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Abstract

Cu is known to affect the edge cracking characteristics of austenitic stainless steel as it causes embrittlement. The hot
rolling test of four kinds of austenitic stainless steel with different copper content (0, 2.42, 3.60 and 4.35 wt.%) was carried
out to examine the effect of hot rolling cracks on steel containing different copper contents. The evolution of crack and
microstructure was analyzed using the scanning electron microscope, energy-dispersive spectrometer, electron back
scattered diffraction and transmission electron microscope. Experimental results showed an upward trend in edge cracking
degree when Cu content was 4.35%, and the crack extended from the edge of the steel plate to the middle by about 14 mm.
Besides, severe oxidation was observed inside the crack by fractography. With the increase in copper content at 1250 °C,
the content of {110}<112> brass and {112}<111> copper textures decreased. When the content of copper was 4.35%, the
decrease was most significant, and {112}<111> copper texture content decreased to only 0.5%. Generally, the textures of
2.42%Cu and 3.60%Cu 304L steel changed little, while a large change in the texture of 4.35%Cu 304L steel was observed.
To conclude, the increase in rolling temperature can prevent edge crack and its propagation effectively.
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1 Introduction

Antibacterial austenitic stainless steel is widely used in
home decoration, food and medical industries due to its
excellent high temperature performance [1, 2]. Adding an
appropriate amount of copper to steel leads to nano-particle
precipitation, thus significantly improving the strength,
corrosion resistance, cold workability, and antibacterial
properties of steel [3-5]. Especially, Li [6] and Xi et al. [7]
have shown that steel containing 0.5%-4.0% copper has
better antibacterial properties than traditional stainless steel
after heat treatment.
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However, excessive copper elements in the rolled
products bring about copper brittleness and edge cracks in
rolling, greatly limiting the application of copper-contain-
ing steel in the industry. In the heating process before
rolling, the defect area on the surface of the oxidized slab
will decarburize the structure near the crack and generate a
large number of secondary oxide particles [8]. It is noted
that copper with a lower melting point flows along the
grain boundaries at high temperatures, and forms low
temperature eutectic phases that preferentially segregate to
the grain boundaries, leading to grain boundary embrittle-
ment in steel [9].

Cracks often appear on both sides of the copper-con-
taining steel coil, or on the surface of the steel plate in the
form of pockmarks. The macro morphology of copper
embrittlement is similar to cracks or pitted microcrack
defects caused by overburning [10]. Therefore, an assess-
ment in the effect of copper on the edge cracking charac-
teristics of austenitic stainless steel during rolling is
essential. In the present study, the evolution of the copper-
containing austenitic stainless steel as well as its edge
morphology, microstructure and texture was investigated.
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Meanwhile, the influence of copper on hot rolling defor-
mation of austenitic stainless steel was studied, and the
scheme of austenitic stainless steel cracks with different
copper contents was given, which provided a basis for
further research on the development of the novel antibac-
terial stainless steel.

2 Materials and methods
2.1 Materials

The ingot was made of electroslag remelting casting pro-
duced by Taiyuan Iron and Steel Group Co., Ltd., and its
composition is shown in Table 1.

2.2 Experiment method

The copper-containing cast-rolled austenitic stainless steel
with the initial size of 100 mm x 70 mm x 30 mm
(Iength, width and thickness, respectively) was rolled by
the two-high rolling mill with the total reduction of roller
maintained at 80% and the rolling speed at 0.2 m/s
(Fig. 1a) after the cast-rolled sheets were pre-heated at
1150 and 1250 °C, separately. The sheets were subjected to
8 passes, with the interval of 8 s. Air cooling was carried
out after final rolling.

The microstructures of edge cracks on the transversal
sections of rolling direction (RD)-transverse direction
(TD) and the RD-normal direction (ND) planes (i.e.,
sampling locations 1 and 2 respectively in Fig. 1b,
respectively) were characterized using a ZEISS scanning
electron microscope (SEM), and the precipitated phase was
analyzed using an energy-dispersive spectrometer (EDS).
The copper-containing austenitic stainless steel samples
were prepared by the standard metallographic method, and
10% oxalic acid was used for electrolytic corrosion. The
microtexture and edge cracks on the RD-TD plane of the
plates were monitored by the electron back scattered
diffraction (EBSD) method. The EBSD samples were
prepared by electrochemical polishing with mixed solution
of 10 vol.% perchloric acid + 90 vol.% alcohol at a cur-
rent of 0.8 A for 90 s. Finally, post-processing software

Table 1 Chemical composition of austenitic stainless steel (wt.%)

(Channel 5) was used for data analysis. Transmission
electron microscope (TEM) samples were cut from the
RD-TD section of the hot rolling specimens, ground to
100 pm thick, and subjected to ion milling. Then, the
samples were analyzed by JEOL F200 TEM. In addition,
cracks with different shapes were produced in the longi-
tudinal section of RD-TD after heating. The largest crack
appeared almost every 100 mm in the TD direction.
Therefore, the edge cracks of the four types of steel plates
after rolling were analyzed with the macroscopic obser-
vation method as the evaluation standard.

3 Results
3.1 Microstructure before and after rolling

Figure 2 illustrates the microstructures of austenitic stain-
less steel with different copper contents in the radial
direction of the ingot. The cast stainless steel consists of
coarse and dendritic austenite columnar structure and a few
spot or vermicular second phase structures distributing at
the grain boundaries. It could be observed from Fig. 2a—
that the dendrites in the ingot gradually became larger as
the copper content increased, and gradually changed from
one direction distribution to discontinuous distribution in
the matrix. The direction of 4.35%Cu 304L dendrites ten-
ded to be axial, and the secondary dendrites were arranged
in parallel. The formation of the special microstructure
might be due to a large degree of subcooling at the edge of
the ingot. It is well known that nickel has an expanding
austenite phase region and chromium is a ferrite stabilizing
element. As shown in the EDS surface scan (Fig. 1f),
position 1 in Fig. le is bright due to the high temperature
ferrite content, and position 2 is the austenite matrix
because of the high Ni content. The copper element is
easily solved in the austenite, and the color in position 1 is
dim. The copper element fluctuation at the phase boundary
of position 3 shown in the EDS line scan indicates that the
copper element was segregated here, and the copper con-
tent in the austenite matrix was higher than that in the
ferrite.

Steel C Si Mn P S Cr Ni Cu Fe

304L 0.005 0.42 1.51 0.004 0.001 17.88 8.80 0 71.38
2.42%Cu 304L 0.007 0.42 1.53 0.010 0.001 18.29 8.70 242 68.62
3.60%Cu 304L 0.007 0.49 1.54 0.013 0.001 17.91 8.72 3.60 67.72
4.35%Cu 304L 0.008 0.52 1.48 0.010 0.001 17.90 8.81 4.35 66.92
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Fig. 2 As-cast metallographic structure of austenitic stainless steel with different copper contents. a 304L steel; b 2.42%Cu 304L steel;
¢ 3.60%Cu 304L steel; d 4.35%Cu 304L steel; e SEM photos of as-cast 4.35%Cu 304L steel; f EDS photos of as-cast 4.35%Cu 304L steel (Line

Data 4 represents element line scan of EDS)

The microstructures of plates at different pre-rolling
temperatures can be observed in the inverse pole fig-
ure (IPF), phase maps and kernel average misorientation
(KAM) of copper-containing austenitic stainless steel
samples as shown in Figs. 3 and 4. Ingots eliminated voids,
dendritic structures and macro segregation in the casting
during hot rolling. The initial coarse grain of RD-ND
planes was elongated along the rolling direction after
repeated rolling. The width of the band-shaped grains in
the plate rolled at 1150 °C decreased with the increase in
the copper content. The band-shaped ferrite became more
and more elongated and its content decreased gradually.

However, it is shown in Fig. 4 that the grains grew
wider and fine grains appeared between narrow grain
boundaries when the pre-rolling temperature was 1250 °C.
The recrystallized grains grew bigger along the grain

boundary and were distributed like a necklace, which
coincided with the viewpoints of Ponge and Gottstein [11],
who beheld that the necklace-like grains generally pro-
duced in the early discontinuous dynamic recrystallization
process.

The addition of copper reduced the stacking fault energy
and increased the critical deformation of dynamic recrys-
tallization, which made it difficult for austenitic stainless
steel to deform. At the same time, the precipitates dispersed
in the microstructure pinned dislocations or grain bound-
aries, which hindered the continuous dynamic recrystal-
lization process (Table 2). The proportion of twins in the
structure was small, which decreased from 0.44% to 0.39%
at 1150 °C and increased from 0.39% to 0.44% at 1250 °C
with the increase in copper content.
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Fig. 3 IPFs, phase maps and local KAM value distribution maps of 304L stainless steel with different copper contents after rolling at 1150 °C. a—
¢ 2.42%Cu 304L steel; d—f 3.60%Cu 304L steel; g—i 4.35%Cu 304L steel. Blue part is ferrite and yellow part is twin

According to IPF maps of different samples shown in
Figs. 3a, d, g and 4a, d, g with the increase in copper
content, the orientation of green <101> decreased, and
red <001> changed to purple <211>. The orientation of
green <101> increased with the rising temperature. The
KAM maps of the samples (Figs. 3c, f, i and 4c, f, i) reflect
the deformation state inside the grain. The staggered
imaging method is an intuitive plastic deformation method
[12]. Therefore, the higher the local KAM value, the
greater the deformation degree of the grain and the larger
the corresponding strain amount.

3.2 Morphology of rolling cracks

Figure 5a, b presents the macroscopic crack maps of
rolled copper-containing austenitic stainless steel. A lot of
cracks were distributed along the rolling direction and
extended from the edge to the center of the plate. The edge
crack of 304L austenitic stainless steel plate was small after
rolling. With the increase in copper content at pre-rolling
temperature of 1150 °C, the edge crack increased. How-
ever, the degree of edge crack decreased with the tem-
perature increasing to 1250 °C. The crack characteristics
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changed from short and loose to deep and continuous. The
largest edge crack existed in 4.35%Cu 304L steel at
1150 °C. It formed an angle of about 45° with the rolling
direction and extended from the edge to the middle by
about 14 mm. Figure 5c, d shows the relationship between
the average number of macro cracks (within 100 mm), the
average crack depth and the interval distance at the edge of
austenitic stainless steel plates with different copper con-
tents after hot rolling at 1150 and 1250 °C. Hot rolling
cracks were more sensitive to heating temperature. With
the increase in copper content at 1150 °C, the average
number of cracks decreased, the average crack depth
increased, and the average distance between cracks was
shortened. However, the raised copper content increased
the average crack number and depth at 1250 °C.

Figure 5e-h is fractography of cracks along the rolling
edge of various copper-containing steels at 1150 °C. There
are fine cracks at the flanks of 304L steel. It is shown in
Fig. Se that there are evident folds around the fracture
surface. The cracks on the edge of steel plate got more
severe when copper content increased. The widest crack of
2.42%Cu 304L steel reached 800 um, whereas the cracks
on 3.60%Cu 304L and 4.35%Cu 304L steels extended to
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Fig. 4 IPFs, phase maps and local KAM value distribution maps of 304L stainless steel with different copper contents after rolling at 1250 °C. a—
¢ 2.42%Cu 304L steel; d—f 3.60%Cu 304L steel; g—i 4.35%Cu 304L steel

Table 2 500 x area EBSD statistics for recrystallization, twinning and ferrite ratio after hot rolling at 1150 and 1250 °C (%)

EBSD statistics Pre-rolling temperature of 1150 °C

Pre-rolling temperature of 1250 °C

2.42%Cu 3.60%Cu 4.35%Cu 2.42%Cu 3.60%Cu 4.35%Cu

304L steel 304L steel 304L steel 304L steel 304L steel 304L steel
Recrystallization 3.66 3.55 2.97 2.92 2.61
Twinning 0.44 0.42 0.27 0.31 0.36
Ferrite ratio 7.29 2.98 3.39 3.14 1.83

cover the entire rolled plate, demonstrating a poor forming
performance.

Figure 6 shows the cracking fracture surface and com-
position of 4.35%Cu 304L steel at different pre-rolling
temperatures. No inclusions were found in the main crack,
while the extension line of the secondary crack was seri-
ously oxidized. Cracks are further enlarged to observe the
morphological characteristics. There were a large number
of angular-shaped substances in the cracks at 1250 °C and
the edge cracks at 1150 °C. EDS point scan results reveals
a great deal of Fe, Cu, and Cr oxides around the cracks. Cu
oxides were basically angular, and their content was 9.6%
and 7.9% at 1150 and 1250 °C, respectively, both of which

exceeded that in the matrix. As shown in the EDS scan
results of the cracking fracture surface of 4.35%Cu 304L
stainless steel at 1250 °C in Fig. 6, the content of Fe, Cr
and O was relatively high, the copper-rich layer formed on
the oxides around the crack, and the content of copper was
5.0%, which was higher than that in the matrix. The copper
elements in the matrix were polymerized to form oxides
with high brittleness and hardness, leading to the separation
from the matrix interface, and subsequently the production
of longitudinal cracks under the action of tensile stress.
The IPFs, phase maps and strain contouring shown in
Figs. 7 and 8 illustrate the microstructure around the crack
tip of various copper-containing steel samples. The grains
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Fig. 5 Statistical maps, macroscopic cracks and fractography of hot-rolled copper-containing steel at different pre-rolling temperatures of
1150 °C (a, ¢) and 1250 °C (b, d) and fractography of cracks along rolling edge of 304L steel (e), 2.42%Cu 304L steel (f), 3.60%Cu 304L steel
(g) and 4.35%Cu 304L steel (h) at 1150 °C. 1-304L steel; 2-2.42%Cu 304L steel; 3-3.60%Cu 304L steel; 4—4.35%Cu 304L steel

in the structure were unevenly mixed when the heating
temperature was 1150 °C. Coarse grains had higher yield
strength than fine grains, resulting in additional stress
between the two types of grains. Yue et al. [13] found that
the stress concentration between grains would lead to the
production of cracks along the coarse grains. It is shown in
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the strain contouring maps in Figs. 7 and 8 that the blue
color appeared around the crack indicated that the strain
value was very small and the stress has been released.
However, compared with the ferrite distribution map and
strain contouring map, the red color appeared around
individual ferrite, such as the arrows in Figs. 7 and 8,
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Fig. 6 Crack fracture surface and composition of 4.35%Cu 304L steel at different heating temperatures. a 1150 °C; b 1250 °C. ¢ Deviation of
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indicated that the strain value was very high. With the
increase in copper content, the main crack expanded.
Several secondary cracks in 4.35%Cu 304L steel were
generated at the end of the main crack, and they rapidly
extended to the inside of the rolled plate as indicated by the
arrows in Figs. 7g and 8g. A large number of fine recrys-
tallized grains were found around the secondary cracks.
The random distribution orientation of the grains in the

recrystallization zone indicated that samples had no texture
or the grains had no preferred orientation (Figs. 7g and 8g).
The recrystallized fine grains could effectively prevent the
crack from further extending due to a large area of grain
boundary. The rising temperature facilitated recrystalliza-
tion [8], which effectively improved the crack-resisting
performance of the plate.
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Fig. 7 IPFs, phase maps and strain contouring of microstructure around crack tip at 1150 °C. a—c¢ 2.42%Cu 304L steel; d—f 3.60%Cu 304L steel;

g-i 4.35%Cu 304L steel
4 Discussion
4.1 Effect of copper on ferrite in austenitic steel

The composition and morphology of ferrite are affected by
the chemical properties of steel (especially Cu content) and
the change in heating temperature. There was high tem-
perature ferrite distributed on the grain boundary in the
process of casting. With the increase in copper content, the
morphology of ferrite in the steel gradually changed to an
island shape, accompanied by copper segregation at the
phase boundary between austenite and ferrite. It was
observed by Suutala [14] that the ferrite morphology varied
with alloy composition and solidification cooling speed,
making the as-cast structure of the material more complex.
It is shown in Table 3 and Fig. 9c that the Cr/Ni equivalent
ratio of copper-containing austenitic stainless steel
decreased gradually in this experiment, and the ferrite
content of steel decreased accordingly [15, 16]. The
solidification mode of austenite phase equilibrium changed
from ferrite—austenite (FA, with fraction of austenite to
ferite larger than 3/4) solidification mode to austenite-fer-
rite (AF, with fraction of ferite to austenite larger than 3/4)
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solidification mode. In the process of non-equilibrium
crystallization, the addition of copper in the steel reduced
the occurrence of composition segregation, resulting in the
volume change of high-temperature ferrite.

The ferrite phase of 4.5% Cu-304L at room temperature
was distributed as an island and reticular shape (Fig. 9a, b).
The ferrite gradually coarsened and its proportion
increased in the subsequent heating process. It has been
reported that the dissolution of ferrite is related to the
diffusion of Cr and Ni in the austenite [17]. During the
dissolution process of ferrite in austenite, the morphology
changes from long needle to short needle or even spherical,
and the volume fraction of the phase decreased as the
treatment temperature rose [18]. Copper was also an ele-
ment to improve austenite stability simultaneously. Ferrite
was difficult to be removed after hot rolling, and the
coarsened ferrite caused expansion stress in the two phases,
at which microcracks appeared when the expansion stress
was greater than the strength limit of the steel. The ferrite
content was calculated by the area algorithm. As shown in
Fig. 9c, the ferrite content exhibited a downward trend
with the addition of copper. The ferrite content decreased
sharply at high pre-rolling temperature.
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Fig. 8 IPFs, phase maps and strain contouring of microstructure around crack tip at 1250 °C. a—c 2.42%Cu 304L steel; d—f 3.60%Cu 304L steel;
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Table 3 Solidification mode of austenitic stainless steel with different copper contents

Steel 304L 2.42%Cu 304L 3.60%Cu 304L 4.35%Cu 304L
Creg/Nigq 1.95 1.61 1.44 1.34
Solidification modes FA FA AF AF

Chromium equivalent Creq = Cr + 1.4Mo + 1.5Si + 2Nb + 3Ti; nickel equivalent Nieq = Ni + 0.31Mn + 22C + Cu + 14.2N

The study of Xu et al. [19] shows that in the as-cast or
forged steel, the ferrite content between 15% and 30% will
maintain good toughness with the matrix. It is shown in
Fig. 6 that the cracks were distributed along the ferrite
bands, and the ends of the cracks were connected with
ferrite. The strain diagrams in Figs. 7 and 8 clearly show
that the value of strain around ferrite was high, indicating
the stress concentration at this place. TEM shows the
detailed microstructure of the steel in the two-phase region
as shown in Fig. 10. A high concentration of dislocations
near the austenite/ferrite interface led to the inhomogeneity
of the two-phase deformation. Ferrite, as a soft phase,
preferentially undergoes large plastic deformation. With
the increase in rolling force, the damage accumulation in

ferrite and the incompatibility of plastic deformation
between ferrite and austenite brought about voids as well as
crack initiation and propagation at the austenite/ferrite
interface [20, 21]. However, Liu et al. [22] reported that
fine and slender ferrite formed between the banded grains
after rolling. When the local maximum strain around the
ferrite decreased, the maximum stress of some ferrite tip
attachment decreases correspondingly, and the maximum
stress of some tip attachments of ferrite decreased, helping
to inhibit the generation of cracks. In addition, the banded
structure had an effect on the austenite stability in steel
[23]. The mechanical stability of austenite could be
improved by promoting the uniform distribution of stress
and strain.
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Fig. 9 Comparison of ferrite content of copper-containing austenitic stainless steel in different states. a 4.35%Cu 304L steel ferrite shape in as-
cast heated states; b ferrite percentage in 4.35%Cu 304L steels in as-cast and heated states; ¢ ferrite percentage of austenitic stainless steel with

different copper contents
4.2 Effect of copper on hot working process

As can be seen from phase maps of Fe—Cu binary alloy
calculated by Thermal-Calc software, Fe and Cu co-existed
in the form of solid solution. Moreover, the melting point
of copper (1084.5 °C) was far lower than the rolling tem-
perature, and the copper content in antibacterial stainless
steel far exceeded the hot brittleness threshold of 0.35%,
indicating that copper which had higher solid solubility
than the matrix gathered together and existed as liquid
copper during the heat preservation process. There were
bright Cu and Ni elements at the interface between the
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stainless steel and the scale, as shown in Fig. 11a. Cu
elements segregated at the grain boundaries and thus
formed a solid Cu-Ni-enriched layer with Ni elements
which had a high concentration in 304L steel. In the sub-
sequent hot rolling process, the difference between the
lattice distortion of the solute atoms in the grain and the
grain boundary provided the driving force for the segre-
gation at the grain boundary, making low-melting copper
elements or impurities more likely to segregate at the grain
boundary than in the grain (Fig. 11b—d). At the same time,
the distortion energy of copper and iron both in the grain
and at the grain boundary was different because the copper
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Fig. 10 TEM morphology of 4.35%Cu 304L steel. a TEM bright field image of ferrite in austenitic steel; b dislocation distribution near interface

between austenite and ferrite in TEM enlarged structure
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Fig. 11 Microstructure of 3.60%Cu 304L steel. a SEM and EDS of oxide layer on longitudinal section during heating; b, ¢ TEM morphology of

steel; d TEM-EDS of copper-rich phase

atoms had larger radius than iron atoms. In order to reduce
the energy of the system, copper atoms preferentially
segregated and precipitated at the grain boundary, which
caused stress concentration. When the stress concentration
reached the theoretical fracture strength, the copper ele-
ments diffused along the grain boundary reduced the
strength of the matrix and led to the generation of cracks.

Both sides of the rolled plates spread in the rolling
process. An additional tensile stress was produced at the
edge due to the influence of the overall extensional fluidity
of the metal, causing edge cracking of the plate [24]. A
large number of dislocation tangles appeared in the grain
during hot deformation. According to Eq. (1) [25], which
represents the relationship between deformation and
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dislocation density, the dislocation increased with the
increase in deformation.

p = k*e¥ [ (4b*G*o?) (1)

where p is dislocation density; ¢ is true strain; n is defor-
mation strengthening index; b is burgess vector; G is shear
modulus of elasticity; k is the material constant; and o is
scale coefficient of 0.5. A large number of dislocations
formed around the copper element, and they acted as a
good dislocation pipeline for the diffusion of copper, thus
promoting the precipitation of copper (Fig. 11c). Mean-
while, the copper-rich phase and carbides accumulated
dislocations, causing stress concentration, crack initiation
and deepening of longitudinal cracks in the plate.

If the final rolling temperature is lower than the
austenite recrystallization temperature during hot rolling,
the austenite with seriously deformed structure mainly has
two deformation textures: {110}<112> brass, and
{112}<111> copper textures [26]. If the final rolling
temperature is above the austenite recrystallization tem-
perature, recrystallization occurs after hot rolling, and the
{100}<001> cube texture component is enhanced. At
1150 °C, with the increase in copper content, the texture
content of brass decreased from 26.8% to 22.5%, the
content of copper texture increased from 22.1% to 30.8%,
and the content of cube texture remained as lower as about
3% (Fig. 12). At 1250 °C, the content of brass and copper
textures decreased with the increase in copper content, and
the decrease was the most obvious when the content of
copper was 4.35%. Especially, the copper texture content
decreased the most, to only 0.5%. As a whole, the texture
changes of 2.42%Cu 304L and 3.60%Cu 304L steel were
small, while that of 4.35%Cu 304L steel was most obvious.
The reason for different texture changes might be that the
precipitated solid solution copper elements in austenite

9 [ 77 Brass B Brass
% L 1150°C [ Copper| 1250°C| B8 Copper
3L 261 E—cube E= Cube

27.0 268 339 Ny 08

Percentage/%

2.42%Cu 4.35%Cu
304L 304L 304L

Fig. 12 Statistics of texture changes of austenitic stainless steel with
different copper contents before rolling obtained from EBSD data at
1150 and 1250 °C

@ Springer

with the increase in copper content in the rolling process
restrained partial recrystallization and affected the move-
ment of sliding system, resulting in the change of texture
orientation. The stacking fault energy of the copper-con-
taining austenitic stainless steel, yspg, was calculated by
Eq. (2) proposed by Lu [27].

Ysrg = —93 + 6.2xni + 0.7x¢r + 3. 2xvn + 9-3xM0 (2)

where x; stands for the content of element i.

With the addition in copper, the stacking fault energy of
austenitic steel decreased slightly from 18.91 to 18.88 ml/
m?, and the machinability of austenitic steel deteriorated.
The previous study revealed that Cu segregated at dislo-
cations and grain boundaries, which reduced the driving
force of softening copper-containing 304L under the same
deformation conditions, and hindered the continuous
dynamic recrystallization process [28].

4.3 Cracking model

The cracking mechanism of 304L with different copper
content at different pre-rolling temperatures is shown in
Fig. 13. In the as-cast condition, the ferrite was distributed
along the grain boundary of the steel. As the copper content
increased, the ferrite volume increased and the ferrite
content decreased (Fig. 9). Ferrite coarsened during heat-
ing, and it was distributed along the grain boundary and
decreased with the increase in copper content after hot
rolling. Meanwhile, the coarse grains elongated along the
rolling direction, and the width of banded grains decreased
with the increase in copper content. The chain-like
recrystallized grains grew along the grain boundary as the
temperature rose, but copper inhibited partial recrystal-
lization, resulting in reduced recrystallization fraction.
Some copper elements at the edge of the plate were dis-
solved in the steel in the heating process, especially around
the ferrite. The further increase in the hot rolling reduction
made the strain of ferrite larger, resulting in void formation
and crack initiation and propagation at the austenite/ferrite
interface. High copper content promoted the crack forma-
tion and propagation into the plate. The formation of sur-
face cracks was very sensitive to temperature. Within the
temperature range of 1100-1150 °C, the increase in tem-
perature could inhibit the generation of surface cracks.
The increased temperature activated the potential slip
system of the material, leading to the enhanced dynamic
recrystallization and deformation ability and reduced
deformation resistance. Meanwhile, a temperature differ-
ence of 50 °C between the center and the edge of the
plate existed during the rolling process [29], which was
larger at 1150 °C. Raising the temperature appropriately
could improve the cracking resistance of the plate edge.
Moreover, the iron-copper binary equilibrium phase
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Fig. 13 Cracking mechanism of 304L with different copper contents at different pre-rolling temperatures

diagram suggested that the increasing temperature was
helpful to improve the solubility of copper in steel and
reduce the number of precipitated phases, thereby reducing
the occurrence of cracks.

Therefore, in order to reduce the edge cracks, it is
necessary to reduce the proportion of ferrite first and
reduce the nucleation and propagation of cracks at the
interface of two phases. It has been reported that the
optimum conditions for the dissolution of ferrite could be
determined by the highest rolling temperature and strain at
thermomechanical treatment [30]. Secondly, it is also
important to strictly control the copper content, deforma-
tion temperature, deformation rate, deformation amount
and oxidation time in the process of deformation. Zhang
and Wang [31] studied that adding Ni element to copper-
containing steel can form copper nickel enrichment layer
on its surface, increase compound melting point, avoid
copper brittleness defect and reduce ferrite ratio. However,
the addition of alloying elements will increase the material
cost. Secondly, high temperature rapid combustion method
can be used in industry at present [32]. At the same time,
shortening the residence time from 1100 to 1150 °C and
maintaining neutral or reducing atmosphere can effectively
improve the edge cracking of plate. Thirdly, a continuous
and stable Al,Oz anti-oxidation protective agent was
sprayed or brush plated on the surface of antibacterial
stainless steel before high temperature heating. It can
prevent object oxidation, reduce the loss of high-tempera-
ture oxidation environment, and save the production cost of
enterprises [33].

In a word, the addition of alloy content, the control of
hot deformation conditions or high temperature oxidation
resistant coating can effectively reduce the germination and
propagation of surface cracks of copper-containing stain-
less steel, which has important research significance.

5 Conclusions

1. The increased copper content leads to the decrease in
the width of banded grains along rolling direction after
rolling at 1150 °C. The grain width increases with the
rising temperature. The increase in copper content
inhibits partial recrystallization and changes the tex-
ture orientation simultaneously.

The increase in copper content deteriorates the edge
cracking of the plate, especially at 1150 °C. The crack
gradually becomes deeper and its distribution is more
continuous. The crack forms an angle of about 45° with
the rolling direction, and extends from the side to the
middle by about 14 mm maximally. The crack gets
shorter and the crack depth becomes smaller as the
temperature increases. Therefore, the pre-rolling tem-
perature should be strictly controlled above 1150 °C in
the heating process. Generally, the texture changes of
2.42%Cu 304L and 3.60%Cu 304L steels are small,
while 4.35%Cu 304L steel texture changes considerably.
With the increase in copper content at 1250 °C, the
content of {110}<112> brass and {112}<111> copper
textures decreased. When the content of {112}<111>
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copper was 4.35%, the decrease was most significant,
and {112}<111> copper texture content decreased to
only 0.5%. Generally, the textures of 2.42%Cu steel
and 3.60%Cu steel changed little, while a large change
in the texture of 4.35%Cu steel was observed. To
conclude, the increase in rolling temperature can
prevent edge crack and its propagation effectively.

4. The crack propagates along the ferrite and there are a
lot of angular copper oxides. The main crack grows
bigger with the increase in copper content. Oxidation
occurs inside the cracks and the copper elements
segregate during the hot rolling process, which accel-
erates the separation from the matrix interface. A large
number of fine recrystallized grains form around the
secondary crack, which effectively hinders the further
extension of the crack.
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