-
ments and hardness affected the wear.
All individual factors also were tested
significance. TInverse hard-
of the carbon level
99.5-pct

for their
ness and square root
were found significant at the



FIGURE 4.—Fully hardened martensitic steel sample 35 (X

1,500).

FIGURE 3.—Fully hardened martensitic steel sample 30 (X

FIGURE 6.—Sample 1 showing ferritic structure of pure iron

(X 100).

FIGURE 5.—Sample 36 showing fully perlitic structure (X

1,900).



level. Three elements (Mn,
were significant at the 95-
pet confidence level; the other elements
evaluated (Cr, Ni, Al, Cu, and S) did
not show a significant effect on wear.
Although dependent on carbon and other
alloying additions, the justification for
using hardness for an independent vari-
able is that it is greatly affected by
heat treatment. This is indicated by the
correlation between inverse hardness and
the square root of the carbon content,
which was only 0.49.

The MLR program produced the following

confidence
Mo, and Si)

equation to predict wear (ASTM G65-81,
procedure B):
Wear = 67 + 10,900(HV)~! - 54(C)!1/2
- 9.2(Mn) + 74(Mo) + 11(Si), (2)

where elements are in weight percent, and
wear is in cubic millimeters. The numer-
ical values of the coefficients in equa-

tion 2 and subsequent equations should
not be considered exact, but they show
that increasing hardness, carbon, and

manganese decreases the wear of low-alloy
steels. Excluding any effect of Mo and
Si on hardness through heat treatment, Mo
and Si increase wear. The correlation of
the data with equation 2 was 0.89.

To demonstrate the effects of signifi-
cant wear factors, the data were fit to a
higher order equation wusing the two most
significant factors identified by MLR
analysis, namely, hardness and carbon,
The equation used was

Wear = A + Bx + Cx2 + Dx°>

+ Ey + Fy?2 + Gy> + Hxy, (3)
where X is Vickers hardness number,

Y is wt pct carbon,
and A, B, C, D, E, F, G, and H are

coefficients.

hardness and carbon
a pseudo—-three-
(fig. 7).

After fitting the
data to equation 3,
dimensional graph was plotted
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FIGURE 7.—Effect of hardness and carbon on wear.

This graph shows that increasing the
hardness decreases the wear, and increas-
ing the carbon content to 0.7 to 0.8 pct
also results in a minimum in wear. The
coefficient of determination fit of the
data from all the specimens to this equa-
tion was 0.97.

The MLR program also was run with
the data separated into two categories:
hardened martensitic steels and nonhard-
ened pearlitic and ferritic steels. Sep-—
arate analysis of each category allowed
the effects of structure and hardness to
be separated from the effects of composi-
tion. Since the effect of hardness is
well established, the hardness term was
eliminated from these analyses.

ANALYSIS OF HARDENED STEELS

For the hardened steels, the best fit
was found by using inverse carbon. There
was very little difference between an
inverse and square-root fit for carbon
in equation 4. The difference was too
slight to attribute to any physical mean-

ing. For the MLR, the C and Mn were
significant at the 99:5-pect confidence
level and Si at the 95-pct level. None



of the other showed
any significant

correlation fit

alloy additions
effect. The multiple
of the hardened steels
was 0.78. The equation predicting the
wear rate for ASTM G65-81, procedure B,
for hardened steels, is

Wear = 21 + 11(C)~1 - 7.1(Mn)

+ 8.5(Si), (4)

where elements are in weight percent, and
wear is in cubic millimeters.

ANALYSIS OF UNHARDENED STEELS

For the unhardened steels, the best fit
was found by using square root of carbon.
Using MLR, carbon was found significant
at the 99.5-pct confidence level, and Mn,

S, and Mo at the 95-pct level. 1In this
case, the multiple correlation fit was
0.85. The equation for wear for the un-
hardened steels is
Wear = 190 - 120(C)'/2 - 24(Mn)
- 500(S) + 95(Mo), (5)

where elements are in weight percent, and
wear is in cubic millimeters.

For unhardened steel, carbon is useful
in decreasing wear, probably by increas-
ing the amount of work hardening that
occurs during wear. Manganese also is
useful, probably by hardening the fer-
rite, Sulfur, although not considered
desirable, probably is a solid solution
strengthener, Molybdenum increases the
wear, possibly by combining with some of
the carbon.
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FIGURE 8.—Effect of chromium on wear resistance of
hardened low-alloy steels.

EFFECT OF CHROMIUM

Because of the Bureau's concern for
the supply and conservation of chro-
mium din the United States, the effect

of this element on wear 1is emphasized.
The results from hypothesis testing, as
shown in equation 2 for all the low-
alloy steels, equation 4 for the hardened
steels, and equation 5 for nonhardened
steels, do not show chromium to be sig-
nificant in affecting wear.

A simplified 1linear analysis of the

effect of chromium on wear of hardened
steels was made on two groups of speci-
mens. The results can be interpreted

Five samples (17, 18, 20-

hardness, HV 453 to
0.23 to 0.33 wt pct,
showed an increase in wear with up to 2
wt pct Cr. Six very hard samples (37-
41), HV 720 to 861, containing 0.90 to
1.05 wt pct C, showed that Cr was dele-
terious because it increased the wear.

from figure 8.
21) with moderate
512, and medium C,

CONCLUSION

Steels with the least wear were found
to be hardened high-carbon steels con-
taining 0.55 to 1.0 wt pct C. These
steels had enough alloying additions, 0.6
to 1.0 wt pct Mn, along with a sufficient
carbon level, to provide full hardening
in small specimens. Sulfur, in small
amounts, also decreased the wear for the

unhardened steels. Other alloy additions

were not significant in reducing wear.
The best steels tested were hardened
experimental steels that fell within the
specifications for AISI 1055 and 1078.
Carbon was found to reduce the wear of

both hardened and nonhardened steels,
Manganese decreased wear 1in all of the
steels ©because it strengthens ferrite

and increases the hardenability of the
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steels, thus reducing wear in hardened
steels.

Other alloy additions may be useful for
other purposes. A plain carbon steel has
limited hardenability; therefore, addi-
tional alloying elements may be neces-
sary to increase the depth of harden—
ing. Chromium and molybdenum, despite
being shown as generally detrimental to
the wear resistance of steels, would
probably be added in order to increase
the hardenability.

Molybdenum and silicon were shown to

This work suggests that the best abra-
sive wear resistance in a low-alloy steel
is obtained by--—

1. Making the steel as hard as
practical.

2. Having a high carbon 1level, at
least up to 0.7 to 0.8 wt pct. It in-
creases hardness 1in hardened steels, and
improves work hardening in nonhardened

steels.

3. Using a fairly large amount of man-
ganese., It is useful in reducing wear in
nonhardened steels, within the limits

increase wear., Molybdenum, being a car- tested of 0 to 2 wt pct Mn,
bide former, probably combines with car- 4., Adding other alloying elements to
bon that might otherwise strengthen adjust other properties. For example,
the steel. The reason that silicon in- add Ni for toughness and Cr and Mo for
creases abrasive wear of steel is still hardenability.
undetermined.
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APPENDIX A

TABLE A-1. - Heat treatment and structure of test materials

Measured
Sample Alloy Condition Heat treatment and temperature hardness Structure
Surface | In scar
lesess | Ferro Vac, E. R A5 retedved.; sive e s amw ) owE ves § wee s send s e | ARALE NA Ferrite.
25w s win | 'COF 995 0 v pimvini ous R e 0 wie o wrwe orena s ¢ e o wime o win = wwes givie s wiem s aims v | DRASS HRA33 Ferrite, grain size 7.
3.....| Experimental steel R 1,100° C working tempe..seeseceseassessnasss. | HRALL NA | Fine ferrite and a litile pearlite.
beceve| eeedOercceconernns R o0 A0 wiv v wrww s e 8w wwe see 8 S s G § e saes e || ARAG2 HRA42 | Fine ferrite and 10 pct pearlite.
Bwis s wrw || ww «@O0mie aivc 0w s wionw R 208000 ciionn s ve s wnae ven v e oisiee niee s mens seses | BRASS NA | Ferrite and 10 pct pearlite.
Beeeee| eeedOuuannannns R w5 00 s w5 wree 8w w6 e s WIE b Wi s e 6 e 8 aee o | HIRASL NA | Ferrite and some pearlite.
Teeoos | AISTI 1018..... R As recelved, s s ass einie s simn sone s s aeiessnsos | BRBT6 NA | Ferrite and pearlite, grain size 8 to 9.
Buais v | -AIST 46204 ¢ a0 s 050 s R 1,100° C rolling tempessseeseseeavsoanaseansss | HRA55.5 NA | NA.
A Heat to 840° C; hold for 3 h; furnace cool.. | HRA46 NA | NA.
wQ Heat to 840° C; WQuuseewssunooasunansanneess | HRCAD HRC44 | Martensite.
. T USS "Tl"uveuunn RQ A8 recelveds s wie s ses o wars viaie & oW s mieis saeE vees v TRAGL NA | NA.
WQ Heat to 900° C; WQueveweovunsnunssavennnanns | HRCAS HRC43 | NA.
10.....| USS "T1", Type B.. RQ As recelvedi.iseersscscescaccnsoascnnsdesss. | HRALD HRA64 Unresolved.
WQ Heat £6 900° €y WQa o wiss soims s s wies winins s wwwie | HRCLS HRC43 | NA.
1l.....| Experimental steel R 1,100° C working temp..sessesesseseassesnsess | HRAGS NA | NA.
wQ, T Heat to 900° C; WQ; temper at 200° C........ | HRC46 HRC46 | Martensite.
12... 000 | ATST 86204 s o106 A NA iz wisiom 5167 § 575 § 5/576 & 91006 67958 o #7500 & B#oe & Rumie & wnce we || HRALD HRA4H Ferrite and pearlite, grain size 8.
R As received..iiieieivesnssensocrsncassansaass | HRC53 HRC53 Bainite and ferrite, grain size 7.
wQ Heat to 860° C; WQuieeesssesnsosussanseeeasrs | HRCAA HRC44 Fine martensite.
13..... | Experimental steel R 1,100° C WOTKinNg temPesveseeasnasnssnsoanees | HRAGT NA | NA.
wQ, T Heat to 700° C; WQ; temper at 150° C........| HRC43 HRC44 0.005-in layer of ferrite plus fine martensite and
10 pct ferrite.
v oo | woelOiare vioreis o s nrers R 1,100° C working tempeseeesesscaseenaaassass | HRA4S HRA49 Fine ferrite and 10 pct pearlite.
150s swm || wwedOhs s wms s R o0 90 u o v wisve o wm w0 i g w0 ezes e @ w066 @es seie s e | HRASH HRAS56 Fine ferrite and 15 pct pearlite.
E6leie o mie | wmialdOlucm wievw o wiss & wrets R @ 45000 5 Wikt & GIRTH 5 R § BT SO Sund e B & Svaas & wiere wieve e oe ||| HRASS NA NA.
WQ, T Heat to 900° C; WQ; temper at 200° C for 1 h | HRC44 HRC43 | Martensite.
T avei s oo | wis:alOiase wimsess siss viona R 1,100° C working temp.....veveeesesesesessss | HRAGH NA | Bainite and ferrite.
wQ Heat to 900° €5 WQuws sieis siervis siarw s siwye s si0s wiosecs 50 | BROSE HRC47 Martensite.
L8 uisn oiai | wio:edOlasa woras 4 wis s wins R 1,150° C working tempPau.eseessesseseesesaass | HRA7O HRA71 Fine ferrite and a 2d phase, possibly austenite.
WQ Heat to 860® C3 WQu .« eies seis sins sivin s s 67 4056 oo | HRC50 HRC50 Martensite.
19 eipre o | wnnlOiuie o aipe wimiw 4 wisri R 1,150° C working tempPasesessesseesnaeseassas | HRASY HRAS8 Fine ferrite and 10 pct pearlite.
WQ Heat to 950° €35 WQue s sisswiwwsiisis onvmonvesissan | HRCLE HRC48 Martensite, grain size 6.
{4 I [NV, (- SUpp— R 1,100° C working temp..eceeeeeeseneesessssses | HRASO NA | NA.
wQ, T Heat to 700° C; WQ; temper at 150° C........ | HRC47 HRC43 0.004-in layer of ferrite plus martensite and 15 pct
austenite.
2l.44e. | REM 500...... A Heat to 730° C; hold 2.5 h; air cool........ | HRAS4 NA NA.
RQ As, racedved. s v s sww v s soves s ¢ s e see s wis | HRCS0 NA | NA.
wQ, T Heat to 700° C; WQ; temper at 150° C........ | HRC50 HRC50 | 0.004-in layer of ferrite plus 2-phase unresolved
mixture.
22..... | Experimental steel R NAiciii ot o ormia oiorar s siein sinier o 81018 srainrn s wie & 8 500 & siaies e | HRAKD HRA49 Ferrite and 40 pct pearlite.
WQ Heat to 860° C; WQeesessoosaanervscesenasnsss | ARCSH HRC55 | NA.
230 s ow | ALST 43404 ; viow s s R AS) TECEIVOAs o ae o winss oimiavs wiave: v wios wis5: 5 3650 & §ia7a siace | HRADS NA | Decomposed pearlite.
0Q Heat to 810° C; OQuevercerusnsavansesaeansaas | HRCS] HRC53 | NA.
NA Not available.

1T



TABLE A-1. - Heat treatment and structure of test materials—-Continued

4l

Measured
Sample Alloy Condition Heat treatment and temperature hardness Structure
Surface | In scar
24,0004 | AISI 4342,...,...... R As received...ieviieetsiirvasesesrnenoansnss | HRASS NA | NA.
wQ Heat to 840° C; WQeeueoswsswnssnssasassosase| HRCH57 NA | Martensite,
25.000. | AIST 8740 uuecnns. A Heat to 1,550° C; hold for 3 h; furnace cool | HRA52 NA | NA,
R 1,100° C rolling temp..soo... cvescescsesaaass | HRAGL NA | Bainite, grain size 7.
WQ Heat. to 840° C; WQu s vwwesmws siors o 6o s wans s ww | HRCSS HRC54 | Fine martensite and 30 to 40 pct retained austenite,
264vves | AIST 134000 uennn.. R AS) TeCEIVEd s e i wieis ¢ 55006 ¢ 55655 507618 § ouee droce u wree v e || HRAGS HRA63 Unresolved pearlite and 5 pct ferrite.
wQ Heat. to :820° Cj5 WQu ewre sisws seres s sios eisin s wiore s 5 | HRCS8 HRC56 Fine martensite.
2Fw s v | ATST GLAZ i o vin v wrom A Heat to 820° C; furnace co0l.ieeeseesvseen... | HRASG HRAS4 Pearlite and ferrite, grain size 9.
R AS: recedved. vy viere s s o sisis suserd s was s s s || HRASE HRAS6 Fine pearlite and spherical cementite in ferrite.
0Q, T Heat to 860° C; 0Q; temper at 200° Co.......| HRC53 HRC53 Fine martensite,
28..... | Experimental steel R 1,100° C working temp..... sesesenssasseiesas | HRAS8 HRAS59 Fine pearlite and 15 pct ferrite.
WQ Heat to 810° C; WQuvvevwsovvsesoseeoronanosas | HRCS58 HRC58 Fine martensite.
29¢uvee | AISY 6150icceessss A Heat to 850° C; hold for 3 h; furnace cool..| HRA56 HRAS6 Pearlite.
R 1,000° C working temPeseeeseeeeeeeesacesnnas | HRAGT HRA68 | Bainite.
0Q, T Heat to 860° C; 0Q; temper at 150° C........| HRC55 HRC58 | Martensite and some bainite.
30..... | Experimental steel R 1,100° C working temp..... swins sieree o wim s wete s n | HRASY HRAS59 Pearlite.
WQ Heat to 850° C; WQuvueeweeerevacecsnconasses | HRCOH2 HRC60 | Martensite.
3leeees | AIST 1060..ceunsn. A Heat to 840° C; hold for 3 h; furnace cool..| HRAS3 HRAS4 Pearlite and ferrite, grain size 8.
R As received..iiiestieeecreinrescecnnnseanass | HRASY HRA60 Pearlite and ferrite, grain size 7.
wQ Heat ‘to ‘820° Gy WQk wiowe o wres s sinw simwd s s s woars s 0 | HROBIL HRC59 | Martensite and some pearlite.
32..... | Experimental steel R 1,100° C WOrKing LemPueuueeeeeereneeeennssnss | HRAS3 HRAS3 Pearlite and 30 pct ferrite.
WQ Heat to 860° C; WQiwuisssmiessinesingsoiooesaee | HREGS HRC41 Fine martensite.
38is wiws | AIST 51604 ecwrws wsos o A Heat to 820° C; furnace cool......oceuesssn. | HRAST HRAS58 Fine pearlite.
R As' Tecelvedy  sssesss wwssunisas vedseescasse s | HRAGSG HRA66 Pearlite, grain size 8.
wQ Heat to 860° C; WQuereeveeooouennnosnsasnsss| HRCOHL HRC59 Martensite.
34..... | Omegalloy 6l...,... RQ As: recedveda s s amw ¢ vain 5 s 5w 5 s b6l s meis evece | HRGGS HRC63 Martensite, grain size 4.
35..... | Experimental steel R 1,100° C working tempes.sveeeeseecaesnassass | HRAGD NA | Pearlite.
WQ Heat to 850° C; WQueeessoveoceancceansanesaa| HRCOHE HRC64 Martensite.
367 s wwis | ot 00w 0 mimi s s o mein R 1,100° C working tempP...eeeeseeoocenenas <.+ | HRAGO NA | Pearlite.
0Q Heat ‘to B50° C3 10Qs swss s wsis s 555 siutid vooie sasre wure | HREES HRC63 Martensite.
3755 aims | 1o o0 o wis 8 wreve s wawis u R 1,100° C working LempP..eesessneeocenonnessss | HRAKO HRA61 Pearlite.
wQ Heat to BL0O® €F WQiusism sniiiessins enna saceneeens| HRCEHE HRC65 Martensite and some pearlite.
3Bucsime | 5e @00 unes nieonnse R 1,150° C working temp..eeecseeececesscenness | HRCALO HRC39 Pearlite.
0Q, T Heat to 860° C; 0Q; temper at 150° C........| HRC65 HRCE 4 Martensite and some fine, round carbides.
39.is00 | e6ed0uenns e R 1,100° C working tempPeusssseseescecencnsasess | HRAGE NA | Pearlite.
0Q, T Heat to 860° C; 0Q; temper at 150° C........| HRC63 HRC62 Fine marteunsite and a little pearlite.
A006a oiiie | 60 elOun ewims ¢ wiws oinis o R 1,050° C WOrking LemP.euseeeeeoesoeenoeosnnss HRC36 HRC35 Pearlite.
0Q, T Heat to 860° C; 0Q; temper at 150° C........| HRC63 HRC62 Martensite,
4100 | AISI 521000.c0s... A Heat to 780° C; hold for 3 h; air cool......| HRAS5 NA | Decomposed pearlite.
R 1,000° C working temp.ssceeseeeessoesnnnenss | HRABT HRAG8 Fine grain pearlite and maybe graphite.
0Q, T Heat to 790° C; 0Q; temper at 200° Cu........| HRC6L NA | Martensite and some round carbides.
42 s sve | Whi ainie aimemaimcnn » wimin e R AB YecelVeds i veiees sunorensomeasionssesanesss | HRASL HRAS1 Spherodite.
A Heat to 820° C.uvuwunn. seecssvescesessssesses | HRASH HRAS2 Ferrite and small, round cementite,
WQ Heat to 860° C; WQuessvssnsnnssssbonnsssssss| HRCOHL HRC64 | Martensite and some cementite,
43,.... | Experimental steel R 1,100° C working temp; soak after 16 h......| HRA66 HRA66 NA.
WQ Heat to 800° C; hold for 20 min; WQ.u.......| HRC67 HRC64 NA.
NA Not available.
NOTE.—A Annealed. WQ Water quenched. RQ Received in hardened condition.
0Q 0il quenched. R

Hot rolled (assumed for purchased commercial steels).

T Tempered.
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APPENDIX B

The self-directing optimization (SDO)
technique was used for the optimization.
In this technique, a simplex 1is created
that continually directs itself toward an
optimal composition. To do the optimiza-—
tion, you first need n + 1 tests, one
more test than the number of independent
components that you are trying to opti-
mize. The composition of the new mate-
rial to test 1is calculated by the rule:
Twice the average of the "n" best points
minus the worst point, for each indepen-—
dent component, The data for the mate-—
rial with the worst test results are now
eliminated. A test is now done with the
new composition. You now have n + 1 test
again, so the next optimized composition
can be calculated with the new best "n"
test materials minus the worst of this
group. This can be repeated until there
is no improvement through several optimi-
zation runs, or until time or money runs
out.

An example of this SDO technique based
on data from this report follows. Using
just four independent variables, C, Cr,
Mn, and Mo, it will be shown how the com-
position of an unhardened steel can be
optimized. First five abrasion tests are
run, letters A-E. The composition of the
alloy was then set up as a matrix shown

in table A-1. The composition for the
new alloy is calculated using the rule of
twice the average of all but the worst
point, minus the worst point.

TABLE B-1. — Example data for self-
directed optimization

Analysis, wt pct Wear,
G Cr Mn | Mo mm >

Alloy: L
Avveeennns |-BA8T608 1+ 07431604+ 121
Bie: o w om0 iwi00e 20| .43 67| J13 | 114
Civnninnaa 40| .79 71| «27 | 113
Disnaaiess 44(1.05 .83 .12 86.7
Eiswsnuaua | L07] <05 .30 .05 99.9
Av.eoon. .53 .58 J4| W14 NAp

2X (Av). | 1.06|1.16 | 1.47| .28 NAp

Less

alloy A .18| .08 431 .04 NAp
New alloy, F .88[1.08 | 1.04| .25 | (83)
NAp Not applicable.
New alloy, F, 1is obtained for the next

After conducting the wear test on
this alloy, we see that some improvement
has taken place. Using this specimen in
the set of data and eliminating A, the
optimization procedure 1is repeated in
table B-2.

test.
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TABLE B-2. — Second iteration from TABLE B-3. - Third iteration from
sample optimization example sample optimization example
Analysis, wt pct Wear, Analysis, wt pct Wear,
G Cr Mn | Mo mm > C Cr Mn | Mo mm >
Alloy: Alloy:
Bevessoses |O5201643F1+ 6.6+ -9.—1—3—(-1-1# Covevennee | 04010+ |G HTRZ2F 1 HF
Coevsonsses 40| .79 71| .27 | 113 Desesvasss L4411,05 83| .12 86.7
Dececons-s 24411.05 .83 .12 86.7 Ecesosones| 1,071 05 +30] .05 99.9
Eeeeeossss | 1.07| .05 30| .05 99.9 Fonwmwieee .88/1.08 | 1.04| .25 83
Fevanesnis .88/1.08| 1.04| .25 83 Gispanasves | 120 1.92 A1 22 39
AVeeenoo 70| .74 g2 .17 NAp AVeesseon .90({1.03 74| .16 NAp
2X (Av). | 1.40|1.48 | 1.44] .35 NAp 2X (Av). | 1.80]|2.05| 1.47| .32 NAp
Less Less
alloy B 20| .43 .67 .13 NAp alloy C 40| .79 1| .27 NAp
New alloy, G| 1.20]|1.92 A7) .22 39 New alloy, H| 1.40|1.26 .76 .05 | 32
NAp Not applicable. NAp Not applicable.

With the result from this step, alloy G, This technique does not promise improve-
an alloy with considerably higher chromi- ment each time, but the new alloy should
um, is made and tested. The wear in this be better than the alloy eliminated, and
case is considerably better, at 39. Go- the trend should be toward an optimum
ing through the optimization one more alloy.

time, with alloy G in the new set of data

and B removed is shown in table B-3.
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