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The hot deformation behavior and corrosion properties of HSLA steels under compression processes
were studied. In this paper, the hot compression tests were conducted at a deformation temperature of
800 and 1100°C with strain rates of 0.1, 1 and 10 s™ using an MMS-200 thermal-mechanical simulator.
The true stress-strain curves under different conditions were obtained. The flow stress increases with
the increase of strain rate and decreasing deformation temperature. The microstructure, hardness, and
electrochemical properties of the specimens were investigated to discover/understand the effect of the
deformation temperature on specimens. Microstructure observation shows that the grain size increased
with an increase of deformation temperature, and fine AF grains were observed in specimens, which
had direct effects on the resulting hardness, leading to the highest hardness values. From the final,
optimized hot deformation process, the specimens deformed at the temperature of 800°C and the strain
rate of 0.1 s had a completely recrystallized and homogeneous grain structure and could be improved
by corrosion resistance better than the as-cast specimens.
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1. INTRODUCTION

High-strength low-alloy (HSLA) steels are low-carbon steels with up to 1.5% manganese,
strengthened by low content elements such as niobium, columbium, copper, vanadium or titanium and
sometimes by special rolling and cooling techniques. The higher alloy additions are usually for better
mechanical properties, hardenability and resistance to atmospheric corrosion than the conventional
carbon steels [1, 2]. Ever since the high-strength low-alloy (HSLA) pipeline steels were developed in


http://www.electrochemsci.org/
https://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&source=web&cd=14&cad=rja&uact=8&ved=0ahUKEwizwsioxMfXAhWKyRoKHUewBnU4ChAWCDYwAw&url=https%3A%2F%2Fwww.researchgate.net%2Fpublication%2F280462815_Fracture_Behavior_Issues_in_HSLA_Pipeline_Steels_-_A_Review&usg=AOvVaw2EbjKi1-Jatgw0mULTtriv
mailto:zhanghx@hrbeu.edu.cn

Int. J. Electrochem. Sci., Vol. 13, 2018 2767

the early 1970s, they have been widely used in many applications in the industry, including in oil and
gas production and transportation pipelines, in which there were great economic incentives in
developing the methods and materials to alleviate corrosion in metal alloys [3-5].

In order to increase the transport efficiency with a higher pressure and transmission rate in a
long-distance pipeline, a high-grade steel with a higher strength and better low-temperature toughness
and corrosion resistance is needed. It is well known that the corrosion products formed on steel and
iron exposed to various atmospheres consist of lepidocrocite (y-FeOOH), goethite (a-FEOOH) and
magnetite (FesO,4). Lepidocrocite is usually formed in the early stages of atmospheric corrosion but, as
the exposure time increases, it is transformed into goethite in which the content of these materials in
the formed rust is dependent on the corrosion condition [6-9]. Corrosion of low carbon steel pipelines
can occur in various forms. Many studies have shown that natural gas, crude oil, transportation
systems, and bacteriological processes in the seawater contain quantities of hydrogen sulfide and
chloride ions which affect the integrity of low carbon steel and continuous damage by the permanent
corrosion product layer facilitates the active dissolution of the substrate metal, which causes significant
economic loss [10-14].

The corrosion behavior has been tested mainly for solution-treated alloys [15]. It is known that
the microstructure and corrosion properties of austenitic steels depend on the heat treatment applied
and plastic deformation [16-17]. However, the effect of deformation temperature and strain rate during
hot deformation on the corrosion behavior has not attracted the required attention so far. In this study,
the comparative investigations of the potentiodynamic polarization behavior of hot deformation with
different deformation temperatures and strain rates of HSLA pipeline steels were carried out.
Therefore, the combined effects of hot deformation related to the microstructure and corrosion
properties of the HSLA pipeline steels were carefully investigated to optimize the hot deformation
parameters.

2. EXPERIMENTAL PROCEDURES

2.1. Materials

The chemical composition of HSLA pipeline steels casting ingot is shown in Table 1. Fig. 1a
shows the microstructure of the steel in the as-cast condition. The XRD pattern of specimens is
detected as a single a-ferrite phase of the bcc type in the microstructure (Fig. 1b), proving that the
austenite and martensitic transformation did not appear.

Table 1. Chemical composition of HSLA pipeline steels (in wt%b)

C Si Mn Cr Mo Ni Al Cu Nb Ti V
0.0031 0.151 0.766 0.190 0.136 0.517 0.0243 0.365 0.0408 0.0020 0.0145
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Figure 1. Microstructure of the HSLA pipeline steels in the as-cast condition: (a) Optical micrograph
and (b) X-ray diffraction (XRD) profiles

2.2. Hot compression tests and conditions

Hot compression tests were conducted using an MMS-200 thermal mechanical simulator. The
schematic drawing of compression testing is shown in Fig. 2. Cylindrical specimens were prepared that
were 8 mm in diameter and 15 mm in height, and the specimens were heated from room temperature to
1250 °C at a heating rate of 20 °C/s for 5 min and then cooled to a deformation temperature with a
cooling rate of 5 °C/s. Compression deformation temperatures were performed at 800 and 1100 °C
with different strain rates of 0.1, 1, to 10 s™. After high temperature compression, specimens were
immediately quenched in water and all specimens deformed to a total true strain of 0.7. The hot
compression under different conditions are shown in Table 2.

Table 2. Hot compression conditions of HSLA pipeline steels

Specimen Temperature (°C) Strain rate (s™)
as-cast - -
H1 800 0.1
H2 800 1
H3 800 10
H4 1100 0.1
H5 1100 1
H6 1100 10

2.3. Microstructure characterization and Hardness test

The microstructure observation was carried out by an optical microscope (OM) and a scanning
electron microscope (SEM). The specimens were polished and etched in a solution of 4% nital. X-ray
diffraction (XRD) technique was carried out to identify alloys phase with Cu Ko radiation (1=1.5406
A) and 28 scan between 30°to 90°. Microhardness test of specimens were performed using an HVS-
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1000 micro hardness test (Beijing Wowei Technology Co. Ltd., China) with a load of 9.8 N for loading
time 10 s.
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Figure 2. Schematic drawing of: (a) hot compression testing, (b) uniaxial compression
specimen before and after hot compression testing

2.4. Electrochemical test

The electrochemical test of HSLA pipeline steels were measured using a CHI 660D
electrochemical workstation (Beijing Chinese science days Technology Co., Ltd.) using a standard
three-electrode cell with the specimen as a working electrode, Platinum foil as the counter electrode
and a silver/silver chloride electrode (Ag/AgCl) as the reference electrode. The polarization curves
were conducted in 1 M NacCl solution at room temperature, between -1 V and 0.4 V with a scanning
rate of 1 mV/s. All specimens acting as working electrodes were embedded in epoxy resin.
Electrochemical Impedance Spectroscopy (EIS) was carried out at open circuit potential through a
frequency range of 100 kHz to 0.01 Hz at an amplitude of 5 mV.

3. RESULTS AND DISCUSSION

3.1 True stress-strain curve

The typical stress-strain curve from hot compression test at the elevated temperature is shown
in Fig 3, which shows that it is composed of four stages occurred during hot deformation processes as
follows; stage | (work hardening stage): the hardening rate is higher than the softening rate induced by
dynamic recovery (DRV), and the stress rises steeply under microstrain deformation and then increases
at a decreased rate. Stage Il (stable stage): the equilibrium state obtained between the dislocation
generation during plastic deformation and the annihilation rate is corresponding in short time while
DRV and dynamic recrystallization (DRX) take place. Stage Ill (softening stage): the stress drops
steeply due to mechanisms related with DRV and DRX. Stage IV (steady stage): the stress becomes
steady to balance the status between softening and hardening [18-20].
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Figure 3. Typical stress-strain curve at the elevated temperature.
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Figure 4. True stress-strain curve of HSLA pipeline steels at different compression conditions

The true stress-strain curves of HSLA pipeline steels deformed at deformation temperatures
800 °C and 1100 °C and different strain rates are shown in Fig. 4. The effect of strain rate and
temperature on flow stress are significant under all test conditions. Both the strain and stress peak
increases with the elevating strain rate and the peak stress increase with increasing strain rate and
decreasing of temperature because dynamic softening dominates work hardening at higher
temperatures [21, 22]. Subsequently, the flow stress curves continuously decreases until a balance with
work hardening and dynamic softening is achieved.

For DRV and DRX are two typical softening mechanisms during hot deformation processes in
metal and alloys. The DRX phenomenon occurred when the flow stress reached peak stress at a small
strain after which the flow stress dropped gradually and reached a steady state, and then flow stress
would gently rise to saturate with increase of strain until become to balance state, DRV can be
occurred. The two typical as seen from the true stress-strain curves of HSLA steels, DRX phenomenon
occurred at strain rate 0.1 s and DRV occurred when the strain rate is 1 and 10 °C.
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3.2 Microstructure characterization

Figure 5. Optical micrograph of HSLA pipeline steels deformed at different strain rates (a) H1, (b) H2,
(c) H4 and (d) H5

Figure 6. SEM micrographs of (a) H6 and (b) acicular ferrite microstructure and EDS spectrum area

The optical micrographs of HSLA pipeline steels at different conditions showed that in all
specimens, the microstructure, transformed at the highest austenite transformation temperature and
cooling rate, is composed as polygonal ferrite (PF). PF occurs in the form of coarse ferrite islands
inside the prior austenite grains as shown in Fig. 5 [23]. The nucleation sites for PF were austenite
grain boundaries, and PF grains grew to form equiaxed grains or shapes that minimized of the surface
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energy. PF grain sizes increased with increasing transformation temperature and when the temperature
reached 1100 °C, grain sizes began to become smaller and complete DRX was observed at the strain
rate 0.1 s™.

Fig. 6 shows the micrographs of HSLA pipeline steels deformed at temperature 1100 °C and a
high strain rate of 10 s™. The microstructure is mainly composed of acicular ferrite (AF), and some
Widmanstatten ferrite (W) microstructure is also observed in the specimen (Fig. 6a). As the
transformation temperature decreases rapidly, the morphology of ferrite is transformed to
Widmanstétten or acicular ferrite. Normally the Widmanstétten ferrite nucleates grow from prior
austenite grain boundaries as coarse ferrite side-plates [24, 25]. The majority of the microstructures in
this category consisted of stacks of coarse parallel ferrite lamellae occurring intra-granularly, formed
by the diffusion of carbon during cooling to form a carbide phase between ferrite plates. In the cast of
AF, AF formed during period austenite transformed to martensite after quenching. The
characterization of AF is a randomly oriented needle-shaped grain with a basket-weave appearance.
Fig. 6a shows the SEM micrographs of acicular ferrite structure and the EDS analysis results was also
studied. Complex elements are observed in area, which are rich in Mn, Mo, C, Si and O elements. The
oxide inclusion usually has high concentration of Mn, while a few oxide inclusions are observed at the
acicular ferrites, which means these oxide inclusions have no obvious role in the formation of acicular
ferrite in the specimens.

3.3 Microhardness test
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Figure 7. Microhardness results of the HSLA pipeline steels at different compression conditions

The microhardness values at different strain rates and deformation temperature of HSLA
pipeline steels specimens are summarized in Fig. 7. The hardness value at deformation temperature of
800 °C and 1100 °C were similar with increasing deformation temperature and strain rate. At a high
temperature of 1100 °C and strain rate 10 s™, the value of microhardness increased rapidly. This is the
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cause of the microstructure observations; fine AF grains were observed in specimens which had direct
effects on the resulting hardness and led to higher hardness values respectively. Furthermore, the
microhardness value of AF is higher than that of PG. Therefore, an increase in deformation
temperature increased microhardness values and decreased the grain size.

3.4 Potentiodynamic polarization measurements

E/V (Ag/AgCl)

13 12 11 10 -9 -8 -7 -6
log (i/A)

Figure 8. Potentiodynamic polarization curves of HSLA pipeline steels (as-cast, H1, 2, 3, 4, 5 and
6) in 1 M NaCl solution at room temperature

The potentiodynamic polarization curves behavior of HSLA steels after hot compression test at
different strain rates is shown in Fig. 8. The anodic current density varies significantly with increase of
temperature and strain rate which indicates that in all specimens, the curves exhibited an active zone
behavior only and no apparent active-passive transition potential peak observed in NaCl solution test.
The values of potentiodynamic polarization parameters, such as anodic Tafel constants (), cathodic
Tafel constants (Bc), corrosion potential (Ecor), corrosion current densities (icor), and corrosion rate
(Reoor) Obtained by extrapolation of Tafel lines and curves-fitting are given in Table 3. The
potentiodynamic polarization curves have a shift towards higher corrosion current density values with
increasing temperature. The specimens deformed at low temperature showed lower values of iy than
the as-cast specimen while all specimens deformed at high-temperature exhibit higher values of i¢oor
than the specimens deformed at low temperature. The specimens deformed in compression test at 800
°C and strain rate of 0.1 s had the lowest icor OFf 0.0123 pA/cm™ and the specimens deformed at a
high temperature of 1100 °C and high strain rate of 10 s™* had the highest icor Of 42.382 pA/cm™. It is
clear that specimens deformed at low temperature could improve the corrosion resistance of
specimens. In addition, at high temperature, the specimens deformed at the highest strain rate showed a
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relatively a higher value of i and Reoor than the specimens deformed at a low strain rate. Thus, the
corrosion rate of specimens also increases with increasing of corrosion current density.

Table 3. Potentiodynamic polarization parameters from a curve-fitting approach of HSLA pipeline
steels in NaCl solution

Specimens Ecoor icoor Ba Be Recoor
(mV) (HA.cm™) (mV) (mV) (mpy)

as-cast -652.99 20.50 307.8 307.3 9.01
H1 -580.22 0.012 292.5 271.7 0.005

H2 -536.28 7.01 310.2 304.6 3.08

H3 -536.04 5.71 260.5 239.9 251

H4 585.61 3.21 270.2 293 141

H5 577.78 16.87 294.4 259 7.41

H6 -567.40 42.38 283.9 258.9 18.63

3.5 Electrochemical impedance spectroscopy

The experimental results obtained from EIS measurements for the corrosion of HSLA pipeline
steels in 1 M NaCl solutions at different compression parameters are listed in Table 4. Typical Nyquist
plots at a temperature of 800 and 1100 °C are shown in Fig. 9(a). The impedances were characterized
by a large semicircle capacitive loop or a quarter capacitive loop. All specimens deformed at 800 °C
and different strain rate showed the circulars arc were larger than the as-cast specimen while
specimens deformed at 1100 °C showed the smallest circular arc in all conditions. It is also observed
that the diameter of the impedance plot decreases with increasing deformation temperature. The
impedance diagrams obtained from the results are not complete semicircles which can be explained by
surface heterogeneity because the semicircles are attributed to the surface roughness, impurities,
dislocations and inhomogeneity of the solid surface and adsorption of the inhibitor on the metal surface
[29]. Bode plots diagrams were also studied to the corrosion behavior of HSLA pipeline steels at
different temperatures and strain rate in NaCl solution as shown in Fig. 9(b). The results showed that
the corrosion resistance of the specimens gradually decreases with increasing deformation temperature
and increasing strain rate of compressive condition. It can be seen that the phase angles tend toward
zero at low frequency which indicates the appearance of corrosion products on the specimens [30].
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Figure 9. (a) Nyquist and (b) Bode plots of HSLA pipeline steels (as-cast, H1, 2, 3, 4, 5 and 6) for
different condition

R, CPE
— >
Rct

Figure 10. Electrical equivalent circuit models for fitting the impedance spectra of HSLA pipeline
steels
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Table 4. Impedance parameters for HSLA pipeline steels with different compression parameters in 1.0
M NacCl solution

Specimens Rs Ret Yo n Cal
(Q.cm?)  (Qem?)  (us"Qtem?) (10 uF.cm?)
as-cast 3.18 4.14 0.88 0.75 1.366
H1 3.17 51.86 0.01 0.71 0.008
H2 8.70 26.22 0.22 0.93 0.25
H3 3.82 21.45 0.27 0.67 0.63
H4 0.36 3.34 241 0.58 10.97
H5 0.52 2.95 2.74 0.585 12.14
H6 0.46 2.67 3.50 0.50 31.04

The EIS spectra were analyzed using the equivalent circuit in Figure 10. The constant phase
element (CPE) was represented as following equation:

Z(w)=Y,.(jo)™ ®3)

where Y, is the CPE constant, o is the angular frequency (rad/s), j*= -1 and n is the CPE
exponent. Double layer capacitance (Cq) and charge transfer resistance (R.;) were obtained from EIS
measurements as described elsewhere. The electrochemical parameters, such as Y,, Rs, R¢t and n were
obtained from fitting data by using Zview software, and the double layer C4 was calculated by
equation [31-33]:
(Y R )1/n

0" ‘ct

R
where R, and R are the charge transfer resistances with and without inhibitor, respectively.

Ca = 4)

ct

According to Table 4, the increasing of deformation temperature increase has led to the
decreasing of R value. This is because the corrosion inhibitor molecules absorbed on the surface of
the specimens will undergo condensation when the temperature is increasing [34]. The values of Rsand
R for HSLA pipeline steels deformed at 800 °C with a strain rate of 0.1 s™ also recorded higher than
the as-cast specimen and all specimens deformed at 1100 °C. The increase in R value can be
attributed to the formation of a protective film on the metal interface and charge transfer. On the other
hand, the decrease in value of Cg is attributed to the increase in the film layer thickness formed by the
adsorption of inhibitor molecules which is in agreement with the potentiodynamic polarization data,
according to which the corrosion resistance reduced after increase in deformation temperature at 1100
°C

4. CONCLUSION

Hot deformation characteristics and corrosion behavior of HSLA pipeline steels were
investigated by conducting a hot compression test in 1 M NaCl solution at room temperature using
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potentiodynamic and EIS techniques to characterize the corrosion mechanism. The conclusions are as
follows:

(1) Hot deformation behaviors of HSLA pipeline steels are significantly affected by the
deformation temperature and strain rate. The flow stress curves show characteristics of dynamic
recrystallization and dynamic recovery under various conditions and the flow stress increases with the
increase of strain rate under a fixed temperature and decreases with the increase of deformation
temperature.

(2) The hot deformation process significantly refined the microstructure and increased
microhardness, but hot deformation at a high temperature and increased a strain rate of 10 s™ led to a
reduction of corrosion resistance of the specimens.

(3) The result of potentiodynamic polarization measurements indicated that the corrosion rate
of HSLA steel increases with an increase in the deformation temperature and strain rate. It can be seen
that the specimens deformed at temperature of 800 °C and strain rate of 0.1 s could improve the
corrosion resistance of specimens when compared with as-cast specimen.
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