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Abstract: Microscopic morphologies of reticular cracks in
Nb-bearing pipeline surfaces are shown in this work. A de-
carburization layer, oxidized round spots, and the distri-
butions of residual elements are each detected to better
understand the mechanisms of reticular crack formations.
The results show that reticular cracks are discontinuously
distributed and filled with iron oxide. The oxidized round
spots near the crack sides are larger and more intensive
than steel matrix, with primary chemical compositions of
Fe, Mn, and Si oxides. There is no obvious enrichment of
Cu, Cr, or Sn near the crack zones. The formation of retic-
ular cracks occurs prior to both decarburization and the
formation of oxidized round spots. The ferrite potential
(FP) of the examined pipeline steel is 1.05, which leads to
a higher relative crack susceptibility. It is concluded that
reticular cracks are generated during the continuous cast-
ing solidification process due to the extension of intergran-
ular microcracks along grain boundaries under the abnor-
mal conditions of the continuous casting process.
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1 Introduction
Steel pipelines are widely used in petroleum and natu-
ral gas transportation, requiring that they possess a high
strength and corrosion resistance. Thesematerials are sub-
jected to stringent requirements regarding their alloying el-
ements, purity, and manufacturing processing [1–3]. Most
importantly, surface cracks can significantly affect their
service lifetimes.

Studies on the formation mechanism of reticular
cracks have mainly focused on the alloying elements and
precipitations in grain boundaries. Sun et al. [4] reported
that reticular cracks are due primarily to uneven cooling
on the slab surfaces. Phase transition of austenite to ferrite
appear during the continuous casting process, which is ac-
companied by precipitations of carbide and nitride that
lead to grain boundary cracks under thermal and straight-
ening stresses. Maehara et al. [5] and other researchers [6–
9] found that reticular cracks generally appear on Nb
and V-bearing pipeline steel surfaces, for precipitation of
Nb(CN), V(CN), and Ti(CN) particles decreased the hot
ductility of Nb and V-bearing steels. Kajitani et al. [10],
Fredriksson et al. [11], and Xiao et al. [12] detected dis-
tributions of residual elements in grain boundaries via
SEM. Enriched regions of Cu, As, and Sn were found in the
grain boundaries, which resulted in micro-cracks on the
pipeline surfaces. It is generally considered that reticular
cracks are related to the alloying elements and their pre-
cipitations in grain boundaries.

To date, there has been less research on the formation
mechanism of reticular cracks due tometallurgical factors.
Chen et al. [13] found inclusions containing Ca, Mg, Al, Na,
and K near reticular crack zones, which were due to the
fluxes from the molds in continuous casting. In our previ-
ous study,wediscussed the relationshipbetween the inner
fold defects on pipeline surfaces and the associatedmetal-
lurgical properties [14]. It is therefore speculated that there
exists a relationship between reticular cracks and metal-
lurgical factors.

This study considers the microscopic morphologies
of reticular cracks on Nb-bearing pipeline surfaces as ob-
served using optical microscopy. Oxidized round spots

https://doi.org/10.1515/htmp-2020-0043


82 | H. Zhu et al.

Table 1: Chemical composition of Nb-bearing pipeline steel (wt. %).

Element C Si Mn P S Cu Ni Cr Mo Ti Nb
Content 0.09 0.35 1.38 0.01 0.007 0.053 0.306 0.18 0.28 0.01 0.02

Figure 1: Typical morphology of reticular cracks on the surface of an Nb-bearing pipeline.

and the metallographic structures near such defects are
detected using scanning electron microscopy (SEM). The
formationmechanism of reticular cracks is discussed, and
the relationship between the surface quality and themetal-
lurgical factors for Nb-bearing pipeline steel is considered.

2 Materials and Experimental
Procedure

The chemical composition of Nb-bearing pipeline steel is
shown in Table 1. The fabrication process of the investi-
gated pipeline includes the following steps: arc furnace
smelting (EAF)→ ladle furnace refining (LF)→ vacuum
refining (VD) → continuous casting (CC) → piercing →
continuous rolling→ sizing or sinking processes. The hot
working technology for Nb-bearing pipeline steel is to heat
at 1200∘C for 2.5 h, while the hot rolling and finish rolling
temperatures are at 1100 and 870∘C, respectively.

The selected pipe sectionwith reticular crackswas cut
along its longitudinal direction. Based on the defect po-
sitions, samples of dimensions 20 mm × 20 mm were cut
with a wire cutting machine. The samples were cleaned
in acetone under ultrasonication to remove any oil stains
from the surfaces. The microscopic morphologies of the
reticular cracks and qualitative analyses of the oxidized

round spots and elemental distributions near the defects
were determined using a scanning electron microscope
(Zeiss ASIN EVO10, Carl Zeiss Microscopy Ltd., Germany).
The specimens for microstructural observations were pre-
pared via mechanical polishing and chemical etching in a
4% nital solution and were observed using an optical mi-
croscope (Zeiss Axioplan 2 Imaging, Carl Zeiss Microscopy
Ltd., Germany).

3 Results
Figure 1 shows the typical reticular cracks on an Nb-
bearing pipeline surface. It can been seen that a great deal
of cracks is distributed along the rolling direction. SEM
was used to observe the widths and depths of microstruc-
tures from reticular cracks on radial and circumferential
sections after polishing. Figure 2 shows a typical example
of the microscopic morphology for a reticular crack. The
crack extends from the outer surface of the steel pipe in-
wards at a depth of 0.24 mm and is filled with FeO. The
reticular cracks are discontinuously distributed along the
radial direction. It is seen from the cross-section and end
profile views of the crack that it experienced a certain ra-
dial deformation during the rolling process. Thus, it is
presumed that the reticular crack was formed before the
rolling process.
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Figure 2: Cross-sectional (a) and polished surface (b) morphology of a reticular crack.

Figure 3:Metallographic structure near the reticular crack at (a) 100× and (b) 500×magnifications.

Figure 4: Element mapping of typical reticular crack zone.
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Figure 5:Microscopic morphology (a) and energy spectrum analysis (b) of the oxidized round spots in the reticular crack zone.

Figure 6: Relationship between the relative crack susceptibility
(RCS) and ferrite potential (FP).

The metallographic structure near the crack was ob-
served after etching with a 4% nital solution. As shown in
Figure 3, themetallographic structure is ferrite (black) and
pearlite (white). The grain size of the ferrite near the crack
region is larger, while it is smaller in the steel matrix. The
crack is filled with iron oxide and there are obvious decar-
burization layers on both its sides that are approximately
15µm thick. It is inferred that the reticular cracks form be-
fore the heat treatment, and that their inner wall oxidized
during the heat treatment to form the large amount of ob-
served iron oxide. A decarburization layer appeared on the
inner wall of the crack, which grew over time.

Figure 7:Microscopic morphology of the microcracks along the
grain boundary.

The end of the reticular crack was characterized us-
ing both SEM and energy dispersion spectroscopy (EDS),
as shown in Figure 4 and Figure 5. Figure 4 and Figure 5a
shows that the crack end is filledwith a significant amount
of ironoxide, and there is a largenumber of oxidized round
spots on both sides of the crack ends. The maximum oxi-
dized spot diameter is up to 3 µm. The spots near the crack
side are larger and more intensive, while those in the steel
matrix are smaller and more dispersed. Figure 5b shows
the chemical composition of the oxidized round spots as
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Figure 8: Line scanning analysis over the line shown in (a) for (b) Fe, O, Cu, Cr, Sn, C, and Mn.

determinedusingEDS. Points 1, 2, and 3 show thepresence
of Fe, Mn, and Si oxides, while point 3 also shows the exis-
tence of aluminum,whichwas used as a deoxidizing agent
in the ladle furnace refining process.

4 Discussion
Two conditions need to be satisfied to form a decarburiza-
tion layer and oxidized round spots. First, there has to be
a relatively long oxidizing time. Second, the temperature
of the heat treatment should be sufficiently high. The for-
mation mechanism of the decarburization layer and oxi-
dized round spots is as follows. The reticular crack is ex-
posed to air, the heating or holding temperature is above
1000∘C, and the temperature is maintained for 30 min.
Then, C atoms diffuse outwards from the matrix to around
the crack zone and oxidize with O atoms in the air to form
CO or CO2 gas, which then leave the slab at elevated tem-
peratures. This causes the decarburization layer to formon
both sides of the crack. In addition, O atoms diffuse from
the air and into the steel matrix, which can then react with
the strong oxidizing elements, such as, Si and Mn. This
forms the oxidized round spots, which consist of silicon
oxide, manganese oxide, or (Fe, Mn) O·SiO2 particles.

It is concluded that the reticular cracks cannot be
formed during the rolling process based on the hot work-
ing production conditionsmentioned in experimental pro-
cedure section, the observed decarburization near the
reticular crack zone, and the distribution of oxidized
round spots. The cracks formed during the rolling process
have less iron oxide and no decarburization or oxidation
spots in the crack zone. Thus, the reticular cracks observed

in this study may have been generated during the contin-
uous casting solidification process. The decarburization
layer and oxidized round spots were then likely formed
during the heating and heat preservation processes.

Pradhan et al. [15] assessed the effects of alloying ele-
ments on the crack susceptibility using the corresponding
ferrite potential (FP) values described by Eqs. (1) and (2).

FP = 2.5(0.5 − %CP) (1)

where

%CP = %C + 0.02%Mn − 0.1%Si − 0.7%S (2)

The %CP denotes the carbon equivalent, which consid-
ers the effect of the other alloying elements in the steel.
Using the chemical composition of the investigated crack
samples given in Table 1, The FP value for the Nb-bearing
pipeline steel is found to be 1.05. The relative crack suscep-
tibility is maximized when the FP is around 1, as shown in
Figure 6 [16].

Intergranular cracks are the most predominant when
the FP is around 1. The coarse grains are further embrit-
tled because of the precipitation and enrichment of resid-
ual elements. Figure 7 shows the microscopic morphology
near the crack zone, which includes intergranular microc-
racks. The intergranularmicrocracks are distributed along
the primary grain boundary, while the crack boundary is
decarburized. This indicates that the crack is formed be-
fore the austenite transformation at approximately 1400∘C
in the mold. The nascent solidified shell is formed during
the solidification process with a phase transition of δ to
𝛾. Austenite grain boundary cracking then appears due
to volume shrinkage and bulging, tension, and static pres-
sure in themolten steel. As the continuous casting process
progresses, themicrocracks expand to reticular cracks due
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to the fabrication parameters, such as tension, bulging,
misalignment, and uneven cooling.

Liu et al. [17] and Zhu et al. [18] observed the crack
area of a tube bloom and slab and found that they were
enriched with Cu and Cr elements near the cracks. This
was mainly because the chromium coating shed from the
inner wall of the copper mold during the continuous cast-
ing process, which led to a direct contact between the in-
ner wall of the mold and tube bloom. The melting point
of Cu is 1085∘C, which can penetrate into the austenite
grain boundary through the iron oxide skin. This reduces
the grain boundary bonding force, induces intergranular
cracks, and results in the formation of reticular crack. For
the considered reticular crack samples, the distributions
of elements, such asCu, Cr, andSn, near the reticular crack
zoneweredetectedusing the line scanninganalysis shown
in Figure 8. The results indicate that the fillers in the retic-
ular crack are Fe and O elements, and there are no obvi-
ous enrichments of Cu, Cr, or Snwithin the scanning range.
It is speculated that the copper mold worked as intended
and that the chromium coating did not peel off. Therefore,
the influence of residual elements on the reticular cracks
is ruled out.

5 Conclusions
The oxidized round spots and metallographic structures
near reticular crackswere investigated and their formation
was discussed. The main results of this study are summa-
rized as follows.

(1) Reticular cracks arediscontinuouslydistributedand
filled with iron oxide. Both a decarburization layer
and oxidized round spots are detected on either side
of the reticular crack, and the oxidized round spots
near the crack sides are larger andmore intensewith
primary chemical compositions of Fe, Mn, and Si ox-
ides.

(2) The formation of reticular cracks occurs prior to de-
carburization and oxidized round spots due to the
diffusion of oxygen atoms from the crack edge to
the steel matrix. Reticular cracks are generated dur-
ing the continuous casting solidification process,
while decarburization and oxidized round spots are
formed during the heating and heat preservation
processes.

(3) The ferrite potential (FP) value of the considered
pipeline steel is 1.05, which leads to a higher rela-
tive crack susceptibility. Intergranular microcracks
are distributed along the grain boundaries, which

expand into reticular cracks under due to the con-
tinuous casting parameters.
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