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Abstract

The relationships between tensile properties and precipitates of a high-strength low-alloy steel depending on the isothermal
conditions were investigated. While the isothermally treated steel at 300-500 °C for 1 and 24 h had no significant difference,
the steel treated at 500 for 336 h, denoted as 500-336 h, not only showed a decrease in tensile stress but also exhibited a
highly increased elongation. Transmission electron microscopy and atom probe tomography were utilized to evaluate the
precipitates distribution. The results showed that, in the case of 500-336 h sample, the fraction of precipitates with a radius
over 10 nm is the highest and that of a few nano-sized precipitates is the lowest among all samples. It can be explained that
the coarsening of originally nano-sized precipitates, occurred by diffusion of dissolved carbon in 500-336 h, mainly affects

the tensile behavior.
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1 Introduction

Recently, high-strength low-alloy (HSLA) steels have been
used in automotive components to obtain high strength
caused by the combined effects of grain refinement and pre-
cipitation strengthening [1-4]. In addition to the strength,
high ductility is also an essential property for automotive
parts to achieve excellent formability [5]. It is well-estab-
lished that the ferrite phase has high ductility and simul-
taneously low strength [6]. Therefore, during hot rolling
process of HSLA steels, the step of austenite-to-ferrite trans-
formation results in the high ductility through the formation
of single phase ferrite matrix as well as the high strength
through interphase precipitation of nano-sized carbides [1,
7]. Among alloying elements, Ti has a high affinity to car-
bon and forms carbides, thereby increasing the strength and
hardness of steels by precipitation strengthening in conjunc-
tion with Mo, Nb and V [1, 5, 7-9]. In order to combine the
high strength and ductility, precipitation of the nano-sized
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carbides in ferrite matrix is a suitable approach by hot roll-
ing process. However, behavior of these carbides during
isothermal treatment is not well known, although Yan et al.
[10]. reported that the tensile properties are influenced by
the strain-hardening exponents depending on the tempering
temperature of lower bainitic HSLA steel.

Therefore, the purpose of this study is to investigate the
relationship between the tensile properties and precipi-
tates behaviors such as size and distribution of precipitates
depending on the various isothermal conditions under the
single phase state of ferrite.

2 Experimental

To analyse the effect of isothermal treatment, a low car-
bon steel containing alloying elements such as Ti, Mo,
V and Nb was used as starting material (Table 1). The
used HSLA steel experienced austenitization at 1250 °C
in order to dissolve the solute elements, followed by a
two-step hot rolling process at 920 °C and, subsequently,
cooling to 640 °C of coiling temperature at cooling
rate of 25 °C/s. Samples for analysis were cut off at the
center position along the rolling direction of the fabri-
cated plate. Isothermal heat treatments were conducted
in a furnace under air atmosphere at 300 and 400 °C for 1
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Table 1 Chemical composition C Mo Ti v Si Mn Al Nb Fe
of the used HSLA steel (unit:

wt) 0.08 0.25 0.14 0.1 0.2 1.3 0.03 0.02 Bal.

1 [ To identify the distribution and size of the precipitates,

Y a two-step analysis were performed: (1) TEM analysis by

014 replica method, (2) APT analysis. For TEM analysis, the

c o o surface of sample was etched using a solution of 5% nital

2 following the mechanically polishing to 0.25 pm. After coat-

g 0015 ing of carbon and removing the carbon layer in a solution of
= T MC . . .

o 10% nital, the extracted replicas were placed on the Cu grid.

S1E-3; C For APT analysis, needle-shaped specimens were fabri-

o B cated by a dual beam FIB. By an annular milling process,

1E-4 the sharpening for the needle-shaped specimens was per-

formed using Ga* ion beam and the final specimen with a

\E5 tip radius of ~ 50 nm was loaded into the atom probe. APT
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Fig. 1 Thermodynamic simulation of phase fraction for the used
HSLA steel by Thermocalc

and 24 h, respectively denoted as 300-1, 300-24, 4001
and 400-24 h, and 500 °C for 1, 24 and 336 h, likewise
denoted as 500-1, 500-24 and 500-336 h. As shown in
Fig. 1, the starting and finishing temperature of phase
transformation from austenite to ferrite during cooling
is about 870 and 680 °C. It can be predicted that phase
transformation and interphase precipitation of MC type
carbides mainly such as (Ti, Mo, V) C and few M6C type
carbides such as (Ti, Mo, V)6 C occur during cooling after
two-steps hot rolling process. To identify the interphase
precipitates of as rolled sample, analysis of transmission
electron microscopy (TEM) was performed using Cs cor-
rected STEM (Scanning TEM, JEOL, JEM-2100F) with
high-angle annular dark field (HAADF) imaging. Speci-
mens for TEM observations were prepared by lift out
method using a dual beam focused ion beam (FIB) (FEI,
Helios Nano-Lab 600) equipment.

Specimens for tensile tests were fabricated along rolling
direction with a gauge length of 6.39 mm and a thickness of
1 mm. The stress and ductility were tested at a strain rate of
10> mm/s at room temperature using Instron machine. For
reproducibility, more than two specimens per each condition
were tested.

Electron backscatter diffraction (EBSD) installed on FIB
was used to compare the average grain size and phase frac-
tion under an acceleration voltage of 20 kV and a beam cur-
rent of 22 nA with a step size of 0.2 pm. For the EBSD anal-
ysis, the surface of samples was ground down to 0.25 pm
and etched by a solution of 5% perchloric acid.
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measurements using a local electrode atom probe (LEAP;
CAMECA, LEAP 4000X HR) were performed in laser mode
at a temperature of 50 K with a pulse energy of 100 pJ and
a pulse rate of 200 kHz. The reconstructions and cluster
analyses of APT results were done using the IVAS software
(3.6.10a version) by CAMECA Instruments. The recon-
structions were calibrated by shank angle of needle-shaped
specimens. To investigate the precipitates in the matrix, the
maximum separation algorithm was employed [11].

3 Results and Discussion
3.1 Interphase Precipitation

TEM studies were carried out to identify the precipitation
behavior of as-rolled sample formed during hot rolling pro-
cess. Under the TEM observation, specimens must be tilted
to confirm a planar array consisting of carbides as precipi-
tates because interphase precipitation occurs along specific
direction moving the austenite/ferrite boundaries [12, 13].
STEM-bright field (BF) image in Fig. 2a shows that the
array of precipitates indicated as dashed line were formed
along [110] direction with a layer spacing of 12—14 nm. To
verify the orientation relationship between ferrite matrix and
precipitates, results of HR-TEM and fast Fourier transforma-
tion (FFT) in Fig. 2b were considered. The precipitate has
a length of 13 nm as the longest direction. The HR-TEM
image and diffraction pattern obtained by FFT indicating
precipitates and ferrite were satisfied to the Baker-Nutting
orientation [14, 15]. During interphase precipitation, precip-
itates has specific orientation relationship such as (001)ppy//
(001), and [110]ppp//[100],, with respect to the ferrite matrix.
Thus, it means that precipitates were formed at the bounda-
ries of austenite/ferrite within a range of transformation tem-
perature from austenite to ferrite after hot rolling process.
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Fig.2 a Microstructure of as-rolled sample showing interphase precipitates along [001] ferrite zone axis [7], b, ¢ HR-image of precipitate and

its fast Fourier transformation (FFT) [7]
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Fig.3 Ultimate tensile stress (UTS) versus yield stress (YS) versus
tensile strain depending on the isothermal treatment conditions

3.2 Tensile Properties and Microstructure

Figure 3 shows the values of tensile stress and elongation
for all samples. As-rolled sample has a UTS of ~ 1130 MPa
and a tensile strain of ~ 12%. With increasing the time or
temperature of heat treatment, UTS decreases and tensile
strain increases, but there was no great difference except
for 500-336 h sample. For example, a maximum rates of
UTS decrease and tensile strain increase for 500-24 h sam-
ple are ~ 7 and ~ 17% in comparison to as-rolled sample.
However, as for 500-336 h sample, the values of UTS and
tensile strain change to ~ 900 MPa and ~ 25%, respectively,
representing 20% reduction in UTS and 108% increase for
tensile strain with respect to the as-rolled sample. The results
of yield stress (YS) have also a similar tendency with UTS
and it will be discussed in following.

To understand these phenomena, we confirmed a micro-
structure using by EBSD. The microstructure of as-rolled

sample versus 500-336 h sample and average grain size of
all samples is presented in Fig. 4. Grain morphology and size
between as-rolled sample and 500-336 h sample is not com-
pletely different shown in Fig. 4b, c. Average grain size of
as-rolled steel, which is composed of ferrite single phase, is
4.0 pm. Although the average grain size increases to 4.8 pm
with increasing the temperature and time of isothermal treat-
ment (see Fig. 4c), the difference is very small. Moreover,
ferrite is the only phase for all samples because isothermal
treatment was performed in the temperature range of ferrite
single phase area, as shown in Fig. 1. Therefore, it can be
concluded that the main factor affecting the tensile proper-
ties of isothermally treated samples is not microstructures
such as grain size and phase fraction but precipitates distri-
bution depending on the isothermal treatment conditions.

3.3 Distribution of Precipitates

The precipitates were analysed by TEM and distribution of
those with radius over 10 nm was identified as shown in
Figs. 5 and 6. The distributions of precipitates of as-rolled
sample and 500-336 h sample are clearly different in Fig. 5.
The number density of precipitates in 500-336 sample is
significantly higher and radius is smaller than in as-rolled
sample. The calculated number density of precipitates
decreases with increasing the temperature and time of iso-
thermal treatment except for 500-336 h sample, as indicated
in Fig. 6. Simultaneously, the average size of precipitates
increases, even though the values for 300-1 and 400-1 or
300-24 h and 400-24 h samples has no great difference.
However, in the case of 500-336 h, the average precipitates
size decreases, although the number density of precipitates
is the highest among all conditions of isothermal treatment.

Figure 7a, b present the 3D atom map of a few nano-sized
precipitates of 500-24 and 500-336 h samples obtained by
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Fig.4 a Phase map (red color represents ferrite phase), b grain map
of as-rolled sample, ¢ grain map of 500-336 h sample obtained by
EBSD d average grain size depending on the isothermal treat-
ment conditions. (Color figure online)

APT analysis. In contrast to the results obtained by TEM-
replica analysis, the number density in 500-336 h sample is
lower than one in 500-24 h. The number density of precipi-
tates about all samples is calculated on the basis of 3D atom
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map. As a results, although other samples have the number
density of ~ 2.0 x 10**/m, only 500336 h sample has that
of ~ 1.0 x 10%*/m? as shown in Fig. 7c. It is suggested that
the nano-sized precipitates were newly formed, whereas the
coarsening of precipitates within as-rolled sample occurred
during isothermal treatment by diffusion of dissolved C in
the matrix. In addition, the fraction of precipitates with a
radius over 10 nm is highly larger than one of nano-sized
precipitates. By considerable increase of the coarsened pre-
cipitates fraction, the tensile stress decreases significantly to
under 900 MPa, although the nano-sized precipitates, which
affect the precipitation hardening in low carbon steel, act as
obstacles for the existing dislocations glide [16—18]. Fig-
ure 7d shows the concentration profile of a few nano-sized
precipitates investigated by APT. The composition of pre-
cipitates is (Ti;sMo;5V;,)C;, and it is MC-type carbide even
though content of C is not ideal stoichiometry of MC-type
carbide due to vacancies of C. Besides, precipitates have
core/shell structure with a Ti-V-C core and a Mo shell.
Therefore, it can be concluded that these precipitates are
stable during isothermal treatment because they are core/
shell structure [7].

For dislocations movement, thermal activation energy
and enough time are positively necessary [19]. Since the
isothermally treated samples for 1 and 24 h in the range
of 300-500 °C have not sufficient time and temperature, it
is inferred that the density of dislocations has not changed
significantly and the tensile stress is maintained at a value
above 1000 MPa. However, since the movement of disloca-
tions is active in 500-336 h sample, dislocations having the
opposite Burgers vector encountered and disappeared [19].
Finally, the number of mobile dislocations and density of
dislocations decrease and, furthermore, there is more suf-
ficient space for dislocations gliding. Regarding that the
tensile properties are associated with the density of disloca-
tion, and this parameter decreases for 500-336 h sample, the
tensile strain increases to ~ 25% and the ductility is eventu-
ally improved.

3.4 Strength Mechanism by Precipitates

Total yield stress of ferritic steel can be calculated by the
following equation [20, 21]:

Ao, = Aoy + Aogg + Aoy + \/ Aoy, + Aoy ()

where Ao is the friction stress of the ferritic matrix, Aogg is
the increased yield stress due to solid solute strengthening,
Ao g is the increased yield stress due to grain boundary
strengthening Aoy, is the increased yield stress resulted
from the dislocation strengthening and Ao, is the increased
yield stress due to precipitation strengthening. The sum
of Aoy, Aoy, Aogg and Aoy, calculated by Eq. (1) is



Metals and Materials International (2018) 24:525-531

a = Y =
S 4 -
-
F -
5
@
3
.
-
-
*
L
1um
M 5 fal

529
e ‘o. - ot
'b « i . n
)-. - &
- .
{
-
2 -
L] ” ¢ -
b . Py A
. 4 ¢ 3
- .

Fig.5 TEM micrographs showing the distribution of precipitates of a as-rolled sample and b 500-336 h sample
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Fig.6 The number density and average size of precipitates with a
radius over 10 nm calculated by TEM analysis

~ 400 MPa. Therefore, among these factors, the increased
yield stress resulted from precipitation strengthening (Acp,,)
is the most important factor contributing to total yield stress
[1,5, 12]. An amount of Acp,, is estimated by the following
equation [22],

aop, = K2m? @
where K is a constant (5.9 N/m), b is Burger’s vector
(0.246 nm), fis a volume fraction of the precipitates and
d is a diameter of precipitates. According to Eq. (2), calcu-
lated Aop,, of all samples except for 500-336 h sample is
~ 650 MPa, whereas that of 500-336 h sample is ~ 450 MPa.

Although density of precipitates with a radius over 10 nm
is the highest in sample of 500-336 h, the increased yield
stress from precipitates strengthening is the lowest because
not only the volume fraction of precipitates with a radius
over 10 nm is very low as compared with that of a few nano-
sized precipitates but also density of a few nano-sized pre-
cipitates by coarsening. As well as, it is also confirmed that
the increased yield stress due to precipitates strengthening
has a significant effect on the total yield stress of isother-
mally treated ferritic steels.

4 Conclusions

The effects of isothermal treatment on tensile properties of
low carbon ferritic steel were investigated by EBSD, TEM
and APT. The following results are obtained.

1. All isothermally treated samples has a ferrite single
phase and grains with an average diameter of ~ 4.5 um,
because isothermal treatment was performed in tempera-
ture range of ferrite single phase area and the tempera-
ture did not reach to recrystallization temperature.

2. While the samples heat treated for 1 and 24 h in the
temperature range of 300-500 °C showed no significant
differences, tensile properties changed steeply in the
case of 500-336 h sample. It is considered that tensile
stress such as UTS and YS decrease as coarsening of a
few nano-sized precipitates.

3. The calculated sum of the increased yield stress of Ao,
Aogg, Ao and Aoy, is ~ 400 MPa. In addition, except
for 500-336 h sample, the calculated Acp,, of all sam-
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Fig. 7 The distribution of precipitates with a few nm radius in a 500—
24 h and b 500-336 h samples, ¢ the number density of precipitates
with a radius of a few nm, d concentration profiles of precipitate ana-

ples is ~ 650 MPa while that of 500-336 h sample is
~ 450 MPa. These calculated results of the total yield
stress are well matched with experimental results.

4. Tt is confirmed by calculating each factor that among
various factors, Ao, contributes to the total yield stress
in these isothermally treated ferritic steels.
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