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Behavior of 436 Stainless Steels

Muhammed Salojee (>, Charles W. Siyasiya, Kofi A. Annan, and Joseph S. Moema

Ferritic stainless steels (FSSs) are viable alternatives to nickel containing austenitic stainless steels. The
AISI 436 FSS grade is fully ferritic at all temperature ranges, and therefore, grain refinement can only be
achieved through controlling inclusions during solidification and/or recrystallization. In this work, the
effects of strain and inter-pass time on the restoration behavior of 436 were systematically investigated
using the Gleeble 1500 thermomechanical processing simulator. The aim of the study was to promote the
accumulation of strain by delaying recrystallization during roughing rolling simulation to improve the
driving force for recrystallization during finishing rolling simulation at lower temperature. Three roughing
rolling schedules were designed, i.e., the first simulated the existing industry practice (Control), the second
with increased inter-pass time (INT) and the last with both increased inter-pass time and strain per pass
(INT + S). Roughing and finishing were each simulated in three-passes, amounting to a total of six-passes.
The SEM-EBSD results revealed that the Control and INT schedules resulted in higher strain localization,
particularly around particles. On the contrary, the increased inter-pass times and strains (INT + S) led to
less strain accumulation. Annealing after roughing rolling simulation led to the nucleation of fine grains in
the Control, which suggests that delaying finishing rolling would promote recrystallization and the

breakdown of the cast structure.

Keywords dynamic recrystallization, electron backscatter

diffraction, ferritic stainless steel, finishing, roughing

1. Introduction

Ferritic stainless steels (FSS) have sparked interest among
researchers in recent times (Ref 1-5). Aside from grain
refinement through controlling inclusions during solidification
(Ref 6), the austenite-ferrite phase transformation is beneficial
in texture randomization, which leads to the reduction of plastic
anisotropy of steels. Unfortunately, the 436 grade of stainless
steel does not undergo such a phase transformation (Ref 4).
This poses difficulty in breaking down texture build up, as the
only viable means for texture randomization is through
recrystallization.

For FSSs, the cast columnar structure tends to exhibit the
cube texture orientations, which is known to be difficult to
recrystallize due to the low Taylor factor (Ref 7). The low
Taylor factor coupled with high stacking fault energy (SFE)
perpetuate the cube texture in subsequent hot rolling processes
resulting in grain anisotropy and finally ridging (Ref 3).
Ridging occurs where bands of preferred orientations align
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along the rolling direction, resulting in non-uniform deforma-
tion during drawing of rolled products. This is unsatisfactory
for product quality and requires polishing to improve the final
material finish (Ref 2, 8). It has been established that preferred
orientations that align to the rolling direction in the final rolled
sheet is a result of upstream processes from casting, hot rolling
and cold rolling and as such, the entire process has to be
optimized and considered during research (Ref 3).

During deformation of metals, energy is stored within the
material in the form of dislocations also referred to as retained
strain. These areas of high misorientation act as a driving force
for recovery or recrystallization (Ref 9, 10). Recovery and
recrystallization are competing restoration mechanisms, with
recovery being the dominant restoration mechanism in high
SFE materials such as FSS. Recrystallization when known to
occur during the deformation process is referred to as dynamic
recrystallization.

The need to encourage recrystallization over recovery in
FSS, requires that the internal energy or retained strain be
increased (Ref 11). As mentioned earlier, this is a challenge as
recovery tends to reduce the retained strain, thereby limiting the
driving force for recrystallization. Many authors have attempted
to work around this by increasing the retained strain during hot
deformation. Mehtonen et al. (Ref 12) found that work
hardening was improved under higher Zener-Hollomon param-
eters as recovery was favored, while low Zener-Hollomon
parameters favored recrystallization of new grains through
continuous dynamic recrystallization (CDRX). Most recently,
Kisko et al. (Ref 13) among many others (Ref 1, 14) looked
into lowering the finishing rolling temperature ranges.
Although lowering deformation temperature during hot rolling
improved the recrystallization, low finishing rolling tempera-
tures result in higher mill roads, excessive wear of rolls,
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tripping off of rolling mill and ultimately reduced operational
efficiency which adds to cost of production. Cho et al. (Ref 15]
looked into variations in retained strain through alternate
reduction sequences in FSSs’ restoration behavior. The first
process route had a 67% reduction followed by a 50%
reduction, and the alternate route having a 50% height
reduction followed by a 67% reduction. They found that
alternating the reduction sequence had no significant influence
on grain size and texture; however the latter process route
produced a sharper y-fibre texture. This suggests that delaying
strain retention in later stages could improve ridging resistance
in FSSs. Lui et al. (Ref 16) found that higher deformations
increased nucleation sites and increased retained strain which
resulted in finer grain size. However, not many authors focused
on the retaining strain during hot rolling to enhance the
recrystallization process, thereby reducing or eliminating the
effects of ridging. The following research sought to understand
the microstructural effect of retaining strain during roughing
rolling through increased inter-pass time and strain on the final
finishing rolling product of 436 FSS.

2. Material and Methods

The studied, niobium (Nb) stabilized, 436 FSS was received
in as-cast condition and was supplied by Columbus Stainless.
The composition of the steel in mass.%, was as follows:
0.014C-0.39Mn-0.42Si-0.27Ni-17.2Cr-1.22Mo-0.415Nb. Sam-
ples were wire-cut into cylindrical shapes of 15 mm length and
10 mm diameter from the columnar region of the slab. The
microstructure of the columnar grains present is found in Fig. 1.

These samples were deformed in a Gleeble 1500 in six-
passes under uniaxial, axisymmetric, isothermal, compression
tests normal to the direction of the cast. The deformation
parameters are contained in Table 1. Out of the six-passes, the
first three-passes were used to simulate roughing and the last
three-passes simulated finishing rolling. Samples were heated
to 1080 °C at 20 °C/s and soaked for 300 s. Strain rates were
limited to 5/s. The first test series was designed to simulate the
industry deformation condition as a benchmark. In the second
and third series, the inter-pass times (INT) and, inter-pass time
plus strain (INT + S) were increased, respectively. The samples

were quenched in helium (He) to freeze the microstructures at
pass three (P3) and six (P6).

The samples were sectioned parallel to the deformation axis
through the center to avoid the dead zone, as shown in Fig. 2.

Samples were ground to a 2400-grit and polished to 1 um
finish for optical microscopy (OM). The SEM-EBSD samples
were subsequently electropolished using A3® solution for 20 s
at 23 V to remove the deformed layer. The specimens were
analyzed at a working distance of 20 mm with an accelerating
voltage of 20 kV and a tilt angle of 70°. The SEM-EBSD
scanning step size was 0.5 um. Vickers microhardness mea-
surements were performed using an automated Duramin
hardness indenter to characterise the extent of softening after
hot deformation. With further EBSD carried out on the Control
and INT + S simulations after annealing at 800 °C for 600 s
for both roughing and finishing simulations.

3. Results and Discussion

Figure 3 shows the von Mises stress-equivalent strain graphs
after roughing rolling simulations outlined in Table 1. As may
be seen, all deformation schedules showed increased flow stress
with applied strain for the first three-passes; this is typical of
strain hardening behavior observed by previous authors (Ref
17, 18). The Control and INT deformation schedules show that
both the second and third passes continued along the prior
deformation path, however the INT + S schedule did not. This
was attributed to recovery in the latter due to longer inter-pass
time compared to the Control sample. In other words, Control
and INT experienced more work hardening as a result of shorter
inter-pass and, therefore, less recovery, Fig. 4.

Inverse pole figure (IPF) maps with the associated local
misorientation maps are given in Fig. 4. Local misorientation
maps calculate the average misorientation of each pixel relative
to its surrounding pixels and assigns the average misorientation
to it. Misorientations above 5° are discarded, so as to exclude
grain boundaries in calculations of strain. It is clear from the
misorientation maps that Control and INT schedules exhibited
more retained strain as revealed by a high fraction of
substructure. On the contrary, the INT + S schedule underwent
more recovery due to the increased strain and inter-pass time.
This was attributed to the increased strain in pass 1 leading to
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Fig. 1 As-cast microstructure taken at (a) 50X and (b) 500X magnification along the transverse plane of the columnar region
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Table 1 Parameters for the hot rolling simulations

Roughing Finishing
Experimental Parameter P1 P2 P3 P4 Ps P6
Temperature (°C) 1000 950 930 920 915 910
Control Inter-pass (s) 11 14 18,3 36 38 52
Strain 0.18 0.20 0.3 0.20 0.20 0.20
Simulation 1 (INT) Inter-pass (s) 15 20 25 36 38 52
Strain 0.18 0.20 0.3 0.20 0.20 0.20
Simulation 2 (INT + S) Inter-pass (s) 15 20 25 36 38 52
Strain 0.20 0.3 0.3 0.20 0.20 0.20

ND

I RD

Area analysed on deformed disc

Fig. 2 Deformed area of interest with corresponding area analyzed
highlighted in red to avoid dead zones

more retained strain in pass 2, which triggered static restoration
in the form of recovery during the inter-pass time between
passes 2 and 3, the retained strain was not sufficient to trigger
recrystallization over recovery as explained by Cai et al (Ref
11).

Stabilized FSSs like 436 contained particles which are
responsible for particle stimulated nucleation (PSN) of new
grains around the particles due to strain localization. PSN is
well known to promoting texture randomization through
dynamic recrystallization (Ref 9, 10, 19). Contrary to Control
and INT schedules, INT + S schedule did not show substantial
strain concentration around particles compared to the Control
and INT schedules, Fig. 4. This was attributed to the longer
inter-pass times which in turn resulted in less PSN.

Figure 5 shows the six-pass deformation curves for the three
schedules. After pass 3, the softening between passes was more
significant with each successive pass although the temperature
was not significantly varied, Table 1, similar findings were
produced by Pussegoda et al. (Ref 20), where they attribute
such behavior to DDRX. In other words, the maximum stress
decreased with each successive pass, which signified substan-
tial fraction of either dynamic, static or both restoration
mechanisms at play. Due to smaller strains per pass, i.e., an
average of 0.2 strain, the flow stresses never reached steady
state, and as such, it cannot be deduced whether dynamic
restoration had been completed or not.

Figure 6 shows that the restoration mechanism was largely
recovery as evidenced by the few solid black lines which
represent HAGBs. This essentially means that restoration was
not sufficient to break down the as-cast structure this is a
known concern similar to work produced by Ma et al. (Ref 21).
As opposed to the three-pass roughing rolling simulation, the
six-pass roughing and finishing rolling simulation exhibited a
well-defined sub-grain boundary network, typically evidence of
the onset and progression of CDRX (Ref 19).
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The Control and INT schedules with the associated strain
after three-passes, would have had a high driving force for
recovery during the higher temperature associated with early
stages of finishing due to the high retained strain. The INT + S
schedule however, underwent recovery earlier on during
roughing, correlating to work by Mehtonen et al. (Ref 12).
Recovery lowers retained strain to a lower extent as opposed to
recrystallization (Ref 10, 19); therefore, the INT + S schedule
entering finishing rolling did not reach the critical strain for
recrystallization as evident in Fig. 6. The microstructure looks
largely recovered and as such it can be suggested that the
microstructure was driven to recovery in those schedules. The
INT + S schedule recovered to an extent after roughing,
allowing strain accumulation during finishing by preventing
premature recovery. However, the Control and the INT
schedules had initiated restoration during finishing.

All simulation schedules in general, failed to break down the
inherent cube texture of the continuously cast slabs. The sub-
grain structure was still prevalent even after six-passes, Fig. 6,
with the general orientation, being aligned to the parent grain as
hot rolling does not have as strong an influence on breaking
down the as-cast texture as cold rolling (Ref 21). Therefore, it
can be deduced that although restoration occurred to a limited
extent, the restoration mechanism was largely dynamic and
static recovery for the areas observed.

Figure 7 shows the correlated misorientation angle distri-
butions (MADs) for three and six-pass schedules for the maps
presented in Fig. 4 and 6. Correlated MADs essentially show
the general misorientation between neighboring points. As may
be seen from Fig. 7, the roughing rolling simulation yielded
larger high angle grain boundaries (HAGBs) densities. The
high degree of low angle grain boundaries (LAGBs) is typical
of the onset of CDRX.

From roughing to finishing rolling simulation, the LAGB
frequencies increased in all schedules, denoted the onset and
progression of CDRX, which is common in high SFE materials
such as FSSs. The formation of LAGBEs is also evident in Fig. 4
and 6, where sub-grain structure is evident especially after
finishing rolling simulations. Although the structure showed a
well-defined sub-grain structure after six-passes, IPF maps
showed minimal changes in orientations relative to the parent
grain.

To ascertain the extent of retained strain after three and six-
pass deformations, hardness tests were undertaken, before and
after annealing at 800 °C for 600 s, Table 2. The results
showed that the INT + S, with increased strain per pass in the
initial passes and increased inter-pass time softened to a far
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Fig. 3 Flow stress curves for three-pass roughing rolling simulation carried out under different roughing conditions at 5/s, more details
provided in Table 1. Control defines close to industrial conditions, INT, increased inter-pass times and INT + S, increased inter-pass times and
strain
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Fig. 4 Variations in IPF figures after three-passes with associated local misorientation plots for roughing simulations in the, (a) Control, (b)
INT and (c) INT + S roughing rolling simulations after pass 3, taken at a 0.5-um step size. Gray lines define boundaries with misorientations
below 15°, and black lines, for boundaries greater than 15°. Areas in white are unindexed, generally associated with precipitates or inclusions

greater extent (14%) than the rest after six-passes. This was Figure 8 shows the recrystallization maps of three and six-
attributed to the least restoration after deformation, Table 2. pass schedules before and after annealing of the Control and
INT + S, ie., the two extreme results. The processing of
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Fig. 5 True stress-strain graphs for six-pass schedules from roughing and finishing rolling simulations, Control and INT, had an increase in
inter-pass time in the first three-passes and INT + S had an increase in inter-pass time and strain in the first three-passes

recrystallization maps was done using Channel 5 software,
where grains are reconstructed and if the average misorientation
within a grain exceeds 1° misorientation then a grain is defined
to be deformed and assigned a red color. When the average
misorientation in a grain does not exceed 1° misorientation but
has a misorientation between sub-grains exceeding 1°, they are
classified as substructure and assigned a yellow color. All
remaining grains are seen to have minimal deformation, are
deemed recrystallized and assigned the color blue.

As may be seen from Fig. 8, the Control exhibited the
largest amount of restoration after finishing but before anneal-
ing, manifested in the increased fraction of recrystallized
grains. On the contrary, before annealing, the INT + S showed
less recrystallization after both three and six-passes than the
former, i.e., the material was mostly substructure, Table 3.
Furthermore, it can be seen that finer grains nucleated after
annealing the Control after roughing due to the highly
deformed structure, in red. This suggests that these fine grains
can potentially act as nucleation sites for DDRX, and therefore,
drive recrystallization during hot working (Ref 9, 10, 19). In
other words, these fine grains can increase the likelihood of
either DDRX or CRDX during finishing rolling, that is, if the
finishing rolling is delayed after exiting the roughing rolling to
allow for SRX. Noteworthy is the observation that annealing
after six-pass for both schedules as well as INT + S-roughing,
the microstructures were found to be more or less the same, i.e.,
coarser and less recrystallized grains, which suggest less
driving force for SRX. The evolution of the microstructures
was quantified using SEM-EBSD and is summarized in Table 3.

In general, laboratory simulations are not an adequate
representation of plant scale testing. The three-passes in this
study were applied to simulate roughing rolling with an
additional three-passes simulating finishing rolling. The typical

25950—Volume 34(21) November 2025

industrial reverse roughing rolling and Steckel mill finishing
rolling takes about 7-passes each with strains per pass ranging
from 0.17 to 0.24 resulting in about 1.6 total strain. The strain
rates in the plant can range from 4 to 20/s during roughing and
from 20 to 100/s during finishing which is substantially higher
than the laboratory strain rates of 5 /s used in this work. It is
known that higher strain rates encourage strain accumulation
during rolling (Ref 22) which would aid in recrystallization;
therefore the study is expected to depict worst case scenario
conditions, while plant scale trials are likely to improve results
substantially.

Retained strain on an industrial scale mentioned would have
higher potential to drive recrystallization forward through the
INT + S following finishing rolling simulation in this study.
Retained strain, specifically at lower temperatures (Ref 1, 18),
holds the potential for DDRX to occur and as a result the
potential for texture randomization which was not achieved in
this study. Overall, the process proposed would promote
restoration through recovery at higher temperatures and facil-
itate recrystallization during finishing.

From this study, particularly from the annealed Control
schedule after roughing, evidence points to the presence of a
fine-grained structure. Fine-grained structures have been found
to favor recrystallization during hot rolling (Ref 23). The
concept of intermediate annealing has generally been studied
among researchers during cold rolling (Ref 4, 24), but has not
been delved into in terms of hot rolling simulations. These
results suggest that delaying finishing rolling after roughing
rolling could be beneficial by promoting recrystallization before
entering the finishing rolling mill (Ref 25-33).

Journal of Materials Engineering and Performance
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Table 2 Average hardness results before and after annealing

Three-pass Six-pass
Before anneal After anneal ARV (%) Before anneal After anneal AHV (%)
Control 171.5 £ 2.6 167.6 £ 4.8 -3.0 (2.2) 160.8 £+ 3.6 157.6 £33 -3.2 (2.0)
INT 173.0 £ 3.5 159.0 £ 14 -19.9 (11.1) 1685 £ 1.2 156.1 £ 1.7 -12.4 (7.4)
INT + S 1722 £35 161.9 £+ 4.1 -10.3 (6) 192.6 £33 1653 £ 44 -27.3 (14.2)

The negative AHV (%) values denote a decrease in hardness due to static recrystallization (SRX) and the percentage change in parenthesis

three-pass roughing six-pass roughing + finishing
Before After
- =
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E R
= , :
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E Loy
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Fig. 8 Variations in (a) The Control and (b) the INT + S recrystallization maps after three and six-passes, before and after annealing at 800 °C
for 600 s. All samples are observed at the same magnification. Black lines represent boundaries greater than 15°. Red areas represent deformed
material, yellow represents substructure material, and blue represents recrystallized material (Color figure online)

Table 3 Recrystallization percentage data after three and
six-passes for recrystallization maps before and after
annealing in Fig. 8

Roughing Finishing

Before After Before After

Control Recrystallized 3.0 15.6 8.9 14.3
Substructure 37.2 73.3 88.7 83.4
Deformed 59.7 11.1 24 2.3

INT + S Recrystallized 2.6 12.5 2.6 8.7
Substructure 95.2 84.9 96.3 88.0
Deformed 2.2 2.6 1.1 33

4. Conclusion

The effects of strain and inter-pass time on the restoration
behavior of 436 ferritic stainless steel were investigated via
three-pass roughing and three-pass finishing rolling simulations
using the Gleeble 1500 thermomechanical processing simula-
tor. The Control, which is the industry benchmark, showed
more recrystallization after roughing rolling simulation and

25952—Volume 34(21) November 2025

annealing. Similarly, it also showed more recrystallization after
simulated finishing and annealing. Which implies that if the
finishing rolling is delayed to allow for static recrystallization,
more recrystallization can be realised after finishing rolling and
annealing. On the contrary to the expectation, the increased
inter-pass time and strain INT + S schedule resulted in less
recrystallization even after simulated finishing rolling and
annealing. This was attributed to limited amount of strain and
strain rate imposed on the steel under the laboratory rolling
conditions. However, the increased inter-pass time and strain
might yield different results under full scale plant trial.
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