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Bainite Structures in 0.2C-3.6Ni Steel

A. Joarder* and D. S. Sarma*®

The microstructures of a 0.2C-3.6Ni steel are studied after isothermal transformation over a temperature range of
600-400°C after different times up to 10 ks at each temperature. It was observed that the transformation at 600°C and
500°C for short durations has led to the formation of Widmanstéatten ferrite-martensite structures (the later formed as a
result of transformation during cooling of untransformed austenite) which on further holding led to the formation of
cementite allotriomorphs at ferrite grain boundaries (at 600°C) or bainite (at 500°C) structures. This reveals that the fer-
rite-martensite structures, referred to as BI type of bainite proposed by earlier investigators is not bainitic in nature.
Transformation at 450°C resulted in mixed structures of upper bainite and lath-type lower bainite while lath type lower
bainite only formed at 400°C. It was found that nickel has strong stabilising effect on retaining austenite films at the lath
boundaries of martensite as compared with manganese or molybdenum.

(Received February 16, 1991)

Keywords: bainite, microstructure, isothermal transformation, austenite

I. Introduction

Ever since Davenport and Bain® reported the forma-
tion of bainite in their pioneering work on isothermal
transformation of a eutectoid steel, there have not only
been several research investigations confirming the forma-
tion of bainite, a non-lamellar aggregate of ferrite and
cementite formed during austenite transformation at tem-
peratures just below that of pearlite reaction, but several
authoritative review papers® have also since been
published. Although the bainitic transformation is con-
sidered to follow its own kinetics with a B, temperature
(below which only the bainitic reaction takes place) and
is also seen from the viewpoint of shear (based on the
observation of surface upheavals), there has been con-
siderable controversy in the understanding of bainitic
transformation mechanisms based on these criteria®. Ac-
cordingly, the microstructural definition of bainite seems
to be universally accepted. While two distinct mor-
phologies of bainite viz., upper bainite (with carbides
along the lath boundaries of ferrite) and lower bainite
(with carbide precipitation within ferrite at a sharp angle
to the plate boundary) are formed in a wide variety of
plain carbon and low alloy steels, other morphological
forms like nodular bainite®? and inverse bainite®¥!¥
are reported in high carbon steels. In the case of low car-
bon low alloy steels, Ohmori et al."? reported BI, BII
and BIII type bainites comprising respectively of carbide-
free bainite, typical upper bainite and lath-type lower
bainite. There have been other investigations to report
carbide-free bainite. For instance, Kang et al."® termed
such bainite in low alloy steels as meta-bainite. Bramfitt
and Speer!” have recently given yet another classification
of bainite morphologies, B;, B, and B; which respectively
contain intralath carbides, interlath carbides and discrete
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regions of retained austenite or martensite in acicular fer-
rite. There has also been some controversy as to whether
upper and lower bainites form in two distinctly separate
temperature regions or whether both can form at the
same temperature!'®19,

The present investigation has been taken up to
specifically understand the nature of carbide-free bainite
in low carbon low alloy steels and also to know the tem-
perature range of formation of upper and lower bainites
in such steels. The results obtained on a 0.2C-3.6Ni steel
are presented in this paper while those on Mn and Mo
steels will be discussed elsewhere®”.

II. Experimental Procedure

The chemical composition of the steel used in the
present investigation is given in Table 1. The steel ingot
of about 10 kg was hot forged to 20 mm thick plate and
3 mm thick sheets cut from this forged plate were cold
rolled to 1 mm thickness. Samples from this sheet were
austenitised at 1050°C for 30 min in a salt bath contain-
ing 90% barium chloride and 10% sodium chloride. The
samples were rapidly transferred after a sustenitising to
another salt bath furnace containing sodium nitrate and
potassium nitrate for isothermal reaction and were water
quenched immediately after the required time of iso-
thermal reaction. Thin foils for transmission electron
microscopy were prepared by window technique using an
electrolyte containing 90% glacial acetic acid and 10%
perchloric acid. Thin foils were examined in. a JEOL 200
CX transmission electron microscope using an operating
voltage of 160 or 200 kV.

Table 1 Chemical composition (mass%) of the steel investigated.
C Mn Si S P Ni
0.20 0.48 0.325 0.024 0.020 3.65
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III. Results

1. Transformation at 600°C

Figure 1 is a transmission electron micrograph (TEM)
showing Widmanstétten ferrite and martensite (dark
area) in the steel after isothermal holding for 100 s at
600°C. The martensite area at higher magnification and
its dark field from (011) twinning reflection are shown in
Fig. 2(a) and (b) respectively. The selected area diffrac-
tion pattern (SAD) showing both matrix and twin reflec-
tions and its schematic representation are displayed in
Fig. 2(c) and (d) respectively. It has been observed in
some other areas of the foil that the transformation pro-
duct is polygonal ferrite and cementite along the grain
boundaries, Fig. 3(a). The SAD shown in Fig. 3(b) and
its schematic representation in Fig. 3(c) identify the grain
boundary carbide to be cementite. Increasing the isother-
mal transformation time to 10 ks has not initiated the
pearlite transformation and the TEMs obtained were
similar to that of Fig. 3(a).

2. Transformation at 500°C

Figure 4(a) reveals ferrite and martensite (formed from

Fig. 1 TEM of the steel isothermally transformed at 600°C for 100 s
showing Widmanstédtten ferrite (white area) and martensite (dark
area).

untransformed austenite) for 100 s isothermal holding at
500°C while Fig. 4(b) is a TEM from another area of the
foil revealing pearlite. This pearlite morphology is not
strictly lamellar and may arise as a transition between
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Fig. 2 Same treatment as in Fig. 1. (a) BF (b) DF taken from twinning reflection, (¢) SAD, (d) its schematic represention.
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Fig. 3 TEMs for 600°C, 100 s (a) shows cementite along the grain boundaries (b) SAD from grain boundary cementite,
(c) its schematic representation.

Fig. 4 TEMs of the steel isothermally transformed at 500°C for 10 s revealing (a) ferrite and martensite (b) pearlite.
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Fig. 5 TEM of steel transformed at 500°C for 10 ks revealing discrete
cementite precipitates.

pearlite and upper bainite. This plate type precipitate has
been identified by SAD to be cementite. Figure 5 is a
TEM for 1 ks isothermal hoiding and reveals discrete
cementite precipitation in ferrite. A low magnification
TEM for 10 ks isothermal holding is shown in Fig. 6(a)
revealing typical upper bainite morphology. Figure 6(b)
and (c) are bright field micrograph (BF) and dark field
micrograph (DF) revealing carbide precipitates along the

lath boundaries. The SAD from this area and its
schematic representation shown in Fig. 7(a) and (b)
respectively, permits to identify these lath boundary
carbides as cementite.

3. Transformation at 450°C

The TEMs of the steel after isothermal transformation
at 450°C for 2 s have revealed the presence of martensite
laths with retained austenite along the lath boundaries as
shown in BF and DF of Fig. 8(a) and (b) respectively.
Figure 8(c) is the corresponding SAD and Fig. 8(d) its
schematic representation, identifying the lath boundary
films as austenite. The following orientation relationship
(OR) is observed between austenite (p) and ferrite («):

a1y, 7/ (101,
(010), 5°with (011),
(111), 5°with (110),

This OR follows that of Kurdjumov-Sachs®.

The TEMs of the steel transformed at 450°C for 10s
are shown in Fig. 9. Figure 9(a) and (b) clearly reveal
both lath and plate morphologies of bainite. Cementite is
observed both along the lath boundaries and on planes
sharply inclined to the lath or plate boundaries, Fig. 9(b).
The dark massive areas shown in these figures are mar-
tensite formed from untransformed austenite. Figure 10

Fig. 6 TEMs of steel transformed as in Fig. 5(a) revealing upper
bainite (b) BF (c) DF from carbide reflection.
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Fig. 8 TEMs of the steel isothermally transformed at 450°C for 2 s (a) BF, (b) DF, (c) SAD, (d) its schematic representation.
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Fig. 9 TEMs of the steel isothermally transformed at 450°C for 10s (a) and (b) revealing lath and plate morphologies of

bainite.

(a) is a TEM of the steel isothermally transformed at 450
°C for 100 s revealing carbide precipitates along the lath
boundaries. The corresponding SAD shown in Fig. 10(b)
and its schematic representation in Fig. 10(c) identifies
this carbide to be cementite. Cementite has the follow-
ing orientation relationship (OR) with ferrite:

(100). / (011),
(121). /7 (101).
021). 7 (211),

/
® Ferrite

X Cementite

/

/
»

The OR follows that of Bagaryaskii®®.

The transformation products observed after 1ks
isothermal holding are similar to those of 100 s. Figure
11(a) is a TEM revealing coarse cementite precipitates
along the lath boundaries of ferrite in upper bainite.
Figure 11(b) is a TEM revealing the structure after 10 ks
at 450°C giving typical upper bainitic type structure.

4. Transformation at 400°C
The transformation of austenite has started when the

Fig. 10 TEMs of steel transformed at 450°C for 100 s (a) showing
typical upper bainite (b) SAD, (c) its schematic representation.



Bainite Structures in 0.2C-3.6Ni Steel 711

Fig. 11 TEMs of the steel isothermally transformed at 450°C for 1 ks
(a) and (b) revealing upper bainite.

isothermal holding time is about 10 s. Figure 12 clearly
reveals bainite structure and martensite (dark area)
formed from untransformed austenite. Other areas of
the foil exhibited martensite laths with retained austenite
along the lath boundaries as demonstrated in Fig. 13(a)
and (b), BF and DF respectively. The corresponding
SAD and its schematic representation in Fig. 13(c) and
(d) permits to identify these lath boundary films as
austenite. Ferrite follows an OR with austenite as given
below:

o), /
(101),,
(110),

(111),
5° with  (100),
7° with (111),

This OR follows that of Kurdjumov-Sachs®".

Figure 14(a) is a TEM of steel isothermally transform-
ed at 400°C for 1 ks showing bainite laths and cementite
precipitation within the laths. Some other areas of the
foil display plate type lower bainite with cementite at a
sharp angle to the interface as shown in Fig. 14(b) and (c),
BF and DF respectively.

Fig. 12 TEM of the steel isothermally transformed at 400°C for 10 s
revealing lath type bainite and martensite (dark area).

IV. Discussion

The results of the present investigation on the isother-
mal transformation products of austenite in the 0.2%C-
3.6%Ni steel over the temperature range of 400-600°C
are summarised in Table 2.

The initial decomposition product of austenite at
600°C is Widmanstéatten ferrite, Figs. 1, 2 and 4(a) (as
the martensite present in these TEMs has formed due to
the transformation during quenching of the untransform-
ed austenite). Further transformation of austenite at
600°C has resulted in the formation of polygonal ferrite
with cementite precipitating at the grain boundaries of
ferrite (pearlite has not formed even after 10 ks at this
temperature). These cementite allotriomorphs have
reached a size of 0.1 um in diameter and have formed as
continuous films in several areas, Fig. 3(a). This observa-
tion that the presence of nickel would promote the
precipitation of cementite at the ferrite grain boundaries
at the expense of the pearlite transformation is in accord-
ance with the finding of Chilton and Speich®® who
reported similar structures in a 5% Ni steel. This effect of
nickel is thus different from that of manganese which
when present in the steel in substantial amounts would
cause pearlite formation at 600°C®®, The ferrite formed
at 500°C in the initial stages of austenite decomposition
has the characteristics of massive ferrite as well as those
of Widmanstatten ferrite in different regions of the foil
examined. In the case of steels with strong carbide form-
ing elements like Cr and Mo, Boswell et al.®® as well as
Tsubakino and Aaronson® reported that the ferrite was
of Widmanstitten morphology at both high tempera-
tures above the bay and at temperatures below the bay
but was slightly degenerate when formed at temperatures
close to the bay region.When the amounts of these
elements was insufficient to cause the bay in the TTT
curves, there was a notch in them and in this case the
ferrite morphology was Widmanstétten when formed at
the notch temperature as well. This degeneracy in ferrite
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Fig. 13 Same treatment as in Fig. 12 (a) BF (b) DF (¢) SAD (d) its schematic representation.

observed by these earlier investigators may correspond
to the massive features of ferrite observed at 500°C in
our work.

On the basis of isothermal transformation studies on
low carbon low alloy steels, Ohmori et al."® concluded
that three morphological forms of bainite could occur.
These three, designated as BI, BII and BIII respectively
are carbide-free bainite occurring in the temperature
range 600-500°C, conventional upper bainite at 525-
450°C and lath-type lower bainite at 450-400°C. The
results of the present investigation reveal that all these
morphological forms exist in the nickel steel investigated
and that while the BII and BIII morphologies of upper
bainite and lath-type lower bainites are the end products
of transformation at 500 and 400°C respectively, the BI
bainite is not. This Widmanstatten ferrite-martensite for-
mation in alternate layers is found in the present work to
be only a transitory structure which ultimately gives way
to pearlite or bainite formation. The non-observation of
this final structure by Ohmori ef al."” could be due to the
cumulative hardenability effect of the various alloying
elements (Cu-Ni-Cr-Mo) in their steel which would shift
the TTT curve to much longer times, beyond those
studied by Ohmori et al.®™”

The Widmanstatten ferrite-martensite/retained austen-

ite structures have also been reported by other investiga-
tors, both on isothermal transformation as well as after
continuous cooling from austenitic condition. Mou and
Hsu®) observed that BI type bainite formed in a low
carbon low alloy steel when isothermally transformed at
600°C. Liu and Zhang® also observed intralath
austenite films in a 0.14C-2Mn-0.1Ti steel when
transformed at 500°C and Kang ef al."® observed such
““meta-bainite’’ structures in a medium carbon low alloy
steel. Lee et al.?"® observed martensite/retained
austenite coexisting with acicular ferrite in a low carbon
low alloy steel continuously cooled from the austenitic
state.

The fact that the Widmanstdtten ferrite/martensite
structure has transformed on further isothermal transfor-
mation at the same temperature to upper bainite does not
entitle itself to be designated as bainite. This conclusion
is also in agreement with the observation of Reynolds et
al.® who after a study of several Fe-C-X alloys conclud-
ed that only the ferrite-carbide non-lamellar structures be
considered as bainite and the ferrite-austenite ones as due
to proeutectoid ferrite formation.

The present investigation also confirms that both up-
per bainite and lower bainite form on isothermal transfor-
mation of the nickel steel at 450°C. While this result is
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Table 2 Summary of isothermal transformation products.

Temperature (°C) Transformation products

600 WF+M — WF+PF+Fe,C
100 s 10 ks
500 WF+M+B/P— WF+UB
10s 10 ks
450 M+RA—LB+UB+M— LB+UB
2s 10s 1ks
400 M+RA+LB— LB
10s 1 ks

B: Bainite, M: Martensite, P: Pearlite, PF: Polygonal,
WF: Widmanstitten, LB: Lower Bainite,
UB: Upper Bainite, RA: Retained Austenite.

similar to that of our investigations on manganese steel®”
and to those of Pickering"® and Shackleton and Kelly“?,
it differs from that of Bhadeshia and Edmonds"® who
considered that upper bainite and lower bainite form in
two separate temperature ranges and have different
mechanisms of transformation. The lower bainite
formed at 400°C has ferrite with a lath morphology (BIII
type according to Ohmori ef al.").

The martensite formed from untransformed austenite
at 450°C and 400°C contained profuse retained austenite
films at the interlath boundaries. This suggests that nickel

Fig. 14 TEMs of the steel isothermally transformed at 400°C for 1 ks

(a) revealing BIII type bainite, (b) BF, (c) DF revealing lower bainite.

has a much more strong effect on thermal stabilisation
of austenite than manganese®® (as such austenite films
were not observed in Mn steel). The importance of
these austenite films on the tempered martensite embrit-
tlement has been the subject matter of several earlier
researchers®)-(9,

V. Conclusions

The following conclusions may be drawn on the basis
of the present investigation on isothermal transforma-
tions of a 0.2%C-3.6%Ni steel.

(1) Transformation at 600°C as well as at 500°C has
resulted in the formation of Widmanstatten fer-
rite/ martensite structures which are transitory in nature.
Further transformation at 600°C has resulted in the
precipitation of cementite as grain boundary allotrio-
morphs while upper bainite has formed at 500°C.

(2) In view of the above conclusions the fer-
rite/ martensite structures are not considered as bainitic
in nature.

(3) Pearlite has not formed even after 10 ks at 600°C
suggesting that nickel has strong retarding effect on
pearlite formation.

(4) Transformation at 450°C has led to the forma-
tion of both upper bainite and lath type lower bainite.
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(5) Unlike Mn, nickel has a profound effect in retain-
ing austenite films at the interlath boundary.
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