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DEVELOPMENT OF ECONOMICAL, TOUGH, ULTRA-HIGH-STRENGTH Fe-Cr-C STEELS 

John A. McMahon and Gareth Thomas 
Inorganic Materials Research Division, Lawrence Berkeley Laboratory 

and Department of Materials Science and Engineering, College of Engineering; 
University of California, Berkeley, California 94720 

Introduction 

One of the significant results of the program on structure and properties of structural 
steels at Berkeley (e.g. ref 1) is the apparent correlation between martensitic trans
formation twinning and reduced toughness in carbon containing steels. The present work 
examines the structure and mechanical properties of Fe-Cr-C martensitic steels, with 
the aim of designing low cost, strong, tough steels through control of microstructure. 
Chromium is not an effective solid solution strengthener in ferritic alloy steels (2), 
and so substructural changes due to alloy additions can be more readily correlated with 
changes in mechanical properties. Furthermore, Cr is relatively inexpensive yet a de-
sirable alloying element e.g. for hardenability. · 

Experimental Procedure 

All alloys (Table I) were vacuum melted from high purity components in 75 lb. heats, 
forged, and hot rolled to 0.5 in. plate (for K1 tests) and 0.15 in. sheet (for tensile 
tests). They were then homogenized under vacuui at 1200°C for two days and furnace 
coaled. An austenitizing temperature of 1100°C ensured that all carbides were dis
solved prior to quenching. This produced a grain size of = 230lJ. Specimens were 
quenched in agitated oil and immersed in liquid nitrogen for complete transformation 
to martensite. X-ray examination revealed that the amount of retained austenite was 
less than 2 vol. %. Hardness and Jominy tests showed the alloys were fully hardened 
(e.g. 0435 to 2 ins). Tensile and plane strain fracture toughness (K1c) tests were 
carried out on all alloys at room temperature. Electron microscopy specimens were 
taken from undeform:ed areas of the K1c specimens. (Detail's are fully described in AEC 
LBL Report 1181, 1972, M.S. thesis J. A. McMahon). 

Results 

A mixed morphology of dislocated and twinned martensite was found in all the as-quench
ed alloys. Additions of either carbon or chromium increased the percentage of trans
formation twins (Table I, Figs. 1,2). The 0.17 %C alloys were only lightly twinned, 
but showed a noticeable increase in twinning as chromium level increased. Although 
all othree 0.17 %c alloys exhibited autotempering, it was more prevalent at lower chro
mium levels, corresponding to h_igher Ms temperatures. 

The 0.35 %c alloy showed the greatest difference in relative amounts of twinned marten
site. The twin density increased by a factor of approximately two between the 4 and 
12 %Cr alloys. These results demonstrate conclusively that at a given carbon level, 
chromium induces transformation twjnning in martensite. Some autotempering was ob-

• served in isolated areas of alloy 0435. 

The mechanical properties of as-quenched martensites are summarized in Fig. 2. The 
low carbon alloys showed little change in strength or toughness with increased chromium. 
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This corresponds with only a minor increase in the amount of twinning and confirms that 
chromium is not a solid solution strengthener in steel. However, the high carbon alloys 
had a major increase in. strength and drop in toughness as the twin density increased 
due to additional chromium. The brittleness of alloy 1235 was also indicated by quench 
cracks along prior austenite grain boundaries. Quench cracking was not encountered in 
alloy 0435. The quench cracks did not compromise the K1c results, since scanning elec
tron microscopy showed that crack propagation was transgranular. 

One of the most interesting results was the resolution of thin sheets of highly de-
formed retained austenite surrounding some of the martensite laths in all the as
quenched alloys (identified as austenite by selected area diffraction and dark field 
imaging of FCC spots, Fig. 3). On tempering at 200°C, the interlath austenite was ob
served less frequently. After tempering at 400°C, none was seen, indicating that tem
pering causes the retained austenite to transform to ferrite, followed by precipitation 
of interlath carbides. This replacement of the austenite by interlath carbides was 
accompanied by a drop in toughness. The variation in properties with tempering is 
shown in Figs. 4 a,b. 

Discussion 

Several authors (1,3) have proposed that composition determines martensitic substruc
ture through its effects on Ms temperature and strength of martensite. Since most 
alloying elements act as solid solution strengtheners in austenite, they increase the 
thermodynamic driving force needed to initiate the martensitic shear transformation, 
and hence lower the Ms temperature. The strength of the martensite over the tempera
ture ranges of transformation then becomes the controlling factor, and slip or twinning 
or both will depend on the relative values of the CRSS over the Ms-Mf temperature range 
(1). In the present work, alloy 0417 has the lowest alloy content, the highest Ms tem
perature, and is mainly dislocated. Conversely, alloy 1235 with the highest alloy con
tent has the low.est Ms temperature and the highest twin density. 

The observations of retained (stabilized ) austenite between martensite laths confirms 
suggestions of Seal and Honeycombe (4), that the absence of interlath carbides in 
Fe-Cr-C steels at tempering temperatures below 400°C is related to the possibility of 
austenite films at lath boundaries. In the present study, austenite films disappeared 
after tempering at 400°C, and were replaced by interlath carbides. Such films of re
tained austenite are thus important in stabilizing the microstructure and properties 
up to 400°C. 

This work has shown the importance of the role of substructure on the mechanical pro
perties when composition is varied with one component held constant. The difference 
in as-quenched yield strength in the alloys studied can be explained by the relative 
contributions to solid solution strengthening, especially carbon, and transformation 
substructure as discussed in detail elsewhere. · 

The effect of chromium as a solid solution strengthener is shown to be negligible by 
the results obtained for the low carbon alloys (Fig. 2). Hence, for a given carbon 
level, any increase in strength associated with a higher chromium content must be 
caused by the increased twin density, not by the chromium addition directly. Kelly 'r) 
and Nutting (7) have drawn attention to the crystallographic restrictions on slip due 
to transformation twinning. Recent work has shown that twins can themselves be.twinned 
which imposes further restrictions on the continuity of dislocation motion (8). Carbon 
pinning of dislocations is also important and so is the fact that twinning (partial) 
dislocations cannot cross-slip. Twinning has also been observed to increase the hard-

• ness of fcc metals (9). If slip .. is impossible, mechanical twinning is very deleteri
ous, since twins are known to be effective as crack nuclei in bee metals (disc. Ref 6). 
We conclude, therefore, that in untempered martensites especially, twinning must be 
avoided if high toughness is to be achieved. This confirms earlier work of Das and 
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Thomas ( 10) on Ve-N'i-cH-c 1·~te~ls! 

These conclusions are well demonstrated in Fig. 2 where ~or· the 0·.17% carbon steels, 
although yield strength is not increased as Cr increases from 4-12% the toughness 
starts to drop as the twin density increases ( 8% Cr) • The property changes are more 
dramatic for the 0.35%C (Fig. 2) where for a 3-fold increase in Cr content, which 
causes a two-fold increase in twin density, the strengthof the as-quenched m~rtensites 
increases from 240 to 300 KSI while the toughness drops ~om 70 to 20 KSI-inl/~ It is 
also evident in Fig. 2 that an increase in yield strength does not necessarily lead to 
lower toughness in martensite. The as-quenched yield strength of alloy 0435 is 84 KSI 
higher than that ·Of alloy 1217, yet both have the same fracture to~hness. The in
creased carbon content of alloy 04.35 raises its yield strength over that of alloy 1217, · 
while the simultaneous reduction in chromium prevents a large increase in twinning and 
a drop in toughness. Hence, by adjusting carbon and alloying element contents in order 
to control the substructure, the strength of martensitic steels can be improved without 
suffering a loss of toughness. This suggests a simple thfee-step process for alloy 
steel design: 1) add that amount of carbon which will produce the desired strength; 2) 
add other alloying elements to produce the required hardenability.and whatever other 
properties are desired; 3) the total solute content must be restricted to avoid exten
sive twinning and thereby retain desired toughness (e.g. % C < 0.4 wt %). 

Development of an Economical, Tough Ultra Hi!h Strength Steel 

An important result of this research is further experimental evidence that as-quenched 
martensites are not necessarily brittle (e.g.none of the 0.1.7 %c martensites are brit
tle, as-quenched). While it has often been assumed that martensite must always be 
tempered after quenching to raise toughness to a usable leveJ.,'·so that the consequent 
reduction of strength on tempering is unavoidab],e, we emphasize that alloy 0435, with 
a plane strain fracture toughness of 70 KSI-inl/2 and yield strength of 240 KSI, qual
ifi-es as an ultra high strength, high toughness steel in the as-quenched condition. 
Its toughness is improved without a serious loss in strength when tempered at 200°C • 

. Zackay et al. (11) found similar high strength and toughness in as-quenched, autotem
pered, Fe-0.3C-5Mo martensite. Fig. 5 compares the ultimate tensile strength and 
fracture toughness of alloy 0435 with several commercial ultra high strength steels. 
It shows that this alloy matches or exceeds the properties of 18 Ni maraging steels. 
Notice also the high toughness of lower bainite obtainable in 0.45%C steels (10). It 
is also worth noting that alloy 0435 could undoubtedly be produced at a much lower 
cost than 18Ni maraging steel considering the high cost of nickel compared to chromium, 
the relative amounts of alloying elements in the two steels, and the much simpler heat 
treatment of alloy 0435. (i.e. austenitize and quench). Moreover, alloy 0435 has su
perior properties to those of the commercial steels 4340 and 300M, has equivalent 
hardenability (as confirmed by Jominy tests), and yet would still be cheaper than 4340 
to produce in large quantities. 

TABLE I 
Chemical Compositions of Alloys 

Alloy Com:12osition 2 wt. % (*) Ms Relative Fractions of 
Number c Cr Si 0 Temp., oc Twinned** Martensite 

0417 0.18 4.2 0.14 0.001 4o8 n 
0817 0.16 8.4 0.15 0.002 358 2.5n 
1217 0.17 12~0 0.15 0.002 286 5n 
0435 0.35 4.0 0.06 0.003 320 9n 
1235 0.34 12.2 0.10 0.002 182 17n 

* Determined after all heat treatments were finished. 
** Determined from large numbers of micrographs. Numbers represent the amount of 

twinning normalized to the average fraction in 0417. 
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Figure Captions 

Fig. 1. Transtnissionelectron micrographs of as-quenched dislocated 0435 (a) and 

twinned (b) 1235 martensites. 

Fig. 2. Mechanical properties vs twin density of as-quenched ~artensitic steels. 
) 

Fig. 3. Bright (a) and dark field (b) electron micrographs showing retained austenite 

at martensite lath boundaries in steel 0817. 

Fig. 4. Mechanical properties of as-quenched and tempered steels. Drop in toughness 

at 400°C is due to precipitation of interlath carbide films. Softening >400°C 

is due to dislocation recovery and carbide coarsening (a) 0.17%C (b) 0 .. 35%C. 

Fig. 5. Tensile strength and fracture toughness of steel 0435 compared to some commercial 

alloy steels {latter data from R. Ault, G. Waid and R. Bertolo Tech. Rep. 

AFML-TR-71-27). 
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