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Boundary characterisation of X65 pipeline steel
using analytical electron microscopy
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Analytical electron microscopy was used to characterise grain boundaries (GBs) and
interphase boundaries (IBs) of X65 pipeline steel. There was no segregation of P or S at the
proeutectoid ferrite GBs. This indicates that contrary to literature expectations, P and S are
unlikely to be involved in the mechanism of SCC of pipeline steels. There was Mn
segregation at IBs between pro-eutectoid ferrite and pearlitic cementite, and desegregated
from the IBs between pro-eutectoid ferrite and pearlitic ferrite. This pattern of Mn
segregation is attributed to diffusion in the process zone ahead of the pearlite during the
austenite to pearlite transformation and diffusion in the IBs between the proeutectoid
ferrite and pearlite. A new mechanism was proposed for pearlite formation. A GB carbide
first forms at an α : α GB, and then grows along the α/γ interface. Subsequently pearlite
initiates from this interface carbide. C© 1999 Kluwer Academic Publishers

1. Introduction
The present work was undertaken to characterize the
composition of grain boundaries (GBs) and interphase
boundaries (IBs) of X65 pipeline steel using an analy-
tical electron microscope (AEM). A GB is the bound-
ary between two grains of the same phase (with the
same crystal structure), whereas an IB is the bound-
ary between two different microconstituents or phases.
The aim was to contribute to the understanding of inter-
granular stress corrosion cracking (SCC) as part of our
ongoing SCC program [1–15]. The present work also
contributes to the understanding of the mechanism of
the austenite to pearlite transformation.

Advances in AEM instrument capability allow mea-
surement of localised chemical composition using a
probe with a diameter of about 1 nm. This allows testing
of the long held hypothesis that preferential corrosion
at GBs is the reason for the intergranular crack path dur-
ing service SCC of pipeline steels. Significant service
failures of gas pipelines have been attributed to SCC
[16–21]. The chemistry of the intergranular crack path
is expected to be formed during steel manufacture, and
is widely believed to be related to the chemical segre-
gation of species such as S, P or C [22–24], or related to
precipitates, in particular carbides [18]. Alternatively,
the grain boundary structure may be intrinsically more
prone to corrosion. Our prior work [25, 26] on a X52
pipeline steel using AEM found no S or P segregation
but did find Mn segregation, which was related to the
thermal history of the steel during steel production, and
in particular to the austenite to pearlite transformation.

Similar Mn segregation was observed in the present
study in X65 pipeline steel and an analysis of this seg-
regation helps to understand the mechanism of pearlite
formation in this hypoeutectoid steel.

The study of the transformation from austenite (γ ) to
pearlite is an age-old topic but is still relevant today as
there is increasing pressure on steel technology, parti-
cularly for high performance at low cost. The traditional
mechanism [27, 28] is for a hemispherical pearlite nod-
ule to be nucleated at a boundary as shown in Fig. 1a.
For a hypoeutectoid steel such as the steels under study,
it is thought that perlitic ferrite (αp) is nucleated first,
followed by nucleation of pearlitic cementite,Cp, on
both sides of theαp. Subsequently,αp is nucleated
on the sides of theCp etc and this process is usually
described as sideways nucleation. Each platelet of the
pearlite nodule (i.e. both theαp andCp) also grows in
length and this is usually described as edgeways growth
of the pearlite. The pearlite grows until separate pearlite
colonies impinge on each other, impinge onto existing
ferrite or until there is no more austentite to transform.

Cahn and Hagel [29], in a theoretical approach,
pointed out that not all grain boundary nucleation sites
are equivalent, that the grain corners would be more
effective than edges, and that the edges would be better
than grain surfaces. This was substantiated experimen-
tally by Mintz [30, 31] who observed that for a C-Mn
steel, carbide often initiated at theα/α GBs (i.e. the
GBs between proeutectoid grains) to form the tails of
pearlite colonies and probably to initiate the pearlite
reaction as illustrated in Fig. 1b.
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Figure 1 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.

A third mechanism for the pearlite formation was
proposed by Ming and Kelly [32, 33] based on
experimental observations using a Fe-0.46C-0.65Mn
hypoeutectoid steel. Their mechanism proposes that,
as the austenite (γ ) transforms to ferrite (α), carbon is
rejected from the ferrite and consequently the carbon
concentration builds up at theα/γ interface until a GB
carbide forms at the interface of the ferrite and auste-
nite. Subsequently, pearlite grows from this GB carbide
as illustrated in Fig. 1c.

2. Experimental
2.1. TEM sample preparation
The material studied was X65 pipeline steel from a pro-
duction pipeline. Such steels are typically hot rolled
whilst austenitic followed by relatively rapid cooling
[34] which leads to their microstructure of proeutec-
toid ferrite (α) plus pearlite as illustrated in Fig. 2.
The pearlite contains ferrite (designated asαp to distin-
guish it from proeutectoid ferriteα) and carbideCp. The
chemical composition (in wt %) was 0.07% C, 1.36%
Mn, 0.19% Si, 0.002% S, 0.013% P, 0.01% Ni, 0.2%
Cr, 0.04% Nb, 0.011% Al and balance Fe.

The present work characterized the grain bound-
ary composition using an analytical electron micro-
scope (AEM). The instrument used was the VG HB601,

Figure 2 The microstructure of X65 consisted proeutectoid ferrite and
pearlite by SEM.

Figure 3 Procedure of TEM sampel preparation (a) cutting one
1× 1× 2 mm steel, and two 0.5× 1× 2 mm silicon pieces, (b) sticking
steel in the middle of two silicon pieces using M-bond cured at 180◦C
for 1 hr; (c) polishing to about 1µm by using Tripod and diamond papers
from 30µm to 0.1µm; (d) sticking on the copper grid by using M-bond
and then ion milling.

located at Sydney University (SU). This instrument is
a dedicated AEM with a field emmission gun and is
a scanning transmission electron microscope. The VG
HB601 needs an ultra-high vacuum with gun chamber
at 4×10−11mbar. The electron accelerating voltage was
100 kV. Before the analysis the sample was baked in the
specimen chamber for 15 min in order to minimize con-
tamination. Sample preparation and preliminary TEM
observations with a JOEL 2010 were carried out at The
University of Queensland (UQ).

In order to have acceptable EDS signal to noise values
from the GB segregation and to minimize the amount of
ferromagnetic steel in the AEM, very thin cross-section
TEM samples were prepared. The procedure of sample
preparation is illustrated in Fig. 3. Small pieces of steel
1×1×2 mm were cut using a slow speed saw. A small
sandwich was made by sticking a slice of the steel be-
tween two thin (0.5 mm) silicon plates using M-bond
610 adhesive. The small sandwich was stuck onto the
ceramic leg of the polishing tripod using “crystal bond”
adhesive. This tripod [35] enables the sample to be pol-
ished very smooth and very thin. The tripod has three
legs, two with micrometers, and one ceramic leg. The
sample was stuck onto the ceramic leg, and the two mi-
crometers were adjusted so that the bottoms of the three
legs were on one plane. One surface of the small sand-
wich, which is silicon-steel-silicon, was polished using
diamond papers from 30 to 0.1µm. The sandwich was
removed from tripod by heating to remove the “crys-
tal bond” adhesive. The smooth side was stuck onto
the tripod using “Super Glue”, and the other side was
polished using the diamond papers until the silicon on
either side of the steel was a red color which indicates
a thickness of about∼2µm. The sandwich was stuck
onto a copper electron-microcopy support grid using M
bond. After curing at 180◦C for 1 h, the sample was
removed from the ceramic rod of the tripod by dissolv-
ing the super glue using acetone and the sample was
thinned by ion milling. Between sample preparation
and electron microscopy examination, the sample was
stored in a vacuum chamber. Before examination in the
AEM, the sample was cleaned using plasma etching in
a gas mixture of argon at 60 V for 10 min.

2.2. Thickness measurement using
convergent beam diffraction (CBD)

The thickness of the TEM specimen was measured us-
ing convergent beam diffraction (CBD) [36] using the
JEOL 2010 TEM at UQ with an accelerating voltage
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200 kV. Thickness measurement was carried out at two
typical sites in the thin area of the specimen using CBD.
Low magnification photos were taken in order to find
the same GBs in the VG601.

The sample was tilted until there were two-beam con-
ditions with only one strongly excitedhkl reflection.
The fringes in the two convergent beam diffraction discs
contain the thickness information. The central bright
fringe in the diffracted disc is at the exact Bragg condi-
tion where the deviations= 0. The fringe spacings in
the diffracted disc correspond to the angles1θi . From
these spacings the deviationsi can be obtained for the
i th fringe from Equation 1:

si = λ 1θi

2θBd2
(1)

whereθB is the Bragg angle for the diffractinghklplane,
λ is the electron wavelength,d is thehkl interplanar
spacing,1θi is fringe spacing between central bright
fringe and thei th dark fringe on thehkl disc. The angle
2θB was measured as the distance between the two discs
measured using their central fringes. If the extinction
distanceξg is known, then the foil thicknesst can be
calculated from Equation 2:

s2
i

n2
i

+ 1

ξ2
gn2

i

= 1

t2
(2)

wheren is an integer. If the extinction distanceξg is
not known, a graphical method is used, plotting the
measurement for several fringes as follows: (1) As-
sign n1= 1 for the first fringe,n2= 2 for the second
fringe, etc. and plot (si /ni )2 against (1/ni )2. (2) If a
curve results, then repeat the procedure by re-assigning
n1= 2, 3, 4, . . . to the first fringe until a straight line is
obtained. (3) The intercept of the straight line ist−2,
and the slope is−ξ−2

g .

2.3. Thickness measurement by EELS
In-situ measurement of the sample thickness was
carried out using electron energy loss spectroscopy
(EELS) in the VG HB601 at SU. The thickness was
estimated from the low energy region. In this re-
gion the intensity is very high. The measurement
is rapid and involves only a small electron dose to
the specimen. The thickness was calculated from the
Equation 3:

t = λ ln(It/I0) (3)

whereI0 is the zero-loss intensity,It is the total intensity
reaching the spectrometer measured up to some suitable
energy loss1, t is the sample thickness, andλ is a mean
free path for energy losses less than1. The thickness
t can be measured ifλ is known.λ values for iron and
carbon are about 80 and 120 nm, respectively.

2.4. Concentration analysis by EDS
Chemical characterisation was carried out using Energy
Dispersive X-Ray Spectroscopy (EDS). The probe size
for EDS was about 1 nm, so high resolution analy-

sis was possible. For each analysis, the counting time
was 200 s, and over 1,000,000 counts were collected.
The quantification method used Cliff-Lorimer ratios
[37] with corrections for specimen absorption calcu-
lated from a user specified sample density and thick-
ness, normally specified from an EELS measurement of
the sample thickness. The absorption corrections used
assumes normal incidence of the beam and no tilting
of the sample. These conditions were appropriate for
all measurements taken in the VG HB601. The Cliff-
Lorimer kAB factors used in the analyses were those
supplied with the Link ISIS EDS spectrometer and cal-
culated for the HB601 at 100 kV.

Nearly 20 boundaries were analyzed. These included
grain boundaries, GBs and interphase boundaries (IBs).
A GB is the boundary between two grains of the same
phase (with the same crystal structure), whereas an IB
is the boundary between two different phases. There
were three kinds of boundaries: (1)α :α GBs were the
GBs between proeutectoid ferrite grains, (2)α :αp IBs
were the IBs between pro-eutectoid ferrite and pearlitic
ferrite, and (3)α : Cp IBs were the IBs between pro-
eutectoid ferrite and pearlitic cementite. The composi-
tion was measured across all three types of boundaries.
Compositional profiles were also measured across and
along various carbides.

3. Results
3.1. Microstructure
The microstructure of the X65 pipeline steel consisted
of proeutectoid ferrite,α, plus pearlite as illustrated in
Fig. 2, which is a SEM micrograph. At higher magnifi-
cations in the TEM, the typicalα/α GB appears sharp
with no carbides present at the GB. Figure 4a shows
a typical IB between pro-eutectoid ferrite and pearlite
which in most cases was a gently undulating line which
separated the two microstructural constituents. It was
a clean boundary with little observable structure at
moderate magnifications. However Fig. 4b shows an
extremely interesting case, which suggests a new mech-
anism of pearlite nucleation as illustrated in Fig. 4c.
There was a GB carbide (GBCf) between twoα grains.
The carbide GBCf widened gradually from a small nu-
cleus. This GB carbide was very close to an IB carbide
(IBCfp) at the interface between proeutectoid ferrite and
pearlite. Furthermore, pearlite radiated out from the IB
carbide IBCfp.

3.2. Foil thickness measurement
The foil thickness was measured using CBD under two-
beam conditions with only one strongly excitedhkl re-
flection as shown in Fig. 5. The022plane was strongly
excited. So the interplanar spacingd was 0.101 nm. The
electron wavelengthλwas 0.0025 nm at the 200 kV ac-
celerating voltage. The thickness was calculated from
the distance between the fringes. The graphical method
was used as shown in Fig. 6. The intercept of the straight
line is t−2, which indicates that the foil thickness was
about 52 nm.

In-situ foil thickness measurements were performed
using EELS in the VG HB601. The measured thickness
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Figure 4 STEM micrograph showing the microstructure of X65 con-
sisting of ferrite and pearlite by STEM. a: boundary between ferrite and
pearlite; b: boundary carbide nucleating pearlite c: schematic of new
mechanism of pearlite nucleation.

values are listed in Table I. This thicknesst includes the
carbon contamination film on the sample surface, so it
is somewhat larger than the actual foil thickness. The
thickness measurement by EELS is a convenient and
rapid method which was used to determines appropriate
sites for EDS measurements.

TABLE I Thickness of sample and contamination film as measured
by EELS

GB# t (nm) t av (nm)

x65gb4 46 48 54 66 60 54.8
x65gb8 66 78 56 67 63 66
x65gb16 50 30 30 36 54 40
x65gb17 66 60 54 72 72 64.8
x65gb22 40 39 50 30 36 33

3.3. EDS analysis
A typical EDS spectrum is shown in Fig. 7. There
was a significant carbon peak which is attributed to
a surface contamination film formed during specimen
preparation and transport, particularly during ion
milling. Very small peaks due to Cl and Ar (not visible
at the scale of Fig. 7) are attributed to the same cause.
The Cu peak is expected to have been sputtered from
the copper support grid during ion beam thinning.
Some Cr and Ni signals are expected from the stainless
steel used as a construction material for the vacuum
chamber of the VG 601, and the small peak height
values are consistent with such a signal source. The
O peak was attributed to either surface oxidation of
the specimen or could be from the M-bond curing
in the oven. P and S have been previously linked to
intergranular SCC of steels. In our test, there was no
systematic P and S segregation. However, there was
Mn segregation to GBs as reported below.

3.3.1. GBs between pro-eutectoid ferrite
grains

The Mn profile acrossα/α GBs is shown in Fig. 8.
There was some Mn segregation at this kind of GB.

3.3.2. IBs between pro-eutectoid ferrite and
pearlite grains

A typical IB between pro-eutectoid ferrite and pearlite
is shown in Fig. 4a. Mn profiles acrossα/αp IBs and
α/Cp IBs are shown in Figs. 9 and 10, respectively.
The Mn concentration inside theαp was close to that
in α, and both were close to the bulk value as listed in
Table II. Atα/αp IBs, there was Mn desegregation for a
region about 25 nm on each side of the IB. Atα/Cp IBs,
Mn segregated most significantly on the side of the ce-
mentite, and the segregation region was about 20 nm in
extent. The Mn concentration decreased with increas-
ing distance from the IB to inside the cementite, but

TABLE I I Concentrations of X65 at boundaries and inside grains

Mn

α 1.18± 0.16
α/α 1.53± 0.40
α/αp 0.82± 0.25
α/Cp 2.9± 0.52
αp 1.30± 0.15
Cp 2.2± 0.38
αp/Cp 1.35± 0.28
bulk 1.36
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Figure 5 K-M fringes in a ZOLZ CBD pattern fromα-Fe taken under two beam conditions with 022 strongly excited.

Figure 6 Plot of (si /ni )2 andn−2
i .

Figure 7 EDS spectrum of X65 TEM sample.

it was still larger than that in the pro-eutectoid ferrite.
The cementite was Mn rich.

3.3.3. GB carbide
Fig. 11 shows the Mn profile along theα/α GB car-
bide GBCf in the direction ‘a’ as illustrated in Fig. 4c.

Figure 8 Mn profile acrossα/α GBs.

Figure 9 Mn profile acrossα/αp IBs.

The GBCf was Mn rich, but did not grow from a nu-
cleus with a high Mn concentration. Fig. 12 shows
that, across IBCfp in the direction ‘b’ in Fig. 4c, the
measured Mn concentration was high in the middle of
IBCfp, and low at the boundaries, i.e. low at theα/IBCfp
and IBCfp/αp GBs. Fig. 13 shows the Mn profile across
the carbide IBCfp and pearlitic carbide in the direction
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Figure 10 Mn profile acrossα/Cp IBs.

Figure 11 Mn profile along GBCp in direction ‘a’ in Fig. 4(c).

Figure 12 Mn profile along IBCfp in direction ‘b’.

‘c’ in Fig. 4c. Across the IBCfp part, the Mn profile was
the same as that in Fig. 12. Along the pearlitic carbide,
the Mn increased gradually.

4. Discussion
4.1. Segregation at proeutectoid

ferrite GBs
Only some Mn segregation was measured in this work
at the proeutectoid ferrite GBs. This is a significant
experimental observation in view of the hypothesis
that preferential corrosion of the GBs is the reason
for the intergranular crack path during service SCC of
pipeline steels. Examination of the microstructure of

Figure 13 Mn profile across IBCfp and pearlitic carbide along the di-
rection ‘c’ in Fig. 4(c).

X52 pipeline steel, Fig. 2, indicates that the only con-
tinuous microstructural path that proceeds right through
the microstructure is a path along the proeutectoid GBs.
But, only Mn was measure to segregate at these proeu-
tectoid GBs.

Significant Mn segregation was measured at other
boundaries. There was Mn segregation atα/αp IBs
(Fig. 9) and atα/Cp IBs (Fig. 10). Thus the measured
Mn segregation strengthens the position that there was
indeed no segregation at the proeutectoid ferrite GBs
of P and S. This indicates that contrary to literature ex-
pectations, P and S are not involved in the mechanism
of SCC of pipeline steels.

However, it cannot be concluded that there is no seg-
regation at the proeutectoid ferrite GBs, because there
was some Mn segregation and it was not possible to
make measurements of carbon concentrations. More-
over, Parkins [18] and Mazille and Uhlig [44] have ar-
gued strongly for the role of carbon at GBs in the SCC
of alloy steels. This clearly indicates the need for im-
proved specimen preparation procedures to enable the
production of AEM samples free of surface carbon con-
tamination. Such procedures exist for cleaning stainless
steel and ceramic oxide samples, but the use of these
techniques led to the oxidation of the X52 steel sam-
ples. Work is currently underway [43] on these cleaning
procedures (involving Ar+ O plasmas).

4.2. GB carbide
Pearlite formation for hypoeutectoid steel has been
studied by many researchers [27–33]. As illustrated in
Fig. 1a, the traditional mechanism for pearlite forma-
tion is that the pearlite forms at a clean ferrite boundary
by edgeways growth and sideways nucleation [27, 28].
The microstructures of pearlite in hypoeutectoid steel
observed in two dimensions by TEM and SEM usu-
ally seems to agree with this mechanism. The pearlite
colonies often do impinge on clean ferrite boundaries.

However, Mintzet al. [31] observed carbides atα/α
GBs in ferrite-pearlite steels. These GB carbides joined
pearlite colonies at triple points, where two ferrite
grains met a pearlite colony, as illustrated in Fig. 1b. It is
probable that these GB carbides nucleated the pearlite
reaction.

Ming [32, 33] carried out a detailed study of
the pearlite microstructure and crystallography. They
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observed that all cementite lamellae in pearlite in hy-
poeutectoid steel grew from a thin film of cementite
at the proeutectoid ferrite IB. They found that all the
cementite lamellae in a pearlite colony had the same ori-
entation. However, the crystallography of the cementite
film was not related to that of the proeutectoid ferrite.
Furthermore, the crystallography of both the cementite
and the ferrite lamellae in the pearlite was not related to
that of the proeutectoid ferrite. To explain their obser-
vations, they proposed (see Fig. 1c) that the thin film of
cementite at the proeutectoid ferrite GB was the active
nucleus for the pearlite reaction, rather than the ferrite
that was proposed in earlier studies [38]. This ensures
that all carbides have the same orientation and explains
the observed crystallography.

For a low carbon steel, such as a steel containing
0.02% C, pearlite is not formed and, provided the cool-
ing rate is sufficiently slow to prevent C being retained
in solution, all the C forms carbides at the ferrite bound-
aries. Even for a fast cooling rate there is little or no
C left in solution at room temperature. Faster cooling
rates have the effect of increasing the number carbide
nucleation sites, leading to finer carbides. For ferrite-
pearlite steels, the carbon source forα/αGB carbides is
C in theγ , and subsequent growth is dependent on the
C in the ferrite diffusing to the GB and being absorbed
by the GB carbides. The amount of C available for pre-
cipitation in the form of GB carbides can be thought to
correspond to the solubility of C in ferrite at the time
of the pearlite reaction. Faster cooling rates will sup-
press the pearlite transformation to lower temperature
and hence the amount of C available for precipitation
is reduced, resulting in finer carbides.

Our TEM/STEM observations for X65 pipeline steel
did reveal the one case of Fig. 4b where there was car-
bide at theα/α GB and carbide between theα and
pearlite. The volume of material sampled in TEM spec-
imens is extremely small and consequently, sample ex-
amination with scanning electron-microcopy and opti-
cal microscopy is needed to determine the frequency of
occurance of phenomena such as illustrated in Fig. 4b.
Such work is presently underway [43] and has iden-
tified other examples. This indicates that the example
of Fig. 4b does indeed illustrate a new mechanism of
pearlite nucleation which is a combination of the mod-
els of Mintzet al. and Ming. The new model is illus-
trated in Fig. 4c. 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 precip-
iates at theα/γ interface as suggested by Minget al.
Furthermore, Fig. 4c suggested that the carbide at the
α/γ interface is nucleated by the carbide GBCf at the
α :αGB. Subsequently, the IB carbide IBCfp, nucleates
the pearlite as for the model of Minget al.

4.3. Mn distribution
The addition of Mn was reported to decrease the amount
of carbon in solution inα-iron [39, 40] due to a partition

of Mn from the ferrite to the carbide. Recently Mn dif-
fusion was suggested to be a potential rate determin-
ing factor for the initial ferrite growth for A36 plain
carbon steel with 0.74% Mn [41]. Militeret al. [41]
suggested that the equilibrium concentration of Mn in
ferrite was lower than that in austenite, that Mn diffu-
sion in austenite was a relatively slow process so that
Mn segregated at the interface between pro-eutectoid
ferrite and austenite thereby limiting the mobility of the
α/γ boundary. Mintz reported that Mn has also been
shown to slow down the diffusion of C and result in a
decrease in the transformation temperature so that the
amount of carbon diffusing to the GBs may be much
less at the higher Mn levels, leading to finer carbides.

The 1.36% Mn concentration in X65 pipeline steel
is in the high Mn region according to Mintz’s work.
For high Mn steels, the GB precipitate growth can be
very slow and the GB carbides can be very fine [42].
This leads to the expectation that carbides including
GB carbides in X65 should be very fine. The Mn profile
shown in Fig. 8 indicated that Mn segregated slightly
atα/α GBs with concentrations ranging from 1.0% to
2.4%. No carbide was observed at these GBs. If Mn
diffuses along with C, then it would be expected that
there would be carbon segregation at the GB where
Mn segregates. However, due to the C contamination
on the specimen surface, C concentration could not be
quantified.

The Mn concentrations were very close to the bulk
values for pro-eutectoid ferrite and for ferrite in pearlite.
In contrast the Mn concentration in cementite was about
2.2% (Table II). The Mn concentration in cementite was
quantified without carbon because of the carbon con-
tamination, but this neglects the 6.7% carbon in the
cementite which introduces much more error for ce-
mentite quantification than for 0.02% carbon in ferrite,
so the real Mn concentration in cementite should be re-
normalized to be about 1.87% [25]. The ratio of cemen-
tite to ferrite in pearlite was calculated as 1 : 7.6 without
consideration of the alloying elements. Then the aver-
age of Mn concentration in pearlite is about 1.28%.
This indicates that there was no significant difference
of Mn concentration between pro-eutectoid ferrite and
pearlite.

Mn segregated toα/Cp IBs, and desegregated from
α/αp IBs as shown in Figs. 9 and 10. The Mn profiles
indicate that the cementite was Mn rich. The highest
measured Mn concentration was at the mid-point of
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 transfor-
mation and diffusion in the IBs between the proeutec-
toid ferrite and pearlite when the transformation was
complete [25].

The Mn profile across the IB carbide IBCfp, shown
in Fig. 12, was similar to that measured previously for
X52 [25, 26]. This suggests that the IB carbide IBCfp
grew by an extension of the GB carbide GBCf in the
direction ‘d’ in Fig. 4c; that is growth along theα : γ IB
in the direction ‘d’ rather than from the ferrite GB into
the austenite along direction ‘b’. Furthermore, Fig. 4b
suggested that the pearlitic carbide subsequently grew
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Figure 14 Illustration of carbon diffusion duringγ→α transformation.

from the IB carbide IBCfp. Fig. 13 shows that across
IBCfp to the point ‘A’, the Mn profile was the same as
that in Fig. 12. At point ‘A’ the pearlite carbide started,
and the Mn content increased along the pearlitic car-
bide. The pearlitic carbide grew from the side of IB
carbide IBCfp, from point ‘A’. This is quite different to
the case where the pearlite meets a clean proeutectoid
ferrite GB as shown in Fig. 10. The growth of pearlitic
carbide from the IB carbide IBCfp did not result in a
high Mn at the interface. As Fig. 13 shows, Mn con-
centration increased gradually.

These observation reinforce the new mechanism for
pearlite formation. GB carbide first forms at aα/α GB,
along the lines of the observations and as proposed by
Mintz, then grows to theα/γ interface, and finally the
pearlite colony initiates at the interface of carbide IBCfp
and austenite. Carbon segregates at the triple junction
of the growing ferrite grains and austenite, especially
at the corner of growing ferrite grain boundaries and
austenite as illustrated in Fig. 14. The high carbon con-
tent can lead to the formation of the GB carbide GBCf.
Also the carbon content is much higher at the interface
between ferrite and austenite, so the CB carbide GBCf
grows along theα : γ interface and forms the carbide
IBCfp which nucleates the pearlite.

5. Conclusions
• There was indeed no segregation at the proeutec-

toid ferrite GBs of P and S. This indicates that con-
trary to literature expectations, P and S are not in-
volved in the mechanism of SCC of pipeline steels.
• There was some Mn segregation at the proeutectoid

GBs.
• Mn segregated at IB between the cementite and

pro-eutectoid ferrite, and desegregated from the IB
between pro-eutectoid ferrite and pearlitic ferrite.
This patern is attributed to diffusion in the process
zone ahead of the pearlite during the austenite to
pearlite transformation and diffusion in the IBs be-
tween the proeutectoid ferrite and pearlite after the
transformation was complete.
• A new mechanism was proposed for pearlite for-

mation. GB carbide first forms at anα/α GB, and
then grows along theα/γ interface. Subsequently
pearlite initiates from this interface carbide.
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