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ALLOYS

TWO-BODY, DRY ABRASIVE WEAR OF Fe/Cr/C EXPERIMENTAL

RELATIONSHIP BETWEEN MICROSTRUCTURE AND r·1ECHANICAL PROPERTIES

Chi Kong Simon Kwok

Materials and Molecular Research Division
Lawrence Berkeley Laboratory

and
Department 6f Materials Science and Mineral Engineering

University of California
Berkeley, California 94720

ABSTRACT

."

A systemati c study of abras ive \<lear res i stance of Fe/Cr/r~n based

alloys has been carried out using a two body pin-on-disc wear machine.

Abrasives used were silicon carbide, alumina and quartz.

The objective of this study was to evaluate the abrasive wear

resistance and to investigate the relationships between microstructure,

mechanical properties, and abrasive wear resistance for these experimental

alloys. Several commercial alloys were also tested to provide a basis

for comparison.

The goal of this study was to develop information so as to improve

wear resistance of these experimental alloys by means of thermal treatments.

Grain-refinement by double heat treatment was carried out in this research.

Results showed that bulk hardness and tensile strength are both

very important factors in abrasive wear. The experimental alloy, which

has superior tens il e and toughness properties, has abetter wear res i st-

ance than most of the commercial alloys tested. Grain-refinement by

double heat treatment improved the toughness but appeared to have little

effect on the abrasive wear resistance.

This manuscript was printed from originals provided by the author.
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I. INTRODUCTION

Wear is a form of mechanical failure that is very general but poorly

understood. Maintenance and replacement of worn machinery represents a

significant cost to industry. More often, the waste of time and manpower

to replace the worn parts and the loss due to the shutdown greatly

exceed the actual cost of the replaced parts. In the United States

alone, an estimated $16 billion per year can be saved if the proper wear

prevention is i'mp1emented1.

Among various wear mechanisms, such as erosion, sliding wear and

others, it is 'abrasive wear which is most frequently encountered. Abrasion

is commonly found in earth-moving, mining, argiculture and other indus

tries. In recent years, there has been an urgen~need to decrease the

dependence on crude oil due to its escalating cost and unstable supply.

A ~ot of interest has been generated in the substitution of crude oil

by other energy sources. Coal, which is abundant in the United States,

has now become a more promising and viable alternative. The increase

in coal mining and processing activities demands a new class of alloy

which is inexpensive, tough and wear-resistant. Toughness, as well as

abrasive wear resistance is equally important since many processing

operations involve continuous impact and wear. Failure can occur either
-

when the part breaks through impact or is worn to a point where it can

no longer function properly.

In 'recent years a program2-10 has b.een systematically carried out

at Berkeley to 'investigate the effect of a110yi nC] el eoents and heat

treatmertton themartensitic microstructure of a group of ternary Fe/Cr/C

and quaternary Fe/Cr/Mn/C alloys.

".
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These experimental alloys have superior tensile strength and tough

ness as compared to many commercial alloys. In addition, a recent studyll

has also shown that their sliding wear resistance is greater than many

comnlercial wear-resistant alloys. Since the majority of wear problems

arising in the mining industries involve two body and three body abrasion,

it is important therefore to understand the abrasive wear characteristics

of these steels and their responses to thermal treatments.

~Jear is defined as the removal or displacement of material by surface

interaction. The main difference between abrasive wear and other modes

of wear such as sliding wear, corrosive wear, etc. is the presence of hard,

angular abrasives during wear12 . Although it is possible to abrade using

abrasives of relative hardness (hardness of abrasive/hardness of base

material) less than onel~" abrasion only becomes effective when relative

hardness is greater than 1.246 . However, the cutting efficiency of the

abrasive does not depend solely on the hardness of the abrasive. The

grit size, angularity (rake angle) and bond strength (adherence to the

matrix) are all important. Using a single diamond scratch experiment,

Murray et al. 14 found that machining can only occur at a certain range

of rake angles, depending on the hardness of the base alloy. A simplifi,ed

mechanism of abrasive wear has been proposed by Rabinowicz15 in which

grooves are cut with the abrasive forming continuous chips. The assumptions

are (1) the wear loss is equal to the total volume of grooves formed and,

(ii) all contacting points are effective in cutting. However, the wear

rate derived from this mechanism is much higher than actually observed

in experiments. Severe plastic deformationalso occurs and forms ridges

besides the grooves; these ridges contribute very little to wear loss.
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Delamination16-18 can occur at these ridges by nucleation or subsurface

cracks and their subsequent joining by shear deformation of the surface

(see Figure 18). This proposed theory predicted the presence of plate

like wear particles and large plastic deformation of the surface layer.
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II. EXPERIMENTAL PROCEDURES

A. Alloy Preparation and Heat Treatment

(1) Experimental alloys. The composition of the experimental alloys

(designated Quatough steels) and commercial alloys are listed in Table 1.

The Quatough alloys, designed for high strength and toughness 19 were

melted by Daido Steel Co., Japan. The vacuum-induction melts were cast

into 20 lb. ingots and subsequently forged to 1 inch thick and 2.5 inch

wide slabs. Then, they were homogenized at 1200°C for 24 hours and

furnace cooled.

Three different heat treatments were applied to the experimental

alloys, namely HT(!} , (II) and (III) as sho\'Jn diagrammatically in Fig.

1. Their relative merits will be discussed in a later section. Basically,

the heat treatment invol.v.ed high temperature austenitizing (llOO°C),

oil quenching and subsequent tempering. HT(III) and HT(II) require a

second low temperature austenitizing (870 0 e) and subsequent quenching

and tempering with or without an intermediate 20QoC tempering, respectively',

All the austenitizing treatments were carried our in a vertical tube

furnance under an inert gas atmpsphere. At the end of the austenitization,

specimens were quenched into agitated oil. All tempering treatments

(20DOC to 500°C) were performed by immersing the specimens into a salt
.

pot for one hour and then quenching into cold water.

(2) COl11l1ercial alloys. All cornmercial alloys, Abrasaloy, Astralloy

and Finnex voJere used in as-received conditions. AISI 1020 "las purchased

and used in a hot-rolled condition.

B. t~etalloqraph:t

(1) ,Optical met.allography. Specimens for optical meta nogra phy
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were cut from heat-treated material, mounted in cold mount resin, abraded

on silicon carbide paper down to 600 grit, and then polished 'i/ith 111m

diamond paste on a microcloth. A 5% nital etchant was used to reveal the

microstructures.

(2) Scanning electron microscopy and energy dispersive analysis

of X-ray. Scanning electron microscopic studies were carried out on the

worn surface of the specimens using an AMR-1000 scanning electron micro

scope operated at 20kV. An energy dispersive X-ray analyser (EDAX)

attached to the microscope was used to identify the different constituents

present on the worn surfaces, and on the debris.

(3) Transmission electron microscopy. Thin foils of ~50~m thick-

ness were cut from the heat-treated alloys via a Diamet saw. These slices

were then chenlically thinned to l2511m in a 4% solution of HF in H20Z'

3.0mm discs were obtained by spark cutting and were abraded down to

25-5011ffi thi ckness by 400/600 gri t abrasive paper. Final pol i shi n9 \'IaS

achieved using a twin-jet electropolisher at room temperature, with a

solution of 75g of Cr03. 400ml Ch3COOH and 2~ml distilled \'/ater. The

polishing voltage was 40-45 volts at 50-55 milliamps. Once suitable

thin foils were produced, transnlission electron microscopy was carried

out, using either a JEM7A or a Philips 301 electron microscope, both

operating a 100kV.

C. Wear Properties

(1) Wear specimen preparation. Wear pins were cut from the heat

treated specimens in the form of rectangular bal~s. Then they were

machined to 6.35mm in diameter by 20mml ong hernil5pheri cally ti pped

cylindrical pins as sho\'tn in Figure 2. The tips were ground to exact
\

e
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size under flood cooling to prevent any heat-induced microstructural

change.

The specimens were hand-cleaned in N-heptane to remove oil and

dirt, and then ultrasonically cleaned by ethyl alcohol for 5 minutes

before finally being placed in a vacuum desiccator to remove any

moisture left on the surface.

The specimens were weighed prior to each wear test on a Mettler

H54AR analytical balance to an accuracy of + O.Olmg. Three measurements

were taken for each pin and the median value recorded. After every wear

test, the wear pins were carefully'dusted off by a gentle stream of

compressed helium gas and reweighed. The weight loss was then determined

and converted to wear resistance as shown below:

Wear resistance, = l/wear rate

= length of wear path
volume of matel'ial removed

(material density) (length of wear path)mm/l11113
weight loss

(2) Wear test. The two-body, dry abrasive wear tests were per-

formed on a pin-on-disc wear machine which simulated high stress abrasion.

The wear pins were worn against abrasive paper for 10 revolutions at a

rotational speed of 20 rpm under 1 kg deadweight load. A spiral wear

track, about 2.2 meters in length, was generated as the wear pin moved

transversely across the abrasives. A spiral path was used to ensure that

un\'lOrn abrasives were encountered on each revolution. The worn specimens

were lifted off automatically by 3 mechanical relay after 10revoluti ons .

A break-in run was carried out prior' to each of the three wear tests

performed on each pin. The subsequent \'Jei gilt 1asses were measured and a
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mean value was calculated. Two pins were tested for each material,

using the same experimental conditions. Finally, the two mean values

for w~ight loss were combined and converted to a value of wear resistance,

to generate one datum point. The experimental data were found to be

quite reproducible giving only a 3-5% scatter band.

Three abrasives, 120 grit SiC, 120 grit carborundunl A1 2b3, and 40

grit flint 5i02 were used in the wear test to assess the effect of

abrasive geometry and hardness on abrasive wear.

,
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II1. RESULTS

A. Optical Metallography

Optical metallography was performed to confirm the microstructure

and prior austenite grain size of the experimental material used in the

wear tests. The experimental alloys were found to be composed of uniform

packets of lath matensite, with no dissolved carbides observed. This

agreed with previous work20 . Double heat-treatments (II) and (III)

decreased the grain size by an order of magnitude (from 270 to 30 micr'ons)

in comparison to the conventional heat treatment (I), (see Figure 3).

The commercial wear-resistant alloys Abrasaloy, Astralloy and

Firmex all had a martensitic and/or bainitic microstructure. In addition,

elongated MnS inclusions were observed in the Firmex alloy '(see Figs.

4(a), (b), (c». The AI?~ 1020 alloy was found to have a pearlitic/ferritic

microstructure, an example of which is shown in Fig. 4(d).

B. Transmission Electron Microscopy

(1) Experimental alloys. In recent years the TEM microstructures of

Fe/3Cr/2Mn/0.5Mo/.3C have been wel1-documented20 . TEM was carried out to

confirm these observations and the results agree with previous studies

showing that the as-quenched microstructure was highly-dislocated lath

martensite with continuous inter1ath film or retained austenite. The

typical lath dimensions were found to be 0.5 microns in width and 5-10

microns in length (Figure 5).

Upon 200°C tempering, <110> Widmanstatten cementite precipitates
a

were observed within the martensite laths and were typically 0.3 -O.. 5lJffi
o 0

long and 200A to 500A wide. At 300°C tempering, cementite precipitation

was observed both insid.e the lath and at the lath boundaries (Figure 6).
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At 4000 e and soooe tempering. extensive carbide precipitation inside the

laths. and discontinuous stringers of carbide at lath boundaries were
,

observed. Spheroidization appeared to have started at 400°C and

continued at soooe tempering.

TEM studies on double heat-treated specimens showed a similar

transformation with tempered martensite embrittlement beginning at 300oe.

The martensite packet size was smaller in comparison to conventional heat

treated specimen, but the lath width was relatively unchanged.

(2) Commercial alloys. Interlath and intralath carbides were

observed in Abrasaloy, a consequence of the bainitic structure. Astralloy,

however, appeared to have a complex martensitic microstructure with a

small amount of microtwins present, whereas Firmex was found to have

,a non-uniform bainitic/martensitic microstructure in which extensive

carbide precipitation was observedll .

Although the above commercial alloys had microstructures similar

to those observed in the experimental alloys, there were important

differences that resulted in the greater toughness of the latter viz.

the uniformityof martensite packets and the presence of continuous inter

lath films of retained aust~nite.

(C) Mechanical properties. A summary of the mechanical properties of

the experimental anoys is shown in Table 2 and Fig. 720 . The ultimate

tensi le strength, yi e1d strength. eha rpy toughness and hardnes s a11 show

a simi 1ar tempering r.esponse i nthat they all increase slightly from the

as-quenched condition at ZOQoCtempering, then decrease drasticallyafter

30Qoe ,and continue todecreasedrasti cally at 400°Cand50QoC tempering.

This abrupt decrease in mechanical properties is mainly due to tempered

"-
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martensite embrittlemerit (Tf-IE), caused by the transformation of inter

lath austenite to deleterious interlath carbide stringers at temperatures
45greater. than 300°C

Some of the mechanical properties of the commercial alloys were

provided by their respective manufacturers (see Table 2).

D. Wear test. Wear tests were performed on a 2-body pin-on-disc wear

machine, and a summary of the wear data is shown in Table 3.

The main advantages in using the pin-on-disc type test are in its

ease of parameter control and good reproduc ibil ity . It is ,however,

different from most tribological environments encountered in commercial

wear situations. Nonetheless, sirni1ar trends exist when pin-an-disc

laboratory tests were compared to field tests 21 ,22.

Three abrasives were used in the tests and their cutting efficiency

in wear can be ranked in the following order starting with the most

efficient: A1 203, SiC and 5i02. Even though SiC is harder than A1 203,

the wear rate was lower mainly because A1 203 had a better bond

adherence between the abrasives and the supporting media (Figure .13).

The wear resistance of vacuum-melted Fe/3Cr/2Mn/.5Mo/.3C steel

was found to be superior to Firmex, Abrasa1oy, Astralloy and AISI 1020

and generally was 20-40% higher than these commercial alloys. The wear

res istance was also measured as a function of temperi ng temperature for

the experimental alloys and compared to the equivalent plots for impact

toughness, tensile strength, yield strength and hardness (see Figs. 7 and

8). The effect of tempering temperature on the \Olear resistance is

effectively the same for the as-quenched and the 200°C tempered state.

However, the wear resistance dropped abruptly after tempering at 300°C,
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only to gradually increase again (by a total of 5%) after 400°C and

500°C tempering.

When SiC was used in the wear tests, there was little difference

in wear resistance between the double heat-treated and the conventional

single heat-treated specimens. However, when quartz (5i02) was used,

there was some (see Table 3) measureable improvement observed in the

grain-refined specimen. When the commercial alloys were tested with each

of the three different abrasives, Abrasaloy, Firmex and Astralloy all

had similar wear rates. As Astralloy had a higher ultimate tensile

strength (UTS) and hardness than Firmex and Abrasalloy, it is interesting

to note that Astralloy did not have a better wear resistance than the

other two commerc i a1 alloys.

E. Scanning electron microscopy. The general wear surface produced by

abrasive wear is comprised primarily of micro-machinjng grooves covering

the entire worn surface. The grooves were produced by abrasive particles

penetrating the surface and shearing off I11Jteria'l. Severe lateral flm"

of material occurred in the direction of abrasion.

There seemed to be no difference in the surface appearance of a

given steel when worn by either SiC or A1 203. However, when 5i00 was
'-

used, more plastic flow was observed than with the other two abrasives

(Figure 16). The uapparentll groove width was 20-l00\lm, but because

overlapping of the wear tracks occurred (produced by repeated abrasion),

it vias not possible to detel,nine a more accurate measurement. The

ma teri al wi th the harder surface appea r'ed to ha ve \...e ll-defined wea r

tracks, but for materials with lO\-'/er surface hardness, more plastic,

multidirectional flow occurred.
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Energy"dispersive X-ray spectroscopy (EDAX) was used to show the

presence of a few small pieces of fractured abrasive particles embedded

on the wear surface. This indicated high stress abrasion23 which is

comnlonly defined as the abrasive wear which occurs when the fracture

stress of the abrasive particle is exceeded .

Three types of abrasives; SiC, A1 203, and Si02 were us~d in the

wear tests and comparsions of their appearance before and after wear

tests are shown in Figure 13. For all three abrasives, only small

portion of all the sharp cutting tips were fractured during the wear

test which indicated that only small percentages of abrasive particles

exceeded their load-beari.ng capacity and the remaining particles are

still effective for further abrasion. The average diameter of a

silicon carbide is about. BOllm. The average groove width of Quatough

steel worn by SiC is around 20 - 40 llffi (see Figure15). These approximate

measurements agree with each other and implied that only part of the

abrasive tip is involved in micromachining. The depth of wear grooves

is a function of surface stress state, material properties and abrasive

geometry.

Among all the wear surface shown in Figure14, Quatough steel

tempered at 200C, which has the highest wear resistance in this test

group, has the fewest wear scars than the other alloys. The appear-

ances of the wear surfaces of Quatoughal1oy tempered at SOOC, Abrasaloy,

Astrolly and Firmex are verysimf1iarwhile the wear surfaceofAISI

1020 has the hi ghest degree of r.oughness indicated more ploughing and

deeper groove-cutting. As the hardness of a material increases, more

abrasive particles have rake angles that are .greater than critical rake
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angle and thus there is an increase in number of particles available for

micromachining, or less ploughing occurs.

Figure 15 'shows the g.eneral wear surface at a high magnification.

Long, well-defined wear grooves were found running in the direction of

abrasion. Ridges formed alongside the edge of grooves are due to severe

plastic deformation. Also, fractured abrasive particles embedded in the

base alloy are frequently observed.

Figure 16(b) shows an area where the microcutting was impeded by

hard particle and the abrasive particle broke off from its supporting

media. A wedge of alloy (area A) and a metal chip (area B) were partially

sheared and appeared to be lifted off by residual tensile stress. Small

abrasive particles were entrapped in the cavity (area C) and are

identified by the silico'n peak in the EDAX picture (see Figure 15(d)).

X-ray mappings on iron and silicon were used to identify the 1020

wear debris from the SiC abrasives. (see Figure 16). Size of debris

varies from 5-40 pm in diameter and take all from one shape. Some debris

appear to be plate-like and might be formed by delamination.

Micrographs from Figure 17 were taken with Quatough alloy tempered

at saoc, area B in Figure 17(a), is an evidence of 2 subsurface cracks

propagate and join. This particle B may be lifted up by residual tensile

stress produced by the passing of abrasives and will have the same,

appearance as in A after breaking off from the matrix, even though

this wear mechanism is not dominated in the wear test~ it shows that

delamination can take place in abrasive wear.

I ~
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IV. DISCUSSION

(1) Effect of mechanical properties on abrasive wear. Hardness,

tensile strength and ductility strongly affect abrasive wear resistance.

Hardness is very important in determining abrasive wear resistance

because it controls the depth of penetration by the abrasives. Therefore,

it is not surprising to find that the wear resistance is directly

proportional to the bulk hardness of many pure annealed28-30 metals. For

heat-treated steels, however, the slope of wear resistance versus hardness

is found to be lower than that of pure metals 28 . Further study by Larsen

Basse25 has confirmed this deviation, which can be explained by the

decrease of the work hardening coefficient with an increase in hardness.

Results from the present wear tests, as shown in Fig. 10, show a

positive trend between h~rdness and wear resistance.

Ductility and hardness, determine the mode of wear--plowing or

machining. Alloys with high ductility and low hardness, such as AISI 1020,

are worn by extensive p10vJing in addition to micromachining. \~hereas

in the case of alloys with low ductility and high hardness, micromachining

becomes the dominant mode of wear. Comparing the wear surfaces shown in

AISI 1020 (low hardness and high ductility) has a small number of

unidirectional grooves with highly plastically deformed scars, indicating

extensive plowing as well as machining. Quatough steel, holt/ever, (high

hardness with moderate ductility) has many well-defined grooves along the

direction of wear indicating basic micromachining wear. The grooves

present on the wear surface of 1020 appear to be deeper than those of the

experimental steels and this may account for the higher wear rate of 1020

steel.
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Abrasive wear resistance tends to increase with hardness 24-27 ,

tensile strength and yield strength. Correlations of wearresistance

and the above mechanical properties for a variety of ferrous alloys

are shown in Figure 9, 10 and 12.

High yield strength resists plastic flow of material and increases

the plastic work required before fracture occurs. During abrasive wear,

a large amount of enet'gy is consumed to surmount this plastic work before

micromachining can occur. Hardness controls the depth of indentation of

abrasive particle during abrasion and th~s indirectly determines the wear

groove depth. Since wear volume is directly proportional to the square

of groove depth, increase surface hardness always improves the wear

resistance.

An attempt to relat~ wear resistance with Charpy impact toughness'

yielded no apparent relationship as shown in Figure 11. No correlation

is expected because the mechanism of a crack initiating at a prefabricated

notch under an immense impact is entirely different from the cutting

mechanism of abrasion.

(2) Effect of tempering on abrasive ~"ear. There are three principal

ways of strengthening the structure of steels: (a) alloying, (b) work

hardening, and (c) heat treating.

(a) For most ferrous alloys, an increase in carbon content is the most

effecti ve way to increase wear resistance. Hardenabi Hty, bulk hardness

and volume fraction of alloy and ironcarbides,are all helieved to be

benefical to abrasive wear, resistance. and a11 increase with increasing car

bon content. Previous studies'O.20 have shown that microstructural twinning

occurs when the carbon content ofexperimentai alloys ;s equal or greater

.,
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..
than 0.3%. Therefore, this posts an upper limit upon the carbon content

of 0~3%t as twinned martensite is known to possess more inferior fracture

and impact toughness properties than lath inartensite. The addition of

chromium to steel improves both strength and toughness and has a small

but measurable effect in improving abrasive \-'ear3l . However, if 0.5%

molybdenum is added and reducing Cr ~y 1% no detrimental effect upon

either the high strength or the high toughness of the quaternary alloy

occurs . ~1oreover, 11101 ybdenum may reduce the severity of temper

embrittlement32 ,33. The final composition of Fe/3Cr/2Mn/0.5Mo/.3C

gives optimum strength and wear properties without any sacrifice in

toughness.

(b) Extensive work-hardening in the form of plowing always occurs

during abrasive wear, so there is little profit in improving bulk hardness

by cold work. The surface will work-harden regardless of prior cold work.

Thus, the wear resistance is relatively independent of prior cold work34 ,35.

(c) It is likely that improving the strength of the material through

heat treatment will produce a corresponding increase in wear resistance.

In theprescnt experiment, Quatough steels have been subjected to different.

tempering conditions (from as-quenched to SQDoC tempering) after high tem

pering austenitization and oil quenching. Comparisons between wear

resistance and hardness, tensile strength and yield strength show a

similar trend (see Figs. 7 and 8). The \'Iear resistance of the experi

mentalallQYs in the as-quenched state and 200°C tempered state are about

equal but decrease abruptly at 300°C tempering. At 400°C and 500°C

tempering,wear resistance is gradually increased by a total of 5%. The

sha;rp decrease in both fracture toughness and \'/ear resistance after 300°C
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The effect of retai ned aus teni te on abras i ve \Yea r has been shown
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t b . b . . t' 37-40o e beneficlal y many lnvestlga 10ns The en-hancement of wear

resistance by the retained austenite may be due to (i) the transformation

induced plasticity (TRIP) that can absorb energy for fracture and produce

local compressive stresses that impede microcrack formation, (ii) the

presence of the ductile austenite film between the martensite laths

discouraging microcrack nucleation and propagation. Previous evidence4l

has shown that crack propagation through a ret.ained austenite phase was

significantly arrested; (iii) an increase in work-hardening coefficient

through TRIP or (iv) retention of retained austenite at lath boundary

preventing brittle lath boundary carbide formation. In the case of

the Quatough steels, the amount of retained austenite is about 2% in the

as-quenched condition, decreasing abruptly to zero percent at or above

300°C tempering temperature. Because the experimental error involved in

detecting retained austenite by X-ray diffY'actometry is typically >0.55~,

it is difficult to establish any quantitative correlation between the

amount of retained austenite and the ~'1ear resistance .
.

Mossbauer spectroscopy has been performed on both the experimental

and commercial alloys to determine the volume fraction of retained austen

ite quantitatively42 The amount of retained austenite in the following

steels--Quatough, Abrasaloy, Firmex and Astralloy--is3.5%, 0.3%, 5% and

l.5%, respectivelyll. Again no conclusive, quantitative relationship

between the amount of retained austenite and abrasive wear resistance

is possible. The data in Table 3 show that although the commercial alloys

have a different volume fraction of retained austenite, their\'Jear

resistance is almost identical . Nevertheless, in the case of low carbon,

structural steels~ the distribution and morphology of retained austenite
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(interlath, intralath, thin, continuous film vs. block) may be more

important than the relative amount present.

(3) Effect of grain-refinement on abrasive wear. For most ferrous

alloy systems, it is generally true that the flow stress is inversely

proportional to the square root of grain diameter43 ,44. Any heat treat-

ment that refines the grain should improve the strength. Since hardness

and ultimate tensile strength are well known for their beneficial role

in abrasive wear12 , grain-refinement is one possible way to improve

abrasive wear resistance.

From the results shown in Tables 2 and 3, the wear resistance,
I

hardness, UTS and YS of the Quatough steel is relatively constant

whereas fracture toughness and impact toughness increase moderately when

subjected to double heat-treatment. Neither the tensile properties nor

the wear resistance obey the classical Hall-Petch inverse square root

relationship. Hm'lever, they are in agreement ~lith each other. This

apparent di screpancy, in \I/hi ch the prior austen ite gra in diameter decreases

an order of magnitude with little corresponding change in both tensile

properties and wear resistance, can possibly be explained by (i) the

martensite lath size, which does not noticely change under HT(II) and

HT(III), and is a more fundamental. parameter cantrall ing the mechanical

properties, most microcracks initiate either at an inclusion or a cracked

cementite particle within the martensite lath, and they tend to propagate

through the laths along their longitudinal lath axis in a Zig-zag fashion,

as laths change orientation from one packet to another. The nominal lath

length i55-10 Pili, so they are much smaller than prior austenite grain

size,the lath boundaries become effective barrier of crack propagation,

or (ii) the high dislocation density due to the rapid oil quench; the

<.
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movement of dislocation is limited to very short distance before

impingment occurs. A prior austenite grain diameter of 30 ~m with

HT(III) is too large to be an effective dislocation barrier.

The main benefit of double heat treatment is improving factor

toughness by a fine redistribution of the interlath iron carbides in

the matrix, and also increase the amount of retained austenite slightly

in the alloy.
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V. CONCLUSION

1. The best abrasive wear resistance of Fe/3Cr/2Mn/.5Mo/.3C is

obtained in the as-quenched condition. However) a 200°C tempering gives

optimum tensile and fracture toughness properties without an appreciable

decrease in the wear resistance.

2. The wear resistance decreases sharply after 300°C tempering and

is likely due to the transforn~tion of interlath retained austenite to

carbides.

3. Highly dislocated lath martensite with continuous film of

retained austenite appears to be a preferable microstructure than either

a banitic/martensitic or a ferritic/pearlitic microstructure for good

wear resistance.

4. Grain-refinement by double heat treatment improves the toughness

but appears to have little effect on the abrasive wear resistance.

5. Correlation between mechanical properties and wear resistance

shows positive trend between tensile strength) hat'dness and wear

resistance.
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TABLE 1

Steel Composition

C Cr r~n Ni No Co 5i Ti V Fe

QUATOUGH 0.26 3.11 1.98 0.·01 0.50 - - - - Bal.

ABRASALOY 0.35 0.45 0.87 0.58 O. 14 - 0.20 - - Bal.

ASrRALLOY 0.29 1. 67 1.07 3.68 0.37 0.08 0.42 0.007 0.01 Bal.

FIRNEX 0.26 0.30 1. 94 0.73 0.24 - 0.57 0.06 - Ba1.

AISI 1020HR 0.20 - 0.45 - - - - - - Ba1.

I
I'\,)......
I



TABLE 2

Mechanical Properties

I
N
00
I

Hardness
(Rc))1/2

Fracture
hness(

Charpy
Touohness(J)

Total
. (%)1

Tempering UTS YS
(Temp. (OC) (MPa) (MPa)Alloy

- -- .- . - - . . .
Fe/3Cr/2Mn/O.5Mo/ .
O.3C HT(I) AQ 1744 1379 6.25 39.0 88 48.5

200 1772 1413 7.0 47.0 121 .6 48

300 1420 1220 8.0 30.5 45

400 1379 1172 8.1 30.0 42

500 1338 1145 7.0 27.0 40.5

HT(I1) 200 1724 1320 11.6 51.5 127.2 48

HT(I I1) 200 1724 1338 12.0 57.0 130.0 47

FIRMEX 1365 1269 11.0 20.3 40

ABRASALOY 1241 1207 12.0 40

ASTRAL LOY 1661 1082 12.0 42.0 45

AISI 1020HR

I
448 331 I 36.0 87.0 110HB

AISI 4340 1999 1551 10.0 17.6 49.5 52
-- : i -

..



Alloy

"

TABLE 3. Wear Properties

Tempering Weight Loss/ Wear
Temp. (OC) Pass(mg) . Resistance*

120 grit SiC

~Iei ght Loss/
Pass(mg) Resistance*

40 grit Si02

Weight loss/
Pass(mg) Resistance*

120 grit A1 203

1) Fe/3Cr/2Mn/0.5Mo/O.3C H1(1) AQ 1.95 8879 1.61 10754 2.00 8657
2) 200 2.00 8657 1.66 10430 2.21 7843
3) 300 2.38 7275 1.87 9259 2.65 6534
4) 400 2.35 7368 1.87 9259 2.63 6583
5) 500 2.27 7627 1.83 9461 2.57 6737
6) HI( II) 200 2.06 8405 1.68 10306 - -
7) HT(IIl ) 200 2.06 8405 1.56 11100 - -
8) FIRME)( 2.39 7244 1. 99 8701 2.99 5791
9) ABRASALOY 2.48 6981 1.95 8879 2.89 5991

10) ASTRALLOY 2.40 7214 2.06 8405 2.92 5929
I

11) AI SI lO20HR 3.02 5733 2.55 6709 3.45 5019
N
\0•

12) fe/JCrI2Mrt/.5f.to/.3C
7800 1. 73Air Melt 200 2.22 10008

13) Fe/4Cr/2ftn/.3C
Vac Melt 200 1. 78 9727 1.49 11620

14) Fe/4tr/2Mn/.3t
Air Hel t 200 2.12 8167 - -

lS) AISI 4340 1.58 10958 1.29 13422

16) ATlANtIC 33 1.89 9161

11) JR AR-Q 2.00 8657
18) JR AR..360 2.40 7214

.-----

* (11m/11m3)
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FIGURE CAPTIONS

Fig. 1. Illustration of heat treatments employed in this study.

Fig. 2. Sketch of wear specimen preparation from heat treated steel

blank.

Fig. 3. Optical micrographs of experimental steel: (a), (b), and (c)

are from HT(I), (II), and (III), respectively.

Fig. 4. Optical micrographs of commercial alloys (a) Fi rmex , (b) Abrasaloy,

(c) Astralloy and (d) AISI 1020.

Fig. 5. TEM micrographs of experimental alloys (a) HT(I), (b) HT (III).

Fig. 6. Bright field (a) and dark field (b) micrographs showing retained

austenite phase in experimental alloy following HT(II) in the

200 Cl C tempered condition.

Fig. 7. Bright field (a) and dark field (b) of 30Qo C tempered experimental

alloy. Note extensive twin carbide precipitation (courtesy of

M. Sarikaya).

Fig. 8. Wear resistance and mechanical properties versus tempering

temperature showing that tempering martensite embrittlement

(occurring at ~300°C) leads to an abrupt drop in wear resistance.

Fig. 9. Wear resistance of experimental steel run on three different

abrasives showing similar tempering responses.

Fig. 10. Wear resistance as a function of uHimate tensile strength

showing an increasing trend of wear resistance with increasing

strength for all alloys tested. (flote: All alloys are assigned

by numbers as referred to in Table 3).

Fig~ 11. Wear res; stance versus hardness showing a good carrel ati on.

Fig. 12. Wear resistance showing a poor correlation to Charpy impact

toughness.
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Fig. 13. Positive trend exits bet\'/een abrasive wear resistance and.

yield strength of most of the materials tested.

Fig. :14. Three types of abrasives; (a) SiC (c) A1 203 (e) Si02 before

the wear tests and (b) SiC (d) A1 203 (f) Si02 after the wear

tests.

Fig. 15. General wear surfaces of (a) Quatough steel tempered at 200°C

(b) AISI 1020 (c) Quatough steel tempered at SOO°C (d) Abrasa10y

(e) Firmex and (f) Astral10y. Abrasives used in the wear tests

are 120 grit SiC.

Fig. 16. General wear surface of Quatough steel (as quench) \'las abraded

by 120 grit SiC. Embedded abrasive particles are observed.

Fig. 17. SEM micrographs show the difference between the appearences of

surfaces under· d~fferent abrasives.

(a) Quatough steel (as quench) abraded by 120 grit SiC.

(b) Sante materfa1 abraded by 40 gritSi02•

(c) AISI 1020 abraded by 120 grit SiC.

(d) AISI 1020 abraded by 40 grit Si02•

Fig. 18. SEM micrographs show the microcutting as material. is sheared

off by abrasives. EOX picture (c) is taken from area (A) in

micrograph'(b). EOX picture (d) is taken from area (c) which

show a large amount of s11 icon present and thi s may indicate

SiC abrasive is embedded at the \'1edge (8).

Fig. 19. Microgarphs show 2 cracks join at area (E). The formation of

detris ;s due to delamination.

fig •. 20. (a) AISI 1020 wear debris from wear test using 120 grit SiC.

(b) X-ray map of Fe show the profile of wear debris.

(c) X-ray map of Si.
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Fig. 21. Bar graph showing comparison of different allow worn by 120

. grit SiC.

Fig. 22. Bar graph showing comparison of different alloys worn by 120

grit A1 203•

Fig. 23. Bar graph showing comparison of different alloys worn by 40

grit 5i02.
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HEAT TREATMENTS
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Fig- 1 .
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WEAR SPECIMEN PREPARATION

HEAT TREATED
SPECIMEN BLANK

" 1,
".... 5/1S

11

.... ,

~~~_'_'''''~''''J
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3/4
11
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11
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1~..---3/4" to I"---....~l

XBL 804-S017

fig. 2
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XBB 810-9832
Fig. 4
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Fi g. 14 XBB 810-9824 Cl
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Fig. 18 XBB 810-9830
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Fig. 20
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2 Body Abrasive Wear on 120 Grit Al203 Abrasives
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