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Mixed structures of martensite and non-martensitic decomposition product (ductile second 
phase) can often be produced in commercial heat treatments of low-alloy steels. Such mixed 
structures can sometimes produce a detrimental effect on the mechanical properties of steels, 
but they can significantly improve strength, ductility and notch toughness if the ductile second 
phase appears in a suitable morphology (size, shape and distribution) in association with 
tempered martensite. Therefore, microstructures have recently been produced in a deliberate 
attempt to improve the mechanical properties of ultrahigh-strength low-alloy steels. In this 
review, an attempt has been made to present the effect of the morphology (shape, size and 
distribution) of the ductile second phase on improved mechanical properties of ultrahigh- 
strength low-alloy steels having mixed structures. This review first discusses the effect of the 
morphology of the second-phase bainite on mechanical properties of high-strength low-alloy 
steels with mixed structures of martensite and bainite, in which great improvement in the 
mechanical properties of the steel has been associated with the morphology of the bainite. 
Then, knowledge of the recent development of a steel having the mixed structures for low- 
temperature ultrahigh-strength applications is also reported. 

1. I n t r o d u c t i o n  
In recent years, the use of quenched and lightly tem- 
pered, ultrahigh-strength low-alloy steels, e.g. AISI 
4340 or BS En24, which can be employed successfully 
at yield strength levels of 1400 MPa or higher, has 
increased for critical structural applications in aircraft 
and aerospace vehicles. As a result, the steels used for 
this purpose require better mechanical properties at 
low ambient temperatures. However, the use of the 
steels has been limited by their poor ductility and 
notch toughness at these levels. Brittle fracture must 
be given serious consideration. This, therefore, re- 
quires a modification of the mechanical properties at 
these levels. So far, considerable research effort has 
been directed towards improving the mechanical 
properties of the ultrahigh-strength low-alloy steels by 
thermal treatments or compositional modifications 
[1-12]. Zackay et al. [1] have suggested that austenit- 
izing at high temperatures (HAT) over 1373 K instead 
of the conventional austenitizing temperature, 
1143-1173K, dramatically improved plane-strain 
fracture toughness, K~c, in the as-quenched state. 
Other investigations have also shown that this im- 
provement results in AISI 4340 steel and similar steels 
[2-12]. Unfortunately, a marked improvement in the 

Kic with the HAT process is often not parallel to a 
corresponding increase in Charpy V-notch impact 
energy and development of low-temperature improve- 
ment of the mechanical properties is not promising. 
Thomas and co-workers [10-12] have developed 
Fe-4Cr-C-based ultrahigh-strength steels. They have 
shown that Fe-4Cr~0.35C steel, compared with com- 
mercially quenched and tempered steels, has a better 
combination of strength and K~c at 1900-2100 MPa 
strength levels. In addition, they have shown that 
alloying of elemental nickel with Fe-4Cr-C base 
steel results in a K~c value of 140 MPam 1/2 at the 
1600 MPa strength level. Unfortunately, this effort has 
not resulted in any great improvement in the low- 
temperature mechanical properties. One of the effect- 
ive approaches to solve this problem has been the 
development of the mechanical properties by utilizing 
mixed structures of martensite and non-martensitic 
decomposition products (ductile second phase).. 

The mixed structure can often be produced in com- 
mercial heat treatments of low-alloy steels and some- 
times has a deterimental effect on the mechanical 
properties [13-18]. However, such a microstructure 
can produce significantly improved mechanical prop- 
erties if the ductile second phase appears in a suit- 
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able morphology (size, shape and distribution) in asso- 
ciation with matrix martensite [19-24]. Therefore, the 
microstructure can be produced in a deliberate at- 
tempt to improve the mechanical properties of the 
low-alloy steels [25-33]. 

Mixed structures of martensite and bainite have 
frequently been encountered in commercial practice 
and great improvement in mechanical properties has 
been associated with the morphology (size, shape and 
distribution) of the ductile second phase bainite. 
Therefore, it is essential for a better understanding of 
the effect of the morphology of the ductile second 
phase on improved mechanical properties to discuss 
the effect of the morphology of bainite on the mechan- 
ical properties. The review discusses this problem. 
This important knowledge has already led the present 
author to the development of low-temperature 
improvement of the mechanical properties of ultra- 
high-strength low-alloy steels. Thus, this review also 
describes the recent development of a steel having 
such mixed structures for low-temperature ultrahigh- 
strength applications. 

Fig. 2 and Table I show typical optical micrographs 
and microstructural parameters (as shown in Fig. 3) of 
steels having a mixed structure of martensite and 
bainite [24]. The results are summarized as follows. 

1. Lower bainite associated with martensite ap- 
pears in acicular form and partitions prior austenite 
grains of the matrix martensite. 

2. The average lower bainitic width, WLB, and 
length, LLB, had similar values independent of bainite 
volume fraction VB and the average martensitic size, 
SLM, partitioned by lower bainite decreased with an 
increase in VB. 

2. Mechanical  properties and 
morphology of second-phase 
bainite in steel w i th  a mixed 
martensite and bainite structure 

2.1. Microstructure 
Fig. 1 shows typical transmission electron micro- 
graphs of a fully bainitic structure transformed iso- 
thermally at 593 and 673 K for 0.4C-Cr-Mo-Ni steel 
(AISI 4340 or BS En24 grade) [24]. Transmission 
electron microscopy (TEM) revealed .that isothermal 
transformation at 593 K leads to the formation of 
lower bainite, which consists of ferrite plates in which 
internal fine carbide precipitates are oriented in one 
direction across the plates (Fig. la). TEM also re- 
vealed that isothermal transformation at 673 K, on 
the other hand, produces upper bainite which is made 
up of long laths of ferrite with carbide stringers lying 
along the length of the ferrite grains (Fig. lb). 

Figure 2 Optical micrographs of 0.4%C-Ni-Cr-Mo steel with a 
mixed structure of martensite and bainite [24]. (a) Lower bainite 
(25 vol %), (b) upper bainite (25 vol %). 

Figure 1 Transmission electron micrographs of 0.4%C-Ni-Cr Mo steel with fully bainitic structure, transformed isothermally at (a) 593 K 
and (b) 673 K [24]. 
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Figure 3 Schematic diagrams of bainitic and martensitic size in a 
mixed structure of martensite and bainite [24]. 

TAB L E I Microstructural parameters of mixed structure of mar- 
tensite and bainite [24] 

VB Lower bainitic size Upper bainitic size 
(%) 

H/LB LLB SLM SUB SUM 
(pro) (~m) (.m) (gm) (gin) 

10 1.1 9.1 5.5 2.9 6.7 
25 1.2 8.9 4.4 3,6 5.1 
50 1.4 8.5 2.8 5.0 4.4 
75 1.7 8.3 2.4 7,3 3.4 
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Figure 5 Effect of volume fraction of lower bainite on strength of 
0.4%C-Ni-Cr-Mo steel [24]. ( - - )  c%. 2 and ( - - - )  % tempered at 
(�9 473 K, (@) 673 K and (~) 873 K. 

3. Upper  bainite associated with martensite ap- 
pears as masses and fills prior austenite grains of 
matrix martensite. 

4. The average upper bainitic size SUB, increased 
with an increase in V~ and the average martensitic 
size, Suu, decreased with increasing VB. Furthermore, 
TEM revealed that both lower and upper bainite 
cause a refinement of lath width as well as packet size, 
where the packet is defined as a group of parallel laths, 
as compared with those obtained for single-phase 
martensite (Fig. 4) [24]. However, TEM revealed that 
the bainitic structure in the mixed structure is some- 
what similar to that of a single-phase bainite, as seen 
from comparison of Figs 1 and 4. 

2.2. Mechanical properties 
When the above two types of bainite were associated 
with tempered martensite of 0 . 4 C - N i - C r - M o  steel, 
they showed significantly differing response to 
strength, fracture ductility and notch toughness. The 
results a r e s h o w n  in Figs 5-7 [24]. When lower 

bainite appeared in tempered martensite at 473 K, 
both the 0.2% proof  stress, c%. 2 and the ultimate 
tensile strength cYu, increased steadily with lower bain- 
ite and attained maximum values at 25 vol % lower 
bainite and subsequently, they gradually decreased to 
strength levels corresponding to single-phase lower 
bainite with a further increase in the volume fraction 
of bainite, VB (Fig. 5). This trend was found in 
tempering at 673 and 873 K, while the significant peak 
in strength at 25 vol % disappeared. Fracture ductil- 
ity, q ,  dropped somewhat to 25 vol % lower bainite 
but increased steadily with a further increase in V B 
(Fig. 7). When upper bainite was associated with 
martensite tempered at 473 K, CYo.z decreased remark- 
ably and Cyu decreased steadily with an increase in VB 
(Fig. 6). This caused a significant decrease in fracture 
ductility (Fig. 7). 

Similar trends were also found even when the differ- 
ence in strength between martensite and upper bainite 
was drastically reduced at higher tempering condi- 
tions (673 and 873 K). When lower bainite was associ- 
ated with tempered martensite at 473 K, the notched 

Figure 4 Transmission electron micrographs of 0.4%C-Ni-Cr-Mo steel with a fully martensitic structure and a mixed structure ofmartensite 
and bainite. (a) Fully martensitic structure, (b) mixed structure of martensite and lower bainite, (c) mixed structure of martensite and upper 
bainite [243. 
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Figure 6 Effect of volume fraction of upper bainite on strength of 
0.4%C Ni-Cr-Mo steel 1-24]. ( - - )  %.2 and ( - - )  % tempered at 
(�9 473 K, (O) 673 K and (~)  873 K. 
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Figure 8 Effect of volume fraction of bainite on fracture appearance 
transition temperature (FATT) of 0.4%C-Ni-Cr-Mo steel tem- 
pered at 473 K [24]. (~) Fully martensitic, (�9 mixed martensitic 
and lower bainite, (O) mixed martensitic and upper bainite. 
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Figure ? Effect of volume fraction of bainite on fracture ductility, ef, 
and true notched tensile strength (TNTS) of 0.4%C Ni-Cr-Mo 
steel tempered at 473 K [24]. (()) Fully martensitic, 
((2)) mixed martensitic and lower bainite, (O) mixed martensitic and 
upper bainite. 

tensile strength (TNTS) dramatically improved inde- 
pendent of VB (Fig. 7). However, the presence of upper 
bainite caused significant damage to TNTS regardless 
of VB when it appeared in tempered martensite at 
473 K (Fig. 7). 

Fig. 8 shows the effect of the volume fraction of 
bainite on fracture appearance transition temperature 
(FATT) in the Charpy impact test [24]. It is readily 
seen from these figures that lower bainite associated 
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Figure 9 Effect of volume fraction of bainite on (�9 []) c%, (Q, I )  
~o.2 and (A, A) ef of 0.4%C-Ni-Cr-Mo steel processed by inter- 
rupted quenching treatment, tempered at 873 K [24]. (~ ,  Ell, z~) 
fully martensitic, (V, O, A) mixed martensitic and lower bainite, 
(D, I ,  A) mixed martensitic and upper bainite. 

with tempered martensite at 473 K lowered FATT in 
the tempered martensite at 473 K and slightly de- 
veloped it in the martensite tempered at 873 K, inde- 
pendent of VB. However, the presence of upper bainite 
resulted in a remarkably elevated FATT. This was 
independent of VB and tempering conditions. 

The above results strongly suggest that mechanical 
properties of steels having a mixed structure of mar- 
tensite and bainite are affected more strongly by the 
morphology (size, shape and distribution) of bainite. 
However, it is still impossible for the experimental 
results cited above to isolate the effect of such signific- 



ant variables as two types of bainite and the morpho- 
logy (size, shape and distribution of bainite). 

The interrupted quenching followed by austem- 
pering [34] should provide a means for isolating this 
effect. By a partial transformation to martensite by 
quenching at a temperature below the M s temperature 
followed by isothermal transformation at 593 or 
673 K for a long period of time (IQAT), it becomes 
possible to produce a mixed structure of martensite 
and bainite having the same size, shape and distribu- 
tion of bainite. Fig. 9 shows the effect of the bainite 
volume fraction on the strength and ductility of steels 
processed by the IQAT [24]. 

The following observations are made from the res- 
ults: (1) a similar trend is found between the VB and 
00. 2 and o~, independent of VB, (2) a similarity be- 
tween VB and gf in both mixed structures is quite 
marked. From the above results, the morphology (size, 
shape and distribution) within martensite is concluded 
to be the primary factor controlling the mechanical 
properties of a mixed structure of martensite and 
bainite. 

2.3. Effect of morphology of bainite 
on strength 

Ultimate tensile strength, Ou, has little physical mean- 
ing because it is related to the balance between the 
work hardening during plastic deformation and the 
geometry of the tensile specimen. Therefore, discus- 
sion will be focused on the effect of the morphology of 
bainite on 0.2% proof stress, 0o.2. Because the behavi- 
our of the mixed structure may be attributed to the 
properties of the individual phases, it is helpful to 
attempt to estimate the strength of the aggregate from 
the strength of the microconstituents. The law of 
mixtures assumes that 0.~)~ (of the mixed structure) 
should vary 

O0.2mix = (3.~1.2 (1 - -  VB) + O'OB.2VB (1)  

where o~. 2 is the 0.2% proof stress of fully martensitic 
steel, and OoB2 is the 0.2% proof stress of fully bainitic 
steels. However, Equation 1 does not consider the 
effect of the refinement of martensitic substructure by 
bainite, as seen in the above microstructures. There- 
fore, the modified law of mixtures [24, 25], which 
better explains the interaction of martensite (that has 
been refined by bainite) with bainites, has been applied 
to estimate the O0.2m~x of steel having the present mixed 
structure. 

The outline of the modified law of mixtures is 
described by Equation 2 

mix = ( 0  i _]_ kSM1/2)( 1 - -  VB ) _[_ o .B.2vB (2) 00.2 

This equation is based on the following two assump- 
tions. 

1. In the mixed structure, the average martensitic 
size, SM, partitioned by the bainite plates decreases as 
VB increases. This, in turn, causes a refinement of the 
substructure, i.e. lath width and packet size, in 
the matrix martensite that contributes greatly to im- 
provement in OOM.2 [35-39]. It therefore accounts 
for the strengthening of the matrix according to the 

Hall-Petch relation: 

0~. 2 = 0 i + kSM 1/2 (3) 

where % is the friction stress and k is a constant. The k 
and c h are approximated by the slope and intercept 
with d7-1/2 = 0 in the Hall-Petch relation between 
0o. 2 and the reciprocal of square root of the prior 
austenite grain size (dr-1/2) for various austenitizing 
conditions of the same steel. 

2. The 0.o.2 of the bainite in the mixed structure, 
OUo.2, is approximated to a fully bainitic steel because 
the substructure of the bainite, as seen from the above 
microstructure, is somewhat similar to that of fully 
bainitic structure. Equation 2 can also be rewritten in 
convenient form 

mix = 1/2 1/2 
0 0 .  2 Oi -{- k S  M - -  (O i -~- k S  M - -  0 .~ .2 )VB 

(4) 

If enhanced strengthening of bainite results from 
much higher plastic restraining by the matrix mar- 
tensite in the early stage of the deformation [40-42], 
and consequently, if the value of o~.2 apparently 
reaches that of O~o.2, then 00.2m~x will be expressed as 

mix 0"0. 2 ---- 0 i + kSM 1/2 (5)  

Figs 10 and 11 show a comparison between experi- 
mental data from Figs 5 and 6 and the dotted lines 
calculated from Equations 4 and 5 [24]. When lower 
bainite is associated with martensite tempered at 
473 K, the experimental data agree with Equation 5 
remarkably well up to 25 vol %. Beyond that percent- 
age, they obey Equation 4. When the difference in 
0.2% proof stress becomes small because of higher 
tempering temperatures (673 and 873 K), the data 
were found experimentally to exhibit much better 
agreement with Equation 4 independent of VB. When 
upper bainite is associated with martensite tempered 
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Figure 10 Comparison of experimental values of 0.2% proof stress, 
%.2, in a mixed structure of martensite and lower bainite, tempered 
at (O) 473 K, (O) 673 K, or (~) 873 K, using the calculated law of 
mixtures [24]. 
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Figure 11 Comparison of experimental values of Oo. 2 in a mixed 
structure of martensite and upper bainite tempered at (�9 473 K, 
(O) 673 K or (~) 873 K, using the calculated law of mixtures (after 
[24] ). 

from 473-873 K, the experimental results deviate 
negatively from the line calculated using Equation 4 
independent of VB. These trends are quite prominent 
as bainitic size, SUB, increases with VB and the 
tempering temperature is lowered. 

From the above results, the effect of the morpho- 
logy of bainite on the strength of steel having mixed 
structures of martensite and bainite is attributed to the 
following fact [24]. When, as in lower bainite, the 
ductile second phase appears in acicular form and 
partitions the prior austenite grains in the matrix 
martensite, the strength of the mixed structure can be 
improved. This is a result of an increase in strength 
due to the refinement of the matrix martensitic sub- 
structure by the second phase. In addition, increased 
strength of the second phase by the matrix martensite 
results from much higher plastic restraining of the 
bainite by the martensite. On the other hand, when, as 
in upper bainite, the ductile second phase appears as 
masses and fills the prior austenite grains of the matrix 
martensite, the strength of the mixed structure is 
impaired. This is because a significant non-uniform 

strain between the two phases occurs during earlier 
plastic deformation. 

2.4. Effect of morpho logy of bainite on 
duct i l i ty  and notch toughness 

Fig. 12 shows an example of microcrack initiation and 
propagation during tensile loading [24, 25]. For steel 
having a mixed structure of martensite and lower 
bainite, microcracks being initiated at one lower bain- 
ite area are seen to be stopped by another lower 
bainite area (Fig. 12a). For  steel having a mixed 
structure of martensite and upper bainite, microcracks 
formed by brittle fracturing in the upper bainite are 
propagated extensively toward martensite. The origin 
of cracking was in the vicinity of the two-phase inter- 
faces. This was found behind the main fracture surface 
(Fig. 12b) or observed in close relationship between 
the microstructure and fracture appearance af ter  
tensile testing (Fig. 12c). 

Such fracture appearances were also found on 
notched specimens broken under tensile loading or 
Charpy impact loading. In order to elucidate the 
reason why such a difference in fracture mode is 
caused, stress strain diagrams of both mixed structures 
were analysed experimentally using a modified C - J  
equation (Equation 6) [43 45] which is considered 
most suitable for analysis of the stress-strain diagrams 
of high-strength steels having mixed structure [46] 

~P = %0 + cc~m (6) 

where ap is the true plastic strain, m is the exponent of 
work hardening and c is a constant. %o is given 

%0 - C(•o)" (7) 

where Go is the proportional limit, epo represents the 
prestrain only if o o is the proportional limit and if 
cy o is zero, and aPO is zero. Furthermore, Equation 6 
leads to 

In(do/d%) = (1 - m)lnc~ - ln(cm) (8) 

The slope of the ln(dc~/dea) versus lno curve is equal 
to (1 - m), where the m exponent is simply related to 
the n parameter of the Hollomon analysis, i.e. m = l/n, 
when the stress axis intercept, cy0, is small enough to 
ignore. 

Fig. 13 shows typical examples of the data plotted 

Figure 12 Scanning electron micrographs of fracture behaviour after smooth tensile tests of 0.-4%C-Ni-Cr-Mo steel. (a) Mixed structure of 
martensite and lower bainite, (b, c) mixed structure of martensite and upper bainite (after [-24, 25]). 
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Figure 13 Relationship between ln(d~/d~p) and lncr in 0.4%C- 
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bainite, (--A--) 50 vol % upper bainite. 

as ln(dcy/d~p) versus lncy [24]. When lower bainite is 
associated with tempered martensite, the stress-strain 
curves conform well to a single relation independent of 
the volume fraction of V B. The relationship shows the 
two-stage stress-strain curves independent of V8 when 
upper bainite is associated with tempered martensite. 
A single-stage stress-strain curve observed in steel 
having a mixed structure of martensite and lower 
bainite implies that uniform deformation takes place 
during plastic deformation. The two-stage stress- 
strain curves found in steel having a mixed structure of 
upper bainite and martensite mean that non-uniform 
strain occurs during plastic deformation. Stage one 
represents preferential deformation of upper bainite 
prior to martensite and stage two shows an associated 
deformation of the two phases. This suggests that 
a high local internal stress, which is caused by a 
difference in deformation between the two phases, is 
initiated in the vicinity of the interface between mar- 
tensite and upper bainite during plastic deformation. 

On the assumption that a high local internal stress 
may be associated with the fracture ductility, ~f, of the 
mixed structure of martensite and upper bainite, ~f 
was plotted against the ratio of the non-uniformity 
(m2/ml)  as shown in Fig. 14, where m 1 and m 2 are, 
respectively, the exponent of work hardening of stages 
one and two [24]. It is readily seen from this figure 
that ~f decreases as (m2/ml)  increases. Therefore, 
ductility decreases as the local internal stress, which is 
initiated in the vicinity of two-phase interface by a 
non-uniform strain between the two phases, increases. 

From these facts, along with the fracture profile 
evidence, the effect of the morphology of bainite on 
fracture ductility and notch toughness of the steel 
having a mixed structure of martensite and bainite is 
attributed to the following fact [24]. When upper 
bainite is associated with tempered martensite, micro- 
cracks are formed by brittle fracturing in the upper 
bainite area. This is due to a much higher stress 
concentration initiated in the vicinity of the two-phase 
interface as a result of a non-uniform strain between 
the two phases and subsequently, these microcracks 
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Figure 14 Relationship between sf and ratio of  non-uni formi ty  

(ml/m2), where  m 1 a n d  rn2, respect ively,  a re  the e x p o n e n t s  of  w o r k  

hardening of stages one and two (after [24]). Tempering tem- 
perature 473 K. Upper bainite: (O) 10 vol %, (O) 25 vol %, ((lt) 
50 vol %, (ID) 75 vol %. 

are propagated extensively towards the matrix mar- 
tensite. The effect of upper bainite on TNTS and FATT 
will be explained by a similar fracture mechanism. 
From the above results, when, as in lower bainite, the 
ductile second phase appears in acicular form and 
partitions prior austenite grains, it has a beneficial 
effect on ductility and notch toughness. This is at- 
tributed to the fact that lower bainite can make full use 
of its better properties (crack arresting and stress-relief 
effects [47, 48] ), because the bainite deforms in associ- 
ation with the martensite as a result of plastic restrain- 
ing by the martensite and thus the excessive load is not 
applied to the bainite during the plastic deformation. 
The detrimental effect of the ductile second phase, 
which appears as masses and fills prior austenite 
grains as in upper bainite, on ductility and notch 
toughness results from the fact that upper bainite is 
fractured earlier during plastic deformation. This can 
be attributed to the fact that a significant excessive 
load is applied to the bainite during plastic deforma- 
tion, because a much higher stress concentration is 
initiated in the vicinity of the two-phase interface as a 
result of the non-uniform strain between the two 
phases occurring during plastic deformation. In this 
case, brittle fracture is considered to be produced by 
release of stored elastic strain energy when the micro- 
cracks propagate towards martensite [49, 50]. 

3. D e v e l o p m e n t  o f  s tee l  w i t h  a m i x e d  
s t r u c t u r e  f o r  l o w - t e m p e r a t u r e  
u l t r a h i g h - s t r e n g t h  a p p l i c a t i o n s  

The critical current requirement is to develop ultra- 
high-strength low-alloy steels for low-temperature 
structural applications in aircraft and aerospace 
vehicles. However, conventionally heat-treated ultra- 
high-strength low-alloy steels do not necessarily meet 
this need in these severe levels. To solve this problem, 
two modified heat treatments which effectively utilize 
better properties of the ductile second phase, have 
been suggested. The modified heat treatments can 
improve the low-temperature mechanical properties 
of 4340 and similar steels. One is a short-time iso- 
thermal transformation treatment (STITT) [25, 26, 
28-32]: isothermal transformation at 593 K for a 
short time followed by an oil or water quench and 
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subsequently 473 K tempering (after conventional 
1133 K austenitization). The other is an interrupted 
quenching treatment (IQT) [27, 33] (the treatment is 
also called an up-quenching treatment [33]): inter- 
rupted quenching at 573 K just below the martensite 
transformation temperature followed by tempering for 
a short time at 673 K before oil quenching and sub- 
sequent 473 K tempering (after conventional 1133 K 
austenitization). 

3.1. Shor t - t ime isothermal t ransformat ion 
treatment (STITT) 

Steel processed by STITT consists of a mixed struc- 
ture of martensite and 10-25 vol % lower bainite, 
which appears in acicular form and partitions prior 
austenite grains. The low-temperature mechanical 
properties of 4340 steel obtained by STITT (STITT 
steel) are summarized in Tables II and III [29]. In 
these tables, comparison is made of results obtained 
by conventional heat-treated steel ( C H T  steel), steel 
processed by high austenitizing treatments at 1473 K 
(1473 K-HAT steel) and austempered steel at 593 K 
(593 K-AT steel). It is readily seen that STITT steel, 
compared with the CHT and 593K-AT steels, showed 
dramatically improved ductility, plane-strain fracture 
toughness, K~c, and Charpy impact energy, owing to 
significantly increased strength at low ambient tem- 
peratures. It is also seen that STITT steel, compared 
to 1473 K-HAT steel, showed significantly improved 
strength, ductility and Charpy impact energy at these 
levels, while there is little difference between the K~c of 
both steels. 

Such a procedure also proved to be effective for 
AISI 4140 grade ultrahigh-strength steel which is 
economical because it lacks the expensive nickel com- 
ponent [26]. Furthermore, it has been demonstrated 
that the STITT process is attractive for ultrahigh- 
strength applications of high-carbon low-alloy steel 
such as 0 .6C-Ni-Cr-Mo steel [31]. Particularly note- 
worthy is the fact that the incorporation of the inter- 
mediate four cyclic 7 ~ '  repetitive heat-treatment 

steps (after initial austenitization at 1133 K and oil 
quenching) into the STITT process (modified heat 
treatment, MHT), compared with the conventional 
heat treatment (CHT), improves the strength and 
Charpy impact energy of the steel, owing to signific- 
antly increased strength up to 123 K (Figs 15 and 16) 
[28]. The M H T  steel, as compared with the STITT 
steel, significantly increased strength at similar notch 
toughness. Furthermore, combining the hot-rolling 
reduction treatment with STITT (HRRT-STITT 
steel), compared with 1473 K-HAT, improved 
strength and CVN impact energy at similar K~c levels 
independent of testing orientation. This treatment, 

2300 
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Figure 15 Effect of temperature on strength of 0.4%~Ni-Cr-Mo 
steel treated by modified heat treatment tempered at 473 K (after 
[28]). (O, A, II) e,, (O, A, [~) %.2 for (Q, O) MHT steel, (11, El) 
STITT steel, (A, A) CHT steel. 

TABLE II Room-temperature(293 K)mechanica•pr•perties•fvari•usheat-treatedstee•(eachva•ueisanaverage•fthreemeasurements) 
(after [29] ) 

Designation 0.2% PS UTS, Uniform elongation, Charpy impact K~c 
of steel o0. 2 (MPa) cr u (MPa) eu (%) energy (J) (MPa m 1/2) 

STITT steel 1490.0 1906.7 11.1 22.8 78.4 
CHT steel 1406.7 1873.3 8.6 18.3 54.4 
1473 K-HAT steel 914.3 1353.3 7.1 15.1 83.1 
593 K-AT steel 1278.3 1570.0 4.0 21.4 51.2 

TABLE III Low-temperature (193 K) mechanical properties of various heat-treated steel (each value is an average of three measurements) 
(after [29] ) 

Designation 0.2% PS UTS, Uniform elongation, Charpy impact Kic 
of steel Co. 2 (MPa) or. (MPa) e. (%) energy (J) (MPa m w2) 

STITT steel 1586.7 1971.7 4.9 15.6 71.0 
CHT steel 1523.3 1886.7 4.0 11.6 48.2 
1473 K-HAT steel 1326.7 1643.3 2.8 10.5 73.4 
593 K-AT steel 1314.3 1613.3 2.4 13.6 50.9 
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Figure 16 Effect of temperature on NTS and Charpy impact energy 
of 0.4%C-Ni-Cr-Mo steel by modified heat treatment'(MHT), 
tempered at 473 K [28]. (- [ ] - - )  STITT steel, ( - -O- - )  MHT 
steel, ( - - - ~ - - - )  CHT steel. 
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Figure 17 Effect of various heat treatments on Oo 2 Kxc and Charpy 
impact energy of 0.4%C-Ni-Cr-Mo steel tempered at 473 K [32]. 

compared with controlled rolling technique (CRT), 
significantly improved mechanical isotropy (Fig. 17) 
[32]. 

The above effectiveness of the mixed structure in 

improving the mechanical properties is attributed to 
the fact that lower bainite which appears in acicular 
form and partitions prior austenite grains, effectively 
causes a refinement of the martensitic substructure 
(i.e. lath width and packet size). This leads to increased 
strength and the lower bainite provides a significantly 
increased resistance to brittle fracture by stress- 
relief and crack-arresting effects in low-temperature 
environments [25, 29]. 

3.2. In ter rupted q u e n c h i n g  t reatment  ( IQT)  
(or u p - q u e n c h i n g  t reatment)  

As noted above, the role of the ductile second phase in 
improving lower temperature mechanical properties 
has been found to involve a refinement of the mar- 
tensitic substructure and increased resistance to low- 
temperature brittle fracture. Thus, it follows that other 
ductile second phases should have a similar beneficial 
effect, provided they appear in acicular form and refine 
the substructure of the matrix martensite, resulting in 
a higher resistance to cracking in lower temperature 
environments. The alternative ductile second phase to 
consider is highly tempered martensite. The IQT pro- 
cess has been suggested on the basis of such an idea. 
The IQT process has the great advantage that it 
can be applied to larger sections than the above- 
mentioned STITT process. 

Figs 18 and 19 show the effect of temperature on the 
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Figure 18 Effect of temperature on (a) strength and (b) cf of 0.4% 
C-Ni-Cr-Mo steel processed by IQT, tempered at 473 K [-27]. (a) 
( I ,  � 9  O) ~ ,  (C], A, O) o0. 2. (a, b) ( - - O - - ,  - - O - - )  IQT steel, 
( - - - C ] - - - ,  - - - I B - - - )  y ~ = '  RHT plus IQT steel, ( - - A - - ,  

- �9 - - )  CHT steel. 
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will contribute to providing new suggestions for fur- 
ther development of new materials in the future. How- 
ever, this review has dealt only with the mixed 
structure that can be produced in commercial heat 
treatments. Therefore, there is still the likelihood of 
developing new materials with superior mechanical 
properties in severe environments by deliberate con- 
trol of the ductile second phase. For example, if one 
can successfully control the ductile second phase so 
that the mixed structure may provide high resistance 
to hydrogen embrittlement, it will be possible to ex- 
ploit the new materials with increased resistance to 
stress corrosion cracking at ultrahigh-strength levels. 
Indeed, this can be attained through powder metal- 
lurgy. The new process is currently in progress. How- 
ever, further fundamental studies will be required 
using different materials before epochal materials can 
be exploited. 

Figure 19 Effect of temperature on NTS of 0.4%C-Ni-Cr-Mo steel 
processed by IQT, tempered at 473 K 1-27]. ( - - - - - )  7-~ ~' RHT 
plus IQT steels, ( - - )  IQT steel, ( - - - )  CHT steel. 

mechanical properties of steel similar to 4340 pro- 
cessed by IQT and IQT coupled with four cyclic 
7 ~ '  repetitive heat treatments ( 7 ~ '  RHT plus 
IQT) [27]. As seen from these figures, the IQT, com- 
pared to the CHT, produces improved low-temper- 
ature notched tensile strength (NTS) and fracture 
ductility of the steel at a similar strength level. Fur- 
thermore, the y ~ ~' RHT plus IQT steel, compared 
with the CHT steel, significantly improved low-tem- 
perature NTS with significantly increased strength 
level, owing to similar fracture ductility. The improved 
low-temperature mechanical properties, as discussed 
above, can be attributed to the fact that the ductile 
second phase, highly tempered martensite, causes a 
refinement of the martensitic substructure and the 
highly tempered martensite provides increased resist- 
ance to brittle fracture at low ambient temperatures 
[27, 233. 

4. C o n c l u s i o n s  
The mixed structure of martensite and non-martens- 
itic decomposition product (ductile second phase), 
which appears in commercial heat treatments, some- 
times has a detrimental effect on the mechanical prop- 
erties of heat-treated low alloy steels. However, such a 
mixed structure can often produce significantly im- 
proved mechanical properties if the ductile second 
phase appears in a suitable morphology (size, shape 
and distribution) in association with tempered mar- 
tensite. In this review, an attempt has been made to 
present the importance of the morphology of the 
ductile second phase on improved mechanical proper- 
ties of ultrahigh-strength low-alloy steel having a 
mixed structure and to show that this knowledge is 
already leading to the development of a steel with 
a mixed structure for low-temperature ultrahigh- 
strength applications. It is believed that this review 
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