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Effects of carbon content on cracking phenomenon, which often occurred in cold-rolled
light-weight steel plates, were investigated in this study. Three steels were fabricated by varying
carbon content, and their microstructures and tensile properties were investigated. The steel
containing low carbon content of 0.1 wt pct consisted of thin j-carbide bands, coarse band
boundary j-carbides, and ferrites. As the carbon content increased, volume fractions of
j-carbide bands and total j-carbides increased, and band boundary j-carbides were finely
distributed in relatively wide band boundary areas. Microstructural observation of the
deformed region of tensile specimens revealed that coarse j-carbides continuously formed along
band boundaries worked to initiate the cracking or to facilitate the abrupt crack propagation
into ferrites or band boundaries in a cleavage fracture mode, while bands densely populated
with fine, lamellar j-carbides did not play a critical role in the cracking. Thus, the increase in
carbon content effectively minimized the formation of band boundary carbides and reduced
their size, thereby resulting in the prevention of cracking during cold rolling and in the simul-
taneous improvement of ductility and strength.
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I. INTRODUCTION

MANY efforts to reduce the weight of steel plates
in automotive industries have been conducted in
order to increase fuel efficiency and to decrease CO2

emissions.[1–8] In addition to light weight needs, auto-
motive steels require excellent strength to sustain auto-
motive structures and to reduce the impact or shock in
cases of accidents. Thus, highly deformable steel plates
such as transformation induced plasticity (TRIP) steels
and twinning induced plasticity (TWIP) steels have been
actively developed.[1–5,8–12] Recently, a large amount of
Mn and Al has been added to automotive steels to
achieve the light-weight effect as well as excellent
strength and ductility, and their total amounts are
generally larger than 15 wt pct. This addition leads to
about 10 wt pct reduction in comparison with TRIP or
TWIP steels, and often offers excellent properties such
as strengths of over 780 MPa and elongations of over
30 pct.[9–15]

Alloying elements used for light-weight steels mainly
include Mn, Al, and C because the decreased specific
gravity due to substitutional or interstitial atoms works
to reduce the weight.[16–19] Mn raises the volume
fraction of austenite at high temperatures as an austenite
stabilizer, but the increased Mn content often leads to
the formation of a large amount of ferrite during
cooling.[20] It also poses problems such as increased
manufacturing costs and deteriorated productivity,
because the temperature of the steel melt can be lowered
during the steel-making process. Thus, efforts to reduce
the Mn content in the light-weight steels have been
made. Aluminum, a ferrite stabilizer, helps form a
dual-phase structure of ferrite and austenite at high
temperatures and promotes the precipitation during
cooling.[16–18] When the steels contain hardenability
elements such as C, precipitates such as carbides or
nitrides are well formed, and the amount of precipitates
varies with contents of Mn and Al as well as C.[16–18]

According to these precipitates, the steels are often
exposed to the cracking occurring during cold rolling.
The light-weight steels containing about 10 wt pct of

Mn and Al are newly developed, but their detailed
microstructures or deformation and fracture mecha-
nisms are hardly known. Furthermore, very few studies
on the systematical explanation of the cracking phe-
nomenon of cold-rolled steel plates have been con-
ducted, although some studies related with textures
and the segregation of precipitates were reported.[21–25]

In the present study, therefore, three cold-rolled light-
weight steel plates having different carbon content
were fabricated, and the cracking phenomenon occur-
ring during cold rolling was clarified in relation
with microstructural parameters including precipitates.
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The primary causes for the cracking were analyzed by
the detailed microstructural examination, and methods
to prevent or minimize the cracking were suggested.

II. EXPERIMENTAL

A. Light-Weight Steels

Three light-weight steels were fabricated by a vacuum
induction melting method, and their chemical composi-
tions are shown in Table I. The steels containing carbon
content of 0.1, 0.2, and 0.3 wt pct are referred to as
‘‘C1,’’ ‘‘C2,’’ and ‘‘C3,’’ respectively, for convenience.
The rolling conditions are shown in Figure 1. After
thick plates of 160 mm in thickness were homogenized
at 1473 K (1200 �C) for 1 hour, they were hot rolled at
1453 K (1180 �C), and the rolling was finished at
1173 K (900 �C). They were then cooled in a furnace
from 923 K (650 �C) after holding at this temperature
for 1 hour. The hot-rolled steel plates of 3 mm in
thickness were rolled at room temperature to make
2-mm-thick steel plates. Most of the C1 steel plates were
cracked during the initial stage of cold rolling, whereas
the C3 steel plates were not cracked during cold rolling.
Only a few C2 steel plates were cracked.

B. Microstructural Analysis

The steels were polished and etched in a 2 pct nital
solution, and microstructures of longitudinal-transverse

(L-T) planes were observed by an optical microscope
and a scanning electron microscope (model: JSM-
6330F, JEOL*). Phases present in the steels were

identified by X-ray diffraction (XRD) and transmission
electron microscopy (TEM), and their volume fractions
were measured by an image analyzer (model: SigmaScan
Pro, ver. 4.0, Jandel Scientific Co., San Rafael, CA). For
the TEM observation, specimens were mechanically
polished to a thickness of 50 lm, punched to prepare
disc specimens (3-mm diameter) by a disc cutter, and
then ion milled to prepare thin foil specimens. The thin
foils were observed by a transmission electron micro-
scope (model: 2100, JEOL) operated at an acceleration
voltage of 200 kV. Hardness of phases and overall bulk
hardness were measured by a Vickers hardness tester
under 50 and 300 g loads, respectively.

C. Tensile Test

Tensile specimens were obtained from the ½ thickness
location of the cold-rolled plate. Plate-type tensile speci-
mens having a gage length of 12.6 mm, gage width of
5 mm, and gage thickness of 1 mm were prepared in the
transverse direction, and were tested at room tempera-
ture at a strain rate of 10�3/s by a universal testingmachine
of 100 kN capacity (model: 5582, INSTRON**). In order

to investigate the crack initiation and propagation pro-
cesses, the fracture surface and the cross-sectional area
beneath the fracture surface were observed by scanning
electron microscopy (SEM).

1200 , 1hr

Te
m

p
er

at
u

re

Start Rolling Temp. 1180 

11 Pass

]

Hot Rolling

Furnace 

[160 3mm ]

Finish Rolling Temp. 900 

Cold Rolling
650 for 1hr

Cooling

Time

[3 2 mm]

Room Temp.

Fig. 1—Schematic illustration of rolling conditions for the light-weight steel plates.

Table I. Chemical Compositions of the Light-Weight Steels
(Weight Percent)

Steel C Mn Al P S

C1 0.1 4 to 6 6 to 8 <0.01 <0.01
C2 0.2
C3 0.3

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

**INSTRON is a trademark of Special Metals Corporation,
New Hartford, NY.
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III. RESULTS

A. Microstructure

Optical micrographs of the cold-rolled C1, C2, and
C3 steels are shown in Figures 2(a) through (c). All the
microstructures are parallel to the rolling direction in a
banded shape and are almost similar to those of hot-
rolled steel plates, although the band structure is

somewhat more severely formed in the cold-rolled steel
plates. Dark-colored bands in the C1 steel are very thin,
and the thickness of the bands increases in the order of
the C1, C2, and C3 steels. These dark-colored bands
contain a number of secondary phases, and the volume
fraction of secondary phase bands tends to increase with
increasing carbon content in the steels.
X-ray diffraction pattern of the C3 steel is provided in

Figure 3. Peaks of ferrite and j-carbides are observed.
Figures 4(a) through (c) show TEM bright-field image,
diffraction pattern, and pattern analysis diagram,
respectively, for lamellar-shaped secondary phases
formed the secondary phase band. According to the
calculation of crystal structure and lattice parameter, the
secondary phase is identified to be a j-carbide of a
perovskite structure with lattice parameter of 3.80 Å.
The lattice parameter of j-carbides changes in the range
of 3.7 to 3.8 Å, because it varies slightly with the
aluminum content contained inside j-carbides.[26,27]

Since j-carbides precipitated from austenite are coher-
ent with the matrix in general, ferrites and j-carbides
nucleated in austenite have a Nishiyama–Wasserman
orientation relationship. Thus, secondary phases present
in the C1 through C3 steels (Figures 2(a) through (c))
are j-carbides, and thus dark-colored secondary phase
bands are referred to as j-carbide bands.
Detailed SEM micrographs of the j-carbide bands of

the C1 and C3 steels are shown in Figures 5(a) through
(d). The C1 steel consists of j-carbide bands and
j-carbides coarsely formed along band boundaries, as
indicated by the white arrows in Figure 5(a). Between
these bands, equiaxed ferrite grains of 3 to 10 lm in size
are found. The higher-magnification SEM micrograph
of the j-carbide band area is shown in Figure 5(b). Fine,
lamellar j-carbides are densely distributed in the ferrite
matrix inside the j-carbide band, and their thickness
and the interspacing between them are very small.
Coarse, spherical j-carbides of 0.3 to 0.8 lm in size are
observed in the band boundary area (Figures 5(a) and
(b)). In the C3 steel, j-carbide bands are well developed,
and their thickness is much larger than that of the C1
steel (Figure 5(c)). Equiaxed ferrite grains of 5 to 10 lm
in size are placed between bands, as indicated by
white arrows. Inside the j-carbide band, fine, lamellar
j-carbides exist in the ferrite matrix, such as in the C1
steel, but their thickness and the interspacing between
them are larger than those of the C1 steel (Figure 5(d)).

C35000
Ferrite
(200) 

2000

3000

4000

Ferrite

Ferrite
(211) 

40 60 80
0

1000

In
te

n
si

ty

k-carbide
(111) 

(110) 

k-carbide
(200) 

k-carbide
(220) 

2 Theta (degree)
 

Fig. 3—XRD results of the C3 steel.
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Fig. 2—Optical micrographs (L-T plane) of the (a) C1, (b) C2, and
(c) C3 steels. Nital etched.
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Fine, spherical j-carbides of about 0.1 lm in size are
found in the band boundary area.

Volume fractions of ferrite area, j-carbide band, and
band boundary j-carbides, together with thickness of
the j-carbide band, are summarized in Table II. The
volume fraction and thickness of j-carbide bands are
about 8 pct and 6.5 lm, respectively, in the C1 steel, and
increase in the order of the C2 and C3 steels with
increasing carbon content. The volume fraction of band
boundary j-carbides in the C1 steel is about 3.2 pct,
which is much higher than that of the C2 and C3 steels.

B. Hardness and Tensile Properties

The Vickers hardness of ferrite area and j-carbide
band and the overall bulk hardness are listed in
Table III. The hardness of the ferrite area is 214 VHN
in the C1 steel and increases up to 274 VHN in the C3
steel with increasing carbon content, whereas the hard-
ness of the j-carbide band is similar at about 250 VHN
in the three steels. The overall bulk hardness increases in
the order of the C1, C2, and C3 steels and shows the
same trend of the ferrite hardness.

Figure 6 shows room-temperature tensile stress-strain
curves, from which tensile properties are summarized in
Table IV. The elongations of the three steels are less than
3 pct in a cold-rolled plate state. All the steels show a
continuous yielding behavior, and both the yield and

ultimate tensile strengths increase with increasing carbon
content. This is because the volume fraction of j-carbide
bands increases in the order of the C1, C2, and C3 steels.
The elongation of the C2 and C3 steels is 2.6 pct, which is
3 times higher than that of the C1 steel. Both the strength
and ductility of the C1 steel are quite low.
Figures 7(a) through (c) show SEM micrographs of

the cross-sectional area beneath the fracture surface of
the C1 and C3 steels. Here, the rolling direction and
tensile loading direction are perpendicular. Several
cracks are observed in the C1 steel, and most of them
are initiated at j-carbide band boundaries (Figure 7(a)).
Since coarse j-carbides are placed continuously along
band boundaries, they are readily cracked. Some band
boundaries are largely separated to form long and wide
cracks as indicated by arrows. Microcracks are observed
inside the j-carbide band, but the number of micro-
cracks is few as fine, lamellar j-carbides are densely
distributed inside the j-carbide band (Figure 5(b)).
Thus, band boundary j-carbides work as main crack
initiation sites, and cracks rapidly propagate into ferrites
or along band boundaries in a cleavage fracture type
(Figure 7(b)). It is not likely that a few microcracks
initiated inside the band affect the overall cracking
behavior, although some cracks propagate into the
band. In the C3 steels, on the other hand, cracks initiate
mainly inside the j-carbide band, but do not seem
to grow to form long cracks (Figure 7(c)). Band
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Fig. 4—(a) TEM bright image, (b) selected area diffraction (SAD) pattern, and (c) analysis of SAD pattern of j-carbides in the C3 steel.
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Fig. 5—SEM micrographs (L-T plane) of the (a) and (b) C1 and (c) and (d) C3 steels. Nital etched.

Table II. Volume Fractions of Ferrite Area, j-Carbide Band,

and Band Boundary j-Carbides, and Thickness of j-Carbide
Band

Steel

Volume Fraction (Pct)
Thickness
of j-Carbide
Band (lm)

Ferrite
Area

j-Carbide
Band

Band Boundary
j-Carbide

C1 balance 8.3 ± 2.4 3.2 ± 0.8 6.5 ± 3.4
C2 balance 17.4 ± 3.8 1.2 ± 0.7 25.7 ± 11.0
C3 balance 26.6 ± 6.1 0.9 ± 0.2 31.1 ± 18.5

Table III. Vickers Hardness Test Results of the

Light-Weight Steels (VHN)

Steel
Ferrite
Area

j-Carbide
Band

Overall
Hardness

C1 214 ± 11 248 ± 10 221 ± 19
C2 246 ± 13 256 ± 16 252 ± 17
C3 274 ± 21 255 ± 19 265 ± 25
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Fig. 6—Room-temperature tensile stress-strain curves of the steels.

Table IV. Room-Temperature Tensile Test Results of the

Light-Weight Steels

Steel

Yield
Strength

Tensile
Strength Elongation

Yield
Ratio

(MPa) (MPa) (Pct) (Pct)

C1 447 541 0.8 83
C2 576 730 2.6 79
C3 628 836 2.6 75
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boundaries are also cracked, but this cracking is not
serious in comparison to the case of the C1 steel.

Figures 8(a) through (c) show SEM fractographs of
the fractured tensile specimens. Since the cracking of
band boundary carbides and the subsequent cleavage
fracture into ferrites or band boundaries occur in the C1
steel, the fracture takes place mainly by a cleavage
fracture mode (Figure 8(a)). Deep and long secondary
cracks are well developed (arrow marks) by the cracking

along band boundary carbides, the crack propagation
into band boundaries, and the separation of band
boundaries. In the C2 steels, the fracture occurs in a
mixed mode of cleavage fracture and quasi-cleavage
fracture, and a considerable number of secondary cracks
are observed on the fracture surface (Figure 8(b)). In the
carbide band areas, the fractured surface looks rather
rough to form quasi-cleavage fracture facets, as the
cleavage fracture is interrupted by finely dispersed

Fig. 7—SEM micrographs of the cross-sectional area beneath the
tensile fracture surface of the (a) and (b) C1 steel and (c) C3 steel.
Nital etched.

Fig. 8—SEM fractographs of tensile specimens of the (a) C1, (b) C2,
and (c) C3 steels.
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j-carbides. In the C3 steel, the quasi-cleavage fracture
mode is predominant, while a small amount of cleav-
age fracture of band boundary carbides is found
(Figure 8(c)). Secondary cracks are also observed, but
are short and shallow.

IV. DISCUSSION

During cold rolling of light-weight steels, the rolled
steel plates are often cracked. Microstructures of the
steels are basically composed of ferrite grains and
j-carbides, but the size, morphology, volume fraction,
and distribution of j-carbides are different in the steels.
These differences arise mainly from hot-rolling condi-
tions and alloying elements such as carbon. In this
study, the cracking phenomenon was analyzed, and the
analysis results are discussed in detail as follows.

The C1 steel consists mostly of thin j-carbide bands,
coarse band boundary j-carbides, and ferrites. Accord-
ing to the observation of the deformed area beneath the
fracture surface of the tensile specimen (Figures 7(a) and
(b)), the most critical microstructural parameter affect-
ing the cracking is j-carbides coarsely formed along
j-carbide band boundaries, whereas ferrites or j-carbide
bands do not affect the cracking much. At these coarse
band boundary carbides, the deformation is first con-
centrated to form voids when the tensile stress is applied.
These voids are grown to microcracks, which readily
propagate along band boundaries to form long and wide
cracks. Since the j-carbide band is densely populated
with fine, lamellar j-carbides, it is hardly cracked. Thus,
coarse j-carbides continuously formed along band
boundaries work to initiate the cracking or to facilitate
the abrupt crack propagation into ferrites or band
boundaries in a cleavage fracture mode. The SEM
fractograph in Figure 8(a) shows that the fracture takes
place mainly by a cleavage fracture mode, and that deep
and long secondary cracks formed by the cracking and
separation of band boundaries are observed. Based on
these results, band boundary carbides act as crack
initiation sites under a tensile load, thereby leading to
the very low tensile ductility of 0.8 pct, which is 3 times
lower than that of the C2 or C3 steel. The yield and
tensile strengths are quite low as the tensile specimen is
not sufficiently deformed because cracks initiate and
propagate even under a relatively low load.

The C1 steel containing a number of coarse j-carbides
is vulnerable to the cracking. Particularly, when these
j-carbides are populated continuously along band
boundaries, cracks can initiate and propagate more
easily. The effect of coarse band boundary j-carbides on
the cracking or fracture can be explained by applying a
weakest link theory model.[28] From the perspective of
the theory of the weakest link of a chain, the fracture
probability (Pfr) of j-carbides can be expressed as

Pfr ¼ 1� exp � d

d

� �3
d

dN

� �3
r� rmin

r0 � rmin

� �m
( )

½1�

where d refers to particle size, r to tensile stress
acting on particles, rmin to minimum fracture stress of

particles, m to Weibull inhomogeneity factor, and r0

and dN to normalizing parameters. Equation [1] indi-
cates that the fracture probability of j-carbides increases
with increasing their size (d). As the number and size of
j-carbides increase, the fracture probability at these
carbides increases. The probability further increases
when j-carbides are continuously linked, because they
can be considered as one long carbide. Thus, in order
to prevent the cracking during cold rolling, it is
imperative to prevent or minimize the formation of
coarse j-carbides formed along band boundaries.
The formation of band boundary carbides can be

reduced by controlling alloying elements and hot rolling
conditions. Changing the hot rolling conditions influ-
ences the microstructure including j-carbides, but the
control of alloying elements such as carbon is more
desirable and simpler, considering the complexity of
microstructural changes during hot rolling. For exam-
ple, when the carbon content increases from 0.1 to
0.3 pct, a considerable amount of carbides are formed,
and most of them are placed in a lamellar shape inside
the carbide band. In the C3 steel, j-carbide bands
are thick, and band boundary j-carbides are finely
distributed in relatively wide band boundary areas
(Figure 5(d)), unlike in the C1 steel. When the tensile
load is applied, more microcracks initiate at lamellar
carbide/ferrite interfaces inside the thick j-carbide band
than at band boundaries, as the interspacing between
lamellar carbides is larger than that of the C1 steel
(Figure 7(c)). However, they are not grown further
because of the existence of ductile ferrite matrix inside
the band. Figure 9 shows an SEM micrograph of the
hot-rolled plate of the C3 steel. There are some ferrite
areas, which do not contain lamellar carbides, inside the
band, and they can prevent the propagation of micro-
cracks during tensile loading or cold rolling. The crack
initiation also occurs at band boundaries, but the
separation between band boundaries is hardly found
because band boundary j-carbides are finely distributed
in the relatively broad band boundary area. According
to the fractograph in Figure 8(c), the fracture occurs
mainly by a quasi-cleavage mode, in which rough and

Fig. 9—SEM micrograph of the hot-rolled plate of the C3 steel,
showing ductile ferrite inside the j-carbide band. Nital etched.
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fine fracture facets are typically shown, together with a
small amount of cleavage fracture at band boundaries.
Thus, as in the C3 steel, the increase in carbon content
effectively prevents the formation of band boundary
carbides and reduces their size, while the formation of
the thick carbide band is promoted. Under tensile
loading or cold rolling, thick carbide bands are less
vulnerable to the cracking than band boundary
carbides, and thereby result in the improvement of
ductility, which leads to the increase in strength simul-
taneously, because the tensile specimen or hot-rolled
plate is sufficiently deformed up to a considerably high
level of stress.

It is interesting to note that the C3 steel containing
higher carbon content has higher strength and ductility
than the C1 steel containing lower carbon content,
which is opposite to the general trend that the strength
increases, while the ductility decreases, with increasing
carbon content. In fact, the volume fraction of carbide
bands composed of fine, lamellar carbides densely
distributed in the ferrite matrix is much higher in the
C3 steel than in the C1 steel (Table II), but the carbide
band seems to have a considerable resistance to crack-
ing, like pearlites in conventional plain-carbon ferrite-
pearlite steels. Lee et al.[29] investigated the primary
cause for cracking occurring during cupping of a
conventional SG295 steel (composition: 0.134C-
0.82Mn-0.29Si-0.017P-0.002S-0.032Al-0.0059N) of ferrite-
pearlite microstructure. When external stresses were
applied, the strain was markedly localized into carbides
distributed along ferrite grain boundaries in an isolated
and continuous shape, and microvoids were developed
and interconnected to cause the grain boundary frac-
ture. The pearlite structure did not significantly influ-
ence the cracking, because it was densely populated
with lamellar cementites. This result implies that lamel-
lar carbides such as j-carbides inside bands or cemen-
tites inside pearlite grains are hardly cracked if they
are densely populated inside a certain area. When
j-carbides or cementites are formed in an isolated shape
or a continuous string shape along any boundaries, they
are readily voided or cracked to work as preferential
sites for cracking. In the C1 steel containing a number of
band boundary carbides, therefore, the cracking can
frequently occur during cold rolling, although the
volume fraction of carbide bands or total carbides is
much lower than in the C3 steel.

As the carbon content in the light-weight steels
decreases to 0.1 pct, cracks often occur on cold-rolled
steel plates. The C1 steel was cracked during cold rolling
because j-carbides precipitated coarsely between bands
caused the cracking and the subsequent cleavage frac-
ture. On the other hand, the C3 steel containing a large
amount of thick carbide bands was not cracked as band
boundary j-carbides were finely and discontinuously
precipitated in the band boundary area, while thick
carbide bands hardly influenced the cracking. Thus, it is
recommended that the carbon content should be main-
tained above 0.2 pct at least to precipitate fine, discon-
tinuous band boundary carbides. In the present study,
however, hot rolling conditions were not investigated to
control the amount and morphology of band carbides,

although the effective reduction in band boundary
carbides and the change in carbide shape can be
practical methods to improve the resistance to cracking.
Therefore, systematic studies on phase-transformation
mechanisms involved in local microstructural change
during hot rolling as well as microstructural analysis of
the primary causes for cracking phenomena are still
required, and may indeed be considered as important
analytic works for future rolling procedures.

V. CONCLUSIONS

In the present study, the cracking phenomenon
occurring during cold rolling of three light-weight steels
was clarified in relation to microstructure.

1. Microstructures of the steels were basically com-
posed of ferrite grains and j-carbides, but the size,
morphology, volume fraction, and distribution of
j-carbides were different. The C1 steel consisted
mostly of thin j-carbide bands, coarse band bound-
ary j-carbides, and ferrites. As the carbon content
increased, volume fractions of j-carbide bands and
total j-carbides increased, while band boundary
j-carbides were finely distributed in relatively wide
band boundary areas.

2. Microstructural observation of the deformed region
of tensile specimens revealed that j-carbides formed
along band boundaries caused the cracking by
forming voids and cracks, while bands densely pop-
ulated with j-carbides did not play a critical role in
the crack formation. Particularly in the C1 steel,
coarse j-carbides continuously formed along band
boundaries worked to initiate the cracking or to
facilitate the abrupt crack propagation into ferrites
or band boundaries in a cleavage fracture mode.

3. The increase in carbon content effectively prevented
the formation of band boundary carbides and
reduced their size, while the formation of thick car-
bide bands was promoted. Under tensile loading or
cold rolling, thick carbide bands were less vulnera-
ble to the cracking than band boundary carbides,
and thereby resulted in the prevention of the crack-
ing during cold rolling and in the simultaneous
improvement of ductility and strength.
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