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Microstructure of X52 and X65 pipeline steels
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The microstructure of two commercial pipeline steels X52 and X65 was examined to
provide a foundation for the understanding of the IGSCC mechanism of pipeline steels.
Observation of the microstructure was carried out using scanning electron microscopy
(SEM) and an analytical electron microscope. The microstructure of X52 and X65 pipeline
steels shows banding of pearlite rich and ferrite rich areas. The ferrite grains were about
10 µm in size with curved grain boundaries. There was carbide at the ferrite grain
boundaries for X52 steel, and there was circumstantial evidence to suggest carbon
segregation at the boundaries. The pearlite colonies were consistent with nucleation by a
number of different mechanisms. C© 1999 Kluwer Academic Publishers

1. Introduction
Understanding the microstructure of pipeline steels is
an important aspect required for the understanding of
the mechanism of intergranular stress corrosion crack-
ing (IGSCC), which is a significant failure mode for
pipelines [1–6]. Henthorne and Parkins [7] observed
that corrosion occurs along grain boundaries (gbs)
in the absence of stress, and that anodic polarization
can cause virtual disintegration of unstressed carbon
steel by intergranular corrosion. This implies that car-
bon steels contain paths susceptible to corrosion, and
that their distribution is related to the paths followed
by stress corrosion cracking (SCC). Parkins [3] pro-
posed that the IGSCC mechanism involves the inter-
action of the (applied) stress and corrosion of the pre-
existing paths. Furthermore, the work of Henthone and
Parkins [7] indicated that the corrosion is related to the
presence of carbon or carbides at the ferrite gbs.

Steelmaking for pipelines is an involved and complex
process, therefore, there may be different microstruc-
tures for different pipeline grades. The temperature and
holding times influence the ferrite carbon solubility and
carbon segregation to gbs [8]. Carbides can precipitate
at the ferrite gbs during the austenite transformation,
and this process is strongly related to the cooling rate
and Mn content [9, 10].

Our previous work [11–13] used analytical electron
microscopy to measure grain boundary (gb) composi-
tion of X52 and X65 pipeline steel. All elements of
interest were examined, with the exception of carbon.
With this caveat, there was no segregation at proeu-
tectoid ferrite gbs. This lack of segregation indicated
that the commonly expected species S and P were
not responsible for preferential corrosion of gbs dur-
ing intergranular stress corrosion cracking of pipeline
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steels. Mn was the only species measured to segregate at
the other boundaries. Mn segregated to the boundaries
between pro-eutectoid ferrite and pearlitic cementite,
and desegregated from the boundaries between pro-
eutectoid ferrite and pearlitic ferrite. The pearlitic ce-
mentite was Mn rich. There was no Mn segregation at
the boundaries between pearlitic ferrite and pearlitic
cementite. The pattern of Mn segregation could be ex-
plained in terms of diffusion in the process zone ahead
of the pearlite during the austenite to pearlite trans-
formation and diffusion in the boundaries between the
proeutectoid ferrite and pearlite.

The present study of the microstructure of pipeline
steels has been carried out to provide a foundation for
the understanding of the IGSCC mechanism of pipeline
steels. Detailed observation of the microstructure of
pipeline steels X52 and X65 was carried out using scan-
ning electron microscopy (SEM) and an analytical elec-
tron microscope. This is part of ongoing research in the
area of environmental fracture [24–33].

2. Experimental
The materials studied were X52 and X65 pipeline

steels from production pipelines. Such steels are hot
rolled at elevated temperatures when they have an
austenite (γ ) crystal structure followed by relatively
rapid cooling [34, 35]. During the rapid cooling theγ
partially transforms to proeutectoid ferrite,α, and the
remainingγ transforms to pearlite, which leads to their
microstructure of proeutectoidα plus pearlite as illus-
trated in Figs 1 and 2. The pearlite consists of pearlitic
ferrite (designated asαP, to distinguish it from proeu-
tectoid ferrite) and cementite, CP. The chemical com-
position (in wt %) is listed in Table I.
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TABLE I Steel chemical compositions (in wt %)

Steel C Mn Si S P Ni Cr Nb Al

X52 0.16 1.32 0.31 0.006 0.017 0.01 0.01 0.02 0.03
X65 0.07 1.36 0.19 0.002 0.013 0.01 0.2 0.04 0.011

(a)

(b)

(c)

Figure 1 Microstructure of X52 consisted of ferrite and pearlite (a)
banded structure; (b) isolated pearlitic colonies; and (c) interconnected
pearlitic colonies.

Pieces of steels were cut from a section of pipe taken
from service pipelines, polished from 240 to 1200 grit
silicon paper and 6µm and 1µm diamond paste, lightly
etched using nital, and characterized using the JEOL

(a)

(a)

Figure 2 Microstructure of X65 consisted of ferrite and pearlite (a) iso-
lated pearlitic colonies; (b) interconnected pearlitic colonies.

6400 SEM. Samples were also deeply etched in nital
for 2 min, platinum coated, and then characterized using
SEM. Deep etching removed bothα andαp leaving the
Cp revealing details of the carbides.

Thin (∼2µm) cross-section TEM samples were pre-
pared [11–13] in order to have acceptable EDS signal to
noise values from gbs segregation and to minimize the
amount of ferromagnetic steel in the analytical electron
microscope, VG HB601. These samples were thinned
using ion milling.

3. Results and discussion
3.1. Overview of the microstructure
The microstructure of X52 and X65 after light etching
is shown in Figs 1 and 2. The microstructure consisted
of proeutectoidα and pearlite. The microstructure at
low magnification showed banding with ferrite rich and
pearlite rich areas elongated along the rolling direction
as shown in Fig. 1a. The proeutectoid ferrite fractions
are consistent with calculations based on the carbon
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Figure 3 Grain boundary carbides atα/α gbs for X52 steel.

content, which give 0.93 for X65 containing 0.07% C
and 0.79 for X52 containing 0.16% C. The lower car-
bon content for X65 leads a pearlite fraction lower than
that of X52. The pearlite colonies for both steels were
most likely isolated in the ferrite rich bands as shown in
Figs 1b and 2a, whereas the pearlite was interconnected
in the pearlite rich bands as shown in Figs 1c and 2b.
The size of the isolated pearlite was small compared
to the interconnected pearlite. The isolated pearlite
colonies mostly occurred at triple points or atα/α grain
boundaries.

3.2. α-phase
Theα grain shape was irregular as shown in Fig. 1 for
X52 and Fig. 2 for X65. The grain size was about 10µm.
Most of gbs were curved as shown in Figs 3 and 4.
IGSCC for pipeline steels is more likely to be along the
α/α gbs because these are the only continuous paths
through the microstructure. Detailed SEM observation
of the α/α gbs showed carbide at this kind of grain
boundary for X52 as shown in Fig. 3. The gb carbides
were not continuous. No clear evidence for gb carbides
was observed atα/α gbs for X65, although there were
fine carbides inside theα grains for X65 as shown in
Fig. 4.

During theγ to α transformation, carbon is rejected
from theγ , which has a carbon concentration equal to
the bulk steel composition. If the carbon diffusion is not
sufficiently fast, carbon will accumulate at the interface

Figure 4 Curve ferrite grain boundaries and carbide inside ferrite grain.

(a) X52 (b) X65

Figure 5 α/α gbs observed using AEM.

of α andγ , and carbide will precipitate at the interface
when the carbon content reaches a critical value [36].
Such gb carbides betweenα grains were observed by
Mintz [9] for hypo-eutectoid steels. Mintz found that
thinner gb carbides were associated with higher cooling
rates and higher Mn contents. The higher cooling rate
decreased the amount of carbon available by decreasing
the time available for carbon diffusion. The higher Mn
contents also limited the amount of carbon available to
form gb carbides by slowing down the rate of carbon
diffusion. Our observations are consistent with these
trends. There were gb carbides for X52 with the higher
carbon content and no observed gb carbides for X65
with the lower carbon content.

AEM observation of theα/α gbs, Fig. 5, indicted
clean gbs for both steels. No carbides were observed at
the gbs, and there were no carbides inside theα grains.
The AEM specimens reflect a small volume of mate-
rial, and consequently, it is not surprising that the AEM
specimen did not contain a large gb carbide of the size
of those in Fig. 4.

Mn compositional profiles acrossα/α gbs are shown
in Fig. 6. Carbon segregation is expected, but the car-
bon concentration could not be measured because of the
ubiquitous carbon contamination on the sample surface,
which is inevitably picked up during sample preparation
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Figure 6 Measured Mn profile acrossα/α gbs for X65 and X52, respec-
tively.

and transport. There was no trace of other gb embrittlers
such as P and S. The measured Mn profile, Fig. 6a, for
X65 showed some Mn segregation at this gb, but there
was only a hint of segregation for X52, Fig. 6b. Mn was
thought to be another rate controlling factor during the
γ toα transformation [37]. However, the compositional
measurements for X65 and X52 [11–13] showed that
the average Mn content in pearlite was similar to that
in α. There was no significant difference of Mn content
between theα grains and the pearlite colonies. The Mn
distribution was more likely to be related to the carbon
distribution. The mechanism for Mn to slow down C
diffusion is for C atoms to drag along Mn atoms. There-
fore a tendency for Mn gb segregation as observed for
X65, even though this tendency was slight, would be
expected to indicate segregation of C. Thus, our obser-
vations are consistent with the expectations of Parkins
[3, 7] that IGSCC for pipeline steel results from C seg-
regation at theα/α gbs.

3.3. Pearlite
After theγ toα transformation, the remainingγ trans-
forms to pearlite. Pearlite formation is an age-old topic.
The traditional mechanism of pearlite formation is
edgeways growth and sideways nucleation [38–40] as
illustrated in Fig. 7a. More recent observations showed
that pearlite could nucleate at grain triple points [37] as

Figure 7 Mechanisms of pearlite formation (a) traditional mechanism of
nucleation atα/γ IB; (b) mechanism of pearlite formation from carbide
atα : α GB; (c) mechanism of pearlite formation from carbide that first
forms atα : γ interface; (d) mechanism of pearlite formation by growth
and branching from a carbide at theα : α GB; (e) mechanism of pearlite
formation from grain boundary carbide.

(a)

(b)

Figure 8 Multiple pearlite nucleation. (a) X65 (b) X52.
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(a)

(b)

(c)

Figure 9 Detailed observations of pearlite at both end of ferrite gb for
X65 (a) pearlite growth at both ends of a ferrite gb; (b) narrow pearlite
colony; and (c) the tip of pearlite colony.

illustrated in Fig. 7b. Zhang and Kelly [36, 41] proposed
that rejection of carbon from the transforming austen-
ite in hypoeutectoid steels can lead to the formation of
an interface carbide that can nucleate pearlite as illus-
trated in Fig. 7c. Wanget al. [13] suggested the hybrid
mechanisms illustrated in Fig. 7d and 7e. After nucle-
ation, pearlite growth often involves branching [36, 41].

Figure 10 Detailed observation of pearlite at both ends of a ferrite gb
for X52.

Figure 11 Pearlite nucleation from grain boundary carbides for X65; (a)
micrograph; (b) schematic illustration.
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Fig. 8 shows that a typical pearlite colony has multiple
nuclei, with Fig. 8a presenting some examples similar
to the mechanism illustrated in Fig. 7d. Several pearlite
packets impinged on each other, and the pearlite pack-
ets have different orientations. For X52, the number of
pearlite colonies was greater than that for X65. Narrow
pearlite at the triple point ofα and pearlite for both
steels are shown in Figs 9c and 10 for X65 and X52,
respectively. The tips of the narrow pearlite are carbide
plates suggesting pearlite nucleation by the mechanism
of Fig. 7d. At the other end of the same gb, there was
also fine pearlite with carbide tips as shown in Figs 9a
and 10. Fine carbide tips of pearlite at both ends of this
α/α gb suggest carbon segregation at these gbs.

Fig. 11a shows two gb carbides (GBCf) that have
formed at the triple points, and have nucleated pearlite
as illustrated schematically in Fig. 11b. Fig. 12 shows
a similar case for X52, the gb carbide, GBCf at the
triple point has nucleated pearlite, which has grown by

Figure 12 Grain boundary carbide at the triple point for X52 (a) micro-
graph; (b) schematic.

(a)

(b)

Figure 13 Narrow pearlite between ferrite grains (a) X65; (b) X52.

Figure 14 Pearlite nucleation from a gb carbide for X65.

branching. These are further examples of the pearlite
nucleation mechanism illustrated in Fig. 7(d).

Several very fine pearlite colonies between twoα
grains are shown in Fig. 13. The size of fine pearlite is
about 1∼2µm.

A pearlite colony, perpendicular to the surface, is
shown in Fig. 14 for X65. The adjacentα grain has been
etched away. The pearlite nucleated from a carbide at
the α/pearlite boundary, by the mechanism shown in
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Fig. 7c. Further examples are shown in Figs 15 and 16.
The pearlite grew by branching. The gb carbide in
Figs 15 and 16 was a cuboid that nucleated pearlitic
carbide, Cp. The Cp was narrower than the gb carbide.

Figure 15 Pearlite growth from a gb carbide for X52.

Figure 16 Pearlite growth from a gb carbide for X52.

Figure 17 α/pearlite gbs for X52 and X65 steels by STEM.

There was obvious Cp branching in this case, and the
spacing between Cp lamellae changed from one layer to
the next. Fig. 16 shows a carbide plate at theα/pearlite
interface that has nucleated pearlite for X52, and the
pearlite has grown by branching. This pearlite mecha-
nism, illustrated in Fig. 7c, is that carbon accumulated
at the interface betweenα andγ during theγ -α trans-
formation, when the carbon content reached a critical
value, carbide nucleated at the interface, and the pearlite
nucleated from the boundary carbide.

Fig. 17 shows examples of AEM observations of the
α/pearlite grain boundary for X65 and X52 steels. The
pearlitic carbide often have enlarged areas at the gb and
usually have big heads as illustrated in Fig. 17b.

Fig. 18 shows an extremely interesting case, which
suggested the new mechanism of pearlite nucleation as
illustrated in Fig. 7e. There was a gb carbide (GBCf)
between twoα grains. The carbide GBCf widened grad-
ually from a small nucleus. This gb carbide was very

Figure 18 Grain boundary carbides at the triple junction andα/pearlite
grain boundary.
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close to a carbide (IBCfp) at the interface between
proeutectoid ferrite and pearlite. Furthermore, pearlite
radiated out from the carbide IBCfp. The new model
is illustrated in Fig. 7e. A carbide GBCf precipitates
at theα/α GB during the transformation fromγ to α,
(i.e. during the formation of proeutectoid ferrite from
the austenite). During this process, carbon is rejected
from the ferrite, and accumulates at theα/γ interface.
When this carbon concentration reaches a critical value,
carbide precipitates at theα/γ interface (Fig. 7c) as
suggested by Zhang and Kelly. Furthermore, Fig. 7e
suggested that the carbide at theα/γ interface is nucle-
ated by the carbide GBCf at theα:α GB. Subsequently,
the carbide IBCfp, nucleates the pearlite as in the model
of Zhang and Kelly.

4. Conclusions
The microstructure of X52 and X65 pipeline steels
shows banding of pearlite rich and ferrite rich areas.
The grains were about 10µm in size with curved
grain boundaries. There was carbide at the ferrite grain
boundaries for X52 steel, and circumstantial evidence
to suggest carbon segregation at the boundaries. The
pearlite colonies were consistent with nucleation by a
number of different mechanisms.
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