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Department of Materials Science and Mineral 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-0.4C 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 mechanlical 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

 3 abrasion resistance by attaining a fine grain size with finely dispersed

alloy carbides, when microalloying additions (Mo,V) are present.

" INTRODUCTION

- UTfra-high strength steels are mainly used in aircraft landing gear, rocket

motor cases, missiles bodies, bearings and shafts, armour plate, and other

"~ defense applications [1]. Since 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 |ocader 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 the effect of alloying
-“elements on the structure and the mechanical 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 alloy 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., |f controlled so that the Inhomogeneous shear
component occurs by slip 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 [31].
The dislocations are necessary for both strength and toughness. The main
factor controlling this aspect of the transformation is composition,
especially carbon content, which must be reguiated to maintain Ms> 300°C



[4]. - In This study two changes were made In the composition of
Fe/3Cr/2Mn/0.5M0/0.3C In order to try to achieve good combinations of
strength, toughness and wear resistance. The carbon content was raised to
0.4 wt. pct since the most common method of Increasing 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
>300°C and thus prevent the formation of twinned martensite which would be
coupled with the Increased carbon level. The principles of the alloy de=
sign approach used have been summarized in the previous conference [5]. Oc-
casionally wear Is compounded when parts are exposed to elevated tempera-
tures. For Instance,» coal feeders that feed dry coal pellets Into a
pressure vessel are exposed to temperatures of the order of 500°C [61.
Plain carbon or low alloy steels would normally lose hardness at these

" temperatures. To meet these Industrial requirements, secondary hardening
steels, that 1s, alloy steels containing strong carbide forming elements
such as Mo and V, have long been used in certain manufacturing industries.

With secondary hardening steels, the austenitizing 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 austenitizing
treatments at high temperatures cannot be appliied to these steels, when it
is necessary to Improve the toughness. '

From these points of view, thermal-mechanical ftreatments may be the most
suitable for secondary hardening steels to obtain small prior austenite
grains without undissolved carbides. Also, strain induced fine alloy car-
bide precipitation can be achieved during controlled rolling and can accei-
erate grain reflning, as e.g.» In ausforming. However, their effects on
the mechanical propertlies, ¢nd abrasion resistance are not well known. Con-
sequently, In this investigation controlled rolling has also been performed
on a modlfled experimental steel (alloy B, Table 1), and the effects of
strain Induced fine scale alloy carbides on mechanical properties and ab=-
rasion resistance have been studied as a function of tempering temperature.
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TABLE 1 Alloy Compositions and Transformation Temperatures

Alloy Composition, Wt. Pct. ‘ Meas. Temp.°C

Degign, C Cr Mn Mo v Ssi Cu P S Fe Ms Mf As Af
A 0.39 3.02 1.01 0.51 - 0.01 0.01 0.003 0.006 Bal 310 200 780 820
B 0.41 3.01 0.99 0.511.Q10.04 0.02 0.003 0.005 Bal, 300 200 790 830

EXPERIMENTAL PROCEDURE

The nominal compositions of the alloys used in this investigation and the
transformation temperature determined by dilatometric measurements are
listed in Table 1. They were vacuum induction melted Into 20 ib. Ingots and
subsequently rolled to 1 in. thick and 25 in. wide plates. The plates were
homogenized under argon atmosphere at 1200°C for 24 hours and then furnace
cooled. The heat treatment applled to alloy A In this investigation was
austenitizing at 900°C for | hour, followed by quenching and tempering at
various temperatures. The heat treatment and the controlled rolling
process applied to alloy B are schematically Illustrated in Fig. 2. The
austenitizing treatments were carried out In a vertical tube furnace under
an argon atmosphere. After austenitizing or controlled rolling the
specimens were quenched into agitated oil. All the tempering treatments
(200°C through 590°C) were carried out by Immersing the specimens into a
salt pot for | hour and then quenching into agitated oil. Tensile testing,
Charpy testing and plane strain fracture toughness testing were conducted
In accordance with the standard ASTM specifications. Rockwell C hardness
testing was performed on the Charpy specimens. Two-body abrasive wear tests
were conducted using a pln-on-disc tester which simulates high-stress
abrasion [9]. Wear specimens for the test were obtained by machining
broken Charpy bars. The wear pins were worn against abrasive paper for [0
revolutions at a rotational speed of 20 rpm under 1°kg deadweight load over
a splral 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 pin. 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: v B

wear resistance _(material density)x(length_of wear path) (mm%_ ’
)

weight loss (mm 1
Microstructural characterization was carried out using optical microscopy
and transmission electron microscopy (TEM). Thin foils for TEM were
obtalned 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 Philips
EM 400 scanning=-transmission electron microscope. Fractography was con-
ducted on Charpy specimens, using an ISl scanning electron microscope.

RESULTS AND DISCUSSION
A. Microstructural Characterization

Optical metallography was carried out to observe any variations in the
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Fig 2. Schematic iliustration of heat treatment and controlled
roiling process appliied to ailoy B.

gross features of microstructure, e.g., prior austenite grain size, coarse
undissolved carbides or Inclusions, If present, and so forth. Fig. 3 shows
the optical microstructure of alloy A, after being austenitized at 900°C
for 1 hr. and then quenched. Fig. 3a shows a typical martensitic structure
and Fig. 3b shows the prior austenite grain size to be ™35 um.

Fig. 4 shows representative optical mlcrograghs for alloy B austenitized at
various temperatures, l.e., 1000°C(4a), 1100°C (4b), and 1200°C(4c). A
large number of undissolved coarse carbides were observed In the structure
austenitized at 1000°C. As the austenitizing temperature was Increased,
the number of undissolved carbides decreased yet they became coarser (Fig.

4b). After the austenitizing at 1200°C (Fig. 4c),» the undissolved carbides.

could hardly be resolved optically. Fig. 5 shows representative optical
micrographs for alloy B treated thermally or thermomechanically. The
structure prior to rolling, obtained by quenching after solution ftreatment
(1200°C, 1 hr.), Is shown In Fig. 5a. It shows that the average size of
the prior austenite grains is 500 um. The large prior austenite grains
were not recrystallized by the 50% reduction at 850°C (Fig. 5b). They were
just elongated. However, rolling to a 50% reduction at 1150°C comp letely
recrystaliized the large prior austenite grains and reduced the average
grain size to 40 um (Fig. 5c). After two roilling passes of 50% reduction
each at 1150°C and 850°C, the prior austenite grains were refined and
elongated (Fig. 5d). From these micrographs, it is clear that a high
temperature austenitizing treatment followed by controlled rolling is
sultable for secondary hardening steels to obfaln a fine grain structure
wlthout undissolved coarse carbides.

Structural characterization by transmission electron microscopy was
performed on the quenched and tempered structures.
(a) As=Quenched Structure ,
The martensite morphology of the alloys Investigated in this study is basi-
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Fig 3.

Optical micrographs of the as-
quenched structure of alloy A.
(a) shows the martensite struc-
ture and (b) shows the prior
austenite graln boundarles.

Fig 4. Optical micrographs
of the as-quenched
structures of alloy
B austenitlized at (a)
1000°C (b) 1100°C and
() 1200°€.

Fig 5. Optical micrographs of alloy B (a) aus-
tenitized at 1200°C for | hr.,
(b) austenitized at 1200°C for | hr.,
hot rolled o 50% reduction at 850°C
(c) austenitized at 1200°C for 1 hr.,
hot rolled to 50% reduction at 1150°C,
and (d) austenitized at 1200°C for 1 hr.
hot rolled at 1150°C and 850°C
by 50% reduction each.



cally a dislocated lath type (Figs. 6 and 7b), as desired by the design
criteria [5]. However, a small amount of twinned martensite (about 10% of
the observed structure) was observed in the microstructure of thermally
treated alloy B (austenitized at 1200°C for 1 hr. and quencheds (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 controlled
rolled alloy B (rolled at 1150°C and 850°C by 50% reduction at each
temperature (Fig. 7b) and the average width of the laths is about 0.1u 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
[51[Fig. 81.

The observed auto-tempered carbides in the microstructure of alloy A were
identified as e- carbides [Fig. 9]. 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 foils. In the as-quenched or the low-temperature

Fig 6. A bright fleld (BF) micrograph showing characteristic
conflguration of laths and packets In the as-quenched
structure of alloy A.

Fig 7. Bright field (BF) micrographs showlng characteristic configurations
of (a) twinned martensite In the as-quench structure of alloy B aus-
tenitized at 1200°C for 1 hr. and (b) lath martensite In the as-
quenched structure of alloy controlled rolled at 1150°C and 850°C by 50%
reductlon each.



tempered martensites many workers have found evidence to suggest a
transition carbide phase. Jack [10] first established the structure of the
phase as h.c.p. and named it e-carbide. He proposed the following
orientation relationship between martensite and carbide to be (001)
//(0001) ¢ and (101), //(1011) . .The results of this study [Fig. 9] agrees
with Jack's relationship and the [211], growing direction suggested by
Murphy and Whiteman [111].

The presence of retained austenite between the martensite laths was
observed in both alloys [Fig. 10]. Although the mechanisms for retention
of the high temperature fcc austenite phase are not fully understood,
general ly, one would expect that fcc stabilizing elements should promote
the retention of austenite. Thomas and Rao [12] have shown that in alloys
whose bulk Ms and Mf femperatures are above room temperature, austenite can
be retained at room temperature only In the presence of interstitial C,
which is the strongest fcc stabilizer. Stabilization due fto carbon may be
caused by i) chemical stabilization, i1) thermal stabilization, and iil)
mechanical stabilization. In these mechanisms, the redistribution of
solute element, especially carbon, is important. Sarikaya et al., using
field fon atom probe analysis [13], showed that carbon partitioning does
occur between austenite and martensite and that high carbon levels exist
at the interface. Such work underlies the Importance of carbon on the
interface mobility during the growth of the laths as suggested by Schoen et
al. [14]. 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.

Fig 8.(a) BF, (b) DF of carbide 022 reflectlon (c) SAD pattern and
(d) the corresponding Indexed pattern of as-quenched structure of
controlled rolled alloy BThe pattern corresponds to vanadium
carbide VC.

XBB 845-3940

Flg 9.(a) BF, (b) DF image of 1070 epsilon relfection (c) SAD pattern and
(d) the corresponding Indexed pattern of as~-quenched structure of alloy
A revealing the auto-tempered €£-carbide.



(iii1) Tempered Structures

Tempering at 200°C does not change the as-quenched structure of alloy A
significantly except for the precipitation of cementite (indicated by
arrows in Fig. 11). The cementite platelets are about 200 A wide and 0.2
um long. The arrays of cementite are paralled fo <111>y while those ofe -

carbide are paralled to <211>u [Fig. 111, The retained austenite is still
stable at this tempering temperature. Fig. 12 shows the extensive amount
of retained austenite as semi-continuous films in the 200°C tempered
structure of alloy A.

The microstructures of alloy A tempered at 300°C were quite different from
the microstructures of the as-quenched and 200°C tempered specimens.
Extensive cementite precipitation or coarsening both inside the laths and
at the lath boundaries were observed, as is well documented in the
literature, e.g., ref. 15 and 16. The Iinterlath cementite stringers at the
lath boundaries are the products of the decomposition of retained austenite
(tempered martensite embrittiement) [16]. 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 [131],

Fig. 13 shows the microstructure of alloy B thermally treated and tempered
at 550°C for 1 hr. by carbon extraction replica and the results of EDX
analysis on the carbide particles in the replica. |1 appears that there
are, at least, two kinds of carbides, that is, chromium carbide which is

o _'ili
Ty Ola
(3

Fig 10. (a) BF, (b) DF of austenitic 00Z reflection

(c) SAD pattern (d)the corresponding indexed Fig 11. (a) and (b) DF of the 200°C tem-
pattern of as-quenched structure of alloy A pered structure of alloy A re-

showing extensive tilms of retained austenite vealing the &carbide and the
around martensite laths. cemenite fogether. Notice that

the growing directlons of (211 and
111) of the &€-carbide and the
cementite are different.



Flg 12, OF of the 200°C tempered structure of alloy A revealing
extensive retalned austenite films around martensite laths.

round and coarse and a complex carbide containing V which is fine and
needle shaped. The latter carbides are responsible for the secondary
hardening which offsets the softening due to tempering [Fig. 16]. Woodhead
and Quarrel [23] reported that in a Fe/0.2C/1Mo/4.5Cr/1V steel, the stable
carbides are M6C, VC, and CRZBCG’ where M is a mixture of Mo,Cr,V and Fe.
According to their results it could be deduced that the chromium carbide
found in alloy B tempered at 550°C for 1 hr. might be CrozC. and the com-
plex type of carbide might be MgC, where M is a mixture of Mo,Cr,V and Fe,

5 Q ! . [ M . l E . 9 . B T4 [
M3

M

The mechanical properties and the abrasion resistance of the alloy A
designed in this study are summarized in Tables 2 and 3 and the values of
alloys AB are plofted as a function of tempering temperature in Figs. 14-
17. Alloy A and thermally treated alloy B lose hardness rapidly in fhe
tempering temperature range between room temperature and 400°C, whereas
controlled rolled alloy B does not. The significant improvements in the
impact toughness and the plane strain fracture toughness of alloy A upon
200°cC tempering are associated with intra-lath precipitation of very fine
carbides and increased stability of austenite films at the lath boundaries
[16].

Abrasion resistance has been known to be directly proportional to the bulk
hardness of annealed pure metals (e.g.» 17,18) because hardness controls
the penetration depth of the abrasives. The overall ftrends in the change
of abrasion resistance and hardness with varying tempering ftemperature are
very similar for the current work [Figs. 14,151, However, the decreasing
rate of abrasion resistance of alloy A upon 200°C tempering is lower than
that of hardness. This may be explained in terms of toughness. The
significant improvement of the toughness upon 200°C tempering seems to
alleviate the decreasing rate of abrasion resistance, even though the
hardness decreases rapidly. Upon 300°C fempering the hardness, and the
toughness decrease drastically. The decrease of toughness is due to
tempered martensite embrittiement as described in detail elsewhere [16]
and the loss in hardness is typical of tempering due to growth and

9



coarsening of carbides. Comparing the hardness and the abrasion resistance
of alloy A with those of thermally treated alloy B in the as-quenched to
400°C tempered conditicns, the abrasion resistance of alloy A is higher
than that of thermally treated alloy B while the hardness of alloy A is
slightly lower than that of thermally freated 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
earlier work of Salesky et al. [19].

As the tempering temperature increases between 450°C~600°C, the hardness of
thermally treated alloy B maintains the same level but the abrasion
resistance slighly increases, whilst that of alloy A decreases continuously
[Fig. 151. In this temperature range fine alloy carbides form as shown by
the extraction replica micrograph and x-ray microanalysis, Fig. 13. These
alloy carbides are thermodynamically more stable than cementite and
contribute to secondary hardening [20-22]. The maintenance of hardness and
abrasion resistance of the thermally treated alloy B in this ftemperature
range is attributed to the precipitation of these fine alloy carbides.

] T 1 |
60— ®Fe/3Cr/IMn/5Mo/4C ]
OFe/3Cr/2Mn/5Mo/3C

55 -

50

Hardness (Rc)

=

20 =

Charpy Impact Energy (ft-lbs)
)
T
|

| | 1 ]

1 |
RT. 200 400

Fig 13. Carbon extraction replica of alloy B quenched 0

from 1200°C and tempered at 550°C for 1 hr. ;
and the results of EDX analysls on the carbide Tempering Temperature c)
particles.

Fig 14.Hardness and Charpy Impact
energy vs. tempering temper-
ature curves for alloy A. Data
for Fe/3Cr/2ZMn/0.5Mo/0.3C steel
are from ref. 2.
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These alloy carbides are thus more effective than epsilon and Tron carbide
for Improved wear resistance at high temperatures [Fig. 17]. For example,
after tempering at 400°C, the abrasion resistance and impact toughness are
improved 15% and 100%, respectively by controlled rolling of alloy B. The
small grain size improves the Impact toughness and precipitation of stable
fine alloy carbides prior to martensite transformation [8] results in
excel lent tempering resistance.

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. Controlled rolling Is an effective method for grain size
control without causing coarse carbides to develop. Microalloying with Mo
and V is also helpful In contributing to secondary hardening and, thus
improved strength and wear resistance at temperatures up to 500°C.
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IABLE 2 Mechanical Properties of Alloy A

Tempering 0.2 Pct Offset Charpy V-notch
Tempera- Mardness Ys$ B uls Pct Elongation Kic | Ener
ture (°C) {RC} kst MPa  ksi Hpa Total (Uniform) ksi-in WPa-m' Ti-Tb H-m
AQ 58.5 210 1860 350 2412 6.4 (3.0) 58.0 64.4 9.6 13.0
200 54.5 250 17223 300 2067 6.9 (3.3) 80.0 88.8 19.7 6.7
300 50.2 220 1516 255 VIs? 6.2 (2.9) - - s 17.9
400 49§ 218 1502 250 1123 5.7 (2.7) - - 12.3 16.7
500 46.5 200 1378 225 1550 9.8 3.1) - - 17.4 23.6
590 36.3 145 999 162 1116 15.0 (4.1) - . 65.4 88.7
(ksi)
20 300 350
Y T | T T T
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Flg 19. Comparison of toughness to strength relations in the
experimental alloy A and equivalent commerclal alloys.
a) Charpy impact energy vs. tenslle strength and
(b) plane straln fracture toughness vs. tensile strength.

TABLE 3 ear Properties of. Alloy A

Tempering Wieight Loss per Wear Resistance
Temp.(°C) One pass (mg) _(mn/mn’)

AQ 1.56 : 11100

200 1.64 10560

300 1.95 8880

400 2.03 8530

500 2.10 8250

530 2.2 7870

2 2 Body Abrasive Wear on 120 Grit SiC Abrasives
- ,
 [a) (a) As Quenched 7]
ok (b) (b) 200°C Tempered _
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Fig 20. Comparison of wear reslstance In the experimental
alloy A and commercial abrasive or equivalent
structural alloys. Data for commerclal steels are

from ref. 24.
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