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MICROSTRUCTURE, MECHANICAL PROPERTIES AND WEAR OF FE-3CR-D.4C STEELS 

Y. S. YOON, AND G. THOMAS 

Department of Materials Science and Minerai Engineering and Materials and 
Molecular Research Division, Lawrence Berkeley Laboratory,· 

University of California, Berkeley, California, 94720 

ABSTRACT 

The structure-property relationships of an ultra-high strength steel with a 
chemical composition that was based on Fe-3Cr-O.4C are described. The 
microstructure, which consisted of dislocated lath martensite containing 
fine carbides and Interlath thin films of retained austenite, was found to 
give combinations of mechanical properties and abrasion-resistance that are 
attractive in comparison to many commercial abrasive alloys. It is also 
shown that thermo-mechanical treatments can Improve both toughness and 
abrasion resistance by attaining a fine grain size with finely dispersed 
alloy carbides, when mlcroalloying additions (Mo,V) are present. 

·1 NTRODUCTION 

Ultra-h i gh strength stee I s are rna i n I y used ina I rcraft I an ding gear, rocket 
motor cases, missiles bodies, bearings and shafts, armour plate, and other 
defense applications [1]. Since such steels have high hardness and 
.con·sequent I y high abras i on res i stance, they are a I so used in min i ng an d. 
mi.neral processing equipment such as buckets, chutes and loader shovels. 
Recently, the recognition of coal as an important source of energy has 
~rought more significance to such steels • 

.. Over the last decade, systematic investigations of the effect of alloying 

.. elements on the structure and the mechan ical properties of martensite have 
led to the development of an optimum composition of Fe/3Cr/2Mn/0.5Mo/0.3C 
[2]. The microstructure of this al loy 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 
commercial alloys • 

The martensite transformation In steels is perhaps the most exploited 
transformation to produce a variety of strength and toughness combinations 
at high strength levels. If control led so that the Inhomogeneous shear 
component occurs by sl ip rather than by twinning, the martensite 
transformation is the most efficient method of producing a high density of 
dislocations, uniformily distributed in a fine-grained microstructure [3]. 
The dislocations are necessary for both strength and toughness. The main 
factor control ling this aspect of the transformation is composition, 
especially carbon content, which must be regulated to maintain Ms> 3000 C 
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[4] •. In this study two changes were made in the composition of 
Fe/3Cr/2Mn/0.5Mo/0.3C in order to try· to ach leve good combinations of 
strength, toughness and wear reslstanc~ The carbon content was raised to 
0.4 wt. pct since the most common method of I ncreas Ing the hardness and the 
strength of martensite Is through raising the carbon content. The Mn con
tent was correspondingly reduced to 1 wt. pct In order to maintain Ms 
>~OOoC and thus prevent the formation of twinned martensite which would be 
coupled with the increased carbon level. The principles of the al loy de
sign approach used have been summarized In the previous conference [5]. Oc
cas I ona I I Y wear is compoun ded w hen parts are exposed to elevated tempera
tures. For Instance, coal feeders that feed dry coal pellets into a 
pressure vesse,l are exposed to temperatures of the order of 5000 C [6]. 
Plain carbon or low al loy steels would normally lose hardness at these 
temperatures. To meet these Industrial requirements, secondary hardening 
steels, that Is, al loy steels containing strong carbide forming elements 
such as Mo and V, have long been used In certain manufacturing Industries. 

With secondary hardening steels, the austenitlzlng temperature must be 
sufficiently high to dissolve all carbides, otherwise poor toughness occurs 
[7]. However, austenite grains coarsen rapidly at these high temperatures, 
and this also lowers Impact toughness. Consequently, simple austenltlzlng 
treatments at hIgh temperatures cannot be applied to these steels, when It 
Is necessary to Improve the toughness. 

From these pOints of v lew, therma I-mechan Ica I treatments may be the most 
suitable for secondary hardening steels to obtain small prior austenite 
grains without undissolved c~rbides. Also, strain Induced fine al loy car
bide precipitation can be achieved during controlled roll tng and can accel
erate grain refining, as ~g., In ausformlng. However, their effects on 
the mechanical properties, Q,d abrasion resistance are not wei I known. Con
sequently, In this InvestIgation controlled rol ling has also been performed 
on a modified experImental steel (al loy B, Table 1), and the effects of 
strain Induced fine scale al loy carbides on mechanical properties and ab
rasion resistance have been studied as a function of tempering temperature. 

Packet I 

Retained' Austenite 
""'"--or-7~('COfItinuous narrow 

bonds) 

Fe3C, £ -carbid. 
Alloy carbides 

(finely.dispersed, small, 
stable, havinQ different 
crystalloQraphy) 

Fig. 1. Scheme showIng desired composIte micro
structure of lath martensIte and thIn 
tllms of retaIned lIustenlte to provIde good 
comblna,tlons of hIgh strength and toughness. 
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TABLE 1 Alloy Compositions and Transformation Temperatures 

Alloy 
Design. 

A 
B 

C Cr 
0.39 3.02 
0.41 3.01 

Composition. Wt. Pet. 
Mn Mo V 51 Cu 

1.01 O.Sl - 0.01 0.01 
0.99 O.Sl 1 •. a10.04 0.02 

EXPERIMENTAL PROCEDURE 

P 5 
0.00,3 0.006 
0.003 O.OOS 

Meas. TeDq).oC 
Fe Ms Mf As Af 
BaL 310 200 780 820 
Bal. 300 200 790 830 

The nominal compositions of the al lays used In this Investigation and the 
transformation temperature determined by dllatometrlc measurements are 
listed In Table 1. They were vacuum Induction melted Into 20 lb. Ingots and 
subsequently rolled to 1 In. thick and 25 In. wide plates. The plates were 
homogenized under argon atmosphere at 12000 C for 24 hours and then furnace 
cooled. The heat treatment appl led to alloy A In this Investigation was 
austenltlzlng at 9000 C for I hour, fol lowed by quenching and tempering at 
various temperatures. The heat treatment and the controlled roiling 
process applied to alloy Bare schematically Illustrated in Fig. 2. The 
austenltlzlng treatments were carried out In a vertical tube furnace under 
an argon atmosphere. After austenltlzlng or controlled roiling the 
specimens were quenched Into agitated 01 I. All the tempering treatments 
(2000 C through 5900 C) were carried out by Immersing the specimens Into a 
salt pot for I hour and then quenching Into agitated all. Tensile testing, 
Charpy testing and plane strain fracture toughness testing were conducted 
In accordance with the standard ASTM specifications. Rockwel I C hardness 
testing was performed on the Charpy specimens. Two-body abrasive wear tests 
~~re can ducted us I ng a p I n-on-d I sc tester w h I ch s 1m u I ates high-stress 
abrasion [9]. Wear specimens for the test were obtained by machining 
broken Charpy bars. The wear pins wer,e wornagalnst_abraslvep.aper for 10 
revolutions at a rotational speed of 20 rpm under Fkg deadweight load over 
a spiral track of 2.2 meters In length. The abrasive paper used was 120 
grit SIC. A break-In run was carried out prior to each of the three wear 
tests performed on each p In. The subsequent weight losses were measured on 
a Metler balance, sensitive to 0.01 mg,and a mean value was calculated. 
The weight loss was then determined and converted to wear resistance as 
shown below: 

wear resistance (material denslty)x(length of wear path) (mm~_ 
weight loss (mm ) 1 

Microstructural characterization was carried out using ~ptlcal microscopy 
and transmission electron microscopy (TEM). Thin falls for TEM were 
obtained from broken Charpy specimens, and were examined In a Philips EM 
301 microscope at an operating voltage of 100 kV. Energy dispersive X-Ray 
(EDX) analysis was conducted on carbon extraction replicas using a Phil Ips 
EM 400 scann I ng-transm I ss Ion electron microscope. Fractography was con
ducted on Charpy specimens, using an lSI scanning electron microscope. 

RES UL TS AND 01 SCUSS ION 

A. MIcrostructyral CharacterizatIon 

I) Optical Metallography 
Optical metal,loq~~phy w,as carried out to observe any variations In the 
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Fig 2. Sc:hanatlc Illust~tlon of heat treatment and controlled 
roiling process applied to allov B. 

gross features of microstructure, e.g., pr I or austen Ite gra ins i ze, coarse 
undissolved carbIdes or Inclusions, If present, dnd so forth. Fig. 3 shows 
the optical microstructure of al loy At after being austenltlzed at 900°C 
for 1 hr. and then quenched. Fig. 3a shows a typical martensltic structure 
and FIg. 3b shows the prIor austenIte grain sizto. to be -:35 llm. 

Fig. 4 shows representatIve optical mlcrograghs for alloy 8 austenltlzed at 
various temperatures, I.e., 1000oC(4a), 1100 C (4b), and 1200oC(4d. A 
large number of undissolved coarse carbides were observed In the structure 
austenitlzed at 10000 C. As the austenltlzlng temperature was Increased, 
the number of undissolved carbides decreased yet they became coarser (Fig. 
4b). After the austenltlzlng at 12000 C (Fig. 4c), the undissolved carbides, 
could hardly be resolved optically. Fig. 5 shows representative optIcal 
micrographs for alloy 8 treated thermally or thermomechanlcally. The 
strucTure prior to roll lng, obtaIned by quenchIng after solution treatment 
(1200 oC, 1 hr.), Is shown In Fig. 5a. It shows that the average size of 
the prior austenite grains Is 500 llm. The large prior austenite grains 
were not recrystal !Ized by the 50% reduction at 8500 C (Fig. 5b). They were 
just elongated. However, roiling to a 50% reduction at 11500 C completely 
recrystallized the large prior austenite grains and reduced the average 
grain size to 40 llm (Fig. 5c). After two rol ling passes of 50% reducTion 
each at 11500 C and 850°C, the prior austenite grains were refined and 
elongated (Fig. 5d). From these micrographs, It is clear that a high 
temperature ausTenltizlng treatment followed by control led rol ling Is 
suitable for secondary hardening steels to obTain a fIne grain structure 
without undIssolved coarse carbides. 

(II) Transmission Electron Microscopy 
Structural characterization by transmission electron microscopy was 
performed on the quenched and tempered structures. 
(a) As-Quenched Structure 
The martensite morphology of the al lays Investigated in this study is basi-
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Fig 3. 
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Optical micrographs of the as
quenched structure of al loy A. 
(a) shows the martensite struc
ture and (b) shows the prior 
austen ite graIn boundar ies. 

Fig 4. Opt ical micrographs 
of the as-quenched 
structures of alloy 
B austenltlzed at (a) 
10000 e (b) 11000 e and 
(c) I 200°C . 

Fig 5. 

t ' -,,, 

Optical micrographs of al loy B (a) aus
tenltlzed at 12000 e for I hr •• 
(b) austenltlzed at 12000 e for I hr .• 
hot rol led ° 50% reduction at 8500 e 
(c) austenitlzed at 12000 e for 1 hr •• 
hot rolled to 50% reduction at 1150oe. 
and (d) austenltlzed at 12000 e for 1 hr. 
hot rol led at 11500 e and 8500 e 
by 50% reduct Ion each. 



cally a dislocated lath type (Figs. 6 and 7b), as desired by the design 
criteria [5J. However, a small amount of tw inned martensite (about 10% of 
the observed structure) was observed in the microstructure of thermally 
treated alloy B (austenlttzed at 12000 C for 1 hr. and quenched, (Fig. 7a). 
These observations indicate that the addition of 1% V and the higher aus
tenitizing temperature increased the tendency to form twinned plates. No 
twinned martensite was observed in the microstructure of the control led 
rol led al loy B (rol led at 11500 C and 850 0 C by 50% reduction at each 
temperature (Fig. 7b) and the average width of the laths is about 0.1 ~ m. 
These fine laths may be a consequence of a reduced carbon level in the aus
tenite caused by the strain-induced precipitation of fine vanadium carbides 
[5JCFig.8J. 

The observed auto-tempered carbides in the microstructure of al loy A were 
identified as E:- carbides [Fig. 9J. It is not clear under what conditions 
E:-carbide forms or what morphology it has. However, E:-carbide is described 
as 'cross-hatched' [12,13] carbide because of its appearance in electron 
microscopy of thin foi Is. In the as-quenched or the low-temperature 

Fig 6. A b rig h t fie I d <B Fl m I c r og rap h 5 how I n g c h a r act e r 1st i c 
configuration of laths and packets In the as-quenched 
structure of alloy A. 

Fig 7. Bright field (BF) micrographs showing characteristic configurations 
of (a ) tw inned martensite In the as-quench structure of alloy 9 aus 
tenitlzed at 1200 0 C for 1 hr . and (bl lath martensIte In the as 
quenched structure of al loy controlled rol led at 11500 C and 850°C by 50% 
reduct Ion each. 

... 
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tempered martensltes many workers have found evidence to suggest a 
transition carbide phase. Jack [10J first establ ished the structure of the 
phase as h.c.p. and named it c-carblde. He proposed the following 
orientation relationship between martensite and carbide to be (OOl)a 
//(oOO1)E: and (101) a //(1011)c .The results of this study [Fig. 9J agrees 
with Jack's relationship and the [211~ growing direction suggested by 
Murphy and Whiteman [11J. 

The presence of retained austenite between the martensite laths was 
observed in both alloys [Fig. 10J. Although 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 [12J 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 stabi Ilzer. Stabi I ization due to carbon may be 
caused by i) chemical stabilization, Ii) thermal stabilization, and iif) 
mechanical stabi Ilzatlon. In these mechanisms. the redistribution of 
solute element, especially carbon, Is Important. Sarikaya et al., using 
fi e ld ion atom probe analysis [13J, showed that carbon partitioning does 
occur between austenite and martensite and that high carbon levels exist 
at t he Interface. Such work underlies the Importance of carbon on the 
interface mobility during t he growth of the laths as suggested by Schoen et 
al. [14J. The careful modification of composition in this study does not 
significantly change the morphology or the amount of retained austenite 
found in the reference steel. 

D 

FI g 8.(a) BF, (b) DF of carbide 022 ref l ectIon (c) SAD pattern and 
(d) the correspondIng Indexed pattern of as-quenched structure of 
contro I led ro I I ed a I loy B.Th e pattern correspon ds to vanad I um 
carbIde ve. 

XBB 845- 3940 

d 

FIg 9.(a) BF, ( b) DF image of 1010 epsIlon rei fectlon (c) SAD pattern and 
(d) the correspondIng Indexed pattern of as-quenched structure of al loy 
A revea I ing the auto-tempered f.-carbl de. 
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(j i j) Tempered Structures 

Tempering at 2000 C does not change t he as-quenched structure of al loy A 
significantly except for the precipitat ion of cementite (Indicated by 
arrows in Fig. 11). The cementite p lat e let s are about 200 A wide and 0.2 
~ m long. The arrays of cement ite are par a I I ed to <111 >a wh i I e those of E -

carbide are paral led to <211> [Fig. 11 J. The retained austenite Is sti I I 
stable at this tempering temp~rature. Fi g. 12 shows the extensive amount 
of retained austenite as semi-continuous fi Ims in the 2000 C tempe r ed 
structure of a I loy A. 

The microstructures of al loy A tempered at 3000 C were quite different from 
the microstructures of the as-quenched and 2000 C tempered specimens. 
Extensive cementite precipitation or coa r sening both Inside the laths and 
at the lath boundaries were observed, as is wei I documented in the 
I iterature, e.g., ref. 15 and 16. The interlath cementite stringers at the 
lath boundaries are the products of the decomposition of retained austenite 
(tempered martensite embrittlement) [16J. The easy growth direction of the 
cementite is along the interfaces rather than into the martensite. As the 
carbon atoms diffuse into the newly formed cementite along the interfaces, 
there must be carbon depleted regions in the austenite. These regions then 
transform into ferrite, probably by a shear mechanism [13J. 

Fig. 13 shows the microstructure of al loy B thermally treated and t empered 
at 5500 C for 1 hr. by carbon extraction repl ica and the results of EDX 
analysis on the carbide particles in the repl ica. It appears that there 
are, at least, two kinds of carbides, that is, chromium carbide which is 

d 

FIg 10. (al BF, (bl OF of austenItIc 002 reflectIon 
(c) SAD pattern (dlthe correspondIng Indexed 
pattern of as-q uenched structure of a I loy A 
show ing extensIve fIlms of retained austenIte 
around martensIte laths. 
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FIg 11. (a) and (b) OF of the 2000 C tem 
pered structure of al loy A re
vealing the~carbide and the 
cemenite together. Notice that 
the grow Ing dIrections of (211 and 
111) of the ~ -carb i de and the 
cementIte are dIfferent. 



Fig 12. OF of the 200°C tempered structure of al loy A revea lIng 
extens ive retaIned austenIte fi Ims around martensIte laths . 

round and coarse and a complex carbide containing V which is fine and 
need le shaped. The latter carbides are respons ible for the secondary 
hardening which of fset s the softening due t o tempering [Fig. 16J. Woodhead 
and Quarrel [23J reported that in a Fe/O.2C11Mo/4.5Cr/1V steel, the stable 
carbides are M6C, VC, .and CR23C6, where M is a mixture of Mo,Cr,V and Fe. 
Accordi ng to their results it could be deduced that the chromium carbide 
found in a l loy B tempered at 5500 C for 1 hr. might be Cr23C6 and the com
plex type of carb ide might be M6C, where M Is a mixture of Mo,Cr , V and Fe. 

B. Cor rel at ion of tvlechan ical Properties. Abrasion Resistance, and 
tv1 i crostructures. 

The mechanica l properties and the abras ion res istance of the al loy A 
designed in this study are summarized in Tab les 2 and 3 and the values of 
alloys A,B are plotted as a function of temp ering temperature in Figs. 14-
17. AI loy A and thermally treated al loy B lose hardness rapidly in the 
tempering temperature rang e between room t emperature and 400 0 C. whereas 
contro ll ed rolled alloy B does not. The signif icant improvements in the 
Impact toughness and the plane strain fracture toughness of al loy A upon 
2000 C tempering are associated with intra- lath precipitation of very fine 
carbides and Increased st ab il ity of austenite fi Ims at the lath boundaries 
[16], 

Abrasion resistance has been known to be directly proportional to the bulk 
hardness of annea I ed pure meta I s (e.g., 17,18) because hardness contro Is 
the penetrat ion depth of the abrasives. The overal I t rends in the change 
of abrasion resistance and hardness with varying tempering temperature a r e 
very s imi lar for the c urrent work [Figs. 14,15J. However, t he dec r easi ng 
rate of abras ion resistance of al loy A upon 200 0 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 decreas ing rate of abrasion r es istance, even though the 
hardness decreases rapidly. Upon 3000 C tempering the har dness, and the 
toughness decrease drastically. The decrease of toughness is due to 
tempered martens ite embr ittl emen t as described in detai I elsewh ere [16J 
and the loss in hardness is typi ca l of tempering due to growth and 
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coarsening of carbides. Comparing the hardness and the abrasion resistance 
of al loy A with those of thermally treated a l loy B in the as-quenched to 
4000 C tempered conditions, the abrasion resistance of al loy A is higher 
than that of thermally treated al loy B whi Ie the hardness of al loy A is 
sl ightly lower than that of thermally treated alloy B. This indicates that 
dislocated lath martensite is superior to twinned martensite for abrasion 
resistance at the same hardness (strength) level. This supports the 
earl ier work of Salesky et al. [19J. 

As the temper i ng temperature increases between 450oC-600oC, the hardness of 
thermally treated al loy B maintains the same level but the abrasion 
resistance sl ighly increases, whi 1st that of al loy A decreases continuously 
[Fig. 15J. In this temperature range fine al loy carbides form as shown by 
the extraction repl ica micrograph and x-ray microanalysis, Fig. 13. These 
alloy carbides are thermodynamically more stable than cementite and 
contribute to secondary hardening [20-22J. The maintenance of hardness and 
abrasion resistance of the thermally treated al loy B in this temperature 
range is attributed to the precipitation of these fine al loy carbides. 

B c 

Fig 13. Carbon extraction replica of alloy B quenched 
from 12000 C and tempered at 550°C for 1 hr. 
and the results of EDX analysis on the carbide 
particles . 
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These al loy carbIdes are thus more effectIve than epsIlon and iron carbide 
for Improved wear resistance at hIgh temperatures [Fig. 17]. For example, 
after temperIng at 4000 C, the abrasIon resistance and impact toughness are 
Improved 15% and 100%, respectively by control led rol ling of al loy B. The 
smal I grain sIze improves the impact toughness and precipitation of stable 
fine al loy carbides prior to martensite transformation [8] results in 
exce I I ent temper I ng res i stance. 

SUMMARY 

ThIs work reaffirms the importance of grain size and martensitic 
microstructure (dislocated lath vs. twinned plates) on the strength and 
toughness of medium carbon steels, so that proper design of composition and 
processing leads to superior mechanIcal (Figs. 18,19) and wear (Fig. 20) 
properties. Control led rol I ing is an effective method for grain size 
control without causing coarse carbides to develop. Microal loying with Mo 
and V is also helpful in contributing to secondary hardening and, thus 
improved strength and wear resistance at temperatures up to 5000 C. 
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alloy A and commercIal abrasIve or equIvalent 
structural alloys. Data for commercial steels are 
from ref. 24. 
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