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ABSTRACT

An ulfra-hfgh strength steel based on Fe-3Cr-0.4C for
structural and abrasive applications has been desligned and its
structure-property relationships have been established. The
micro-structure has been characterized as dislocated lath
martensite containing fine carbides and surrounded by thin films
of retalned austenite. This results in excellent combination of
mechanlcal properties and abrasion-resistance which are
attractive In comparison to many commerclal abrasion-resistant

alloys. It has been shown also that the abrasion-resistance



mainly depends on the hardness.

Tempered martensite embrittiement occurs In the tempering
temperature range of 300°C to 400°C and has been confirmed fo be
coinclident with the decomposition of Interlath retained austenite
into stringers of coarse cementite. €-carblde has been found In
the as-quenched conditlion and In the 200°C tempered condition.
The most likely sites for the formation of the cementite are
shown to be the €e-carbide interfaces with the matrix and as the
cementlte particies grow, the € ~carbide particles gradually

disappear.
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I. INTRODUCTION

Ultra=-high strength steels are malnly used in alrcraft
landing gear, rocket motor cases, missile bodies, bearings and
shafts, armour plate, and other defense applications [1]. Slnce
such steels have high hardness and consequently high abrasion
resistance, they are also used in mining and mineral processing
equipment such as buckets, chutes and loader shovels. Recently,
the recognition of coal as an Important source of energy has
brought more significance to such steels.

Over the last decade, systematic Investigations of élloylng
elements on the martensite structure and the mechanical
properties have led to the development of an optimum composition
of Fe/3Cr/2Mn/0.5 Mo/0.3C [2]. The microstructure of the alloy
Is characterized by dislocated lath martensite surrounded by
Iinterlath films of retalned austenite [Fig. 1] and results In
superior combinations of strength and toughness over many
commerclal alloys. However, It was designed to be nelther an
ultra=-high strength steel nor a high abrasion-resistance steel.
Hence, In this study ultra-high strength (UTS > 280 KS1) steel
based on the above optimum composition has been designed and the
structure~-property relationship has been established.

The martensite tranformation In steels Is perhaps the most
explolted transformation to produce a variety of strength and
toughness combinations at high strength levels. |f controlled so

that the Inhomogeneous shear component occurs by slip rather than



by twinning, the martensite transformation Is the most efficlent
method of producing a high density of dislocations, uniformily
distributed in a fine-grained microstructure [3]. ‘The
dislocatlons are a necessary component for both strength and
toughness. The malin factor controlling this aspect of the
transformation Is composition, especlally carbon content, which
must be regulated to malntain Ms > 300°C [4] (Fig. 2). In this
study two changes were made In the composition of
Fe/3Cr/2Mn/.5Mo/.3C to Increase the strength while not
sacrificlng the toughness much. Carbon content was ralsed to 0.4
wt. pct since the most common method of Increasing the strength
of martensite Is through raising the carbon content. The Mn
content was correspondingly reduced to 1 wt. pct to malntain Ms >
300°C to prevent the formation of twinned martensite coupled with

the Increase of carbon level.



11. EXPERIMENTAL PROCEDURE
A. MATERIALS PREPARATION

The alloy used In this Investigation was suppllied by Daldo
Steel Company, Japan. It was vacuum Inductlion meited Into 20 Ib.
Ingots and subsequently rolled to 1 In. thick and 25 in. wlide
plates. The plates were homogenlized under argon atmosphere at
1200°C for 24 hours before furnace cooling. Plane straln
fracture toughness and Charpy V-notch Impact toughness spec(mens
were obtalned from the plates. Round tensile specimens were also
obtalned (Fig. 3). The composition and the transformation
temperatures determined by dllatometric measurements are listed

In Table 1.
B. HEAT TREATMENTS

The heat treatment employed In thils Investigation Is
composed of austenitlizing at 900°C for one hour, followed by
quenching and tempering at varlious temperatures. The austenizing
treatments were carried out In a vertical tube furnace under
argon atmosphere. Oversized tenslles, Charpy and K,. specimens
were cut from thelr stocks and machlned to blanks. After
austenitizing treatment, speclmens were quenched In agitated oil
placed under the furnace. All the tempering treatments (200°C
through 590°C) were carried out by Immersing the specimens Into a

salt pot for one hour and then quenching Into the agitated oil.



Final machining was done under flood coollng to avold heating.
C. DILATOMETRY

A commerclal dllatometer (Theta Dilatronic model) was used
to obtaln the cooling and heating curves. Phase transformation
temperatures, viz., Ms, Mf (martensite start and finish) and As
and Af (austenite start and finish) of the alloy were determined

from these curves (Table 1).

D. MECHANICAL TESTING
(1) TENSILE AND HARDNESS TESTING

Round tensile specimens (Fig. 3a) with 1.25 In. gauge length
were tested at room temperature In a 300 Kip capacity MTS testing
machine at a cross-head speed of 0.04 in./min.

Hardness testing was performed on the Charpy specimens using

the Rockwell hardness C scale.
(11) FRACTURE TOUGHNESS TESTING -

Plane strain fracture toughness values were obtalned by
testing standard compact tenslon crack line loaded toughness
specimens (Fig. 3c). After each heat treatment about 0.01 in.

thickness was removed from each flat surface of the ch blanks.



The thickness of the specimens conformed to the ASTM

specifications [5] for plane straln condition, viz.,

2

Kic

thickness > 2.5

The 300 Kip MTS machine was again used for fatigue precracking
the specimens to a minimum crack length of about 0.05 In.
Specimens then subsequently tested in the same machine to obtain
the fracture foughnesé data. The orlentation of crack
propagation with respect to the long dimension of the bar stock

Is L-T [51.
(111) CHARPY IMPACT TESTING

The size of the standard specimen Is shown In Fig. 3b. Two
" or three specimens were tested for each heat treatment, and data
points were taken as the average of these. Charpy Impact testing

was conducted on a 224 ft.-Ibs. capacity Impact device.
(iv) WEAR TESTING

Wear specimens, made from broken Charpy specimens, are
hemlsperlcally tipped cylindrical pins of 6.35 mm diameter and
20 mm length. The pins were hand cleaned In N-heptane to remove
oil and dirt, and then ultransonically cleaned in ethyl alcholol

for 10 minutes before testing.



Two-body, dry abrasive wear tests were conducted én a pin-
on-disc wear machine which simulates high-stress abrasion. The
wear pins were worn against abrasive paper for 10 revolu+lon§ at
a rotational speed of 20 rpm undef 1 kg deadwelght load over_é
splral track of 2.2 meters In Iengfﬁ. The abraslive paper used
was SIC of 120 grit. A break-in run was carrled out prior to
each of the three wear fesfs pefformed on each pin. The
subsequent welghf losses were measured on a Metler balance,
capable of detecting welght losses of 0.01 mg and 2 mean value
was calculated. The'velghf ]osé wasvfhen determlined and

converted to wear resistance as shown below:

Wear reslstance = |/ wear rate

= length of wéar‘bafh

volume of material removed

.(material density) (length of wear path) "mm/mm3

welght loss

E. METALLOGRAPHY
(1) OPTICAL METALLOGRAPHY

Specimens for optical metallography were cut mostly from



broken Charpy bars, mounted In cold-mount, abraded on s!licon
carbide papers down to 600 grit, and polished on | um-dlamond
abrasive wheel. For revealing the martensitic microstructure
specimens were etched In 5% nital solution and for revealing the
prior austenite grain-boundaries they were etched In warm plcric

acld.
(11) SCANNING ELECTRON MICROSCOPY

Fractography was conducted on Charpy specimesn, using a 1SI
scanning electron microscope at 25 KV. The fracture surfaces
were prepared by masking with a tape during cutting and specimen

preparation. This tape was later dissolved In acetone.
(i11) TRANSMISSION ELECTRON MICROSCOPY

Thin folls for TEM were obtained from Charpy specimens.
About 20 mil thick sllices were cut longitudinally from these
specimens. After removing any oxide scale by cleaning, these
slices were chemically thinned to about 5 mils in a solution of
4-5% HF in Hy0, at room temperature. Three mm-diameter discs
were spark cut from these thinned slices. Flnally, these thin
folls were electropolished in a twin-jet electropolishing
apparatus at room temperature using a chromic-acetlic aclid
solution made of 75 gr CrOs» 400 ml CHzCOOH and 21 ml distilled
water. The polishing voltage varied between 40-45 volts, and

that of current about 50-55 milliampers. Thin folls so obtained



were kept In ethyl-alchohol. Oxlide Iayers‘ cover the polished
surfaces of the folls for very long time storage. Thse layers
may be removed by repolishing the foll by holding It dellcately
wlth a palr of tweezers and carefully Immersing.it In agitated
polishing solution for about a minute. Folls were then
subsequently examined In Philips 301 microscope at an operating

voltage of 100 KV.

111, RESULTS AND DISCUSSION
A. MICROSTRUCTURAL CHARACTERIZATION
) OPTICAL METALLOGRAPHY

Optical metallography was- carried out to observe any
variations In the gross features of microstructure, e.g., prior
austentite grain size, coarse undissolved carbides or inclusions,
If present, and so forth. Fig. 4 shows the optical
microstructures after different etching conditions.. For Fig. 4a
to show the martensite structure nital -solution was used and for
Fig. 4b to show the prior austenite grain boundaries warm picric
acld was used In etching. The structure consists of typical lath
martensite although some Indicatlion of transition from lath to
plate morphology Is discernable (Fig. 4a). However, as wi Il be
shown In a later section, transmission electron microscopy
revealed a predominately lath martensite structure. There were

no undissolved carbides detected In the structure but some



Incluslions were observed (Fig. 4b). ng. 4b shows that the

average slze of the prior austenite gralns Is 35 ym.
(11) TRANSMISSION ELECTRON MICROSCOPY

Structural characterization by transmisslion electron

microscopy was performed on the quenched and tempered conditlons,
(a) AS-QUENCHED STRUCTURE

The morphology of martensite Is basically dislocated lath
type and the laths of average width about 0.3 um are fairly
straight and parallel to each other (Fig. 5).

There are fwo general morphologles of ferrdus martensites,
viz., disiocated lath and twinned plates. Slince the twlnned
martensite has lower toughness than the dislocated martensite
[6], to obtaln high toughness, one of the requirements In
desligning martensitlic alloys Is to avold Inducing twinning.
Several explanations for the transition from lath to plate
martensite have been proposed. Thomas [7] summarized some of the
factors thought to be Iimportant in controlling the martensite
morphologles and they are 1) compositlion, especially carbon, 2)
Ms.femperafures, 3) strength of the martensite, and 4) austenite
stacking fault energy. Conslidering all of the above factors
depend on composition, generally one would say that the higher lIs
the solute content the greater is the probability of forming

twinned plates. Carbon seems to be the most potent of the
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alloying elements In promoting twinning. Carbon Is also the most
pofenf strengthener of steel. Thus, the stronger the steel the
more difficult It Is for sllpffo occur ahd then twinning Is
preferred. In thls alloy design program, therefore, the carbon
content Is carefully Increased wIth adJusTlng the Mn content so
as no?lfo promo#e fwlﬁnlﬁg‘slgnlflcanfly. |
Three lmporfan+ sfruc#ural varliations, viz., mlcrosfrucfural
twinning, aufo-fempered carb!des and refalned ausfenlfe were
observed. Although the subsfrucfure of fhe martensite remalins
essenflally dislocated, a small amount (abouf 15 pct of fhe laths
observed) of fhe well-known {112}a mlcro1wlns [8] (Flgs.5 8)
were observed. Since the marfenslfe subsfrucfure closely
resembles that in shock-loaded maferlals [9] and In fcc metals as
the shock»pressure Is incfeased, twins are formed when the
dlslocaffonvden$l+y has affélned soﬁe crlfical Value:[10.11]: the
mlcrofvlns observed H\marfensife laths may have been induced
because fhe crITicaI d!slocafion denslfy may have been exceeded.
A more llkely reason for twinning Is due to accomodation
deformation sebseqdenf to the frensformaflon.
| The observed au*o-?ehpefed carbldes are Idehflfied as'e;
carblides (Flgs.6,7); I+ fs‘ﬁof,clear uﬁeer what conditions e-
carblides forms or what morphology It has. However{ e=carbide Is
descrlbed as 'cross-hatched [12,13] carbide because of Its
appearance In thin folil elecfron:mlcrographs. In the as-quenched
or the low-temperature fempered martensites many workers found
evidence to suggesf.a transition carblde phase. Jack [14] first

established the structure of the phase as h.c.p. and named it e~
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carbide. He pfoposed the followling orlentation relatlonship
between martensite and the carblde.

(001)  //(0001)

(101L //(1011%
and further suggested that the growth direction of carbide
particles would be <110ix. The orlientation relationshlp
suggested by Jack has been experimentally confirmed by a single-
crystal x-ray technique [15] and thin foll electron microscopy
[(8,12,16,17]. However, the <110>cx growth direction proposed by
Jack has not been conflrmed. Several Investigations [12,16,17]
report that c-carbide grows elther in <100> directions while
Murphy and Whiteman [8] observed ecarbide needles growling In
[211]awl+h (211& //(100)5, a relationship which they suggest
leads to minimization of Interfacial and strain energy. The
observation in thls study (Fig. 6,7) agrees with Jack's
relationship and the [2111!growlng direction suggested by Murphy
and Whlteman.

The presence of retained austenite between the martensite
laths was observed (FIQ. 8). Though the mechanisms for retention
of the high temperature fcc austenlte phase are not fully
understood, generally, one would expect that fcc stabllizing
elements should promote the retention of austenite. Thomas and
Rao [8] have shown that In alloys whose bulk Ms and Mf
temperatures are above room temperature, austenite can be
retained at room temperature only in the presence of Interstitial
C» which Is the strongest fcc stabilizer. Interstitial C can

stabilize austenite in several ways [19] and some of them are 1)
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chemical stabillizatlon, 11) thermal stabilizatlion, and 1)
mechanical stabillzation. In these mechanlisms, the
redistributlion of solute elémenf, especlally carbon, Is
significant as was Indicated by iaff]ce Imaging methods (261,
Sarlkaya et al. [27] have showed the carbon partition between
austenite and mar?enslfe with hlgher carbon levels at the
Infgrface Qy fleld lon-atom probe analysls, which Indicates the
Importance of carbon on the Interface mopl[lfy during the growth
of the laths suggested by Schoen et al. [28]. The careful
modification of composition in thls study seems not to change the
morphology and the amount of retained ausfenlfe.of the reference
steel significantly.

’

(b) TEMPERED STRUCTURES -

Tempering at 200°C does not chahge fhe‘as-quenched,sfrucfhre
slgnlficanfly except forvfﬂe pre;lplfaflon of cementite
(Indicated by arrows In Fig. 9).‘ The cementite platelets are
about 200 A wldenand 0.2 um lgng. The arrays of cementite are
paralled to <111> whlje those of c-carbide are paralled to <211Z
(Fg. 9). Fig. 9 also shows that the most Ilikely sites for the
formation of the cementite are the efcarhlde Interfaces with the
matrix and as the cemenflfe particles grow, the ;-carb!de
particlies gradually dlsappear.

The retatned ausfenl+e Is still stable at this femperafure.
F[g.v10 shows +he_exfenslve amount of refalned ahsfenlfe In ?he

200°C»fempered sfrutfure. ~The stabilization of retained
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austenite at thls tempering temperature may be due to the
redistribution of carbon atoms (chemlical stabilization) and
Interface dislocations pinned by Interstitials or small carbldes
(thermal stabilization). Slnce martenslite Is oversaturated in
carbon and retalned austenite Is not, carbon atoms mligrate from
martensite to retained austenite, which stablllzes retalned
austenite chemically [27], At the same time, many carbon atoms
accumulate at the semlicoherent Interface between martensite and
.refalned austenite durlng migration and form Cottrell
atmospheres fo pin Interface dislocations. These plinned
interface dislocations would directly Inhibit Interface motion
and thus Inhibit stress relaxatlion In martensite or retained
ausfenlfe.

The microstructures of the specimen tempered at 300°C were
quite different from the microstructures of the as-quenched and
200°C tempered specimens. Extenslive cementite precipitation or
coarsening both Inside the lath and at the lath boundaries were
observed (Fig. 11). The Interlath cementite stringers at the
lath boundaries are the products of the decompostion of retalned
austenite (tempered martensite embrittliement). This
decomposition arises because of thermally activated nucleation
and growth whereby cementites nucleate directly on the
Interface, where carbon achleves a high concentration value [27].
The easy growth direction of the cementites Is along the film of
retained austenite rather than Into the martensite. As the
carbon atoms diffuse into the newly formed cementites along the

Interface, there must be carbon depleted regions In austenite.
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These reglons then transform Into ferrite probably by a shear

mechanism [29].

(111) CORRELATION OF MECHANICAL PROPERTIES, ABRASION RESISTANCE,

AND MICROSTRUCTURES

The mechanlqal properties and the -abrasion reslsfénce of the
alloy designed In this study are summarized In Tables 2.34and the
vajues are plotted as a function of tempering +empera+ure‘ln
Figs. 12, 13.. The alloy,loses'hqrdneSSJand strength rapidly
between fhe-as-quenched and 200°C tempered condl#lon,;whereas the
0.3C refefence steel does not lose these propertles
significantly. _Thls means that the hardness éhangés during
tempering are very dependenf_on carbon content.

Significant improvements In the Impact toughness and the
‘plane_sfraln fracture toughness upon 200°C tempering may be due
to the precipltation of very fine carbides withln almost all of
the laths and also attributed to more mechanically stable
austenite flims at the lath boundaries. The mechanisms of
Increased crack propagation reslsfance fn the pfesence of
retalned austenite Include [91: 1) crack branching, resulting In
a mofe tortuous crack propagaflon-and_fhe”bonsequenf(lncrease In
energ; expended, 11) crack blunting, as-‘a result of plastic flow
In austenite resuiting In a decrease In stress concentration, and
i11) transformation Induced plésflclfy in which case the
frqnsformaflgn of refélned austenite to marfenslfé under

stress/strain in the plastic zone ahead of a crack relieves
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stress concentrations. In all the cases, the effectiveness of
retalned austenlte In Improving toughness Increases with Its
stabillty to transformation under mechanical stress/straln.

The abraslon resistance has been known to be directly
proportional to the bulk hardness of annealed pure metals [21-
24], because hardness confrols the penetration depth of the
abraslives. The overall‘ trends of the change of abrasion
reslstance with varying tempering temperature (Fig. 13) Is very
simllar to those of hardness (Fig. 12) In this study as well.
However, the decreasing rate of abrasion reslstance upon 200°C
tempering Is Iowerifhan that of hardness. Thls may be explalned
in terms of toughness. The significant improvement of the
toughness upon 200°C tempering seems to alleviate the decreasing
rate of abraslion reslstance, while the hardness decreases
rapldly.

Upon 300°C tempering the hardness, and the toughness
decrease drastlically, the decréase of hardness Is due to the loss
of tetragonallty of martensite [25] since 'I'e'rragonallfy of
martensite wholly depends on the carbon content and In this
temperature range the extenslve formation of cementite reduces
the carbon content of the matrix. The decrease of toughness Is
due to the tempered martensite embrittiement., Thls embrittlement
Is not the classic Intergranular embrittliement due to Impurity
segregation or precliplitation at the the grain boundarlies. The
embrittlement Is transgranular (Fig. 14b) and Is attributed to
the decomposition of retalned austenite with the formation of

Interlath cementite (or MzC) flims (Fig. 11) [30732]. These
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Interiath carbides may elther provide crack nucleatlon sites
and/or restriction of fracture to particlar laths [30,32]. At
200°C tempering, the predominant fracture mode Is dimpled fUpfure
(Fig. 14a) while at 300°C tempering It Is quasicleavage (Flg.
14b).

The decreasing slope of abrasion resistance Is steeper than
that of hardness upon 300°C tempering. This may be due to the
overlapping effect of the tempered martensite embrittiement on

the decrease of hardness.
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IV.- CONCLUSIONS

As a part of continuing alloy design program, ultra-high
strength steel based on Fe/3Cr/C composition has been optimized
for structural and abrasion-resistant appllcations. Excellent
combinations of mechanical propertles and abraslon-reslsfancve
were obtained (Fig. 15,16). The main conclusions of thls
lnve.sﬂgaﬂon are as fpllows: |

I) lIncreasing the carbon content from 0.3 wt. pct to 0.4
wt. pct with decreasing Mn content from 2 wt. pct to 1 wt. pct
on the réference composition, Fe/3Cr/2Mn/0.5M0/0.3C, does not
change the microstructural features significantly, and as a
result the combination of mechanical properties and the abrasion
resistance are much superior to the equlvalent commercial steels
(Fig. 15,16). The excellent abrasion resistance may result from
the combinatlion of strength (hardness) and toughness.

2) Careful Increase of the carbon content from 0.3 wt. pct
to0 0.4 wt. pct with adjustment of the Mn content augments the
abrasion-resistance by about 20% more than that of the 0.3 C
‘reference steel at the 200°C tempered conditlion (Fig. 13).

3) Comparling the tempering response of the abrasion-
resistance with the mechanical properﬂes‘(Flgs.' 12,13) shows
that the abrasion-resistance correlates well with the hardness

- compared to Charpy toughness. Therefore, Charpy toughness Is not
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a primary factor In 2-body abraslon-reslsfance.

4) Tempered martensite eﬁbrifflemen* (TME) occurs In the
tempering temperature range 300 to 400°C and Is colncldent wlith
the decémposlflon of Interlath retained austenite Into stringers
of cbarse ceﬁen+l?e at these boundaries. However, temper
embrittlement does nofvoccur In all the tempering temperature
range. | | |

5) Aufo-fempered.g-carblde Has been found In the as-
quenched cohdifloh. The analysis of diffraction pattern supports
the Jack'svorlgnfafion relationship listed below:

1) 1/(0001) .
' (1011} /7€1011)
and agrees with Murphy and Whiteman In fhé gréwfh direction of e =
carbide of [211] direction. |

6) The most llkely sites for the formation of the cementite

are the e-carBlde Interfaces with the matrix and as the cémenflfe

particles grow, the e-carbide particles gradually dlsappear.
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Table 1. Alloy Composition and Transformation Temperature

Composition, Wt Pct Temperature °C

Cr C Mn Mo Si  Cu P S Fe Ms Mc As A
3.02 0.39 1.01 0.51 0.01 0.01 0.003 0.006 Bal. 310 200 780 820




Table 2.

Mechanical Properties

ture (°C) (RC) ksi MPa ksi Mpa Total (Uniform) ksi-in MPa-m® ft-1b N-m
AQ 58.5 270 1860 350 24]2 6.4 (3.0) 58.0 64.4 9.6 13.0
200 54.5 250 1723 300 2067 6.9 (3.3) 80. 88.8 19.7 26.7
300 50.2 220 1516 255 1757 6.2 : (2.9) - - 13.2 17.9
400 49.5 218 1502 250 1723 - 5.7 (2.7) - - 12.3 16.7
500 46.5 200 1378 225 1550 9.8 (3.1) - - 17.4 23.6
530 36.3 145 999 162 1116 15.0 (4.1) - - 65.4 88.7

¥c



Table 3; Wear Properties

25

Tempering | Weight Loss per Wear Resistance
Temp. (°C) One pass (mg) (mm/mm3)
AQ 1.56 11100
200 1.64 10560
300 1.95 8880
400 2.03 8530
500 2.10 8250
590 2.2 7870
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Fig. 2.
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" FIGURE CAPTIONS

Scheme showing the deslired dupiex microstructure
consisting of lath marensite and thin f1ims of
retained aufenite at ultra-high strength level.
Scheme showing relationshlp between subsfrdcfure
of martensite (inhomogeneous shear), and fran;-
formatlon temperature at ultra-high sfren§+h level.
Sketches of (a) round fehSlle'speclmen. kbi Charpy
Impact toughness specimen, (e) K¢ fraéfure
toughness speclméﬁ. | |

Optical micrographs of the aséquenched structure.
(a) shows the marfénsl?é'sfrucfﬁfe ana (b) shows
+he’prlor austenlte grafﬁ.bouﬁdérlés.

A bright field (BF) micrograph showing character-

‘Istic configuration of laths and packets In the

Tas-quenchéd structure.

(a) BF, (b) DF, (c) SAD pattern and (d) the
corkéépondlng lndeXéd'§a++ern of as-quenched'

structure revealing the auto-tempered é-carbfde.

(a) BF, (b) DF, (c) SAD pattern and (d) the |
correspondlﬁg Indexed bafferh of as;quenched structure.
Extensive amount of retalned austenite ln‘fhevform of
films can be seen In (b).

(a) and (b) DF of the 200°C tempered structure
revealing the ecarbide and the cementite together.

Notlice that the growing directions of the e -~carblde



Fig.10.

Fig.11.

Fig.

Fig.

Fig.

Fig.
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16.

and the cementite are different and that the most
likely sites for the formation of the cementlite are

€ =carbide Interfaces with the matrix.

DF of the 200° tempered structure revealing the
extensive amount of retalned austenite In the form of
films,

(a) BF and (b) DF of the 300°C tempered structure,
(b) 1s showing the decomposition of retalned austenite
Into the Interlath cementite stringers and the coarse
Intralath cementite.

Hardness and Charpy Impact energy vs. tempering

temperature curves.

Wear resistance vs. tempering temperature curve.

Frécfographs of (a) 200°C tempered condition and

(b) 300°C tempered condition.

Comparison of toughness to strength relations in the
experimental alloy and equivalent commerclal alloys.
(a) Charpy‘lmpacf energy vs. tenslle strength and

(b) plane strain fracture toughness vs. tenslle
strength.

Comparison of wear reslstance in the experimental
alloy and commercial abrasive of equivalent structural

alloys.
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