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Abstract

This study evaluated the microstructure, martensite morphology, and mechanical prop-
erties of API X60 dual-phase pipeline steel, aiming to understand the relationship between
microstructure and mechanical properties. Following annealing at various intercritical tem-
peratures (740, 760, 780, and 810°C), X60 dual-phase steel with varying martensite volume
fractions was produced. To create distinct martensite morphologies, three treatments were
developed. Due to the Intermediate Quenching (IQ) treatment, fine and fibrous martensite
morphology was formed, which was evenly distributed throughout the ferrite matrix. The
Direct Quenching (DQ) treatment showed dispersed martensite islands within a ferritic ma-
trix. However, the martensite and ferrite morphologies produced by the Step Quenching (SQ)
treatment were blocky and banded. Results revealed that increasing the amount of marten-
site improves both yield strength and ultimate tensile strength while decreasing ductility.
This result indicated that adjusting heat treatment parameters can optimize X60 (DP) steel
for strength-critical applications. According to the results of the experiment, API X60 (DP)
steel with a finely distributed microstructure has higher tensile strength than steel with other
microstructures.
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1. Introduction

Dual-phase (DP) steels are a class of high-strength
low-alloy steels that have attracted significant atten-
tion in the automotive and structural pipeline indus-
tries due to their unique combination of high strength
and favorable formability [1, 2]. Their microstruc-
ture typically consists of a hard martensite phase dis-
persed within a soft ferrite matrix [3]. It is this dual-
phase (DP) structure that confers steels their advanta-
geous mechanical properties. (DP) steels are often pro-
duced through a controlled annealing process involv-
ing intercritical annealing, in which the steel is heated
to a temperature between the lower (Aci) and up-
per (Acs) critical temperatures, then rapidly cooled.
This process leads to the partial conversion of austen-
ite to martensite, resulting in the desired (DP) mi-
crostructure [4]. (DP) steels are used in various struc-
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tural components to enhance safety and fuel efficiency.
They are also suitable for pipeline applications, offer-
ing the combination of deformability, high strength,
and toughness required for transporting crude oil and
gas in severe conditions [5, 6]. Studies show that in-
creasing the intercritical annealing temperature gen-
erally increases the martensite volume fraction. For
instance, according to Zhou et al. [7], the marten-
site volume fraction increased from 10.29 to 61.22 %
as the intercritical temperature increased from 730 to
850°C. Similarly, Hao et al. [8] reported an increase in
the martensite volume fraction from 53 to 71 % when
the temperature was raised from 750 to 850°C. The
mechanical characteristics of DP steels are influenced
by martensite morphology, which varies with the heat
treatment used, including Direct Quenching (DQ),
Step Quenching (SQ), and Intermediate Quenching
(IQ). These treatments produce different martensite
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Table 1. X60 steel’s chemical composition (wt.%)

Elements C Mn Si S

P Nb \% Ti Al

API X 60 0.10 1.30 0.25 0.001

0.011 0.035 0.04 0.002 0.032

morphologies, including fine, fibrous, blocky, banded,
and island types, each of which affects tensile proper-
ties differently [9]. The selection of (IQ), (DQ), and
(SQ) in (DP) steel heat treatments is based on their
ability to tailor the microstructure, particularly the
martensite morphology and distribution, which di-
rectly affects mechanical properties. IQ treatment in-
volves quenching to produce a fine-fibrous martensite-
ferrite mixture evenly dispersed. This produces a
finely distributed martensite microstructure associ-
ated with higher tensile strength and good tough-
ness. It usually starts with full austenitizing, water
quenching to martensite, followed by intercritical an-
nealing to adjust phase fractions. DQ treatment cre-
ates dispersed martensite islands in a ferritic matrix
via direct quenching from the intercritical range. This
method aims to balance strength and ductility by con-
trolling martensite volume and morphology. SQ treat-
ment involves full austenitizing, intercritical anneal-
ing, and final quenching. This process can produce
blocky, banded microstructures and is valued for re-
ducing the number of heat-treatment steps, improv-
ing production efficiency while allowing control over
ferrite and martensite fractions. It is often used to
develop advanced microstructures with tailored me-
chanical behavior and better processing control. The
morphology of martensite significantly influences the
tensile strength of (DP) steel by affecting the interac-
tion between the hard martensite phase and the soft
ferrite matrix. Finer and more uniformly distributed
martensite structures enhance tensile strength more
effectively by improving strain distribution and work
hardening. Distributed fine martensite enhances stress
transfer to the ferrite and delays strain localization,
thereby improving tensile strength and ductility [10,
11]. The mechanical properties of (DP) steel, such
as tensile strength, yield strength, and ductility, are
highly dependent on the intercritical annealing tem-
perature [12]. Generally, increasing the intercritical
temperature increases tensile strength due to a higher
martensite volume fraction. However, this effect often
comes at the expense of ductility [13]. This trade-off
between strength and ductility necessitates careful se-
lection of the intercritical temperature to optimize the
overall performance of the X60 (DP) steel. According
to the literature, few studies focus on the (DP) struc-
ture of X60 pipeline steels by varying the morphol-
ogy and volume fraction of martensite. The primary
purpose of X60 (DP) steel research is to develop and
understand steels that combine high strength with ex-
cellent formability, thereby meeting the demands of in-
dustrial applications, particularly in the hydrocarbon

sector. This research aims to optimize the microstruc-
ture, typically a ferrite matrix with dispersed islands
of martensite, to achieve a superior balance of mecha-
nical properties, including strength and ductility.

2. Experimental methodology

Table 1 delineates the chemical composition of the
X60 pipeline steel examined in this study. Alpha Pipe
Gas Society supplied the steel in Ghardaia, Algeria.
The amounts of Phosphorus (P) and Sulfur (S) impu-
rities are rather low, particularly sulfur.

We use three kinds of heat treatment to create dif-
ferent morphologies of (DP) steels. The (IQ) treat-
ment consisted of two treatments. After 30 minutes
of soaking at 950°C, the samples were water-cooled.
They were then maintained at intercritical tempera-
tures of 740, 760, 780, and 810°C for 30 minutes, af-
ter which they were soaked in water. For (DQ) treat-
ment, the samples are heated directly to the inter-
critical temperatures (740, 760, 780, and 810°C) for
30 minutes, then quenched in water. In the (SQ) treat-
ment, the samples were initially soaked at 950°C for
30 minutes. After that, they were cooled to the In-
tercritical Annealing Temperature (IAT) of 740, 760,
780, or 810°C in a furnace. The specimens were held at
this temperature for 30 minutes, then water quenched.
For metallographic analysis, specimens from various
treatments were sliced and mounted. We etched the
specimens using a 3% nital solution and then conven-
tional grinding and polishing methods. The entire mi-
crostructure of API X60 pipeline steel was compared
using a Scanning Electron Microscope (SEM) and con-
ventional light microscopy. To calculate the martensite
and ferrite volume fractions, a manual point-counting
technique was employed. At room temperature, the
tensile strength of the flat specimens was assessed
using a computer-controlled Mohr Federhaff Lasen-
hausen system machine. This analysis was conducted
in accordance with ASTM A370. The Tescan Vega3
Scanning Electron Microscope (SEM) was used to ex-
amine the fracture surfaces of the tensile specimens.

3. Results and discussion

3.1. Microstructural analysis of API X60
pipeline steel

Figure 1 presents a SEM micrograph of the speci-
men’s microstructure, consisting of ferrite and pearlite
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Fig. 1. Ferrite-pearlite microstructure of as-received X60
steel.

phases. The ferrite matrix appears as the dark region,
while the pearlite is the lighter area, primarily located
at grain boundaries. The pearlite lamellae are clearly
visible near the ferrite matrix. Using the reverse seg-
ment method, the pearlite concentration in X60 steel
was determined to be approximately 13 %.

3.2. Development of DP structure

(DP) steel develops through controlled heat treat-
ment, starting with a ferrite-pearlite microstructure.
The steel is heated to an intercritical temperature,
where both ferrite and austenite coexist, allowing
austenite to form from regions enriched in carbon,
whether from pearlite or ferrite. Upon rapid quench-
ing, the austenite transforms into martensite, forming
a dual-phase microstructure composed of soft ferrite
and hard martensite islands. This combination pro-
vides a balance of high strength and good ductility,
with the martensite strengthening the steel and fer-
rite contributing to its formability. Process parame-
ters, such as temperature, heating time, and cooling
rate, significantly influence the fraction and morphol-
ogy of martensite and ferrite, thereby tailoring the
steel’s mechanical properties. This microstructure is
widely used for its excellent strength and formability
in automotive and structural applications.

3.2.1. Effect of Intercritical Annealing
Temperature (IAT) on Martensite Volume
Fraction (MVF)

The optical micrographs of the X60 samples un-
dergoing (SQ) heat treatment at various critical an-
nealing temperatures are revealed in Fig. 2. It is cru-
cial to know the Intercritical Annealing Temperature
(IAT) for determining the Martensite Volume Fraction
(MVF) in (DP) steels. The microstructure of (DP)
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Fig. 2. Optical micrographs of dual-phase X60 steel after

(SQ) treatment at different intercritical annealing tempe-
ratures X500: (a) 740°C, (b) 780°C, and (c) 810°C.

steels are defined by a hard martensite phase and a
soft ferrite matrix. Increasing the (IAT) in X60 (DP)
steel results in a higher volume fraction of martensite
after subsequent quenching. At lower (IAT), 740°C,
only a small amount of austenite is formed, result-
ing in lower martensite content after quenching. A
higher (IAT), 810°C, leads to more martensite for-
mation in X60 steel primarily because increasing the
temperature within the intercritical region (between
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Table 2. The relationship between the MVF and the IAT

Intercritical annealing temperatures (°C)

740 760 780 810

MVF (%) 21 34 52 57

Ac; and Acs) promotes the transformation of more
phases into austenite during annealing [16]. Upon sub-
sequent rapid cooling (quenching), this larger fraction
of austenite transforms into martensite, resulting in a
higher volume fraction of martensite in the final (DP)
microstructure.

For example, increasing the (IAT) from 740 to
810°C has been shown to enhance the martensite
phase fraction from 21 to 57 %, as shown in Ta-
ble 2. The intercritical annealing temperature affects
the martensite volume fraction, rather than the spe-
cific intercritical heat treatments used. Shi et al. and
Ahmed et al. [17, 18] reported that, at the same inter-
critical annealing temperature, the martensite volume
fraction was identical across different intercritical heat
treatments.

3.2.2. Effect of annealing treatment schedule
on martensite morphologies

Scanning electron micrographs of X60 steel af-
ter three distinct heat treatments (DQ), (SQ), and
(IQ) are seen in Fig. 3. All heat treatments exhibit
dual-phase ferrite-martensite microstructures. How-
ever, the type of heat treatment significantly affects
the shape of the martensitic phase [19]. The observed
disparities in martensite form and distribution can
be explained by variations in the initial microstruc-
tural condition of the X52 samples before entering
the intercritical domain (« + 7) [20, 21]. Figure 3a
shows a (DP) microstructure developed from an initial
ferrite-pearlite microstructure (DQ treatment). This
process involves heating the steel to a temperature at
which both ferrite and austenite coexist, then quench-
ing. This treatment allows conversion of austenite to
martensite upon cooling, resulting in a microstruc-
ture typically consisting of dispersed martensite is-
lands within a ferritic matrix.

Figure 3b shows the microstructure (ferrite +
martensite) of X52 steel that has experienced (SQ)
treatment. This microstructure has a banded mor-
phology with a non-uniform distribution of phases. In
the biphasic domain for (SQ) treatment, the austenite
phase appears first before annealing. During slow cool-
ing, ferrite preferentially nucleates at the austenitic
grain boundaries located in manganese-poor areas.
Austenitizing temperatures influence the dissolution

Fig. 3. SEM Micrographs of dual-phase X60 steel at 780°C
for different heat treatments: (a) DQ treatment, (b) SQ
treatment, and (c) IQ treatment.

of pearlite bands and the homogenization of carbon
distribution in banded dual-phase steels. It concludes
that higher austenitizing temperatures reduce band-
ing intensity and promote a more uniform ferrite-
martensite structure, thereby improving mechanical
consistency across the material [22]. The areas of un-
transformed austenite change into martensite after



A. D. Hammou et al. / Kovove Mater. 63 2025 299-308 303

quenching, but the arrangement remains the same. Af-
ter quenching from the (a++) domain, this results in a
(DP) microstructure with alternating bands of ferrite
and martensite. A (DP) microstructure, achieved after
treatment (IQ), is depicted in Fig. 3c. The interaction
between ferrite and martensite during deformation
is characterized by strain partitioning, where ferrite
accommodates early deformation and hardens near
martensite interfaces, while martensite work hardens
and plastically deforms, contributing to strength and
ductility. It is defined by a microstructure compris-
ing fine, fibrous martensite evenly distributed within
a ductile ferrite matrix. During heating to intercriti-
cal temperatures (a++), austenite nucleates from the
initial fully martensitic microstructure at the joints
of the previous austenite grains and the joints of
martensite laths. This results in acicular areas that,
upon room-temperature quenching, transform into
fine martensite particles. A homogeneous distribu-
tion of nucleation sites facilitates the development of
martensite with fine grain size and morphology.

3.3. The tensile properties in relation to the
Intercritical Annealing Temperature (IAT)

Figure 4 shows the variation in conventional yield
strength (YS) and tensile strength (TS) as a func-
tion of intercritical temperature for X60 steel. These
curves show the general trend that the strength of
(DP) steels increases with intercritical temperature,
or the growth in the volume fraction of martensite,
for a given heat treatment. Increasing (MVF) raises
the yield and tensile strengths markedly. This is be-
cause martensite is a harder phase than ferrite; conse-
quently, steel’s strength is increased by a larger volume
proportion of martensite [21]. The tensile strength is
usually directly related to the amount of martensite in
the microstructure [22, 23]. As the martensite volume
fraction (MVF) increases, both the yield and tensile
strengths increase markedly. This is because marten-
site is a hard phase that strengthens the steel matrix.
The tensile strength often shows a near-linear increase
with martensite content. Increased (MVF) leads to a
higher dislocation density near ferrite-martensite in-
terfaces due to the volumetric expansion of marten-
site during transformation. This interface strengthen-
ing contributes to higher yield and tensile strengths.

The ductility of (DP) steels was studied in terms of
total elongation. The variation in elongation of (DP)
structures as the intercritical temperature changes of
X60 steel is exposed in Fig. 4. In general, the elon-
gation of X60 (DP) steel decreases as the intercritical
temperature increases. This is due to an increase in
the volume fraction of hard, brittle martensite. On
the other hand, as the Martensite Volume Fraction
(MVF) increases, ductility decreases because the brit-
tle nature of martensite makes the steel stiffer and less
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Fig. 4. Tensile properties as a function of intercritical an-
nealing temperatures.

able to undergo plastic deformation. Additionally, the
morphology of the martensite plays a key role in duc-
tility: fine, evenly distributed martensite tends to en-
hance formability compared to coarse, blocky marten-
site structures at similar (MVF) levels. This fine fi-
brous martensite improves the steel’s ability to de-
form without fracturing. Therefore, both the amount
and the distribution of martensite significantly influ-
ence the mechanical behavior of (DP) steels. The mor-
phology of martensite determines the ductility of (DP)
steels, with fine structures exhibiting better ductil-
ity. X60 steel that has undergone (SQ) treatment has
the lowest elongation at break compared to steel that
has undergone (IQ) and (DQ) heat treatments. The
ferrite grains breaking brittlely before the martensite
cracks during necking are probably the cause of the
poor elongation value for the (SQ) treatment. This
results from the local internal stress generated during
deformation near the ferrite/martensite interface. The
banded microstructure leads to more severe heteroge-
neous deformation of the ferritic matrix. Finely dis-
tributed, fibrous martensite morphology is generally
more beneficial for mechanical performance because it
enables better load transfer and delays strain localiza-
tion. Coarser or banded martensite morphologies pro-
mote uneven strain distribution, causing premature
failure. The morphology influences dislocation gener-
ation, strain partitioning between phases, and work-
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Table 3. Tensile properties of X60 steel as a function of IAT

Intercritical annealing temperatures (°C)

740 760 780 810

SQ 400 440 480 500

Yield strength YS (MPa) 1Q 430 470 505 525

DQ 380 405 460 485

SQ 580 680 730 790

Tensile strength TS (MPa) IQ 685 735 810 845

DQ 640 670 710 750

SQ 20 16 13 11

Total elongation A (%) 1Q 34 31 27 25
DQ 26 22 20 16.5

hardening capacity, all of which govern the balance
of strength and ductility in (DP) steel. Studies in the
literature have shown that in (DP) steels, the mis-
match in mechanical properties between the ductile
ferrite and the harder martensite leads to strain in-
compatibilities during plastic deformation, resulting in
stress concentration at phase boundaries [22-26]. This
phenomenon is particularly pronounced in microstruc-
tures with coarse or banded ferrite grains, which
promote heterogeneous deformation. The banded mi-
crostructure, in particular, exacerbates heterogeneity,
leading to more severe internal stresses within the fer-
ritic matrix. Such heterogeneity has been reported to
facilitate early crack initiation in ferrite, which acts
as the crack nucleation site and limits tensile elonga-
tion. Furthermore, the accumulation of internal stress
near the ferrite/martensite interface during deforma-
tion increases the likelihood of brittle fracture in fer-
rite. This is supported by microscopic observations
indicating that brittle failure in ferrite occurs prior
to martensite cracking in microstructures with insuffi-
cient phase uniformity. The large disparity in mecha-
nical strength and elongation between phases drives
this initial failure, which then propagates through the
ferrite matrix, impacting overall ductility. In contrast,
microstructures with fine, well-dispersed martensite,
such as those obtained through specific heat treat-
ments, tend to distribute internal stress more evenly,
thereby delaying or suppressing brittle ferrite failure.
This aligns with findings that microstructural refine-
ment and homogeneous phase distribution improve
ductility by reducing stress concentration and crack
initiation sites within the ferritic phase. Hence, the
microstructural features influence the failure mecha-
nism in dual-phase steels. The literature supports the
idea that the combination of phase heterogeneity, mi-
crostructural banding, and the resulting local stress
concentration is a primary driver of the brittle failure
of ferrite grains before martensite, thereby impacting
tensile elongation performance.

Increasing the martensite volume fraction typically
reduces elongation, indicating a decrease in ductility.
This happens because the harder martensite phase
limits the steel’s overall plastic deformation capacity.
Table 3 summarizes the specimens’ conventional yield
strength, tensile strength, and elongation at break af-
ter (IQ), (DQ), and (SQ) treatments. The kind of heat
treatment has a substantial impact on the tensile char-
acteristics. Differences in morphology and the volume
fraction of the martensitic phase are responsible for
this variation.

A comparison of the mechanical properties be-
tween the (IQ), (DQ), and (SQ) samples reveals that
the (IQ) sample exhibits significantly higher values for
the yield strength, tensile strength, and total elonga-
tion. This observation is in excellent agreement with
the reports of Bayram et al. [27] and Bag et al. [28].
Compared with (DQ) and (SQ) treatments, these me-
chanical characteristics indicate that the fine, fibrous
martensite generated by the (IQ) treatment has the
best strength-to-ductility ratio, regardless of the in-
tercritical temperature.

3.4. Work hardening phenomenon

(DP) steels exhibit high work-hardening capac-
ity, a phenomenon in which metals strengthen dur-
ing plastic deformation, which is closely linked to
their microstructure, particularly the volume fraction,
morphology, and distribution of the martensite phase
within the ferrite matrix [32]. The strain-hardening
coefficient (n) is a key indicator of this behaviour.
Higher values of (n) allow for greater deformation be-
fore necking occurs. The following Hollomon equation
can describe the flow behavior of most metals and al-
loys:

o =Ke", 1)

where K and n are constants called the stress coef-
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Work-hardening coefficient

Intercritical annealing temperatures (°C)

740 760 780 810
1Q 5 0.36 0.38 0.40 0.41
n2 0.12 0.13 0.14 0.14
DQ ni 0.39 0.42 0.44 0.45
no 0.14 0.15 0.17 0.18
sQ ny 0.42 0.44 0.46 0.47
N2 0.16 0.18 0.19 0.20
2.8 " first stage (n1) is higher than that of the second
(a) 1as & stage (n2). The work-hardening exponent (n) in (DP)
: & steels exhibits two stages, one related to ferrite and
T24 the other to ferrite-martensite plastic deformation.
—e—Temoc ] ., Initially, ferrite deforms plastically, while martensite
—e—T=760°C deforms elastically at low plastic deformation levels,
—e—T=780°C T 2 with the work-hardening coefficient (n1) dependent on
—e—T810°c | g the martensite volume fraction. Increased ferrite stress
correlates with higher mobile dislocation density near
T 16 martensite islands, driven by higher critical annealing
: : : 14 temperature (IAT). Research indicates that the work
a5 3 25 2 15 hardening in (DP) steel is affected by the microstruc-
Log strain ture, with an increased volume fraction of martensite
e (MVF) correlating with a higher work hardening co-
(b) " efficient (n) [33, 34]. The martensite phase morphol-
1.6 & L. . . .
& ogy significantly influences work hardening; finer, uni-
L2 ¥ formly distributed martensite enhances stress trans-
. —e—T=740C | ,, - fer between phases, thereby improving energy absorp-
g , . ' tion during deformation [37]. Variations in marten-
/ G site types, such as fibrous morphologies, lead to higher
= ouias || s strain-hardening rates, which are crucial for applica-
—e—T=810°C ‘ tions requiring toughness and deformation resistance.
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Fig. 5. Variation of the strain hardening coefficient as a
function of intercritical annealing temperatures: (a) DQ
treatment and (b) IQ treatment.

ficient and strain hardening coefficient, respectively.
The variation of log(c) as a function of log(e) for
X60 steel subjected to different heat treatments is
illustrated in Fig. 5. This non-linear variation indi-
cates that the work hardening phenomenon of this
X60 (DP) steel obeys the two-stage work hardening
mechanism [35]. The changes in the work-hardening
coefficients (n1) and (n2) for the two work-hardening
stages as the intercritical temperature changes are
shown in Table 4. As shown in this table, both co-
efficients increase with increasing (ICT). For all mi-
crostructures, the work hardening coefficient of the

The tensile fracture properties of (IQ) specimens
composed of X60 (DP) steel are shown in Fig. 6, which
illustrates the impact of different intercritical anneal-
ing temperatures on ductile fractures. According to
these microfractographs, coarser martensite structures
at higher annealing temperatures produce larger dim-
ples on the fracture surfaces. Because the (IQ) treat-
ment produces a finer microstructure, there is less
spacing between martensite particles, thereby reduc-
ing stress concentrations. As a result, cavities begin
to form later in the plastic deformation phase. Mi-
crocavities form and merge during fracture in dual-
phase steel, and the well-distributed, fibrous marten-
site morphology at the fracture site improves ductility
and elongation [35].

The fractographies of tensile fractures in (SQ)
specimens of X60 (DP) steel at several intercritical
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Fig. 6. Tensile fracture facies of X60 steel according to 1Q
treatment: (a) T = 740°C, and (b) T' = 780°C.

annealing temperatures are displayed in Fig. 7. Large
dimples are indicative of ductile fracture, which is
more common at lower temperatures. High intercriti-
cal temperatures, on the other hand, cause a dominant
brittle fracture, which is a sign of early failure during
the early stages of deformation. There is a significant
average distance between the martensite particles in
the banded microstructure resulting from (SQ) treat-
ment. During plastic deformation, this configuration
promotes the formation of microcavities by increasing
dislocation density and stress concentrations in the
surrounding ferrite. In dual-phase steels treated with
(SQ), cleavage crack propagation in ferrite leads to
premature fractures, often with slight plastic defor-
mation.

Furthermore, the cleavage morphologies observed
in (SQ) samples are consistent with those reported for
comparable steel types in the literature [36-38]. These
observations support the conclusion that the ductility
of the (IQ) microstructure is much higher than that
of the other microstructures at the same temperature
(IAT).

5. Conclusions

1. The initial microstructural state of X60 steel

Fig. 7. Tensile fracture facies of X60 steel according to SQ
treatment: (a) T = 740°C and (b) T" = 780°C.

before reaching the intercritical range has a signifi-
cant influence on the morphology and distribution of
martensite. The IQ, DQ, and SQ treatments exhibit
fine and fibrous martensite uniformly distributed in
ferrite, dispersed martensite islands within a polyg-
onal ferritic matrix, and a banded ferrite-martensite
microstructure, respectively.

2. Generally, the best tensile properties are asso-
ciated with finer microstructures in X60 steel. The
distribution and dispersion of martensite islands are
crucial for achieving optimal mechanical performance.
The IQ treatment provided a better combination of
strength and ductility.

3. The work hardening behavior of X60 steel ex-
hibits a non-linear variation, governed by a two-stage
mechanism. For all examined microstructures, the
first-stage work hardening coefficient (n1) exceeds the
second-stage coefficient (nz2), and both (n1) and (ng)
increase with higher intercritical annealing tempera-
tures.

4. Different intercritical annealing temperatures af-
fect the tensile fracture characteristics of IQ specimens
produced from X60 steel. Elevated annealing tempe-
ratures result in larger fracture-surface dimples and
coarser martensite.

5. Fractographic analysis of tensile fractures in SQ-
treated X60 steel reveals that brittle fractures, indica-
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tive of premature failure, are prevalent at high inter-
critical annealing temperatures. In contrast, ductile
fractures characterized by pronounced surface dimples
are more typical at lower annealing temperatures.
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