
Vol.:(0123456789)1 3

Metals and Materials International (2020) 26:1757–1765 
https://doi.org/10.1007/s12540-019-00500-2

Effect of Rolling and Coiling Temperatures on Microstructure 
and Mechanical Properties of Medium‑Carbon Pipeline Steel

Hyung Lae Kim1 · Sung Hwan Bang2 · Jong Min Choi3 · Nae Hyung Tak4 · Sang Won Lee5 · Sung Hyuk Park5

Received: 12 August 2019 / Accepted: 6 October 2019 / Published online: 1 November 2019 
© The Korean Institute of Metals and Materials 2019

Abstract
Oil country tubular goods (OCTG) steels with a low yield ratio (yield strength/tensile strength) and excellent impact tough-
ness have recently been demanded to ensure mining performance and safety. From this viewpoint, the optimization of the 
manufacturing conditions is important because they influence the microstructure and mechanical properties of the steels; in 
particular, in the case of OCTG steels with carbon contents greater than 0.2 wt%, the finishing mill temperature (FMT) and 
coiling temperature (CT) strongly affect the microstructure of the final products, which are generally composed of ferrite 
and pearlite phases. In this study, 0.39C-0.23Si-1.56Mn-0.11Cr steel plates were fabricated under various FMT and CT 
conditions and their yield strength, tensile strength, and impact energy were investigated. In addition, pipes with diameters 
of 244 and 508 mm were manufactured via an electric resistance welding method using two of these strips fabricated under 
two different optimized conditions [(1) FMT = 880 °C and CT = 630 °C and (2) FMT = 800 °C and CT = 690 °C] to analyze 
the change in mechanical properties induced by the work-hardening effect during the piping process. The results revealed 
that the FMT and CT are closely related to the volume fraction of the ferrite phase, the grain size and lamellar spacing of the 
pearlite phase, and the tensile and impact properties of the steel strips; the variations in the microstructure and mechanical 
properties with the FMT and CT were also discussed in detail.
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1  Introduction

Demand for high-performance steels for oil country tubular 
goods (OCTG) has recently been increasing in response to 
increased exploration activities of unconventional reserves; 

as of 2019, the global OCTG market is estimated to be worth 
$59 billion because of the demand for vertical and horizontal 
directional drilling equipment required for the surface and 
intermediate casing of shale gas [1]. Such OCTG products 
are generally welded pipes fabricated through the leveling 
and pipe-forming of hot-rolled steel strips to reduce the 
manufacturing cost [2, 3]. Moreover, these steel pipelines 
must have high workability to ensure mining performance 
and safety because displacement control and plastic defor-
mation occur under many real pipeline conditions in the case 
of complicated and curved unconventional reserves [4, 5].

To ensure high plasticity, steels used for OCTG have carbon 
contents greater than 0.2 wt% and consist of a ferrite–pearlite 
dual phase to provide a low yield ratio (YR) by accommodat-
ing the initial deformation in the soft ferrite phase [6]. Their 
work-hardening behavior also influences their ability to satisfy 
the required specification grade. Therefore, the microstructure 
of such steels must be composed of a suitable ferrite–pearl-
ite phase ratio and precipitate formation should be avoided 
because they can lead to dislocation pile-ups; specifically, 
for OCTG steels used for pipelines, microstructure control is 
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essential to producing dual-phase steels with a low YR, suit-
able work-hardening behavior, and high toughness for safety 
and reliability, as well as high resistance to crack initiation and 
propagation [7–11].

In the oil and gas pipeline industry, strength criteria have 
been historically used for pipeline design. However, new 
developments related to dual-phase steels with high ductility, 
which are designed by considering various mechanical and 
metallurgical variables such as thermomechanical processing 
conditions, crystallographic orientation, and characteristics of 
grain boundaries and phase interfaces, are required to achieve 
adequate safety and withstand extreme environmental events 
such as earthquakes, landslides, and other displacements. 
Thus, many researchers have proposed the strain-based con-
cept, where both the strain and capacity are considered, as 
the key to an alternative design methodology based on micro-
structure control [12, 13]. In particular, various studies on 
the addition of alloying elements and the optimization of 
manufacturing conditions such as thermomechanically con-
trolled processes have been conducted to manufacture pipeline 
steels with carbon contents less than 0.1 wt% and a low YR 
[14–20]. By contrast, fewer investigations have been reported 
on the properties of OCTG steels with higher carbon contents 
(greater than 0.2 wt%) and high work-hardening behavior and 
consisting of simple phases of ferrite and pearlite.

In reality, the microstructure of hot-rolled steel strips is sub-
stantially affected by the rolling and coiling processes and the 
properties it induces are related to the mechanical properties of 
the final pipes. Therefore, the present study was focused on the 
relationship between the rolling and coiling conditions—i.e., 
the finishing mill temperature (FMT) and coiling temperature 
(CT)—and the mechanical properties of OCTG steel strips. 
In addition, the change in the mechanical properties after pip-
ing was confirmed for the steel strips manufactured under two 
different selected conditions; these conditions based on the 
strain-based design concept resulted in excellent properties, 
i.e., a low YR and an impact toughness sufficiently high for the 
material to be used in a harsh environment. The two selected 
conditions resulted in distinctly different microstructures and 
may be applicable to commercial production.

2 � Experimental Procedure

A 0.39C–0.23Si–1.56Mn–0.11Cr (wt%) steel was used 
in this experiment; its detailed composition is provided 
in Table 1. Ingots of this steel were hot rolled under vari-
ous FMT (760–880 °C) and CT (630–690 °C) conditions 

to fabricate 10 mm-thick plates using a pilot mill. The 
manufacturing temperatures may affect the microstructural 
characteristics [such as the area fraction and grain size of 
the ferrite and pearlite phases and the interlamellar spac-
ing of pearlite (sc)] of the hot-rolled plates, which in turn 
may affect the mechanical properties of the final pipes. 
Among the investigated temperature conditions, two FMT/
CT combinations, which resulted in high impact properties 
and a low YR of the products, were selected for the indus-
trial fabrication of 10 mm-thick strips. The hot-rolled strips 
fabricated under two selected FMT/CT conditions were 
used to manufacture welded pipes with two different diam-
eters (244 and 508 mm) via an electric-resistance welding 
method. The tensile and impact properties of the strips and 
pipes were subsequently measured. The tensile tests were 
performed on specimens with a gauge length of 40 mm at a 
strain rate of 10−2 s−1 and at room temperature; the loading 
axis corresponds to the rolling direction of the strips and 
to the length of the pipes. The impact tests were carried 
out in accordance with the Charpy V-notch method (ASTM 
Standard E23); the notch direction corresponded to the 
transverse direction. The microstructure of each specimen 
was observed with an optical microscope after the speci-
men was polished and etched in nital solution. To confirm 
the phase transformation temperature of ferrite and pearlite 
in the 0.4C–0.2Si–1.6Mn–0.1Cr steel, dilatometric tests 
were performed over a wide range of cooling rates from 1 
to 30 °C s−1. The sc value was predicted from the relation-
ship among the interface energy, temperature, and enthalpy 
of the Fe–C system. The Avrami equation was used to esti-
mate the amounts of pearlite phase on the basis of the phase 
transformation behavior. The values required for calculating 
the Avrami equation were obtained using the Thermo-Calc 
software with the TCFE2000 database. These predicted val-
ues were compared with the experimental results.

3 � Results and Discussion

Table 2 shows the results of the tensile and impact tests on the 
plates fabricated under different FMT and CT conditions. The 
associated variations in yield strength, tensile strength, YR, 
and impact properties are mapped in Fig. 1. The yield and 
tensile strengths tended to increase with decreasing CT; in 
addition, only the former was highly influenced by the FMT 
and reached the lowest value when both the FMT and the CT 
were high. As a result, the smallest YR was observed under 
high FMT and CT (Fig. 1c). The impact energy distribution 

Table 1   Chemical composition 
of the medium-carbon steels 
used in the present study

Alloying element C Mn Si P S Cr Al N

Content (wt%) 0.39 1.56 0.23 0.011 0.001 0.11 0.05 0.0046
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map (Fig. 1d) revealed a decreasing tendency as the FMT 
increased: moreover, the impact energy was very low (less 
than 10 J) when both the CT and the FMT were high. 

Figure 2 shows optical micrographs of these plates. At 
a given CT, both grain size and volume fraction of pearlite 
increased with increasing FMT. By contrast, when the FMT 

Table 2   Tensile and impact 
properties of the steel plates 
fabricated under different 
finishing mill and coiling 
temperatures (FMT and CT, 
respectively: FMTx-CTy, 
where x and y indicate the 
temperatures in °C)

Condition Tensile properties CVN (J) Fabrication of 
strip and pipe

YS (MPa) TS (MPa) EL (%) YR

FMT840-CT630 513 762 27.3 0.67 20.9 –
FMT880-CT630 511 768 28.4 0.67 15.5 O
FMT800-CT630 544 769 27.6 0.71 25.6 –
FMT840-CT670 448 704 29.0 0.64 16.1 –
FMT800-CT670 455 701 26.8 0.65 20.1 –
FMT760-CT670 501 703 27.5 0.71 33.3 –
FMT760-CT630 506 721 28.0 0.70 29.5 –
FMT840-CT690 420 696 26.9 0.60 13.1 –
FMT800-CT690 458 705 27.1 0.65 20.4 O
FMT760-CT690 511 699 27.5 0.73 27.7 –

Fig. 1   Variations in the mechanical properties (a yield strength, b tensile strength, c yield ratio, and d Charpy impact energy value) of the steel 
plates with the finishing mill and coiling temperatures (FMT and CT, respectively)
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was 840 °C, the grain size and volume fraction of pearlite 
decreased with increasing CT. The plates fabricated at an 
FMT of 760 °C contained a substantial amount of the fer-
rite phase irrespective of the CT because the rolling pro-
cess was carried out below the austenitic temperature (Ar3). 
These results indicate that the size and amount of ferrite 
and pearlite phases are strongly dependent on the CT and 
FMT conditions. Therefore, the tensile and impact properties 
might have been strongly influenced by these differences in 
microstructure induced by the variation of the FMT and the 
CT. Details regarding the microstructure are discussed later 
in this section.

The medium-carbon steel used for the strain-based design 
must have a low YR, in accordance with its intended appli-
cation; in addition, it should possess a sufficient impact 
toughness (greater than 10 J) to be used as structural pipes 
[21]. Therefore, in the present study, the optimal manufac-
turing conditions based on the mechanical properties of the 
plates produced under each condition were examined to 
determine whether they meet the properties required for the 
final products. First, the plates had to be produced at an FMT 
greater than 780 °C to obtain a low YR (Fig. 1c); however, 
an excessively high FMT should be avoided to ensure an 
impact toughness of 10 J or more (Fig. 1d). In addition, the 

CT should be set so that the YR and impact toughness are 
approximately 0.67 and greater than 15 J, respectively. On 
the basis of these considerations, two FMT/CT combina-
tions were chosen: (1) FMT of 800 °C and CT of 690 °C 
(denoted as FMT800-CT690) and (2) FMT of 880 °C and 
CT of 630 °C (denoted as FMT880-CT630). The mechanical 
properties of both the hot-rolled strips produced under these 
conditions and the pipes fabricated using these same strips 
will be discussed later, along with their relationship with the 
manufacturing conditions.

Figure 3 shows optical micrographs of the FMT800-
CT690 and FMT880-CT630 strips. The ferrite volume 
fraction was higher in the FMT800-CT690 strip than in the 
FMT880-CT630 one because of the higher CT used for the 
former, which is consistent with its previously observed 
increase under conditions of increasing CT (Fig. 2). This CT 
dependence of the ferrite volume fraction can be explained 
on the basis of the continuous cooling transformation curve 
of the 0.4C–0.2Si–1.6Mn–0.1Cr (wt%) steel, which was 
obtained through dilatometric tests (Fig. 4): the ferrite 
phase began to form at ~ 640 °C, whereas the pearlite phase 
was mainly formed below 630 °C. Therefore, a substantial 
amount of ferrite was formed when the CT was 690 °C 
because its temperature passed through its transformation 

Fig. 2   Optical micrographs 
showing the microstructure of 
the steel plates fabricated under 
different finishing mill and coil-
ing temperatures (FMT and CT, 
respectively)
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temperature region during the slow cooling process. How-
ever, when the coiling process was carried out at 630 °C, 
which is lower than the ferrite phase transformation temper-
ature (640 °C), the resulting microstructure consisted mostly 
of the pearlite phase, in agreement with the results in Fig. 3b 
[22, 23]. Therefore, to form the amount of ferrite required 
to ensure good impact toughness, the coiling process should 
be conducted at a temperature above 650 °C if the phase 
transformation induced by deformation is not considered. 

In the case of the FMT, its increase coarsened the grain 
size of the pearlite phase in the strips (Fig. 2). The grain size 
of the austenite phase formed in a high-temperature process 
affects the grain size of the pearlite phase because pearl-
ite forms via phase transformation of the austenite phase 
during the finishing mill (FM) process. The lessening of 
the internal strain energy by austenite recrystallization and 
growth behaviors at high temperatures reduces the overall 
number of nucleation sites for the pearlite phase transforma-
tion, eventually degrading the mechanical properties of the 
hot-rolled steel product by forming coarse pearlite grains 
[24–27]. Therefore, the FM process should be conducted 
below the austenite recrystallization temperature to ensure 
a fine-grained microstructure; moreover, to restrict the 
abnormal grain growth induced by the nonuniform strain 
distribution that would result from two phases with different 
mechanical properties, the FM process should not be carried 
out in the austenite/ferrite two-phase region [28–30]. The 
FM process should accordingly be conducted at tempera-
tures within the austenite single-phase region (i.e., above 
Ar3). The FM processes performed in the present study were 
started below 1000 °C and were completed at 880 or 800 °C. 
For the steel used in the present study, the nonrecrystalliza-
tion temperature was calculated on the basis of the empirical 
equation suggested by Boratto et al. [31] by considering the 
C, Mn, Si, and Al contents. In addition, the Ar3 temperature 
for the two-phase region was derived on the basis of the 
alloying elements using the equation reported by Trzaska 
and Dobrazanski [32]; the Ar3 temperatures were greater 

Fig. 3   Optical micrographs 
showing the microstructure of 
the steel strips fabricated under 
the two optimized combinations 
of finishing mill and coiling 
temperatures (FMT and CT, 
respectively): a FMT = 800 °C 
and CT = 690 °C and b 
FMT = 880 °C and CT = 630 °C
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than 1000 and ~ 780 °C, respectively. These results confirm 
that the FM process of the selected two conditions (i.e., 
FMT800-CT690 and FMT880-CT630) was carried out at 
temperatures (880 or 800 °C) suitable to suppress the recrys-
tallization and complete the process above A3. In these 
cases, the microstructure consisted of only austenite phase 
during the entire FM process and the shape of the unrecrys-
tallized austenite grains was gradually flattened through this 
process. The strained and elongated austenite grain struc-
ture has a large number of nucleation sites for the ferrite 
or pearlite phase transformation because of an increase in 
the grain-boundary fraction. The austenite grains showed a 
more flattened shape at FMT = 800 °C than at FMT = 880 °C 
because of the rolling process carried out at a lower tempera-
ture. This result means that the hot-rolled FMT800-CT690 
strip had finer grains and a larger ferrite volume fraction than 
the FMT880-CT630 strip because of the increase of ferrite 
and pearlite nucleation sites induced by the more flattened 
austenite grains under the former condition (Fig. 3a and b). 

Moreover, the less flattened austenite grains observed at 
FMT = 880 °C coarsely evolved into pearlite transformation 
induced by the considerably lower CT (630 °C). That is, in 
the case of the FMT800-CT690, the austenite grains with 
a more flattened pancake-like shape were transformed into 
finer pearlite and ferrite grains compared with the FMT880-
CT630 case. The aforementioned microstructure evolution 
with the manufacturing conditions are schematized in Fig. 5. 
In addition, the FMT800-CT690 strip exhibited a consid-
erably higher impact toughness (46 J) than the FMT880-
CT630 strip (28 J), which is mainly attributed to the grain 
refinement by the lower FMT of the FMT800-CT690 strip.

The tensile properties of the hot-rolled strips realized 
under these optimized conditions (FMT880-CT630 and 
FMT800-CT690), which exhibited a low YR and excellent 
impact toughness, and of the pipes fabricated using these 
strips are summarized in Table 3. The compressive strain (ε) 
applied to the hot-rolled strips during the pipe manufactur-
ing process was derived from the relationship between the 
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Fig. 5   Schematic of the microstructure evolution during the rolling process under different manufacturing conditions

Table 3   Mechanical properties 
of steel strips manufactured 
under two different 
manufacturing conditions (FMT 
finishing mill temperature, CT 
coiling temperature) and the 
pipes fabricated using these 
strips

Condition Type of specimen YS (MPa) TS (MPa) EL (%) CVN (J)

FMT880-CT630 Strip 505 761 28.0 28
508 mm pipe 555 733 27.2 –
244 mm pipe 667 745 27.0 –

FMT800-CT690 Strip 454 755 27.5 46
508 mm pipe 458 731 27.0 –
244 mm pipe 545 725 26.3 –

Standard value 379–552 > 655 > 16 @ 0 °C
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pipe diameter (D) and thickness (t) (i.e., ε = t/D); it was 4.1% 
and 2.0% for the 244 and 508 mm-diameter pipes, respec-
tively. In the 508 mm-diameter pipe manufactured using 
the FMT880-CT630 strip, the yield strength increased by 
50 MPa (from 505 MPa for the strip to 555 MPa for the 
pipe) because of the plastic deformation (2.0%) induced by 
the pipe manufacturing process. For the pipe with a smaller 
diameter (244 mm), the yield strength greatly increased to 
667 MPa because of the increased compressive strain (4.1%); 
this result indicates that the strip, which was a nearly full 
pearlite phase, showed a sudden increase in yield strength 
when subjected to plastic deformation during the pipe manu-
facturing process. However, when the FMT800-CT690 strip 
was used, the yield strength of the 508 and 244 mm-diameter 
pipes was 458 and 545 MPa, respectively; in particular, the 
yield strength of the 508 mm-diameter pipe was nearly iden-
tical to that of the strip (454 MPa) (Table 3). This result 
indicates that the yield strength of the strip, which contained 
a substantial amount of ferrite phase, hardly increased when 
a compressive strain of 2.0% was applied. However, when 
the applied compressive strain was 4.1%, the yield strength 
considerably increased from 454 to 545 MPa because of 
work hardening.

For discussion of the difference in the yield strength 
increase as a function of the deformation strain, we pre-
sent the tensile stress–strain curves of the FMT800-CT690 
and FMT880-CT630 strips in Fig. 6, along with the ref-
erence yield strength range required for a low YR on the 
basis of the strain-based design concept. First, although the 
FMT880-CT630 strip exhibited a larger grain size than the 
FMT800-CT690 strip, its yield strength was greater because 
of its thinner sc and its larger pearlite volume fraction due 

to its lower CT. The lamellar cementite layer in the pearl-
ite phase acts as a barrier against dislocation movements 
and restricts the slip distance in the ferrite; accordingly, the 
yield strength in pearlite steel is especially determined by 
interlamellar spacing [33]. In addition, in ferrite–pearlite 
dual-phase steels, the yield strength increases with increas-
ing volume fraction of pearlite phase [34]. Therefore, the 
FMT880-CT630 strip with the more abundant and narrower 
pearlite grains exhibits higher strength. Second, the yield-
point phenomenon occurred during the tensile deformation 
in both strips. This phenomenon is related to the interac-
tion between dislocations and interstitial solute atoms, such 
as carbon and nitrogen, and generally occurs in low-carbon 
steels containing phases with relatively low dislocation den-
sity, such as ferrite and pearlite. Because the steel strips used 
in the present study consisted precisely of ferrite and pearlite 
phases, they exhibited an obvious yield-point phenomenon. 
However, the yield-point elongation of the FMT800-CT690 
strip was substantially larger than that of the FMT880-
CT630 one.

As the grain size of ferrite decreases, the density of 
mobile dislocations formed during tensile deformation is 
decreased by the reduction in area of the dislocation source 
(i.e., the internal area of grains) and the recovery process 
during tension is promoted by the increased grain bounda-
ries, which consequently leads to an increase in the yield-
point elongation [35]. Accordingly, the greater yield-point 
elongation of the FMT800-CT690 strip is attributed to the 
combined effects of a finer grain structure, higher volume 
fraction of ferrite, and a wider lamellar spacing in the pearl-
ite phase [35–38].

In relation to the aforementioned lamellar spacing, Fig. 7 
shows that the associated microstructure depended on the 
CT when the FMT was fixed at 840 °C: specifically, the 
specimen processed at a CT of 690 °C exhibited a wider 
interlamellar spacing than that processed at 630 °C. Accord-
ing to numerous previous studies on sc and the manufac-
turing conditions, the sc value for the Fe–C system can be 
approximated as follows [39, 40]:

where σα/θ, Teq, ΔT, and ΔHv are the energy per unit area 
of the ferrite/cementite interface, the eutectoid temperature, 
the undercooling, and the enthalpy change, respectively. In 
addition, the phase transformation behavior of pearlite is 
conventionally expressed through the Kolmogorov–John-
son–Mehl–Avrami equation [41–45]:

sc =
2�

�

� Teq

ΔHvΔT
≈ 6.13 × 10−9

Teq

ΔT
(

�
�

� = 0.93 J/m2, ΔHv = 607 MJ/m3
)

X = Xe
(1 − exp(−k(t − �)

n
)

Fig. 6   Tensile stress–strain curves of the strips fabricated under two 
different combinations of finishing mill and coiling temperatures 
(FMT and CT, respectively): FMT = 800 °C and CT = 690 °C (black 
line) and FMT = 880 °C and CT = 630 °C (red line)
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where X is the fraction transformed, t is time, Xe and n are 
the thermodynamic equilibrium fraction and time expo-
nent, both of which are fixed under the same transforma-
tion mechanism without considering the temperature range, 
respectively, and k and τ are respectively the rate constant 
and the incubation time, both of which are generally related 
to microstructure, chemical composition, and temperature. 
To calculate the interlamellar spacing and volume fraction of 
the pearlite phase in the steel used in this study, the required 
values for the two abovementioned equations were obtained 
using the Thermo-Calc software and the data reported by 
Kwon et al. [46]. The calculation results are shown in Fig. 8 
and correspond to the experimental results presented in 
Figs. 2 and 7. Because sc is inversely proportional to the 
degree of undercooling, it decreased with decreasing CT. 
Moreover, when the CT was high, a substantial amount of 
ferrite formed, along with pearlite with a large lamellar spac-
ing. The impact toughness of steels increases with a reduc-
tion in the grain size and an increase in the pearlite lamellar 
spacing and ferrite volume fraction [47, 48]; therefore, the 

strips manufactured at higher CT exhibited superior impact 
toughness compared with the strips manufactured at lower 
CT because of the increased amount of the ferrite phase 
and the wider lamellar spacing. Furthermore, the yield-point 
phenomenon became more pronounced with increasing fer-
rite volume fraction. That is, the FMT800-CT690 speci-
men exhibited a greater yield-point elongation and a higher 
impact energy than the FMT880-CT630 specimen; however, 
the work-hardening exponents of the FMT800-CT690 and 
FMT880-CT630 specimens after yield deformation were 
similar because the main phase in both strips was the same 
(pearlite) despite their difference in lamellar spacing [49]. 
These results demonstrate that the manufacturing tempera-
tures strongly affect the mechanical properties of the strips 
and final pipes. 

Thus, given the strain applied to a strip during the pipe 
manufacturing process, the strip production at an FMT 
greater than 850 °C and a CT less than 650 °C is advanta-
geous because it improves the productivity and results in 
superb toughness when the applied strain is less than 2%. 
However, under an imposed strain of 4%, the strips must 
be produced at a low FMT and a high CT to ensure a low 
YR and high impact properties through the formation of a 
wide lamellar spacing, fine grains, and a sufficient amount 
of ferrite.

4 � Conclusions

This study has examined the dependence of the mechani-
cal properties and microstructure of medium-carbon steel 
OCTG products on their rolling and coiling temperatures, 
leading to the following conclusions.

1.	 The YR, which is important for high workability, 
decreased with increasing FMT and CT, whereas the 
impact energy tended to decrease with increasing FMT. 
Therefore, two manufacturing conditions—specifically, 
FMT800-CT690 and FMT880-CT630—that provided 

Fig. 7   Optical micrographs 
showing the lamellar spacing 
of the pearlite phase in the 
steel products fabricated under 
two different combinations 
of finishing mill and coiling 
temperatures (FMT and CT, 
respectively): a FMT = 840 °C 
and CT = 630 °C and b 
FMT = 840 °C and CT = 690 °C

560 580 600 620 640 660 680 700
0

500

1000

1500

2000

2500

CT (oC)

La
m

el
la

r 
sp

ac
in

g 
(n

m
)

0.4C-1.5Mn-0.1Cr

0

20

40

60

80

100

A
m

ou
nt

 o
f p

ea
rl

ite
 (%

)

Simulation
Experimental

at FMT = 880 C

Fig. 8   Simulation results of the variations in lamellar spacing and in 
the amount of pearlite phase with the coiling temperature (CT), and 
experimental results obtained at CTs of 590 and 630 °C at a finishing 
mill temperature (FMT) of 880 °C



1765Metals and Materials International (2020) 26:1757–1765	

1 3

excellent mechanical properties were selected to confirm 
the good mechanical properties after the pipe manufac-
turing process.

2.	 The selected FMT and CT conditions were considered 
suitable on the basis of the austenite recrystallization and 
Ar3 temperatures. The FMT800-CT690 strip exhibited a 
finer grain structure and a higher ferrite volume fraction 
compared with the FMT880-CT630 strip because of the 
passing of the ferrite transformation region by high CT and 
the formation of flattened austenite grains by low FMT.

3.	 The FMT800-CT690 strip shows a lower yield strength 
and delayed work-hardening behavior compared with the 
FMT880-CT630 strip. In addition, the higher yield-point 
elongation of the FMT800-CT690 strip was attributed 
to its larger ferrite volume fraction, finer grain size, 
and wider lamellar spacing compared with those of the 
FMT880-CT630 strip. The FMT800-CT690 strip could 
satisfy the required yield strength specification even 
after substantial deformation of 4%.

4.	 The pearlite lamellar spacing was calculated from the 
relationship among interface energy, temperature, and 
enthalpy of the Fe–C system. The Avrami equation 
was used to predict the pearlite volume fraction from 
the conventional phase transformation behavior. The 
obtained values well matched the experimental results 
of increased lamellar spacing and decreased volume 
fraction with increasing CT.
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