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Abstract
Carbide precipitation in Ti-Mo ferrite-containing low carbon steel was investigated by hardness testing and transmis-
sion electron microscopy. Both the rolling temperature and cooling rate after holding affect the hardness of ferrite, and 
prolonged holding caused the small carbides to coarsen and aggregate, so that the hardness of ferrite decreased rapidly. 
The same hardness, however, was obtained at a slow cooling rate even after the same prolonged holding. Rolling in the 
recrystallization region created a precipitation-free zone near both the grain boundary and grain interior, and the low 
hardness of ferrite may be caused by low carbide density in ferrite due to precipitation-free zone near the grain boundary 
and within grains after short and prolonged holding times, and coarsening of carbides after prolonged holding times.
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1  Introduction

The excellent properties of Ti-Mo microalloyed steels 
recently became widely recognized, as both a tensile 
strength of 780 MPa and a hole expansion ratio of 120% 
were obtained by precipitation strengthening which can 
reach approximately 300 MPa without reducing the duc-
tility [1]. Numerous studies focused on controlling nano-
precipitation coupling of Ti, Nb, V, and Mo with two or 
three elements, and many precipitation mechanisms have 
been proposed to explain these strengthening effects 
[2–8]. However, most of these studies concentrated on 
changes in interphase precipitation characteristics with 
respect to chemical composition and isothermal phase 
transformation conditions. But the deformation process 
significantly affected the precipitation characteristics, 
and this behavior could directly influence the mechanical 
properties of steels [9–12]. Since the rolling temperature 
can affect the austenite grain boundaries, which function 

as nucleation sites for ferrite transformation via dynamic 
and/or non-dynamic recrystallization, the characteristics 
of nano-sized precipitation with respect to ferrite transfor-
mation should be closely related to the rolling tempera-
ture. In addition, the cooling rate after isothermal holding 
in ferrite transformation regions can affect interphase or 
random precipitation; for example, continuous interphase 
precipitation is expected if ferrite transformation is incom-
plete, or supersaturation precipitation can occur due to 
incomplete precipitation after isothermal holding [13, 14]. 
To our knowledge, there is currently no consensus on this 
process due to its complexity.

Thus, the present study aims to investigate nano-sized 
carbide in ferrite after exposure to different rolling temper-
atures and cooling processes, and the influence of the roll-
ing temperature and cooling rate after holding on carbide 
was discussed based on transmission electron microscopy 
and hardness results.
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2 � Materials and methods

The chemical composition of the investigated steel 
was Fe-0.08C-1.58Mn-0.24Si-0.11Ti-0.28Mo-0.005P-
0.002S-0.004 N (mass %). Cylindrical samples of diam-
eter 8 mm and height 15 mm were prepared, and the 
experiments were conducted using a Gleeble 3800 
thermal simulator. The samples were heated to 1200 °C 
at 10 °C s−1 and held for 300 s, and then cooled from 
1200 °C to 900 °C or 1,100 °C, at a rate of 10 °C s−1, and 
then deformed by 40% at a strain rate of 1 s−1 at this tem-
perature. The specimens were then cooled at 10 °C s−1 
to 700 °C, and held isothermally for 60, 600, and 1800 s, 
before cooling to ambient temperature at 0.1 °C s−1 and 
50 °C s−1.

In order to describe the austenitic state after defor-
mation accurately, the stress–strain curves deformed 
by 60% at a strain rate of 1 s−1 at 1100 °C and 900 °C 
were obtained, and the quenching microstructures after 
deformed by 40% at a strain rate of 1 s−1 at these two 

temperature were corroded using saturated picric acid 
aqueous solution at 70 °C, which were then observed 
using a Leica DM IRM optical microscopy. Microhardness 
of ferrite were taken using a FM-700 with a load of 10 g, 
and the results are averages of 50 randomly selected fer-
rite grains. The carbon extraction replica and thin foil 
methods were used to identify the morphology and size 
distribution of the precipitates, and the samples were 
observed using field emission TEM (FEI Tecnai G2 F20) 
operating at 200 kV.

3 � Results and discussion

Figure  1a shows the stress–strain curves of the steel 
deformed at 1100 °C and 900 °C. The steel exhibited a typi-
cal dynamic recrystallization behavior only at 1100 °C, and 
the critical strain (ɛc) and peak strain (ɛp) were obtained as 
ɛc = 0.2078 and ɛp = 0.4543, respectively, using the method 
described detailed in the previous papers [15, 16]. The 
quenching microstructures after deformed by 40% were 
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Fig. 1   The stress–strain curves (a) and quenching microstructures showing austenite morphologies after deformed at 40% at b 1100°, c 900°
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shown in Fig. 1b, c, in which the equiaxed recrystalliza-
tion and pancake non-recrystallization structures were 
observed for the rolling temperatures of 1100  °C and 
900 °C, respectively. For rolling in the austenite recrystal-
lization region, rolling deformation can be accommodated 
by austenite recrystallization, which hinders dislocation 
accumulation. Conversely, deformation will cause signifi-
cant dislocation accumulation when conducted in a non-
recrystallization region.

With respect to indirectly describing the amount of pre-
cipitation strengthening in the grain interior of ferrite, the 
hardness measurements were proved to be correct and 
already used widely [17–20]. The microhardness curves 
of steel for ferrite alone at different rolling temperatures 
and cooling rates after holding are shown in Fig. 2. The 

highest hardness was obtained at a cooling rate of 0.1 °C 
s−1 after holding for 60 s and deforming at 900 °C, and the 
lowest hardness was obtained at a cooling rate of 50 °C s−1 
after holding for 1800 s at the same deformation tempera-
ture. Overall, the hardness after deformation at 1100 °C 
was lower than after deformation at 900 °C, which may be 
inconsistent with the finding that a high deformation tem-
perature can promote minimal precipitation at low tem-
perature, and could result in high hardness in ferrite [11].

The precipitates were spherical, and their chemical 
compositions contained Ti, Mo, and C, as showed in Fig. 3. 
Fine nanometer-scale carbides with sizes below 10 nm 
were uniformly distributed in ferrite when the holding 
time was 60 s, but it is noteworthy that many large car-
bides with sizes of approximately 20 nm were observed 
when the holding time was 1,800 s, and several small car-
bides formed a cluster, resembling one large precipitate; 
both the clustering and coarsening of carbides would 
reduce the hardness.

Curved interphase precipitation was clearly visible in 
bright and dark field images as shown in Fig. 4a, b, and 
this was the main interphase precipitation morphology in 
these samples. All the samples showed identical behavior 
in that the interphase rows and sizes of interphase parti-
cles increased with the holding time as well as the random 
precipitation as shown in Fig. 4c, d.

However, a precipitation-free zone (PFZ) was observed 
near grain boundaries when the deformation temperature 
was 1100 °C as shown in Fig. 4e. The austenite undergoes 
dynamic recrystallization when deformed at 1100  °C, 
resulting in large austenite grains with a low disloca-
tion density before the ferrite transformation caused by 
the high temperature and low cooling rate (10  °C s−1) 
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Fig. 3   TEM micrographs showing the precipitation characteristics at a 60 s and b 1800 s for the samples deformed at 900° with cooling rate 
of 50°s−1 after holding
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employed in this experiment. Due to the difference in 
carbon solubility between austenite and ferrite, a car-
bon-depleted zone is formed in front of the γ/α interface 
according to the theories of interphase precipitation and 
phase transformation, and the larger austenite grains lead 
to a large and irregular interphase precipitate row spacing; 
this variation in interphase precipitation characteristics 

with grain size results from the formation of carbon-
depleted zones [12]. However, the prior austenite grain 
boundaries were the favored sites for precipitate coarsen-
ing, and as the precipitates coarsen, they consume solute 
elements around the grain boundary regions [12, 21]. PFZs 
about 100 nm wide were observed near the grain bounda-
ries, but these showed no obvious coarse precipitates, so 
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Fig. 4   TEM micrographs showing the precipitation characteristics at a, b 60 s and c, b 1800 s for the samples deformed at 900° with 0.1°s−1 
after holding, at e 60 s and f 1800 s for the for the samples deformed at 1100° with 0.1°s−1 after holding
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the PFZs may be attributed to the first reason mentioned 
above. Due to the PFZ near the grain boundary, the hard-
ness rapidly decreased; thus, such PFZs should be avoided 
because of this low hardness and potential adverse effect 
on the toughness due to the inhomogeneous distribu-
tion. Besides many coarse precipitates were observed 
after prolonged holding, PFZs were also observed inside 
the interphase precipitation region in addition to random 
precipitation (similar to Fig. 4c, not shown here) as shown 
in Figs. 4e, f. As regards the above analysis, the low hard-
ness of ferrite under these conditions may be caused by 
low carbide density in ferrite due to PFZs near the grain 
boundary and within grains after short and prolonged 
holding times, and coarsening of carbides after prolonged 
holding times.

4 � Conclusions

The precipitation hardening characteristics in Ti-Mo fer-
rite-containing microalloyed steel were affected by the 
rolling temperature and cooling rate after isothermal hold-
ing. PFZs were observed both near the grain boundary and 
grain interior when rolling was conducted in the recrys-
tallization region, and the hardness of ferrite decreased 
because of this phenomenon. This was confirmed by both 
TEM observations and hardness testing. Small carbides 
grow or aggregate, resulting in low hardness in ferrite 
grains as the holding time increased, but the same hard-
ness can be obtained at a slow cooling rate even after the 
same prolonged holding.
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