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Abstract: The microstructures and properties of hot-rolled low-carbon ferritic steel have been investigated by optical microscopy, 
field-emission scanning electron microscopy, transmission electron microscopy, and tensile tests after isothermal transformation from 600°C 
to 700°C for 60 min. It is found that the strength of the steel decreases with the increment of isothermal temperature, whereas the hole expan-
sion ratio and the fraction of high-angle grain boundaries increase. A large amount of nanometer-sized carbides were homogeneously distrib-
uted throughout the material, and fine (Ti, Mo)C precipitates have a significant precipitation strengthening effect on the ferrite phase because 
of their high density. The nanometer-sized carbides have a lattice parameter of 0.411−0.431 nm. After isothermal transformation at 650°C for 
60 min, the ferrite phase can be strengthened above 300 MPa by precipitation strengthening according to the Ashby-Orowan mechanism. 
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1. Introduction 

It is well established that the addition of a small amount 
of micro-alloying elements such as niobium (Nb), vanadium 
(V), and titanium (Ti) into steel plays significant roles in 
improving its properties [1−3]. The precipitation behavior of 
these micro-alloying elements and their strengthening 
mechanisms have been investigated by many researchers 
[4−7]. High-strength low-alloy (HSLA) steels usually pos-
sess yield strengths of about 400−500 MPa, and the contri-
bution of precipitation hardening to these values was con-
sidered to be minor, since many of the alloying elements 
were added to HSLA steels in the past basically for the 
strengthening of grain refinement [7]. However, in a recent 
study conducted at JFE steel [8], tensile strengths of up to 
780 MPa have been achieved in Ti−Mo-bearing hot-rolled 
sheet steels by producing microstructures that consist of a 
ferritic matrix with nanometer-sized carbides. Precipitation 
strengthening due to nanometer-sized carbides in these fer-
rite steels has been estimated to be approximately 300 MPa, 
which is 2−3 times higher than that of conventional precipi-
tation hardening in micro-alloyed steels. This value draws 

significant attention, and studies on nanometer-sized Ti−Mo 
complex carbides formed in the ferrite matrix have been re-
ported by many researchers [9−10]. This study investigates 
the effect of isothermal temperature on the microstructures 
and properties of ferrite steel and studies the characteristics 
of nanometer-sized carbides precipitated in the ferrite matrix. 
The amount of precipitation hardening by the fine precipi-
tates is also estimated on the basis of the Ashby-Orowan 
mechanism. 

2. Experimental 

Experimental hot-rolled ferritic steel was prepared in a 
50-kg vacuum induction furnace and casted into ingots in 
dimensions of 60 mm × 60 mm × 60 mm (thickness × width 
× length). The basic composition of the investigated steel is 
Fe−0.043C−1.57Mn−0.088Si−0.10Ti−0.26Mo−0.007P− 
0.003S−0.005N (wt%), which was designed to obtain a ten-
sile strength of around 780 MPa and a microstructure con-
sisting of a ferrite matrix strengthened by finely precipitated 
carbides. 

Fig. 1 shows the scheme of the hot-rolling process. The 
ingots were reheated at 1250°C for 90 min for solution 
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treatment and subsequently hot-rolled at a finishing tem-
perature of approximately 900°C according to a thickness 
change of 60 mm → 42 mm → 29 mm → 20 mm → 12 
mm → 6 mm → 3.2 mm. After hot rolling, the rolled 
plates were immediately cooled down to 600°C, 650°C, or 
700°C at a cooling rate of 30°C/s and maintained at that 
temperature for 60 min before air cooling to room tem-
perature. 

 
Fig. 1.  Schematic diagram of the hot-rolling process. 

The mechanical properties of steel were tested according 
to the Chinese National Standard GB/T 228.1–2010. The 
microstructure was characterized by optical microscopy 
(OM) and field-emission scanning electron microscopy 
(FE-SEM). Electron back-scattered diffraction (EBSD) 
measurements were performed using FE-SEM to investigate 
the orientations of grains, and the grain size of ferrite was 
measured by Image-Pro Plus software.  

The hole expansion test was performed in a hydraulic 
sheet ductility tester according to the Chinese National 
Standard GB/T 15825.4−2008. A hole of 10 mm in diameter 
is punched out and then stretched by a conic punch with the 
top angle of 60°. When a crack through the thickness is 
generated, the diameter of the expanded hole d (mm) is 
measured. The hole expansion ratio  λ as an index of stretch 
flange formability is calculated by the following equation: 

10 100%
10

dλ −
= ×                               (1) 

Transmission electron microscopy (TEM) specimens 
were prepared from 0.30-mm-thick discs sliced from a me-
chanics performance testing specimen. The disc was thinned 
to 0.05 mm by abrasion on SiC paper and then twin-jet elec-
tropolished to perforation using a mixture of 5vol% perchlo-
ric acid, 5vol% glycerol, and 90vol% ethanol at 20−30°C by 
applying a potential of 35 V. The characteristics of the pre-
cipitated particles were examined using a field-emission-gun 
transmission electron microscope (FEG- TEM; JEM-2010) 
operated at 200 kV.  

3. Results and discussion 

3.1. Microstructure and mechanical properties 

Fig. 2 shows the OM and SEM images of the experimen-
tal steel at an isothermal holding temperature of 600°C for 
60 min. The matrix microstructure of the steel was polygo-
nal ferrite, while pearlite and large cementite were not ob-
served. 

 
Fig. 2.  Images of the steel isothermally treated at 600°C: (a) OM and (b) SEM. 

The yield strength (YS), ultimate tensile strength (UTS), 
elongation, and average ferrite grain size of the experimental 
steel at different isothermal temperatures are schematized in 
Table 1. With the decrease of the isothermal temperature, 
the yield strength and tensile strength of the steel increase, 
but the elongation and average ferrite size of the steel de-
crease. 

Table 1.  Mechanical properties and average grain size at dif-
ferent isothermal temperatures 

T / °C YS / MPa UTS / MPa Elongation / % Grain size / μm

700 590 635 22.4 7.8 

650 655 710 20.9 7.2 

600 735 780 20.0 6.5 
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As the nucleation rate of ferrite increases at a lower iso-
thermal temperature, the ferrite grain size decreases [9]. This 
will enlarge the strength contributed by grain-refinement 
strengthening. In addition, carbides precipitated during the γ 
→ α isothermal transformation become finer and denser at a 
lower isothermal temperature [8−9] and the strength due to 
precipitation strengthening will be larger according to the 
Ashby-Orowan relationships [11]. The effects above result in 
an increment in strength at a higher isothermal temperature. 
The elongation is relatively insensitive to the transformation 
temperature. The fraction and intensity of the precipitated 
particles are greater and the ductility is worse [12]. 

After isothermal transformation at 600°C for 60 min, the 

tensile strength of the experimental steel can successfully 
achieve 780 MPa with an elongation of 20% mainly because 
of the precipitation strengthening of nanometer-sized car-
bides, which will be discussed later. 

3.2. EBSD analysis 

The orientation imaging maps and grain misorientation 
angle distributions from EBSD are presented in Fig. 3. The 
fraction of high-angle grain boundaries increases with in-
creasing isothermal temperature. The fraction of grain 
misorientation angles higher than 15° is as high as 84% after 
isothermal transformation at 700°C for 60 min, which is 
77% at 650°C and 70% at 600°C, respectively. 

 
Fig. 3.  EBSD orientation imaging maps and misorientation angle distributions at (a, b) 600°C, (c, d) 650°C, and (e, f) 700°C. 
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The high-angle grain boundary can effectively inhibit 

crack propagation and improve the toughness of the steel, 
whereas the low-angle grain boundary has no significant ef-
fects [13−14], which results in an increment of the hole ex-
pansion ratio at a higher isothermal temperature as it will be 
discussed later. 

3.3. Hole expansion test 

Fig. 4 shows the hole expansion ratio of the steel iso-
thermally treated at different temperatures. The hole expan-
sion ratio, which is an index of stretch flange formability, 
decreases with the reduction in isothermal temperature. The 
hole expansion ratio is 90% and 111% at 600°C and 700°C, 
respectively. There is a sharp rise in the hole expansion ratio 
when the isothermal temperature changes from 600°C to 
650°C, whereas no significant increment is made when the 
isothermal temperature varies from 650°C to 700°C. 

As can be seen from Fig. 3, the microstructure of the steel 
is more heterogeneous at a lower isothermal temperature. It 
is well known that microstructure heterogeneity is detri-
mental to the hole expansion ratio [15−16]. High micro-
structural homogeneity gives a greater resistance to void ini-
tiation and propagation during punching and the subsequent 
expanding operation [15]. In addition, the fraction of high 
angle grain boundaries, which can effectively inhibit the 
propagation of cracks and improve the toughness of the steel, 

increases at a higher isothermal temperature. Thus, the 
stretch flange formability will be better at a higher 
isothermal temperature. 

The SEM images of the punched surface layer isother-
mally treated at 700°C for 60 min are displayed in Fig. 5. 
Numerous microvoids or microcracks are observed, whose 
positions are generally with their long axes parallel to the 
punching direction. There are also many large inclusions of 
approximately 3 μm in diameter in the pierced surface (Fig. 
5(c)). The microvoids, microcracks, and inclusions are the 
crack source, which lead to failure in the hole expansion 
test. 

 
Fig. 4.  Hole expansion ratio λ at different isothermal tem-
peratures. 

 
Fig. 5.  SEM images of the punched surface layer isothermally treated at 700°C: (a) punched surface layer, (b) a microvoid and (c) 
an inclusion. 

3.4. TEM observation  

The precipitated carbides in the ferrite matrix isother-
mally treated at 650°C for 60 min can be clearly identified 
by TEM (Fig. 6). A large amount of nanometer-sized car-
bides are observed and the finely dispersed precipitates are 

homogeneously distributed throughout the material. By us-
ing duplicate energy-dispersive X-ray spectroscopy (EDXS) 
analysis, these nanometer-sized particles are determined to 
be (Ti, Mo)C carbides with a NaCl-type crystal structure, 
and they have a significant precipitation strengthening effect 
on the ferrite phase due to their high density [8, 17]. 
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Fig. 6.  TEM micrographs of nanometer-sized carbides in the steel at 650°C. 

Fig. 7 shows the interphase precipitation of (Ti, Mo)C 
carbides, which nucleated densely on the austenite/ferrite 
interface during the transformation from austenite to ferrite. 
The characteristics of the interphase-precipitated carbides 
have been reported extensively in recent years [9−10, 
17−18]. There are two different types of interphase precipi-
tation carbides, i.e., planar interphase precipitation and 
curved interphase precipitation [17, 19]. The planar inter-
phase precipitates grow according to the ledge mechanism. 
This mechanism assumes that precipitation occurs on planar, 

low energy, semicoherent, immobile interfaces formed by 
the passage of a high energy ledge, which moves too fast to 
act as a nucleation site [20]. The quasiledge mechanism was 
proposed for precipitation on high energy, disordered, aus-
tenite-ferrite interphase boundaries that have been immobi-
lized by copious precipitation, forming curved sheets of pre-
cipitates [21]. The row-like characteristic is the prominent 
feature of interphase precipitation, and the row spacing be-
comes larger with increments in isothermal temperature   
[9, 18]. 

 
Fig. 7.  Planar interphase precipitation (a) and curved interphase precipitation (b) of (Ti, Mo)C at 650°C. 

3.5. High resolution TEM observation 

A high-resolution TEM (HRTEM) investigation of the 
nanometer-sized carbides was performed, and an example of 
a lattice image of the (Ti, Mo)C carbide isothermally treated 
at 650°C for 60 min is presented in Fig. 8. The size of the car-
bide is 5.24 nm in length and 4.75 nm in width, and a diame-
ter of 5.63 nm can be obtained by converting the area of the 
rectangle into a circle. The average diameter of the nanome-
ter- sized carbides is 5.12 nm, which results from 20 carbides. 

The corresponding selected area diffraction patterns 
(SADP) in Fig. 8(b) reveal that the (Ti, Mo)C carbide exhibits 
a B-N orientation ((100)MC||(100)ferrite and [011]MC||[001]ferrite) 
with respect to the ferrite matrix, which was also observed by 

Honeycombe and Mehl [22] in vanadium steels. The HRTEM 
observation in Fig. 8(a) is along the zone axis [011](Ti, Mo)C|| 
[001]ferrite. Under this condition, the corresponding SADP in-
dicates there is interaction between (200)(Ti, Mo)C and (200)ferrite. 
According to the analyses of Hung et al. [23], the spacing for 
producing Moiré fringes can be presented as 

200ferrite 200(Ti, Mo)C 200ferrite 200(Ti, Mo)C/ | |L d d d d= × −   (2) 

where L is the spacing of Moiré fringes, 200ferrited
 
and 

200(Ti, Mo)Cd
 
are the interplanar spacings of (200)ferrite and 

(200)(Ti, Mo)C, respectively. Given the measured spacing of 
Moiré fringes (0.430−0.474 nm) and the lattice parameter of 
ferrite (0.287 nm), the lattice parameter of (Ti, Mo)C can be 
determined by Eq. (2) to be 0.411−0.431 nm.  
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Fig. 8.  (a) High resolution transmission electron microscopy (HRTEM) image of (Ti, Mo)C carbide and (b) the corresponding se-
lected area diffraction patterns for the steel isothermally treated at 650°C. 

3.6. Precipitation strengthening 

The Ashby-Orowan mechanism is well known as a rela-
tionship between the diameter of precipitates and amount of 
precipitation strengthening. The increased yield strength 
contributed by precipitation strengthening of the nanome-
ter-sized carbides can be estimated by [11] 

1/ 2
Pre (0.538 / )ln( / 2 )Gbf X X bσΔ =             (3)

 
 

where PreσΔ  is the increase in yield strength due to pre-
cipitation strengthening, G is the shear modulus (81600 
MPa), b is the Burgers vector (0.248 nm) [11], f is the vol-
ume fraction of the precipitated carbides, and X is the aver-
age diameter of the precipitates. It is assumed that all of the 
carbon in the steel forms the nanometer-sized carbides be-
cause no cementite was generated. Yamada et al. [17] re-
ported that the typical composition of (Ti, Mo)C is 
(Ti0.54Mo0.46)C, which is consistent with Funakawa’s find-
ings [8]. Thus, the volume fraction of the nanometer-sized 
carbides can be estimated as f = 0.44% with the (Ti, Mo)C 
lattice parameter of 0.411 nm and carbon content in steel of 
0.047%. The strength contributed by precipitation strength-
ening calculated by Eq. (3) is 329 MPa when the average 
diameter of the nanometer-sized carbides is 5.12 nm, which 
indicates that the ferrite phase can be strengthened above 
300 MPa by precipitation strengthening in the steel isother-
mally treated at 650°C for 60 min. 

4.  Conclusions 

Hot-rolled low-carbon ferritic steel isothermally treated 
at 600°C for 60 min can achieve a 780 MPa tensile strength 
with an elongation of 20.0% and a hole expansion ratio of 
90%. The strength of the steel enhances with the reduction 
of isothermal temperature, because the grain-refinement 

strengthening and precipitation strengthening increase at 
lower isothermal temperature. As the isothermal tempera-
ture increases, the hole expansion ratio becomes larger due 
to the higher microstructural homogeneity and the increase 
of the fraction of high-angle grain boundaries at a higher 
isothermal temperature. The nanometer-sized carbides have 
a lattice parameter of 0.411−0.431 nm. After isothermal 
transformation at 650°C for 60 min, the ferrite phase can be 
strengthened above 300 MPa by precipitation strengthening 
in the steel. 
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