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To improve the mechanical properties of hot-rolled ferritic stainless steel (SUS430), the microstructural
characteristics of SUS430 were changed using a heating process under various conditions. The hardness of
SUS430 decreased upon the increase in the heating temperature to 900 °C, and the hardness increased
when the sample was heated to temperatures greater than 900 °C. The high hardness of the sample heated
at 1000 °C (Hyggo oc) is attributed to the heating time: A high hardness was obtained for a Hyyy9 -c sample
that was heated for 1 h (H;gg9 -c.1n), but this decreased when the heating time was increased to more than
1 h. The high hardness of H;gg >c.1n is caused by the fine Cr,3C¢ precipitates that are distributed in the
sample around the grain boundaries. On the other hand, the large precipitates of Cr,3Cs in Hjgo0 °c-12n
decrease the hardness. The hardness value of SUS430 is directly attributed to the mechanical properties and
the ultimate tensile strength. The tensile strength of H;g99 -c.;n Was found to be about 200% and 20%
higher than the as-received and Hygg¢ -c.12n Samples, respectively. Despite the increase in the tensile
strength of the Hyggp -c.1n Sample, the ductility was not found to decrease significantly, for example, the
fracture strain was approximately 25%. This occurrence is affected by a severe slip in the ferrite base grain,
and the high strength of Hyyg9 -c.1n is influenced by the interruption of the slip by the Cr,3Cg precipitates.
Unlike the tensile strength, similar fatigue properties were observed for both H;gg9 c.1n and Hyo °c-12ns
which is associated with the low crack driving force of Hyggo -c.12n, caused by the roughness-induced crack
closure arising from the large Cr,3;Cg¢ precipitates.
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1. Introduction

There are several different types of ferritic stainless steels
that are employed in various engineering applications, for
example, they are used in boiler tubes, blades and turbine rotors
that are used at high temperatures of up to 650 °C (Ref 1).
Ferritic stainless steels have a high thermal conductivity and a
low thermal expansion coefficient (Ref 2), which are superior to
those found in other stainless steels, such as austenite and
martensite stainless steels. Ferritic stainless steels are also
considered to possess good weldability and a high thermal
fatigue performance. Low-chromium ferritics can fall into outer
gamma loop (6 + y) which allow the phase structure to be dual
phased, with the majority being ferrite and austenite. SUS430 is
one of the major ferritic stainless steels, consisting of 16—18 Cr
and 0.12 C. Although the ferritic stainless steels have excellent
material properties, the material strength and ductility are lower
than those found in other stainless steels. To improve the
mechanical properties of stainless steels using work and
precipitation hardening, various approaches have been em-
ployed, including the addition of chemical elements, heat

Mitsuhiro Okayasu and Tomoki Shigeoka, Graduate School of
Natural Science and Technology, Okayama University, 3-1-1
Tsushimanaka, Kita-ku, Okayama 700-8530, Japan. Contact e-mail:
mitsuhiro.okayasu@utoronto.ca.

Journal of Materials Engineering and Performance

treatment, severe deformation and surface treatments. Several
investigators have examined the mechanical properties of
ferritic stainless steel fabricated using the equal channel angular
extrusion (ECAE) process at different temperatures, in which a
total strain of 2.3 is applied to the ferritic stainless steel (Ref 3).
Using the ECAE process, a high ultimate tensile strength of
783 MPa is obtained, which is more than 1.4 times higher than
that obtained for the as-received samples. Recently, the
mechanical properties of ferritic stainless steels were investi-
gated after a friction stir welding process (Ref 4). Owing to the
rapid cooling used in the friction stir welding process, the
coarse ferrite grains were altered to become fine grains with a
duplex structure of ferrite and martensite. Examination of the
microstructural characteristics revealed an acceptable ductility
and impact toughness. On the other hand, surface coating using
physical vapor deposition (PVD) was carried out on the surface
of ferritic stainless steel, and this process led to a high hardness
and corrosion resistance (Ref 5).

The mechanical properties of ferritic stainless steel with 38
Cr have been further investigated after aging at 475 °C.
Physical changes were found to occur, in the toughness and
hardness in particular, owing to the aging process and the
o — oFe +a”c, spinodal decomposition reaction (Ref 6).
After the aging process, the hardness value increased toward
twinning during the deformation. On the other hand, a rapid
deterioration in the toughness occurs at 475 °C, which is
affected by the pinning of the dislocations. The effect of Nb on
the high-temperature strength was studied in ferritic stainless
steel (Ref 7), and an increase in the high-temperature proof
strength occurred upon addition of Nb at 700 °C for 2 h, and
fine Fe,Nb Laves phase particles with a diameter of 0.02 mm
were obtained. Furthermore, an extremely strong diffraction
peak for Nb(C,N) was obtained, although a weak diffraction
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peak for MgC was detected. The embrittlement characteristics
of ferritic stainless steels were examined by Grobner (Ref §),
who reported that a decrease in the room temperature toughness
is observed after exposure to a temperature of 538 °C for about
1000 h; this decrease in the toughness is attributed to the
precipitation of the carbonitrides. Based on previous studies, it
is proposed that the mechanical properties of ferritic stainless
steels can be improved by modification of the microstructure
during the heating processes. As previously reported experi-
mental approaches have mainly been conducted at a heating
temperature of less than 550 °C, an examination of the material
properties of ferritic stainless steels after heating to high
temperatures is required. The microstructural characteristics of
ferritic stainless steels can be altered significantly at high
temperatures of around 1000 °C, that is, y phase transforma-
tion. This occurrence might improve the mechanical properties
of the related stainless steels. Thus, in the present work, the
mechanical properties of SUS430 were examined experimen-
tally after heating to temperatures greater than 800 °C.

2. Experimental Procedures

2.1 Material Preparation

Several hot-rolled ferritic stainless steel sheets (SUS430)
were used in this study; they were supplied by Nippon Steel &
Sumikin Stainless Steel Corp, Japan. The thickness of the
stainless steel sheet was about 6.5 mm, and the chemical
composition of SUS430 is listed in Table 1. To examine the
effect of the microstructural characteristics on the mechanical
properties, the SUS430 sheet was heated at various tempera-
tures (830-1000 °C) and times (0.5-12 h). The recrystalliza-
tion temperatures of the appropriate stainless steels were used
as the basis for determining the experimental temperatures used
(Ref 9).

The mechanical properties of SUS430 were investigated
experimentally, and the hardness, tensile strength and fatigue
tests were conducted using a rectangular dumbbell-shaped
specimen of 5.5 x 1.5 x 1 mm. The tensile tests were per-
formed using a screw-driven universal testing machine with a
capacity of 50 kN, in which the specimen was loaded at a rate
of 1 mm/min until final failure was achieved. The tensile
strength and fracture strain were measured using a commercial
load cell and strain gauge, respectively.

The fatigue properties were examined using the stress
amplitude (S,) and the cyclic number to failure (Np) (S.—Nr
curves). Cyclic loading was applied to the rectangular-shaped
specimen using a sinusoidal wave form at a frequency of 30 Hz
and a stress ratio of 0.1, for up to 107 cycles, that is, the
endurance limit. The maximum loading stress was determined
based on the ultimate tensile strength, for example, 40-95% of
OuTS-

Electron backscatter diffraction analysis (EBSD) was used
to clarify the microstructure, strain and failure characteristics

using a scanning electron microscope (SEM) under the
following conditions: an accelerating voltage of 15 kV, a beam
current of 12 nA and a step size of 1.7 um. In this analysis, the
sample surfaces were polished mechanically using a cloth
containing alumina particles.

3. Results and Discussion

3.1 Microstructural Characteristics

Figure 1 shows the EBSD crystal orientation map (IPF:
inverse pole figure) maps for the ferritic stainless steels under
various conditions, such as at 830, 850, 900 and 1000 °C for 1
and 12 h. The color levels of each pixel in the IPF maps were
determined according to the deviation of the crystal orientation.
A severely extruded microstructural formation was easily
observed for the as-received (AR), Hgzg °c.1on and Hgsg oc-12n
samples. On the other hand, grain growth with precipitates was
observed for the Hogg °c.12n and Higoo °c.12n Samples, in which
the mean width of the grown grains for both samples is more
than 100 um, which is about 20% wider than that for the others.
The extent of precipitation was also different, that is, the higher
the heating temperature, the stronger the precipitation. Even
though grain growth was not clearly observed for Hygoo oc.1n, @
large amount of fine precipitates were uniformly generated,
compared to that for Hijggp oc.12n. These precipitates were
detected in the sample surrounding the grain boundaries. In this
case, the transformation products of y are associated with ferrite
and chromium carbide, Cry3Cq (Ref 10). Figure 1 also shows
the SEM image showing the Cr,3C¢ and the result of its XRD
analysis. In a previous study published by Huang et al. (Ref
11), a similar examination was performed and precipitates of
Cr,3C¢ were obtained. Westbrook reported that the hardness of
Cry3Cg measured is as high as about 6.37 GPa (Vickers
hardness) (Ref 12). A change in the microstructural character-
istics could give different mechanical properties. It should be
noted that the corrosion resistance of the ferritic stainless steels
is affected by the resistance of the oxide film when it is heated
to high temperatures of over 1000 °C (Ref 13). Based on this
information, a study of the corrosion characteristics of SUS430
after heating to high temperatures should be performed in the
future.

3.2 Mechanical Properties

Figure 2 shows the Vickers hardness of the stainless steels
with and without the heating processes. A considerable drop in
the hardness value is clearly observed as the samples are heated
at 830 and 850 °C, and this drop is observed even after a short
period of heating, for example, 0.5 h. On the other hand, the
hardness value decreased linearly with an increase in the
heating time of up to 1 h for the Hogg -c sample, at which the
hardness value became saturated. In contrast, a variation in the
hardness was obtained for the H;qgg -c sample. As observed,

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

C Si Mn P

SUS430 0.058 0.41 0.26 0.026

0.002 0.10 16.2 0.05 0.03
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the hardness of the Hjggp o.c sample was enhanced by an
increase in the heating time of up to 1 h, and this drops as it is
heated to 12 h. To verify the mechanical properties, tensile tests
were carried out.

Figure 3 shows the representative engineering tensile stress
versus strain (S—S) curves for the as-received and heated
samples, and based on the S-S curves, the tensile properties are
summarized in Fig. 4. The tensile properties were observed to
differ depending on the sample. A tensile strength (oyrs)
increased with increasing the heating temperature to 1000 °C,
although the oyrs value for Hjgoo °c.in i about 100 MPa
higher than that for Hjggp oc.1on. For the duration of 1 h, the
high tensile strength was affected by the widely distributed tiny
Cry;C¢ precipitates, as described above. As the high tensile
strength was obtained for the Hjggp oc.;n samples, its strain
value (&) was lower than that for Hyggg °c.12n, Which is similar
that for AR one. In this instance, the oyrs for Higoo °c.in Was
about 200% higher compared to that obtained for the AR
sample, and the &; for Hygg oc.1n was only 20% lower than that
found for the AR sample. The reason behind this is discussed in
a later section of this paper. On the other hand, the tensile
strength of the AR sample was higher than that observed in the
Hgso-12n sample, which is due to the severe internal strain that is
caused by the rolling process in the AR sample. This
occurrence can be verified using the S-S curves, as a high
yield strength, as well as a low work-hardening rate, was
observed for the AR sample compared to those obtained for the
Hgso oc.12n sample, as indicated in Fig. 3. It is also clear that the
obtained tensile strength for the four samples can be relatively
correlated with their hardness values, for AR sample, as shown
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Inverse pole figure (IPF) maps for the ferritic stainless steel samples and Cr,3C¢ precipitates with and without regulated microstructures

in Fig. 2, for example, oyrs (MPa) =201.7 x HV (GPa),
R* = 0.5. It should be noted that the obtained equation could be
altered as the size of specimen and loading condition are
changed.

The fatigue properties were also investigated, and the
obtained S,—N; curves for the representative samples (AR,
Hgso c-12n, Hiooo °ccin and Hjogo °c.12n) are displayed in
Fig. 5. It should be noted that the arrows shown in this
figure indicate the test specimens that did not fail within 10’
cycles. The results obtained are similar to those observed for
the tensile strength; a high fatigue strength was detected for the
samples that were heated at 1000 °C. However, despite the low
tensile strength obtained for Hjgop °c.12n compared to that for
Hi000 °c-1n, the endurance limit (ay) at 107 cycles was observed
to be similar or slight high for Hjgoo °c.12n, that is, about
140 MPa. Interestingly, a slightly higher fatigue strength was
obtained at a lower stress amplitude for H;ggo °c.1on compared
to that obtained for Hygoo ~c.1n, although the opposite trend was
seen for the applied high stress amplitude, that is, the S,—N;
curve of H1000 oCc-12h Was crossed with that of HlOOO oc.1h at
about 5 x 10° cycles. A similar experimental result was
obtained by Bandara and Siriwardance in their previously
published study (Ref 14). In this case, a different trend for the
S.—Nr curve was observed and this was found to be affected by
different failure characteristics, which will be discussed in a
later section of this paper. The mean endurance limit (g;) for
both the Hjgoo o.c samples (about 140 MPa) was more than
20% higher compared to those obtained for the other samples.
It should be pointed out that the endurance limits for our
samples are all lower levels, i.e., the slope of the S,—N; curves is
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Fig. 2 Variation in the Vickers hardness of the ferritic stainless steel samples with and without microstructural regulation: (a) 830 °C, (b)
850 °C, (c) 900 °C and (d) 1000 °C
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Fig. 3 Engineering tensile stress—strain curves and their tensile properties for the as-received and heated ferritic stainless steel samples (Hgsg oc.
120 Hio0o °c-1n and Higoo c-12n)

high level. Such reduction of endurance limit for stainless steel The solid curves for the S,—N¢ relationship can be evaluated
is observed in Ref. 15, which is attributed to the extent of using a power law dependence with the following formula:
residual stress of the sample. It is reported that the fatigue S, = ogN2, MPa, where oy is the fatigue strength coefficient, Ny
strength could be correlated with the distribution and location is the cycle number to final fracture and b is the fatigue
of the fatigue fracture nucleation sites; the data plots in S,—N; exponent. In this case, a high fatigue strength was expected to
curves (Fig. 5) might be attributed to our sample conditions, give an increasing fatigue strength coefficient (g¢) and a
such as internal stress and surface roughness (Ref 15). decreasing fatigue exponent (). The values of o and b for both

Hjgoo °c samples, obtained using least squares analysis, were
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about gy = 730 MPa and » = — 0.11. In contrast, lower fatigue
properties were also estimated for both the Hgsg oc.1on and AR
samples: gy = 515 MPa and b = — 0.085. The value of oy for
the hot-rolled sample (AR) was found to be in fairly good
agreement with that obtained for the related hot-rolled low
carbon steel, or= 538 MPa (Ref 16). From the obtained
mechanical properties of our stainless steel samples, it was
demonstrated that the mechanical properties of SUS430 can be
improved by high-temperature heating owing to the Cry;Cg
precipitates.

In the previous work, it has been reported that there is a
relatively good linear least squares fits for the fatigue strength
coefficient data with the Brinell hardness (HB): o= 4.25
HB + 225 (MPa) (Ref 17). The HV was examined in the
present work (Fig. 2), and the hardness value was converted to
the Brinell hardness value using the formula: HB = 0.94 HV,
for example, 143 HB for Hjggg °c.1on. From the Brinell
hardness value, the fatigue strength coefficient can be assessed
and was found to be o; = 832.8 MPa, which is relatively close
to that obtained from the S,—N; relationship, which was
or = 730 MPa.

Journal of Materials Engineering and Performance

3.3 Failure Mechanism

Figure 6 shows the SEM images and the IPF and kernel
average misorientation (KAM) maps for the AR, Hgsg oc_12n,
Hi000 °c-1n and Hjgoo c.12n samples after monotonic loading to
final failure. Note that KAM value is defined by the mean
misorientations between the center point of the kernel and all
surrounding points in the kernel, i.e., the local misorientation
value of the center point. In this case, the low and high strain
regions are displayed with the blue and red color, respectively.
Examination of the fracture surfaces in the tensile specimens
revealed differences in the fracture behavior. As shown in
Fig. 6(a), the dimple and slip base ductile failures are a
dominating feature in the AR and Hgsg oc.1on, samples. It is
evident from the KAM maps for the AR and Hgsg oc.12n
samples shown in Fig. 6(b) that a high strain is observed,
generated around the crack surface, and the specimens were
necked severely as indicated by the arrows. On the other hand,
a rugged failure mode is seen in addition to the dimple failure
for both the Hygg oc.1n and Higgo °c.12n Samples, in which less
slip and weak necking occur. From the KAM maps of both of
the Hyooo oc samples, the extent of the internal strain was found
to be lower than that obtained for the other samples.

To understand the strain characteristics in detail, the IPF and
KAM maps for Hgsg oc_1on and Hygoo °c-1on Were enlarged and
are displayed in Fig. 7. A high internal strain with a slip
deformation can be observed which originates from the
extruded laminar grain in the Hgsg oc.12n sample, although the
extruded microstructural formation has collapsed creating a
large number of colonies in the Hjgoo °c.1on sample. The later
microstructural formation is caused by severe deformation in
the grains with interruption from the slip with the Cry3Cg
precipitates. This occurrence infers the relatively high strain
and high strength of the Hgp oc samples.

Figure 8 shows the fracture surfaces and crack growth
characteristics of the four samples (AR, Hgso °c-12n, H1000 °c-1n
and Hjgoo °c.1on) after the fatigue test. At low magnification,
two fracture modes can be distinguished, as indicated by the
dashed line, which corresponds to fatigue crack propagation (C)
and a final fracture (F). In the fatigue crack growth region,
striation-like formations with serrations and a stepped mor-
phology can be detected in the AR and Hgsg oc.1on samples,
although a meandering crack is observed for both of the
Hjgoo -c samples, which is caused by severe crack growth
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Fig. 7 IPF and KAM maps of the Hgsg oc.12n and Hjogo °c.1on Samples after the tensile test showing the strain characteristics

resistance arising from the Cry3Cg precipitates. At the final
fracture site, slip and rugged base failures are seen, which are
associated with failure by monotonic loading, as shown in
Fig. 8(a). It is also clear that the area of the fatigue crack
growth zone (Fig. 8c) is wider for the Hjggp oc samples,
compared to that observed for the AR and the Hgsg oc.1on
samples. This is attributed to the high fatigue strength, that is,
the high fracture resistance. From the IPF and KAM maps
(Fig. 8b) of the four samples adjacent to the fatigue crack, it
can be seen that there are regional variations in the strain
characteristics. Basically, the strain characteristics observed
after the fatigue test are similar for all of the samples. A high
and complicated strain distribution, caused by severe plastic

6776—Volume 28(11) November 2019

deformation, is seen in the final failure regions (F), in which a
disorganized crystal structure is observed in the IPF maps. On
the other hand, the reduced internal strain in the fatigue crack
growth region is caused by the high loading speed of 30 Hz,
which is faster than that found for the dislocation motion. It
should be pointed out that a low internal strain was detected in
the samples of Hyggg oc in the final failure regions, as marked
by the dashed circles. This could be attributed to the
interruption of the slip deformation due to the fine and hard
precipitations of Cr,3Cg (Ref 18), which enable a high internal
strain.

Figure 9 displays the IPF and KAM maps for the H;poo °c-1n
sample after the fatigue test and shows the crack growth
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Fig. 9 IPF and KAM maps of the Hjggo -c.1n samples adjacent to
the fatigue crack

characteristics. It is clear that the crack growth direction is
altered, as the crack propagates and reaches the Cry3Cq
precipitates, meaning that meandering crack growth occurs
owing to the resistance of the crack path which is caused by the
precipitates. The reason for this is attributed to the crack path
between the precipitates and ferrite matrix due to their weak
bonding strength. This occurrence infers that a rough fatigue
crack surface is created in the Hjgoo -c samples, leading to a
roughness-induced crack closure. In addition, in ferritic steels,
the fracture surface roughness and consequently the crack
opening level will increase as the coarseness of the microstruc-
ture increases, i.e., Higoo oc samples (Ref 19). As the size of the
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Cry;3Cq precipitate grows larger in Hyggg oc.12n, @ roughness-
induced crack closure could occur compared to that observed in
Higo0 °c-1n, that is, the low crack driving force of Higoo °c.12n-
This may be especially true, because the S,—Ny curve for
Hi000 °c-12n 18 slight high in the applied low stress amplitude
compared to that observed for Hygoo °c.1n, @s shown in Fig. 5,
despite the high tensile strength could be obtained for in
Higoo °c-1n.- Therefore, the high fatigue strength of the ferritic
stainless steels is affected by the high strength and by severe
crack closures.

4. Conclusions

The material properties of SUS430 ferritic stainless steel
were experimentally investigated using samples which had
different microstructural characteristics. These microstructures
were controlled using various heating conditions. The results
obtained are summarized as follows:

1. The mechanical properties of ferritic stainless steels are
changed by the heating process; this change is dependent
on the temperature and heating time. The hardness value
of ferritic stainless steel decreases rapidly when it is
heated at 830 and 850 °C, and a linearly decreasing hard-
ness is observed when it is heated at 900 °C. On the con-
trary, the hardness value increases when it is heated at
1000 °C, and an exceptionally high hardness value was
obtained for the Hjggo °c.1n sample.

2. The ultimate tensile strength for the Higgo >c.1n sample is
about 200% and 12% higher compared to that obtained
for the AR and Hjggp °c.12n samples, respectively. The
different tensile properties are attributed to the Cry3Cg
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precipitates. Fine Cr,3Cq precipitates are observed in the
Higoo °c-1n sample around the grain boundaries, which re-
sults in a high tensile strength. On the contrary, the large
Cry;Cq precipitates in the Hjggo °c.1on sample decrease
the tensile strength. On the other hand, no clear Cry;Cq
precipitate was observed for the ferritic stainless steel
samples that were heated at less than 850 °C. In spite of
the high tensile strength of Higgo °c.1n, @ relatively high
material ductility of more than & = 25% was observed.
Despite the high tensile strength of Hjggg °c.1n compared
to Hygoo °c-12n, @ similar fatigue strength was obtained, that
is, the endurance limit. The reason behind this can be inter-
preted using the different failure modes, in particular crack
closure. The low crack driving force obtained for Hyggg oc-
12n 1s caused by the severe roughness-induced crack clo-
sure arising from the large Cr,3Cg¢ precipitates.
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