
Introduction

Global warming and air pollution are the major
problems facing the world today. Therefore
strict environmental legislation on the
emission of harmful gases from motor vehicles
has forced the automobile industry to search
for alternative materials or new materials for
exhaust systems. In order to produce cleaner
exhaust gases, the exhaust temperature needs
to be increased1 to approximately 900°C.
Exhaust manifolds are exposed repeatedly to
hot gases as they are nearest to the engine,
requiring good oxidation resistance, thermal
fatigue properties, cold workability, and
weldability. One such material to meet the
above characteristics is AISI 441 ferritic
stainless steel, a dual-stabilized Ti and Nb
ferritic stainless steel. This 18%Cr stainless
steel has good corrosion resistance at elevated
temperatures. Ti and Nb are added to stainless
steel to stabilize C and N due to their high
tendency to form carbonitrides (Ti,Nb)(C,N)
and laves phase2 (Fe2Nb) and Fe3Nb3C. 

However, the drawability and stretchability
of ferritic stainless steels is inferior to that of
the more expensive austenitic stainless steels3.
Furthermore, ferritic stainless steels also suffer

from undesirable surface defects known as
ridging or roping. Therefore, considerable
research has been carried out to understand
the causes of ridging and roping in order to
improve the steel’s drawability4–6. 

De Abreu et al.7 studied the effect of high-
temperature annealing on texture and
microstructure of an AISI 444 ferritic stainless
steel. It was observed that samples cold rolled
to 30% and 60% reductions and annealed at
1010°C presented the most suitable
microstructure, texture, and Rm values for
deep drawing. The main texture component
found was {111}<112> and the texture
contained no component in the {100} plane.
An increase in the annealing temperature from
955°C to 1010°C did not affect the grain size,
but an increase in deformation decreased the
grain size after annealing. 

Huh and Engler8 studied the effect of
intermediate annealing on texture, formability,
and ridging of 17%Cr ferritic stainless steel
sheet. It was found that intermediate
annealing during cold working leads to a
weak, but more desirable {111} // ND γ-fibre
texture with a lesser texture gradient. It has
been shown that the formability of ferritic
stainless steel can be improved by increasing
the plastic strain ratio (R-value) which is
related to the {111} recrystallization
texture7–10. The R-value in ferritic stainless
steel can be improved by optimizing the
chemical composition and processing
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conditions, such as decreasing the carbon content, reducing
the slab reheating temperature, increasing the annealing
temperature, or refining the hot band grain size. The aim of
this project is to optimize the process parameters at the
industrial rolling mill, i.e. the annealing temperature and cold
reduction. 

Experimental details

Table I shows the chemical composition of the AISI 441
stainless steel, which was supplied by Columbus Stainless in
a 4.5 mm thick hot band. The samples were cold rolled down
to 62%, 78%, and 82% from the initial thickness in
successive steps in a laboratory cold-rolling mill. The 62%
cold-rolled specimen was used as a reference material, as this
was equivalent to the industrially cold-rolled material. After
cold rolling, the specimens were annealed at temperatures of
900°C, 950°C, and 1025°C for 180 seconds and then water
quenched to freeze the microstructure. 

The specimens were polished and then etched in a
mixture of 100 ml H2O, 100 ml HCl, and 100 ml HNO3 for
periods of between 30 and 90 seconds for microstructural
analysis. For electron backscatter diffraction (EBSD), the
specimens were electropolished in an alcohol solution of 5%
perchloric acid using an applied voltage of 35 V DC for a
period of 30 seconds. Microstructural analysis was carried
out by both optical and scanning electron microscopy (SEM-
EDS) on longitudinal sections of the rolling plane. The EBSD
scans were performed in a FEI NOVA NanoSEM 230® FEG
operated at 20 kV with LaB6 filament. The bulk crystallo-
graphic texture that formed after each thermomechanical
processing stage, namely cold roll and cold roll annealing,
was measured by means of conventional X-ray texture
analysis using a Phillips X’Pert PRO MPD texture diffrac-
trometer with a Cu Kα radiation from three incomplete pole
figures {110}, {200}, and {112} measured in back reflection.
Orientation distribution functions (ODFs) were calculated by
the series expansion method (lmax = 22) using Mtex software,

which uses the MatLab platform.  Orthotropic sample
symmetry was applied and the orientations were expressed in
Euler angles such that 0° ≤ (φ1,θ,φ2) ≥ 90°.

Tensile tests were used to assess the effect of annealing
temperature on the formability of the sheet steel. The mean r-
value (Rm) and planar anisotropy value (ΔR) were measured
after 10% strain along the longitudinal, transverse, and
diagonal directions. The Rm and ΔR-values were calculated
using the following equations8: 

[1]

[2]

where the subscripts 0°, 45°, and 90° refer to the
longitudinal, diagonal, and transverse directions with respect
to the rolling direction. The ΔR value represents the planar
anisotropy of the materials and is the indication of the
amount of necking or earing that will occur on the edges of
the deep-drawn cups. The relationship between {111}
intensity and R-value was examined for samples of
thicknesses 1.5 mm, 1 mm, and 0.8 mm. In this study, the
maximum orientation density of φ = 55±10° in the φ2 = 45°
section of the ODF was taken as representative of the {111}
intensity [11].

Results and discussion

Microstructural analysis

Figure 1 shows the optical micrographs for cold-rolled
samples after 62%, 78%, and 82% cold reduction. After cold
rolling, the microstructure was composed of elongated
ribbon-like grains with a large interior shear deformation.
The grain boundaries arranged themselves parallel to the
rolling direction with increasing strain, and the spacing
between microbands tends to decrease with an increase in

�
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Table I

Chemical composition of the type AISI 441 ferritic stainless steel (in mass %)

C Cr Mn Co V Si Ti Nb N Ni

0.012 17.89 0.510 0.030 0.120 0.500 0.153 0.444 0.0085 0.19

Figure 1—Effect of cold working on the microstructure of AISI 441 ferritic stainless steels; a b, and c received 62% (typical of industrial cold work), 78%,
and 82% cold work respectively

a b c
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strain. All three cold-rolled specimens show similar wavy
fields that are strongly etched, while others are lightly etched,
depending on the location on the microstructure. These are
caused by deformation bands11. Increasing the amount of
cold reduction increases the non-uniform deformation
regions (such as shear bands indicated by arrows) which act
as nucleation sites for the {111} texture12,13.

Figure 2 compares the grain sizes for the samples cold
rolled to 62%, 78%, and 82% respectively and annealed at
1025°C for 180 seconds. The 62% cold-worked sample was
produced with the typical industrial cold reduction. Contrary
to expectation, the sample that was given the least cold
reduction of 62% industrially resulted in the finest grain size.
This suggests that the industrial cold reduction was
somewhat not comparable to that of the laboratory. However,
comparison of the two samples which were cold rolled using
the lab mill show that increasing the cold reduction from 78%

to 82% led to further refinement of the grains due to higher
driving force for static recrystallization. 

As these ferritic stainless steels are stabilized with
titanium and niobium, various kinds of precipitates such as
TiC, TiN, Fe2Nb, and Nb(C,N) are expected to form during
different themomechanical processing conditions14. Ti is a
highly reactive element, which forms TiN precipitates at high
temperatures in the melt in the presence of N, and forms TiC
in the solid phase in the presence of C. Since Nb is a strong
carbide former and has higher affinity for carbon than Ti,
NbC will form preferentially to TiC during cooling, hence no
TiC is detected by energy-dispersive X-ray analysis (EDX).
Figure 3 shows the scanning electron micrograph with EDX
analysis of a precipitate formed during hot band annealing of
this AISI 441 steel. As may be seen, the Nb(C,N) precipitated
heterogeneously on the rectangular TiN. This is due to the
fact that TiN has a lower solubility in ferrite stainless steels 
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Figure 2—EBSD micrographs of AISI 441 ferritic stainless steels. a) 62% cold worked (industrially produced); b) 78% cold worked; c) 82% cold worked,
showing grain size variations after cold work and annealing

Figure 3—(a) SEM image and (b and c) SEM-EDX spectra of the as-received cold-rolled and annealed steel showing precipitate inside matrix
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than Nb(C,N) and will therefore form first during cooling
from the melt3. Nb(C,N) forms at lower temperatures through
heterogeneous nucleation on the existing TiN particle. This
steel is interstitial-free when annealed at 1025°C as most of
the carbon and nitrogen is tied by Ti and Nb.

Texture evolution

It is important to note that ferritic stainless steel (body-
centred cubic or bcc) tends to develop or form a fibre texture
during rolling and annealing. Rolling deformation in most
cases leads to a texture characterized by two orientation
fibres, i.e. an α-fibre texture comprising the orientation with
a common <110> direction parallel to the rolling direction
(RD//<110>), while secondly, usually weak or less
pronounced, is the γ-fibre comprising the orientation {111}
plane parallel to the rolling plane. Subsequent annealing of
the cold-rolled sheets increases the γ-fibre at the expense of
α-fibre13. All these orientations can be seen in a φ2 = 45°
ODF shown in Figure 4.

Figure 5 shows the texture of the 62%, 78%, and 82%
cold-rolled samples. The as-cold-rolled texture is charac-
terized by strong α-fibre, notably {111}<110> and

{112<110>, orientation and weak γ-fibre. This is typical of
cold-rolled bcc material7. The {111}<110> orientation
increases with increasing amount of cold reduction. 

Figure 6 shows the texture of the as-received cold-rolled
sample, which is characterized by both γ-fibre i.e.
{554}<225> and α-fibre {111}<110>. A texture component in 
the {100} plane, which has a negative influence on
formability, is still retained even after annealing (Figure 6).
Figure 7 shows the evolution of texture of the laboratory
cold-rolled samples after annealing at different temperatures.
Samples annealed at 900°C and cold-rolled with 78% and
82% deformation are characterized by a strong γ-fibre
orientations with the maxima at {554}<225>, {334}<483>,
and an α-fibre {111}<110>.

As can be seen from Figure 7, α-fibre texture still prevails
even after annealing at 900° C. This suggests that at 900° C,
recovery is more dominant than recrystallization as recovery
does not have much effect on the texture evolution. The
intensity of α-fibre decreased prominently after recrystal-
lization annealing at 1025° C. However, when the annealing
temperature was increased to 1025° C, the γ-fibre was
somewhat retarded and instead γ-fibre shifted to {334}<483>

�
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Figure 4—φ2 = 45° section showing the position of the main orientations in bcc steels along the RD, ND, and TD directions6

Figure 5—Bunge ODF φ2 = 45° for samples cold rolled to 62%, 78%, and 82%



and {554}<225> in the 78% cold rolled samples. The
{334}<483> is a texture which is shifted14 from {111}<112>
by about 8°. Both {554}<225> and {334}<483> recrystal-
lization texture and are related to the α-fibre {112}<110> by
a 26°<110> which is close to a 27°<110> relationship having
high mobility in bcc grain boundaries8. Therefore a selective
growth mechanism plays an important role in the formation
of these two annealing texture. It has been proposed by
Raabe and Lucke that the retarding force of fine particles are
responsible for a strong growth selection during recrystal-
lization which leads to the growth of {334}<483> nuclei into
the {112}<110> deformation matrix9–11. This lead to the 

strong formation of γ-fibre recrystallization texture with a
strong shifts towards {334}<483> in ferritic stainless steels.
Cold-rolled 82% and annealed samples show a strong shifted
{110}<110> texture and moderate {111}<112>. Both 78%
and 82% cold-rolled samples that were annealed at 1025°C,
shows no texture component in the {100} plane. By and
large, the γ-fibre is optimized when the steel is cold-rolled
78% and annealed for 180 seconds at 1025°C.  

Effect of thermomechanical processing on formability

In order to assess the effect of the amount of cold reduction
and annealing temperature on the formability of AISI 441
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Figure 6—Bunge ODF φ2 = 45° for as-received hot band sample that was industrially cold-rolled 62% and annealed at 1025°C

Figure 7—Bunge ODF φ2 = 45° for samples cold rolled 78% and 82%, each annealed at 900°C, 950°C, and 102°C
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ferritic stainless steel sheets, the R-values of the cold-rolled 
and annealed sheets were analysed. Calculated Rm- and ΔR-
values for samples cold-rolled and annealed at three different
temperatures are shown in Table II. The condition suitable for
enhanced deep drawability as defined by the Lankford
parameter is a high Rm-value and ΔR-values close to zero7. 

The samples that were cold rolled by 78% and 82% and
annealed at 1025°C exhibited the highest Rm-value, although
their ΔR is higher than expected, with values far removed
from zero. It is evident that the high Rm-values are associated
with the strong γ-fibre {111}//ND. The 78% and 82% cold-
rolled samples annealed at 1025° C show higher intensity of
{111} orientations parallel to the normal direction
compared to the 62% CW sample annealed at the same
temperature. This observation is in agreement with Pickering
and Lewis9, that high {111} orientations are associated with
high amounts of deformation, in excess of 75%. Increasing
the amount of cold reduction increases the non-uniform
deformation regions, which act as nucleation sites for {111}
texture11. Samples cold rolled to 62% and annealed at 1025°C
shows components in the {100}, which has negative
influence on formability, hence lower Rm-value. The intensity
of {554}<225> is lower for the 62% cold-rolled sample
compared to 78% and 82% cold-rolled samples after
annealing. This clearly shows the important effect of cold
reduction on formability.

As may be seen from Table II, no results were obtained
from the samples that were given a cold reduction of 82%
and annealed at 900°C, as they fracture before a tensile strain
of 10%.

Conclusion

In this study, the effect of the amount of cold reduction and
annealing temperature of AISI 441 ferritic stainless steel was
examined. It can be concluded that the sample that received
78% cold reduction and annealing at 1025°C exhibited the
highest intensity of shifted γ-fibre, notably {554}<225> and
{334}<483>. This is favourable for deep drawing. 
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Table II

Effect of Thermomechanical processing on Formability

Cold rolling Annealing Temperature

900°C 950°C 1025°C

Rm ΔR Rm ΔR Rm ΔR

62% CW (industrial) - - - - 1.37 0.4
78% CW 1.19 0.23 1.49 0.6 1.99 0.55
82% CW - - 1.3 0.49 1.7 0.5




