
1. Introduction

In cold rolled and annealed steels, such as Al-killed, deep
drawing quality grades, the as-hot rolled structure has been
found to be extremely important in controlling the Al pre-
cipitation, since this subsequently influences the develop-
ment of the cold rolled and annealed texture. A study on
cold drawn and annealed rod also revealed a significant ef-
fect of the hot rolling schedule on the behavior of the cold
rolled and annealed product.1) Although much work has
been generated on cold-rolled and annealed TRIP steels, lit-
tle attention has been paid to the effect of prior hot rolling
of these steels. This is because the subsequent processing
after hot rolling appears to radically alter the microstruc-
ture, presumably much reducing any effect of the prior mi-
crostructure. In this paper, a Si–Mn TRIP steel microal-
loyed with Mo and Nb was subjected to heat treatments de-
signed to create several different types of microstructure.
These were then subjected to cold rolling and TRIP anneal-
ing, and the subsequent tensile properties and retained
austenite characteristics were then determined. 

2. Experimental

2.1. Chemical Composition

The Si–Mo–Nb steel studied in this work was produced

and received in the as-hot rolled condition. The chemical
composition is shown in Table 1. Nb in solid solution has
been found to improve the TRIP properties2); Mo retards
the precipitation of Nb(C, N), thus potentially improving
the effectiveness of Nb as a TRIP enhancer.3)

2.2. Prior Heat Treatments

To generate the initial microstructures, specimens of rec-
tangular cross-section, 20�5 mm, and 75 mm long were
heat treated in a radiant furnace in an atmosphere of flow-
ing Ar gas. The heat treatments, which are shown schemati-
cally in Fig. 1, are described as follows. 

All samples were first soaked at 1 200°C for 30 min to
dissolve any precipitates. 

The SC (fast cooled) specimen was directly cooled down
to ambient at a cooling rate of 1°C/s. 

The PPT700 (precipitation and 700°C intercritical hold)
heat treatment was cooled down first to 950°C at a cooling
rate of 1°C/s and then held at this temperature for 30 min.
The specimen was then cooled to the intercritical tempera-
ture of 700°C at the same cooling rate and held for 30 min.
Finally, it was cooled down to room temperature at a rate of
0.5°C/s. 

The FC700 (furnace cooled and held at 700°C) was the
same as the PPT700, minus the 950°C segment.

The FC650A treatment was the same as the PPT700, but
had a lower intercritical temperature and shorter time, i.e.,
650°C and 10 min instead of 700°C and 30 min. 

FC650B was the same as FC650A, but the intercritical
hold time was increased to 30 min.
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Table 1. Chemical composition (mass%).



2.3. Cold Rolling and Annealing

After mechanical descaling, samples from above heat
treatments were cold rolled on a laboratory two-high rolling
mill by 80% (i.e. sample thickness was reduced from 5 to 1
mm). As shown in Fig. 2, a conventional annealing process
of TRIP steels was conducted in two salt baths to accom-
modate the 2 stages: (i) intercritical annnealing to produce
some austenite and (ii) bainite transformation to retain
some austenite down to room temperature. Microstructures
of the prior and cold rolled and annealed structures were re-
vealed in the normal manner, and some transmission elec-
tron microscopy of replicas was also performed.

2.4. Tensile Test

ASTM subsize E 8M-91 rectangular tensile specimen
(6 mm in width and 25 mm in gauge length) were machined
from the cold rolled bands and were tested in a computer-
ized servo-hydraulic test machine (MTS) at a crosshead
speed of 0.01 mm/s for a strain rate of 4�10 s�1.

2.5. Retained Austenite Measurement

The volume fraction of retained austenite and the carbon
concentration in the retained austenite were measured by
neutron diffractometry (DUALSPEC powder diffractome-
ter). The details of the test procedure are described else-
where.2,3)

To determine the carbon concentration in the retained
austenite, the austenite lattice parameter extrapolation
method was used according to the following empirical ex-
pression4):

aO�3.578�0.044%C ........................(1)

3. Results

3.1. Microstructures after Prior Heat Treatments

The microstructures due to the prior heat treatments are
all shown in Fig. 3. The main difference illustrated in these
micrographs is a variation in the respective volume frac-
tions of bainite and proeutectoid ferrite. As is expected, at
650°C, longer times led to increased levels of proeutectoid

ferrite. For this particular steel, increasing the intercritical
temperature from 650 to 700°C also considerably increased
the amount of proeutectoid ferrite for the same hold time.
As may be expected, the volume fractions of bainite are
similar for the FC700 and PPT700, since the intercritical
segment was the same. However, the FC700 microstructure
is coarser. This may be a result of the 950°C hold segment
producing more precipitates, thereby inhibiting grain coars-
ening. The TEM replicas appear to support this hypothesis,
as seen in Fig. 4.

The optical microstructures after cold rolling and TRIP
annealing appeared to be independent of the prior heat
treatment. A typical example is shown in Fig. 5. Compared
to the prior microstructures, cold rolling and TRIP anneal-
ing has produced a much finer, more homogenous structure
comprising of an equiaxed ferrite and an unresolvable bai-
nite/retained austenite second phase.

3.2. Tensile Test Curves and Mechanical Properties

The true tensile strain–stress curves (up to the maximum
stress) from tensile test of the samples after intercritical an-
nealing are displayed in Fig. 6. As well, the mechanical
properties are summarized in Table 2. In general, the speci-
mens that had prior microstructures that were predominant-
ly bainitic (SC and 650A) had significantly inferior ductili-
ty. Comparing these two with each other, the SC structure,
which had a prior structure that was almost completely
bainitic, exhibited a much higher strength, but a slightly in-
ferior ductility. All the other structures (PPT700, FC700
and 650B) had quite similar ductility. Of these three, the
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Fig. 1. Five prior heat treatment routes relative to the CCT.

Fig. 2. Thermal cycles of the intercritical annealing.



two with higher fraction of prior proeutectoid ferrite
(PPT700, FC700) exhibited much superior strengths (in-
deed, the 650B structure had the lowest strength of all 5
structures). The FC700 exhibited the best strength of all the
structures tested.

3.3. Retained Austenite and Its Carbon Concentration

The retained austenite volume fractions and carbon con-
centrations are illustrated in Fig. 7. The retained austenite
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Table 2. Mechanical properties.

Fig. 3. Optical micrographs delivered after different prior heat treatments.

Fig. 4. TEM bright micrographs showing the morphology of precipitations. (a): PPT700 and (b): FC700

Fig. 5. SEM micrograph of SC sample delivered after the inter-
critical annealing. Fig. 6. True strain–stress curves of tensile test for the samples

after the intercritical annealing.



volume fractions are all similar, with the exception of
PPT700, which possesses a slightly higher value. The re-
tained austenite carbon concentrations exhibit slightly more
variability, but in general can classified into 2 groups, a
higher concentration group comprised of the specimens
with superior ductility, and the others which exhibit both
lower ductility and lower levels of carbon.

4. Discussion

4.1. Carbon Enrichment of the Retained Austenite

The variation in enrichment level of retained austenite
for different samples is presumed to be due to the different
proeutectoid ferrite volume fractions in the prior mi-
crostructures. There are actually four stages of carbon parti-
tioning that take place in the whole processing history of
these specimens. The first two occur in the prior heat treat-
ment and other two take place during TRIP annealing. The
first carbon partitioning event commenced with the start of
austenite-to-ferrite transformation in the prior heat treat-
ment. Due to the lower carbon solubility proeutectoid fer-
rite, carbon is rejected into the remaining austenite and en-
riches the untransformed austenite. Obviously, the more
ferrite generated, the richer in carbon the remaining austen-
ite becomes. The second carbon partitioning is achieved
during the austenite-to-bainite transformation following the
austenite-to-ferrite transformation in the prior heat treat-
ment. During the bainitic transformation, some of the re-
maining austenite is transformed into bainite, further en-
riching the retained austenite, although some carbide pre-
cipitation may reduce this enrichment. As a consequence,
after the prior heat treatment, the ferrite has little carbon,
and the ‘second phase’ (comprising of bainite and possibly
carbides, retained austenite and martensite) has a high car-
bon concentration, as is demonstrated in Fig. 8. During the

intercritical annealing of the TRIP anneal, austenite first
nucleates in the enriched ‘second phase’. Thus, the newly
formed austenite inherits the carbon level of the second
phase. Then, during the bainitic transformation stage of the
TRIP anneal, some of the high carbon austenite transforms
back into bainite and leaves the remaining austenite, and
the subsequent retained austenite, further enriched and sta-
bilized. Such a mechanism can explain why PPT700,
FC700 and FC650B show a higher level of carbon enrich-
ment than SC and FC650A.

4.2. Relationship between the Retained Austenite and
Mechanical Properties

The combined analysis of Fig. 6 and Table 2 clearly indi-
cates that good mechanical properties do not always coin-
cide with high fraction retained austenite. For instance, SC,
FC700, FC650A and FC650B all show rather different me-
chanical properties despite possessing similar fractions of
retained austenite. On the other hand, the variation of car-
bon concentration in retained austenite corresponds far bet-
ter with the mechanical properties. To clarify the mecha-
nism behind this behavior, the incremental work-hardening
characteristics of these samples were determined. Using a
simple power law (Hollomon) relationship between true
stain and stress as per Eq. (2):

s�Aen ...................................(2)

where s and e are respectively the true stress and the true
strain. n is the work-hardening exponent and A is a con-
stant, then

n�d(ln((s))/d(ln e) .........................(3)

The data converted from true strain–stress curves in Fig.
6 are plotted in Fig. 9. It can be seen that n values of SC
and FC650A increase very quickly to a maximum at the be-
ginning of straining but beyond this strain level, it decays
rapidly. By contrast, the n values of the other three samples
rise and fall much more gradually. This gradual and sus-
tained work hardening rate behavior is considered to be
classic TRIP behavior. This phenomena was considered by
Evans5) to be related to the decomposition (strain induced
transformation (SIT) of retained austenite to martensite) be-
havior of retained austenite during tensile deformation. A
rapid variation of n is always associated with the rapid SIT
of the retained austenite. The stability of retained austenite
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Fig. 7. Fraction retained austenite and its carbon concentration.

Fig. 8. Schematic illustration of carbon enrichment in retained
austenite during the whole experiment process.

Fig. 9. The strain hardening behavior of the samples during ten-
sile test.



increases with increasing retained austenite carbon concen-
tration and decreasing retained austenite particle size.
According to Honeycombe et al.,6) carbon is the most influ-
ential alloying element for the retention of austenite.
Carbon enlarges the g-field in a phase diagram and pro-
motes the formation of austenite over wider compositional
limits. Moreover, It is also well known that higher carbon
content lowers the Ms temperature. 

According to Sakuma et al.,7) the mechanical stabiliza-
tion of the retained austenite by carbon enrichment is
achieved by the intensified interference between carbon
atoms and formation of martensite. During nucleation and
growth of martensite, as a martensite plate begins to form,
strain generates dislocations and a change in lattice parame-
ters. Stabilization comes into effect when interstitial ele-
ments such as carbon diffuse to dislocations and inhibit
their further growth. Furthermore, the pinning of the dislo-
cations could interfere with the motion or rotation of
martensite. 

Although this explains the ductility behavior, the
strength variation is more difficult to rationalize, suggesting
that more characterization of the final structures is required.
Nevertheless, some generalities can be made. For example,
for the prior structures with similar ductility (PPT700,
FC700 and 650B), the two with higher fraction of prior
proeutectoid ferrite (PPT700, FC700) exhibited much supe-
rior strengths. This may be related to higher levels of tetrag-
onality in the resulting strain induced martensite, resulting
from the higher carbon concentration of the retained
austenite due to the prior heat treatment. More work is re-
quired to thoroughly explain the strength behavior, howev-
er.

5. Conclusions

The prior heat treatment significantly affects the mechan-

ical properties of a cold rolled and annealed Mo–Nb mi-
croalloyed TRIP Steel.

Generally, higher levels of proeutectoid ferrite formed
during the prior heat treatment leads to increased ductility
and formability index (UTSxEL). This is in turn related to a
retained austenite that is more enriched with carbon, opti-
mizing the stability of retained austenite against strain in-
duced transformation to martensite.

The results indicate that optimization of the hot rolling
process is required to produce an optimized cold rolled and
annealed Mo-Nb TRIP steel.
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