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Professor Gareth Thomas 

Cha I rman of Carm Ittee 

An u I tra-h I gh strength stee I based on Fe-3Cr-O.4C for 

structural and abrasive applications has been designed 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 retained austenite. This results In excellent combination of 

mechanical properties and abrasion-resistance which are 

attractive In comparison to many commercial abrasion-resistant 

alloys. It has been shown also that the abrasion-resistance 
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maInly depends on the hardness. 

Tempered martensIte embrlttlement occurs In the temperIng 

temperature range of 300°C to 400°C and has been confIrmed to be 

coIncIdent wIth the decomposItIon of Interlath retained austenIte 

Into strIngers of coarse cementIte. E-carblde has been found In 

the as-quenched condItIon and In the 200°C tempered condItIon. 

The most lIkely sItes for the formatIon of the cementIte are 

shown to be the E-carblde Interfaces wIth the matrIx and as the 

cementIte partIcles grow, the E -carbIde partIcles gradually 

dIsappear. 
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I • I NT RO DUCT I ON 

Ultra-hIgh strength steels are mainly used In aircraft 

landing gear, rocket motor cases, m Issl Ie bodies, bearings and 

shafts, armour plate, and other defense applications [1]. Since 

such stee I shave high hardness an d consequent I y high abras I on 

resIstance, they are also used In mining and mInerai 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 alloying 

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 a II oy 

Is characterized by dislocated lath martensite surrounded by 

Interlath films of retained austenite [Fig. 1] and results In 

superior combinations of strength and toughness over many 

commerc I a I a II oy s. However, I t was des I gned to be ne Ither an 

ultra-high strength steel nor a high abrasion-resIstance steel. 

Hence, In thIs study ultra-hIgh strength (UTS > 280 KSI) 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 

exp lolted transformatIon to produce a variety of strength and 

toughness combInatIons at hIgh strength levels. If controlled so 

that the Inhomogeneous shear component occurs by slip rather than 
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by twinning, the martensite transformation Is the most efficient 

method of producing a high density of dislocations, unlformlly 

distributed In a fine-grained microstructure [3]. The 

dislocations are a necessary component for both strength and 

toughness. The main factor controlling this aspect of the 

transformation Is composition, especially carbon content, which 

must be regulated to maintain Ms > 3000 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 

sacrificing the toughness much. Carbon content was raised to 0.4 

wt. pct since the most common method of I ncreas I ng the strength 

of martensite Is through raising the carbon content. TheMn 

content was correspondingly reduced to 1 wt. pct to maintain Ms > 

3000 C to prevent the formation of twinned martensite coupled with 

the Increase of carbon level. 
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11. EXPERI MENTAl PROCEDURE 

A. MATER I AlS PREPARATI ON 

The alloy used In thIs InvestIgatIon was suppl led by Daldo 

Steel Company, Japan. It was vacuum InductIon melted Into 20 lb. 

Ingots and subsequently rol led to 1 In. thIck and 25 In. wide 

plates. The plates were homogen I zed un der argon atmosphere at 

12000 C for 24 hours before furnace coo II ng. Plane stra In 

fracture toughness and Charpy V-notch Impact toughness specImens 

were obtained from the plates. Round tensile specImens were also 

obtaIned (Fig. 3). The composItion and the transformation 

temperatures determ I ned by d I I atomefr Ic measurements are I I sted 

In Table 1. 

B. HEAT TREATMENTS 

The heat treatment emp loyed In th I s Invest I gat Ion Is 

composed of austenltlzlng at 900 0 C for one hour, fol lowed by 

quenchIng and temperIng at varIous temperatures. The austenlzlng 

treatments were carrIed out In a vertIcal tube furnace under 

argon atmosphere. Oversized tenslles, Charpy and K,C specImens 

were cut from theIr stocks and machIned to blanks. After 

austenltlzlng treatment, specImens were quenched In agitated 011 

p I aced under the furnace. A II the temper I ng treatments (200 0 C 

through 5900 C) were carrIed out by ImmersIng the specImens Into a 

salt pot for one hour and then quenchIng Into the agItated 01 I. 
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Final machining was done under flood coolIng to 8vold heatIng. 

C. D I LATOMETRY 

A commercIa I dllatometer (Theta Dllatron Ic model> was used 

to obtaIn 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 (Tab I e 1>. 

D. MECHANICAL TESTING 

(I) TENSILE AND HARDNESS TESTING 

Round tensIle specImens (Fig. 3a) wIth 1.25 In. gauge length 

were tested at room temperature In a 300 ~Ip capacIty MTS testIng 

mach Ine at a cross-head speed of 0.04 In./m In. 

Hardness testIng was performed on the Charpy specimens usIng 

the Rockwell hardness C scale. 

(II) FRACTURE TOUGHNESS TESTING 

Plane straIn fracture toughness values were obtained by 

testing standard compact tensIon crack line Ibaded toughness 

specImens (FIg. 3c). After each heat treatment about 0.01 In. 

thIckness was removed from each flat surface of the KIC blanks. 



The thickness of the specimens conformed to the ASTM 

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

thickness> 2.5 
( a

KyIC ) 2 

The 300 Kip MTS machine was again used for fatigue precracklng 

the spec I mens to a min 1m um crack I ength of about 0.05 In. 

Specimens then subsequently tested In the same machine to obtain 

the fracture toughness data. The orientation of crack 

propagation with respect to the long dimension of the bar stock 

Is L-T [5]. 

(III) 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 

011 and dIrt, and then ultransonlcally cleaned In ethyl alcholol 

for 10 minutes before testing. 

5. 



Two-body, dry abrasIve wear tests were conducted on a pIn­

on-dIsc wear machIne whIch sImulates 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 over a 

sp I r.a I track of 2.2 meters I n I ength. The abras I ve paper used 

was SIC of 120 grIt. A break-In run was carrIed out prIor to 

each of the three wear tests performed on each pIn. The 

subsequent weIght losses were measured on a Metler balance, 

capab I e of detect I ng weI ght losses of 0.01 mg an d a mean va I ue 

was calculated. The weIght loss was then determined and 

converted to wear resIstance as shown below: 

Wear resIstance = II wear rate 

= I ength of wear path 

volume of materIal removed 

=(materlal densIty> (length of wear path>mm/mm3 

weight loss 

E. METALLOGRAPHY 

(I> OPTICAL METALLOGRAPHY 

Spec I mens for opt I ca I meta I lography were cut most I y from 

6. 
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broken Charpy bars, mounted I n co I d-mount, abraded on s I I I con 

carbIde papers down to 600 grIt, and polIshed on 1 llm-dlamond 

abras I ve whee I. For revea I I ng the martens It I c mIcrostructure 

specImens were etched In 5% nltal solutIon and for revealIng the 

prIor austenIte graIn-boundarIes they were etched In warm pIcrIc 

acId. 

(II) SCANNING ELECTRON MICROSCOPY 

Fractography was conducted on Charpy speclmesn, usIng a lSI 

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. 

(III) TRANSMISSION ELECTRON MICROSCOPY 

Thin foils for TEM were obtained from Charpy specimens. 

About 20 mil thick slices 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 H202 at room temperat ure. Three mm-d I ameter discs 

were spark cut from these th Inned slices. Flna Ily, these th In 

foils were electropollshed In a twin-Jet electropolishing 

apparatus at room temperature using a chromic-acetic acid 

solution made of 75 gr CrOy 400 ml 0i3COOH and 21 ml dlstl J led 

water. The polishing voltage varied between 40-45 volts, and 

that of current about 50-55 mllliampers. Thin foils so obtained 
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were kept In ethyl-alchohol. Oxide layers cover the polIshed 

surfaces of the fo II s for very long t I me storage. Thse I ayers 

may be removed by repolIshIng the foil by holdIng It delIcately 

with a paIr of tweezers and carefully ImmersIng It In agItated 

polishIng solutIon for about a mInute. Foils were then 

subsequently examIned In PhIlips 301 mIcroscope at an operating 

voltage of 100 KV. 

I II. RESULTS AND DISCUSSION 

A. MICROSTRUCTURAL OiARACTERIZATION 

(J) OPT I CAL METALLOGRAPHY 

Opt I ca I meta II ography . was carr I ed out to observe any 

varIatIons Inthe,gross features of mIcrostructure, e.g., pr.lor 

austentlte graIn sIze, coarse undIssolved. carbides or InclusIons, 

If present, and so ,forth. FIg. 4 s h 0 ws . the opt I c a ,I 

microstructures after dIfferent etchIng condItIons. For Fig. 4a 

to show the martensite structure nltalsolutlon .was used and for 

Fig. 4b to show the prior austenIte graIn boundaries warm picric 

acId was used .In etching. The structure consIsts of typIcal lath 

martensIte although some IndIcatIon of transition from lath to 
. , 

plate morphology Is dlscernable (Fig. 4a)~ However, as will 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 
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Inclusions were observed (Fig. 4b). Fig. 4b shows that the 

average size of the prior austenite grains Is 35 ~m. 

(II) TRANSMISSION ELECTRON MICROSCOPY 

Structural characterization by transmission electron 

microscopy was performed on the quenched and tempered conditions. 

(a) AS-QUENCHED STRUCTURE 

The morphology of martensite Is basically dislocated lath 

type and the laths of average width about 0.3 ~m are fairly 

straight and parallel to each other (Fig. 5). 

There are two general morphologies of ferrous martensltes, 

viz., dislocated lath and twinned plates. Since the twinned 

martensite has lower toughness than the dislocated martensite 

[6], to obtain high toughness, one of the requirements In 

designing martensltlc alloys Is to avoid Inducing twinning. 

Several explanations for the transition from lath to plate 

martens Ite have been proposed. Thomas [7] summar Ized some of the 

factors thought to be Important In control ling the martensite 

morphologies and they are 1) composition, especially carbon, 2) 

Ms temperatures, 3) strength of the martensite, and 4) austenite 

stacking fault energy. Considering al I of the above factors 

depend on composition, generally one would say that the higher Is 

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 

potent strengthener of stee I. Th us, the stronger the stee I the 

more dIffIcult It Is for slIp to occur and then twInnIng Is 

preferred. In thIs alloy desIgn program, therefore, the carbon 

content Is carefully Increased wIth adjusting the Mn content so 

as not to promote twinning significantly. 

Three Important structural variations, viz., mIcrostructural 

twInnIng, auto-tempered carbides and retaIned austenite were 

observed. Although the substructure of the martensIte remaIns 

essentially dislocated, a small amount (about 15 pct of the laths 
, . 

observed) of the we II-known {112} c. m Icroi-w Ins [8] (Figs. 5,8) 

were observed. Since the martens I te substructure close I y 

resembles that in shock-loaded materIals [9] and In fcc metals as 

the shock pressure Is Increased, twins are formed when the 

dislocation density has attained some crItical value [10,11], the 

m Icrotw Ins observed In martensite laths may have been Induced 

because the cr It I ca I dis I ocat I on dens Ity may have been exceeded. 

A more I I ke I y reason for tw I nn I ng I s due to accomodat I on 

deformation subsequent to the transformation. 

The observed auto-tempered carb I des are I dent I fled as £-

carbides (Figs. 6,7). It Is not, clear under what conditions £-

carbides forms or what morphology It has. However, ~arblde Is 

described as 'cross-hatched' [12,13] carbide because of Its 

appearance In thin foil electron micrographs. In the as-quenched 

or the low-temperature tempered martens Ites many workers found 

evidence to suggest a transition carbide phase. Jack [14] first 

estab II shed the structure of the phase as h.c.p. and named It £-
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. 
carbIde. He proposed the following orIentation relationshIp 

between martensite and the carbide. 

(001) / / (0001) 
ex e:: 

(101) //(1011) 
ex e:: 

and further suggested that the growth dIrectIon of carbide 

partIcles would be <110> • 
ex 

The orientatIon relationshIp 

sUQgested by Jack has been experImentally confIrmed by a slngle­

crystal x-ray technique [15] and thin fol I electron mIcroscopy 

[8,12,16,17]. However, the <110> growth directIon proposed by 
ex 

Jack has not been confIrmed. Several InvestIgations [12,16,17] 

report that e::-carblde grows eIther In <100>0: dIrections whIle 

Murphy and Wh Iteman [8] observed e-carb I de need I es grow I ng In 

[211] wIth (211) //(100) , a relationship which they suggest 
ex ex E 

leads to minimIzatIon of Interfacial and strain energy. The 

observation In thIs study (Fig. 6,7) agrees with Jack's 

relationship and the [211] growing direction suggested by Murphy 
a 

and Wh Iteman. 

The presence of retained austenite between the martensite 

laths was observed (FIg. 8). Though the mechanIsms for retention 

of the high temperature fcc austenite phase are not fully 

understood, generally, one would expect that fcc stabilizing 

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, austen Ite 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 I) 
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chemIcal stabilizatIon, It> thermal stabilIzatIon, and II> 

mechanIcal stabIlIzatIon. I n these mechan I sms, the 

redIstributIon of solute element, especially carbon, Is 

signIficant .~was IndIcated by lattIce ImagIng methods [26]. 

Sarlkaya etal. [27] have showed the carbon partItIon between 

austen I te an d marten sIte wIth hIgher carbon J eve I s at the 

Interface by fIeld lon-atom probe analysIs, whIch IndIcates the 

Importance of carbon on the Interface mobIlIty durIng the growth 

of the laths suggested by Schoen et al. [28]. The careful 

modIfIcation of compositIon In thIs study seems not to change the 

morphology and the amount of reta I ned austen Ite of the reference 

steel sIgnifIcantly. 

( b) TEWERED STRUcrURES 

Tempering at 2000 C does not change the as-quenched structure 

significantly except for the preclpltat.lon ~f cementite 

(Indicated by ,.arrows In Fig. 9). The cementIte platelets are 

about 200 A w I de. and 0.2 ~m long. The arrays of cement I te are 

paral led to <111> wh II e those of.s-carb I de are para II ed to <211 > 
a 

(Fg. 9). Fig. 9 a I so, show s that the most II ke I y s I,tes for the 

formatIon of the cementIte are the £-carblde Interfaces with the 

matrix and as the cementIte particles grow, the E-carblde 

particles gradually disappear. 

The retained austenite Is stili stable at thIs temperature. 

F{~. 10 shows the extensIve amount of retained austenite In the 

200 0 C tempered structure. The stabilization of retaIned 
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austenIte at thIs temperIng temperature may be due to the 

redIstrIbutIon of carbon atoms (chemIcal stabIlIzatIon) and 

Interface dIslocatIons pInned by Interstltlals or small carbIdes 

(thermal stabilizatIon). SInce martensIte Is oversaturated In 

carbon and retained austenIte Is not, carbon atoms mIgrate from 

martensl~e to retaIned austenIte, whIch stabIlIzes retaIned 

austenIte chemically [27]. At the same tIme, many carbon atoms 

accumulate at the semlcoherent Interface between martensIte and 

retaIned austenite durIng mIgratIon and form Cottrel I 

atmospheres to pIn Interface dIslocatIons. These pInned 

Interface dislocatIons would dIrectly Inhibit Interface motion 

and thus Inhibit stress relaxatIon In martensIte or retained 

austen Ite. 

The microstructures of the specImen tempered at 3000 C were 

quite different from the microstructures of the asoooquenched and 

2000 C tempered specImens. ExtensIve 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 decompostlon of retained 

austenite (tempered martensite embrlttlement). This 

decomposition arises because of thermally actIvated nucleation 

and growth whereby cementites nucleate directly on the 

Interface, where carbon achIeves 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 dep leted regions In austen Ite. 
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These reg Ions then transform Into ferr Ite probab I y by a shear 

mechan Ism [29J. 

(III) CORRELATION OF MECHANICAL PROPERTIES, ABRASION RESISTANCE, 

AND MICROSTRUCTURES 

The mechanical properties and the abrasion resistance of the 

alloy designed In this study are summarized In Tables 2,3 and the 

va I ues are plotted as a funct Ion of temper I ng temperature In 

Figs. 12, 13 •• The alloy loses hardness,and strength rapIdly 

between the as-quenched and 200°C tempered condition, whereas the 

O.3C reference steel does not lose these properties 

significantly. This means that the ha~dness changes during 

tempering are very dependent on carbon content. 

Sign I f I cant I mprovements I n the I mpact toughness an d the 

plane strain fracture toughness upon 200°C temperIng may be due 

to the precipitation of very fine carbides wJthln almost all of 

the laths and also attrIbuted to more mechanically stable 

austenite films ,at the lath boundaries. The mechanisms of 

I ncreased crack propagat Ion res I stance I n the presence of 

retained austenite Incl,ude [9J: J) crack branching, resulting In 

a more tortuous crack propagation and the~onsequent Increase In 

energy expende~ II) crack blunting, asa result of plastic flow 

In austenite resulting In a decrease In stress concentratIon, and 

Itl) transformatIon Induced plasticity In which case the 

transformation of retained austenIte to martensite under 

stress/strain In the pla~tlc zone ahead of a crack relieves 
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stress concentrat Ions. I n a II the cases, the effect I veness of 

retained austenite In ImprovIng toughness Increases wIth Its 

stabIlIty to transformatIon under mechanIcal stress/straIn. 

The abrasIon resIstance has been known to be dIrectly 

proportIonal to the bulk hardness of annealed pure metals [21-

24], because hardness controls the penetratIon depth of the 

abras I ves. The overa II tren ds of the change of abras Ion 

resIstance wIth varyIng temperIng temperature (FIg. 13) Is very 

sImIlar to those o~ hardness (FIg. 12) In thIs study as well. 

However, the decreasing rate of abrasIon resistance upon 2000 C 

temperIng Is lower than that of hardness. This may be explained 

In terms of toughness. The sIgnificant Improvement of the 

toughness upon 2000 C tempering seems to alleviate the decreasing 

rate of abras Ion res I stance, wh II e the hardness decreases 

rap Idly. 

Upon 300 0 C temper I ng the hardness, an d the toughness 

decrease drastIcally, the decrease of hardness Is due to the loss 

of tetragonallty of martensite [25] since tetragonallty of 

martensite wholly depends on the carbon content and In this 

temperature range the extensive formatIon of cementite reduces 

the carbon content of the matr I x. The decrease of toughness Is 

due to the tempered martensIte embrlttlement. This embrlttlement 

Is not the classic Intergranular embrlttlement due to Impurity 

segregation or precIpitation at the the grain boundarIes. The 

embrlttlement Is transgranular (Fig. 14b) and Is attributed to 

the decomposition of retained austenite with the formation of 

Interlath cementIte (or M3C) fIlms (FIg. 11) [30-32]. These 



16. 

Interlath carbIdes may eIther provIde crack nucleatIon sItes 

and/or restrIctIon of fracture to partlclar laths [30,32]. At 

2000 C temperIng, the predomInant fracture mode Is dImpled rupture 

(FIg. 14a) whIle at 300 0 C temperIng It Is quaslcleavage (FIg. 

14b). 

The decrees Ing slope of abras Ion res I stance I s steeper than 

that of hardness upon 300 0 C te!"lper I ng. Th I s may be due to the 

over I app I ng effect of the tempered martens Ite embrltt I ement on 

the decrease of hardness. 
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I v. OONCLUS IONS 

As a part of continuing alloy design program, ultra-high 

strength steel based on Fe/3Cr/C composition has been optimized 

for structura I and abras lon-res I stant app Ilcations. Excel I ent 

combinations of mechanical properties and abrasion-resistance 

were obtained (Fig. 15,16). The main conclusions of this 

Investigation are as follows: 

I) I ncreas I ng the carbon content from 0.3 wt. pct to 0.4 

wt. pct with decreas I ng Mn content from 2 wt. pct to 1 wt. pct 

on the reference compos It Ion, Fe/3Cr/2Mn/0.5Mo/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 equivalent commercial steels 

(Fig. 15,16). The excellent abrasion resistance may result from 

the combination of strength (hardness) and toughness. 

2) Carefu I I ncrease of the carbon content from 0.3 wt. pct 

to 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 2000 C tempered condition (Fig. 13). 

3) Comparing the tempering response of the abraslon­

resistance with the mechanical properties (Figs. 12,13) shows 

that the abras lon-res I stance correlates we II with the hardness 

compared to Charpy toughness. Therefore, Charpy toughness Is not 
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a prImary factor In 2-body abrasl~-reslstance. 

4) Tempered martensIte embrlttlement <TME) occurs In the 

temperIng temperature range 300 to 4000 C and Is coIncIdent wIth 

the decomposItIon of Inter lath retaIned austenIte Into strIngers 

of coarse cement I te at these boundar I es. However, temper 

embrlttlement does not occur In al J the temperIng temperature 

range. 

5) Auto-tempered £-carblde has been found In the as-

quenched condItIon. The analysIs of dIffractIon pattern supports 

the Jack's orIentatIon relatIonshIp lIsted below: 

(0 11> / / (0001) 
a E 

(101) //(1011> 
a E. 

and agrees wIth Murphy and WhIteman In the growth dIrectIon of £­

carbIde of [2~1] dIrectIon. 
ex 

6) The most lIkely sItes for the formatIon of the cementIte 

are the ~arblde Interfaces wIth the matrIx and as the cementIte 

partIcles grow, the £-carblde partIcles gradually dIsappear. 
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Table 1. Alloy Composition and Transformation Temperature 

Composition, Wt Pet Temperature °C 

Cr C Mn Mo Si Cu P S Fe Ms Mf As Af 
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 

Tempering 0.2 Pct Offset UTS Pet Elongation Tempera- Hardness YS 
ture (OC) (RC) ksi MPa ksi t'lpa Total (Uniform) 

AQ 58.5 270 1860 350 2412 6.4 (3.0) 

200 54.5 250 1723 300 2067 6.9 (3.3) 

300 50.2 220 1516 255 1757 6.2 (2.9) 
400 49.5 218 1502 250 1723 5.7 (2.7) 
500 46.5 200 1378 225 1550 9.8 (3.1 ) 
590 36.3 145 999 162 1116 15.0 (4.1 ) 

Kie 
1 

ksi-;n HPa-m2 

58.0 64.4 

80.0 88.8 

Charpy V-notch 
Ener9~ 

ft-1b N-m 

9.6 13.0 
19.7 26.7 

13.2 17.9 

12.3 16.7 
17.4 23.6 
65.4 88.7 

tv 

*"" 
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Table 3. Hear Properties 
Tempering ~Jei ght Loss per Wear Resistance 
Temp. (0C) One pass (mg) (mm/mm3) 

AQ l.56 11100 
200 1.64 10560 
300 1.95 8880 

400 2.03 8530 
500 2.10 8250 
590 2.2 7870 



FIGURE CAPTIONS 

Fig. 1. Scheme showing the desired duplex microstructure 

conslst'lrig of lath marenslte and thin films of 
. .. 

retained autenlte at ultra-high strength level. 

Fig. 2. Scheme showing relationship between substructure 

of'martenslte (Inhomogeneous shear), and trans-
" . 

formation temperature at ultra-high strength level. 

Fig. 3. Sketches of (a) round tensile specimen, (b) Charpy 

Impact toughness specimen, (c) KIC fracture 

toughness specimen. 

Fig. 4. Optical micrographs of the as-quenched structure. 

Fig. 5. 

(a) shows the martensite structure and (b) shows 

the prior austenite grain boundaries. 

A bright field (BF) micrograph showing character­

. Istlc configuration of laths and packets In the 

as-quenched structure. 

Fig. 6. (a) BF, (b) OF, (c) SAD pattern and (d) the 

and 7. corresponding Indexed pattern of as-quenched 

Fig. 8. 

Fig. 9. 

structure revealing the auto-tempered c-carblde. 

(a) BF, (b) OF, (c)~SAD pattern and (d) the 

corresponding Indexed pattern of as-quenched structure. 

Extensive amount of retained austenite In the form of 

films can be seen In (b). 

(a) and (b) OF of the 2000 C tempered structure 

revealing the €-carblde and the cementite together. 

Notice that the growing directions of the € -carbide 

26. 



and the cementite are different and that the most 

likely sites for the formation of the cementite are 

£ -carb I de Interfaces with the matr Ix. 

Flg.l0. OF of the 2000 tempered structure revealing the 

extensive amount of retained austenite In the form of 

films. 

Flg.11. (a) SF and (b) OF of the 3000 C tempered structure, 

(b) Is showing the decomposition of retained austenite 

Into the Inter lath cementite strIngers and the coarse 

Intra lath cementIte. 

Fig. 12. Hardness and Charpy Impact energy vs. temperIng 

Fig. 13. 

Fig. 14. 

Fig. 15. 

temperature curves. 

Wear resistance vs. tempering temperature curve. 

Fractographs of (a) 2000 C tempered condition and 

(b) 3000 C tempered condition. 

Comparison of toughness to strength relations In the 

experimental alloy and equivalent commercial alloys. 

(a) Charpy Impact energy vs. tensile strength and 

(b) plane strain fracture toughness vs. tensile 

strength. 

Fig. 16. Comparison of wear resistance In the experimental 

alloy and commercial abrasive of equivalent structural 

alloys. 

27. 



Pa cket 

-~~ ...... 

2 

Retained Austenite 
(continuous narrow 
bands) 

arbides; 

Fe3C, € -carbides 
Alloy carbides 

(finely dispersed, small, 
stable, havi ng different 
crys tallogra phy) 

X BL 794-6146 

28 



1 
Martensite 

Substructure 
I 

twinned I dislocated 
4 .. 

--'- I 
I 
I 
I 
I 

Mf· 

' __ I '--I '--. 

300 

--. --. --'--

o 
Temperature» C ~ 

Fi.g. 2 

29 

XBL 843-6817 



1/4" R ;-20 THDS/INOi 

t3~__ I V4 -~ 314" ~ ______ 23/4' I 

A. ROUND TENSILE SPECIMEN 

I j-rD -r-- ____ t\ 0394' ;;IrS" I-- L/2 -1 -'-- -- --'-
______ 2.165 11 _~ W 

B. CHARPY V 0.394" 
-NOTCH IMPACT SPECIMEN 

fl- ~0.500"D 
=8 l' ~1 ~ -~ '(0.008

11 

~ Qt _' SLIT 
N 1 -- - -- ------

I iG .-6 I I -

LO "Y- : 
I ILl f.-1.050'~' 

L 
f- 1.2625" 

_- 2.000"---­
---- 2.500" - --

ROLLING 
DIRECTION 

C. FRACTURE TOUGHNESS SPECIMEN 

30 

X8L84 3- 68 27 



31 

XBB 837-6000 



32 

XBB 837-5998 

Fi~. 5 



33 

liz. a. 
d 

XBB 837-6173 



34 

.. Oouble Diffroct ion 

d 

XBB 837-6174 

F :L~ . 7 



d 

oi/at 
''''''''"'_--'. Iffy 

",002,.­
,'/liOOI 

_.. iii 
01101 107 Y 
il/ at 

l" 

XBB 837-6172 

35 



36 

, . , 

.JIII~\lv~ . j~~:, 
.~ 

./'" , J 

• .. 
~ • 

..; 
I 

7f~ , 

, .-, 

' ''l-., 
~ ~ 

:, t 

,,. 
I. 

/ 

/ ,. 
J" 

.' , 

, 

~ .. 
'. 

~ 

,..4, 
~ , ... 

-':'" 

.. ' 

. 
" 

,. .-

, 

..-
!" 

/' , , ,. 

~ 
~ ,. . b·! ,. 

·1 

XBB 837 - 5997 



37 



38 

If> . 

I l 
i 

. , ., 
<II 

~ • ;I , .~ , 
.. "II .. ~ ,," ,1 <I' 

' .. ,I. t 
I, .. I 

" 
, ~, " I 
J " 

, ,f ' 
, , i I , " if " " . ", . ~ 

'"': (I , 
I • '. lit ~ ~ ':~ I' • 1 ~ . 

It .. 

" 
'" , ! ~ I ' , 

I ,,:.. , .' . . , I ' I ., 
'-' J I . " I I !' , ~ ~ I' 

" /, J~I .~ l • ,. 

" , 4> • • ., .. 
" ,-11 I , 

I .'" ; , # f . '} /I , , 
J , 

" . ' , ,. 
'. 1 ." I , 

b: !' ~ " 
, 

I ~ ;,,' , 1 · t :' ! I" I' , "" 

XBB 837-5999 

Fi~. 11 



60 

-tl. 55 -
en 
en 
Q) 

c 

"E 50 
o 
I 

-en 
.I:l 
• -\t--
~ 
0\ 
~ 
Q) 
c 

W -<.J 
0 
0-
E -~ 
0-
~ 

0 
..c 
U 

45 

20 

15 

10 

5 

• F e/3 C rll Mn/.5 Ma/.4 C 
o Fef3 Crf2 Mn/.5 rvb/3 C [2] 

o~----~----~--~----~--~--~ 
200 400 R.T. 

Tempering Temperature (OC) 

X BL 837- 6033 

Fig , 12 

39 



• 

rI) 
'0 II 
)( 

~E 

E 
'E 10 
E -
Q) 
u 

§ 9 
+­
U) 

U) 
Q) 

a:: 

'- 8 o 

~ 

7 

40 

• Fe/3 Cr/I Mn/.5 Mo/.4C 
o Fe/3 Cr/2Mn/.5 Mol.3 C[24] 

R.T 200 400 
Tempering Temperature (oC) 

XBL 837-6034 



. 41 

.. 

XBB 837-5996 

FiC';o 14 



-'+-
.0 

I 

+­
'+---

60 

~40 
~ 

Q) 
c: 

W 
+-
u 
o 
0-

E 

~20 
0. 
~ 

o 
.c. 
U 

Fe/3 er /.4 ell Mn/.5 Mo 
• As Quenched 

° o 200 e Tempered 

Fe/3 er/.3 e/2 Mn/.5 Mo 
• As Quenched 

4340 

6 200 0 e Tempered 

• • • • 

18 Ni 
Maraging 

o~~------~----~----~----~ 
200 240 280 320 360 

Ultimate Tensile Strength (ksi) 

XB L 837-6035 

F i3 . lS(a) 

42 



• 

~ 200 
E -N 
E 

......... 
z 160 
~ -en 
en 
Q) 
c: 
-g, 120 
::J 

~ 
Q) 
~ 

::J 

U 80 
o 
~ 

LL 
c: ,-

~ 40 
en 
Q) 

c: 
o 

250 
( ksi) 

300 

Fef3 Cr/.4 ell Mn/.5 Mo 
• As Quenched 
o 200 °c Tem pered 

Fef3 Cr/.3 C/2Mn/.5 Mo 
.. As Quenched 

° l::. 200 C Tempered 

43 

350 

120 

I 

0....... 80 ·en 
...... ~ 

...... -...... ...... ...... ...... 
40 

~ 0 0 
1500 2000 2500 

Ultimate Tensile Strength (MN/m2 ) 

X-SL 837-6036 

Fi3. 15(b) 



44 

12 
2 Body Abrasive Wear on 120 Grit SiC Abrasives 

I- -
(Data for commercial steels from Ref. 24) 

rt) 

'0 (0) As Quenched -~ 

(0) 
)( 

10 I-
(b) (b) 200°C Tempered -

rt) 

E 
E 
"-
E 

8 E -
Q) 

u 
c 
0 - 6 V) 

V) 
Q) 

0:: 

'-
0 
Q) 4 
~ 

.1- -
(0) 

(b) 
I- -

" " " " CD CD CD co 
"- "'- " ~ -I- UJ UJ UJ 
n n n ("') .... ., ., ., 

I- "- "'- 1> 1> ~ ""- -
N 

~ ~ - -i c... 1> c... 1> 1> 
:::J :::J (f) r ~ ~ ;u " 

;u CD ..... 
I-

':' ~ 
...... 1> :::J :::J (f) ;u (f) -

z ~ :--..... 1> ;u -i 1> 1> -()l ()l ~ -i ()l ~ ;u ;u (f) -
UJ ()1 ;u 0 10- ~ ~ 1> 1> -
~ 

(") ~ ~ I fTI I N 
0 0 0 0 0 x r UJ r 0 0 UJ 5 r ~ ~ UJ :--..... ~ en 0 :r: I- ~ ~ UJ VI 0 --< -< ;u 
n n ("') ("') 

Favorable Unfavorable 
Rating 

XBL 837-6037 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



. .: """ 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LAB ORA TOR Y 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

.. - --


