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Abstract: To study the influences of continuous annealing temperature on microstructure, mechanical
properties and textures of battery shell steel, continuous annealing experiments were conducted at
710 ◦C, 730 ◦C, 760 ◦C and 780 ◦C respectively. The mechanical properties and normal anisotropy
index (r) were measured by tensile test and the textures were investigated using the method of
electron backscatter diffraction (EBSD). The results show that as annealing temperature rose, the grain
size, fracture elongation and r value increased, whereas the strength and yield ratio decreased.
The yield strength was 122 MPa, the tensile strength was 286 MPa, meanwhile the elongation and
r value arrived at 38.8% and 2.3 when the annealing temperature rose to 780 ◦C. After annealing,
the main texture in battery shell steel is {111} <112>, followed by {111} <110>. With the increase
of annealing temperature, textures in {001} crystallographic plane weakened while textures in {111}
plane strengthened, which is beneficial to the deep drawability of the steel.
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1. Introduction

In recent years, as the sustainable development concept of energy-saving and environment
protection gets popular, new energy vehicles have been developed rapidly. The battery shell steel
used to produce the shell of battery pack, which is the core component of new energy automobiles,
has received extensive attention at the same time [1]. As a kind of precise cold-rolled steel sheet,
the battery shell steel has high technology content and high-quality requirements. The thickness of
sheet used commonly is 0.25–0.50 mm, and the surface quality is required to reach “05” level in both
sides [2,3], thus bringing great difficulties to production. During the process of forming, the steel needs
to go through deep drawing and ironing for more than one time. All processes go on automatically
with high speed but many problems exist in them, such as blocking in the mold, fracture, earing, etc. [4].
These problems have a direct connection with deep drawability of the steel, which is influenced by
many factors including strengthening mechanisms, grain size, morphology and orientation. All these
micro factors are affected by the annealing process directly and significantly.

Strain hardening and internal stress occur in cold rolling, making the steel become hard and
brittle. To recover the ductility and increase the formability, annealing treatment is required. Normal
anisotropy index (r) is an important factor for optimizing deep drawability. The value of r can be
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increased with a strong γ fiber (ND//<111>), and weak α (RD//<110>) and θ (ND//<100>) fibers [5,6].
Though a certain texture may have benefits on deep drawability for one particular deformation
state, it may result in poor properties for another. For battery shell steel under the ideal plain-strain
condition, a better deep drawability can be obtained when there are strong {111} textures. By optimizing
the parameters of the annealing process, the density of {111} texture and r value can be increased,
thus improving the drawability [7–9].

For battery shell steel, a lot of studies on surface defects and experiments on formability
characterization have been done. However, there is not enough attention put on the annealing process,
which can optimize the formability and avoid the defects primarily as mentioned. In the present
study, effects of annealing temperature on microstructures, mechanical properties, component of
textures were investigated based on optical microscope (OM), electron backscatter diffraction (EBSD)
and tensile test. Moreover, the anisotropy of the annealed steel was paid attention to, especially the
relationship between r values and typical textures. Combining all the results, the suitable annealing
temperature is aimed to be put out to obtain stronger favorable textures in order to achieve a higher r
value and better drawability of the annealed sheet. Since the property of battery shell steel is improved,
larger competitiveness of some steel mills can be realized and more contribution can be made to the
development of new energy automobiles.

2. Materials and Methods

The material used for the experiment is a kind of cold-rolled steel sheet with a thickness of 0.3
mm from a commercial steel company. The grade of the experimental steel is XDCK and the chemical
composition is shown in Table 1.

Table 1. Chemical composition of the tested steel (mass fraction, %).

C Si Mn S P Alt Ti N

≤0.010 ≤0.300 0.100–0.500 ≤0.010 ≤0.015 0.010–0.070 0.010–0.050 ≤0.003

Specimens with the dimension of 70 mm × 220 mm were cut from the cold-rolled sheet and
then continuous annealing tests were carried out using CCT-AY-II (made by ULVAC, Tokyo, Japan).
In different annealing tests, specimens were heated to the soaking temperatures of 710 ◦C, 730 ◦C,
760 ◦C and 780 ◦C respectively with a hold of 80 s. After a short slow cooling, they were continuously
cooled rapidly to about 400 ◦C for over aging treatment and finally cooled to room temperature.

For tensile tests, samples with a gauge length of 50 mm and a gauge width of 12.5 mm according to
standard GB/T 228.1-2010 were cut along the directions of 0◦, 45◦ and 90◦ to rolling direction respectively
and directly from each annealed sheet. Then tensile tests were conducted at room temperature with
a constant speed (2 mm/min). The r values in each direction were measured in accordance with
standard GB/T 5027-2016 and the ∆r value was calculated by:

∆r = (r0 − 2r45 + r90)/2, (1)

where r0, r45 and r90 represent the r values in three directions (0◦, 45◦ and 90◦). For the same direction
on the same annealed sheet, three samples were tested and the results were averaged.

The microstructures of the cold rolled sheet and annealed samples were observed by OLS4100
(made by OLYMPUS, Tokyo, Japan). The samples for EBSD were cut perpendicular to the rolling
direction and were electrolytically polished with a solution containing 10 vol% perchloric and 90 vol%
ethanol. The polishing process was carried out using a DC power supply for 10–20 s at 15 V and 1 A.
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3. Results and Discussion

3.1. Microstructure of the Annealed Sheet

It can be seen in Figure 1a that the cold rolling morphology of the tested material is a kind of fibrous
structure elongated along rolling direction. The microstructures of the samples annealed at different
temperatures are shown in Figure 1b–e. In all four samples, only ferrite phase existed. Compared
with the microstructure of cold rolled sheet, recrystallization happened at all annealing temperatures.
Besides, the grains were still elongated along the rolling direction to a certain extent as the shape of pie.
With the rise of the annealing temperature, the recrystallization was more complete, and the proportion
of equiaxed grains was further increased. Using the EBSD method and Oxford software, hundreds of
grains’ sizes were counted and then the grain size distribution at different annealing temperatures can
be obtained (Figure 2). When the annealing temperature was 710 ◦C the size of grains with the largest
proportion was around 5.6 µm. As the temperature rose to 730 ◦C and 760 ◦C the proportions of the
grains having a diameter of 7.9 µm and 11.2 µm increased. At 780 ◦C more grains reached the size of
11.2 µm and 15.9 µm. The average grain size can also be given according to the results of EBSD, which is
marked particularly in Figure 2. Combining the analyses of Figures 2 and 3, we could say that the higher
the annealing temperature is, the greater the crystallization degree is, and the larger the grain size is.
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Figure 3. Engineering stress–strain curves at different annealing temperatures perpendicular to the
rolling direction.

3.2. Mechanical Properties

Figure 3 shows the engineering stress–strain curve of samples annealed at different temperatures
obtained from one of the three repetitive tensile tests. Figure 4a shows the effect of annealing temperature
on yield strength, tensile strength, yield ratio and fracture elongation. With the increase of annealing
temperature, the yield strength, tensile strength and the yield ratio decreased generally, while the
fracture elongation showed an upward trend. As the annealing temperature rose from 730 to 780 ◦C,
the yield strength decreased from 140 to 122 MPa, the tensile strength decreased from 300 to 286
MPa, and the elongation increased from 29.7% to 38.8%. When annealing at lower temperature,
the incomplete recrystallization degree and the residual stress of cold rolling lead to high yield
strength. When the temperature rises, the driving force of recrystallization increases, thus causing the
development of grain size. The grain boundary area reduces due to grain coarsening and the residual
stress eliminates due to temperature increasement. All these factors have something to do with the
decrease of yield and tensile strength and the increase of elongation. However, when the temperature
reached 780 ◦C the recrystallization was gradually completed, and the influence of residual stress in
cold rolling was gradually eliminated. At this time, the influence of annealing temperature on strength
was weakened.
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Figure 4b reflects the effect of annealing temperature on the values of normal anisotropy (r) and
planar anisotropy coefficient (∆r). As the annealing temperature rose, r90 increased, which is beneficial
to deep drawability of the steel. However, the ∆r value also showed an increasing trend except for
a minor decrease at 780 ◦C. This indicates that the difference among the three directions gets larger
with the increase of annealing temperature.

3.3. Texture Analysis by EBSD

The texture results of annealed specimens are illustrated in Figure 5 in the form of orientation
distribution function (ODF) sections with ϕ2 = 45◦. In all cases, the textures were mainly made up of
fine γ fibers with <111> parallel to the normal direction. To make the results more visualized, density
distributions of the textures on α(a) and γ(b) orientation lines are presented in Figure 6. It can be seen
in Figure 6a that the strongest components belonging to α fibers were all close to {112} <110> and
{111} <110> at different annealing temperatures. Besides the overall strength of α fibers in the sample
annealed at 710 ◦C was high. This is because the driving force of recrystallization is weak and part of γ
fibers formed in the process of cold rolling remains at low annealing temperature. The α fibers are
characterized by a <110> crystal direction perpendicular to the rolled surface of the steel plate, making
the deformation resistance weak and the deep drawability of the steel sheet poor. However, with the
increase of annealing temperature, the strength of α fibers decreased as a whole, and the {111} <110>

component gradually became the sharpest texture. Especially at 730 ◦C, α fibers almost disappeared
except for those close to {111} <110>.

Figure 6b indicates that the average texture density on γ orientation line increased with the rise of
annealing temperature. The density of {111} <112> had the largest increasement, from 8.4 at 710 ◦C
to 13.8 at 780 ◦C The strength of γ fiber is closely related to the stored energy of cold rolling textures.
The textures formed in the cold-rolled process mainly contain {111} <112>, {111} <110>, {112} <110>

and {100} <110> components. The stored energy in different textures is different, and the order is as
follows [10,11]:

E{110}<001> < E{001}<110> < E{112}<UVW> < E{111}<UVW> < E{110}<110>.

The higher the stored energy is, the more likely for the process of recovery and recrystallization
to happen. As we have mentioned, the grain size gets larger when the annealing temperature is
higher. Bigger grains with the orientation of {111} tend to grow preferentially by merging other
small grains. That is the reason why γ fibers owned a high density. Moreover, researches show that
preferred nucleation promotes the formation of {111} <110> texture, while preferred growth promotes
the formation of {111} <112> texture [12]. The {111} <112> texture is much stronger than {111} <110>

texture at the same annealing temperature. However, they were almost the same at 710 ◦C. At this
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time, the uniformity of γ fibers was better, which is conductive to reducing the earing of battery shell
steel in the stamping process. Besides, as the annealing temperature rose, some {111} <110> and {111}
<112> grains began to nucleate inside each other. However, the nucleation rate of {111} <110> grains
was higher than that of {111} <112> grains. Though {111} <112> owned the crystal nucleus with the
maximum grain boundary migration rate, the low nucleation rate still resulted in the weaker density
in 760 ◦C than 730 ◦C. On the other side, in a certain range of temperatures, the interstitial atoms
are fixed and the solid solution of substitutional solute atoms increases as temperature rises, which
hinder the dislocation movement and reduce the effective deformation, thus providing conditions for
the preferred growth of {111} <112> texture. Therefore, when the annealing temperature increased,
the difference of density between the two textures became more obvious.
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It is known that EBSD is a useful tool to observe microstructural textures, grain orientations, grain
boundaries, etc. Figure 7 shows the distribution maps of several typical textures in specimens annealed
at different temperatures and the volume fraction of each texture is shown in Table 2. The increase
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of grain size and the decrease of elongation along the rolling direction with the rise of annealing
temperature can also be seen in Figure 7. Besides, Figure 7 and Table 2 give us a clear recognition that
the main textures in the annealed sheets are {111} <112> components, followed by {111} <110> and
{112} <110> components. Taylor factor (M) is often used to represent the effect of textures on yield
strength. The M-value of rolling textures is usually 15% higher than that of annealing textures [13].
With the annealing temperature rising, the volume fractions of {111} < 112>, {111} <110> and other
annealing textures increased, thus resulting in the decrease of yield strength, which is one of the results
of the tensile test.
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Table 2. Volume fractions of typical textures at different annealing temperatures.

Annealing
Temperature/◦C {111} <112>/% {111} <110>/% {112} <110>/% {001} <110>/% {001} <001>/% {111}/% {001}/% {111}/{001}

710 42.30 33.00 22.20 5.15 1.07 68.80 11.00 6.25
730 44.11 29.80 24.20 4.91 0.87 69.80 9.41 7.42
760 44.00 32.40 24.30 4.11 1.79 70.30 9.55 7.36
780 46.30 33.20 26.00 4.55 1.34 73.40 8.92 8.23

The effect of textures on anisotropy is realized by the influence of Taylor factor on yield locus,
which means that anisotropy can be judged by the volume fraction and M-value of the textures.
{100} textures have the lowest M-value at the same condition. Therefore, plastic flow behavior is more
likely to happen along the <001> direction during the process of deep drawing, thus causing the
appearance of earing [14,15]. Researches have shown that r value has a linear relationship with the
volume ratio of {111} textures to {100} textures [16,17], which is presented as {111}/{100} in Table 2. It can
be seen that the value of {111}/{100} increased as the annealing temperature rose, which is beneficial for
the improvement of r value and deep drawability. This observation is just in keeping with the rising
trend of r values as shown in Figure 4b.

4. Conclusions

1. In the continuous annealing process of battery shell steel, with the increase of annealing
temperature, the recrystallization of ferrite phase was more complete and the average grain
size was larger. Besides, both yield strength and tensile strength decreased, while the fracture
elongation and r value increased.

2. The annealed sheets contained strong γ fibers and weak α fibers. The density of {111} <112>

texture was the highest, followed by {111} <110> and {112} <110> textures. Besides the content of
{001} texture was extremely low.

3. As annealing temperature rose, the volume fraction of {111} textures increased, while volume
fraction of {001} textures decreased, causing a higher value of {111}/{001}, which is an important
factor affecting the r value and the deep drawability.
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