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ABSTRACT

Hall-Petch analysis and the effect of the average grain size (D) on the hardness (H) of AlISI 309Si stainless steel should
be systematically investigated. This aim was achieved by cold rolling (reduction of thickness of 90%) followed by an-
nealing at 1000 °C for different holding times. Cold rolling led to the formation of deformation-induced a’-martensite
and work-hardening of the retained austenite, which led to an increased hardness of 427 HV compared to the hard-
ness of 115 HV for the as-received sample. X-ray diffraction (XRD) analysis revealed the formation of ~30 vol% mar-
tensite, which signifies the higher mechanical stability of austenite in this alloy when compared to the metastable
grades. At the annealing temperature of 1000 °C, the material is fully austenitic without any intermetallics. Moreover,
by occurrence of martensite reversion, recrystallization of the retained austenite, and subsequent grain growth, it
is easy to obtain different grain sizes at this temperature. Annealing at 1000 °C for 30 min resulted in a significant
increment of hardness (155.1 HV) compared to the as-received sample as well as the formation of a fine-grained mi-
crostructure with an average grain size of 6.7 um, which is equivalent to ~93% refinement of the grain size. Longer an-
nealing times led to the occurrence of grain growth with the resulting decrement of hardness, where D-D =2.1762x-
10'exp(—280000/RT)xt*> was proposed to predict the grain size during grain coarsening. Moreover, the Hall-Petch
relationship of H=140.1/vD+100.7 was proposed for the first time, in which the H value of 100.7 HV was also com-
pared to those determined for AISI 316L (130.0 HV) and 304L (160.4 HV) alloys. Furthermore, it was revealed that the

increased metastability leads to an increment in the H, value, which can be correlated with the Mdso/50 temperature.

Keywords: AIS| 309Si stainless steel; Strain-induced martensitic transformation; Recrystallization; Hall-Petch analysis.

1. Introduction Grain refinement of this alloy is a viable ap-

AIST 309Si austenitic stainless steel is a heat
resistant alloy with high amounts of Cr (19 to 21
wt.%), Ni (11 to 13 wt.%), and Si (1.5 to 2.5 wt.%) in
its chemical composition. Due to its excellent cor-
rosion and oxidation resistance, this alloy is widely
used in the elevated-temperature applications in
chemical plants and for welding, surpassing the
performance of common austenitic alloys such as
AISI 304L and 316L stainless steels [1,2].

proach to improving mechanical properties due to
the grater resistance to dislocation movement as
well as the stronger passive film due to the higher
grain boundary density [3]. Owing to the presence
of high amounts of alloying elements, the austen-
ite phase in the AISI 309Si stainless steel is more
stable against strain-induced martensitic trans-
formation compared to the AISI 304L and 316L
stainless steels [4]. Therefore, grain refinement of
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this alloy via reversion of strain-induced marten-
site to fine-grained austenite is limited, and hence,
thermomechanical processing [5,6] as well as cold
rolling followed by recrystallization annealing [7]
can be considered the main approach for grain re-
finement.

There are few reports on the recrystallization
as well as the formation of martensite in AISI 309
grade and its reversion during subsequent anneal-
ing. Abdi et al. [3] reported that cold rolling led to
the formation of strain-induced martensite in the
AISI 309Si stainless steel sheets. During subse-
quent annealing, two regimes of transformations
for reversion and recrystallization were identified.
These authors were able to propose a recrystalliza-
tion-temperature-time diagram for phase transfor-
mations in this alloy. In another study on the related
AISI 309S alloy, Eskandari et al. [1] characterized
the optimum annealing temperature and time for
achievement of a uniform recrystallized grain size
after cold rolling, which resulted in the improve-
ment of mechanical properties. However, there is
no report on the effect of grain size and Hall-Petch
analysis of AISI 309Si stainless steel. According-
ly, in the present work, this aim was achieved by
cold rolling followed by annealing at elevated tem-
peratures. Moreover, the behavior of this alloy was

critically discussed and compared to other stainless
steels.

2. Experimental material and procedure
Room-temperature cold rolling with the reduc-
tion in thickness of 90% based on the multi-pass ap-
proach with average reduction in thickness of 10%
in each pass was applied to the AISI 309Si stainless
steel sheet with the chemical composition shown in
Table 1, which was determined by the spark optical
emission spectrometry. This material was received
in the sheet form with the thickness of 10 mm and
it was in the annealed condition with fully austenit-
ic microstructure. Subsequently, annealing at an el-
evated temperature of 1000 °C for holding times up
to 120 min was applied to the cold-rolled sheet with
the aim of recrystallization for grain refinement as
well as grain growth for obtaining different grain
sizes, as schematically shown in Figure 1.
Following electropolishing (H,PO,-H,SO, solu-
tion, 40 V) [8], electroetching in the CH,O,-H,O
Oxalic acid solution at 4 V [3] was applied to re-
veal the microstructural features using optical mi-
croscopy. Hardness measurements were based on
the Vickers hardness test, for which a load of 5 kg
and the dwell time of 15 s were applied. Moreover,
the average value of five indentations was consid-

Table 1- Chemical composition (wt.%) of the investigated alloy

Alloy C Cr Ni Si Mn Cu Mo Fe
309Si 0.05 20.0 11.5 1.9 0.8 0.3 0.3 balance
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Fig. 1- Schematic illustration of the processing route used in this work, representing the grain refinement achieved by cold rolling and
annealing, as well as the subsequent grain growth upon increasing the holding time.
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ered for each condition. Phase analysis was based
on the X-ray diffraction (XRD) method, for which
a PHILIPS PW-3710 with Cu-Ka radiation was
used. Based on the important diffraction peaks of
a'-martensite and austenite (y), Equation 1 was
used to obtain the martensite fraction, which has
been specifically developed to obtain the fraction
of a’-martensite in austenitic stainless steels [9-11]:

_ ](211)(1' 1)

1(211)(1’ + 0-65([(31 iy T 1(220)y)

fa'

3. Results and discussion
3.1. As-received and cold-rolled states

The XRD patterns and microstructures of the
as-received and cold-rolled samples are depict-
ed in Figure 2. It can be seen that the as-received
microstructure has an average grain size of 95 um.
Upon cold rolling, the grains are deformed and
elongated, which is related to the effect of plastic
deformation at low temperatures that results in
the work-hardening of the material. The XRD pat-
tern of the as-received sample reveals the presence
of the diffraction peaks of the austenite phase, as
expected. Therefore, the as-received sample is
completely austenitic. However, after cold rolling,
the peaks of the o'-martensite phase have also
appeared in the diffraction pattern, which reveals
the formation of the strain-induced a’-martensite
during rolling at room temperature. Based on
Equation 1, the amount of o'-martensite can be
determined as 29.7 vol%. The hardness of the cold-
rolled sample was promoted to 427 HV from the
low value of 115 HV for the as-received sample.
This improvement is related to the work-hardening

of the retained austenite as well as the formation of
a'-martensite. It is well-known that the formation
of a’-martensite is an important hardening phe-
nomenon in metastable stainless steels such as AISI
304, 316, and 2205 stainless steels [12,13]. On the
other hand, 30 vol% a'-martensite after heavy cold
rolling of 90% at room temperature reveals that the
austenite phase in AISI 309Si stainless steel is quite
stable when compared to the formation of almost
completely martensitic microstructure in AISI 304
stainless steel at lower rolling reductions in thick-
ness [14,15]. This can be related to the much higher
stacking fault energy (SFE) of the AISI 309Si stain-
less steel compared to the AISI 304 stainless steel
due to the high amounts of alloying elements such
as Niand Cr in the former alloy by consideration of
Equation 2 [16]:
SFE(mJ/m?) =53+ 6.2Ni+0.7Cr+3.2Mn+9.3Mo  (2)
3.2. Annealed state

Upon annealing at 1000 °C, the preliminary ex-
periments revealed that the cold-rolled sheet will be
completely reversed (based on the XRD pattern of
Figure 3a) and recrystallized at holding time of 30
min; while at lower holding times, partially recrys-
tallized microstructures were observed. At longer
holding times, coarsening of the grain size is result-
ed by the operation of grain growth phenomenon
[17]. Accordingly, the holding times of 30, 45, 60,
and 120 min were considered to follow the change
in grain size during annealing. The obtained micro-
structures and the measured average grain sizes are
summarized in Figure 3b. It can be seen that the
sample annealed for up to 30 min has a fine grain
size of 6.7 um, which reveals a significant grain re-
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Fig. 2- XRD patterns and the representative microstructures of the as-received and cold-rolled samples.

167



Saberi Tavakoli K, J Ultrafine Grained Nanostruct Mater, 56(2), 2023, 165-172

finement when compared to the average grain size
of 95 pum for the as-received sample. This is equiva-
lent to ~93% reduction in the grain size, which can
be related to the heavy deformation of 90% and the
formation of ~30 vol% a’'-martensite in the rolling
stage; and the reversion of martensite to austenite
[18] as well as the recrystallization of the heavily
deformed austenite [19-21] in the annealing stage.

As can be seen in Figure 3b, annealing times
longer than 30 min resulted in grain growth. For
instance, 120 min annealing at 1000 °C resulted
in an average grain size of 14 pum. This is equiva-
lent to ~100% increase in the grain size compared
to the recrystallized grain size of 6.7 um. Anyway,
the grain size of 14 um is still much finer than the
initial grain size of 95 um. Moreover, the parabolic
shape of the grain growth curve is evident, which
needs to be investigated and quantified.

3.3. Grain growth kinetics
The normal grain growth kinetics can be repre-
sented by the following equation [22]:

D—-D, =kt G)

where D is the grain size at time t, D, is the ini-
tial grain size (here it is equal to the recrystallized
grain size of 6.7 um), n is the grain growth expo-

nent with the theoretical value of 2 [23], and k is
a temperature-dependent constant, which can be

expressed as follows:

k =k, exp(-Q/RT) (4)

where T is the annealing temperature, k is the
proportionality constant, and Q is the grain growth
activation energy with the theoretical value equiv-
alent to the lattice self-diffusion activation energy
[24]. According to Equation 3, taking the natural
logarithm leads to Equation 5, and based on this
equation, the plot of In(D-D) versus Int can be
used to obtain the values of k and n. In fact, the
slope of the intercept of this plot gives the values of
1/n and Ink, respectively. The corresponding plot
is shown in Figure 4. It can be seen that the slope
is 0.4926, and hence, n is 2.03, which is consistent
with the theoretical value of 2.

IMD—ngmk+lmt (5)
n

By consideration of Ink = -0.3497 (based on Fig-
ure 4) and the lattice self-diffusion activation ener-
gy of 280 kJ/mol for austenite in austenitic stainless
steels [25], the following equation can be derived
for the kinetics of grain growth in this alloy:

D-D, =2.1762x10" exp(—280000/ RT) x¢'>  (6)
where D and t are expressed in pm and min, re-
spectively.
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Fig. 3- (a) XRD pattern of the sample annealed at 1000 °C for 30 min, and (b) measured grain sizes and representative microstructures
of the annealed samples.
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3.4. Evolution of hardness and Hall-Petch anal-
ysis

The measured hardness values of annealed sam-
ples are depicted in Figure 5. It can be seen that the
thermomechanical processing of cold rolling and
recrystallization annealing has led to a significant
improvement in hardness when compared to the
as-received sample. This is related to the remark-
able grain refinement, as shown in Figure 3. How-
ever, by increasing the annealing time and increas-
ing the grain size due to grain growth, the hardness
decreases, as shown in Figure 5. Therefore, there is
an inverse relationship between hardness and grain
size, which will be treated in the following.

It is well established that the yield stress and/
or hardness of metallic materials can be correlated
to the inverse root of the average grain size by the
Hall-Petch relationship [26-28]. For hardness, the

25

Fig. 4- Plot used to obtain the kinetic parameters of grain
growth.
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Fig. 6- Hall-Petch plot for the hardness of the AISI 309Si alloy.
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Hall-Petch relationship can be represented as fol-
lows:
H=H,+K/\D ?)

where H, is the friction stress and K is the lock-
ing parameter or Hall-Petch slope, respectively. The
corresponding plot is shown in Figure 6. The figure
reveals that the data points are consistent with the
Hall-Petch line, revealing that the hardness of the
alloy can be correlated to its average grain size ac-
cording to the following equation:

H(HV)=100.7 +140.1/\/D(um)

In the available literature, the only available data
for this alloy has been reported by Abdi et al. [3],
which is related to the annealing at 1100 °C for 60
min after cold rolling. This data point is also includ-
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Fig. 7- Hall-Petch plots for AISI 304L and 316L stainless steels.
The data are taken from [15], and the Hall-Petch analysis is
performed in the present work.
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ed in Figure 6, and it can be seen that it is consistent
with the trend of data obtained in the present work.
Therefore, it can be deduced that Equation 8 has
captured the actual relationship between hardness
and grain size in this alloy, which has been reported
for the first time.

3.5. Comparison with other austenitic stainless
steels

It seems that the H value of 100.7 HV is quite
low. To investigate the reason behind this observa-
tion, other commercial austenitic stainless steels,
namely AISI 304L and 316L grades (Table 2), were
also considered based on the hardness data report-
ed in the work of Sohrabi et al. [15]. The data points
were plotted in the form of a Hall-Petch plot in Fig-
ure 7.

Based on Figure 7, the values of H for the AISI
304L and 316L can be determined as 160.4 and
130 HV, respectively. These values are much larg-
er compared to the value of 100.7 HV for the AISI
309Si stainless steel. The main difference between
these alloys is the difference in the metastability of
the austenite phase, which can be assessed by the
M, . temperature, which is the deformation tem-

d30/50
perature at which 50 vol% martensite forms at true

tensile strain of 0.3 [29,30]:

M gyy("C) =551-462(C+N)—9.2Si—8.IMn—13.7Cr  (9)
—29(Ni+Cu) —18.5Mo—68Nb—1.42(Gs—8)

where Gs is the ASTM grain size number, and
all the elements are expressed in weight percent.
The obtained values of M, ., temperature for the
AITST 309Si, 304L, and 316L alloys were calculated
by consideration of the chemical composition re-
ported in Tables 1 and 2. Afterward, the dependen-
cy of H on M, . temperature was investigated,
as shown in Figure 8. It can be seen that the value
of H directly depends on the M, ., temperature,
and by increasing the M, . temperature (increas-
ing the metastability of the alloy), the value of H
increases. This is related to the formation of more
a’-martensite during indentation in the AISI 304L
alloy compared to the AISI 309Si alloy, which leads
to increased resistance to deformation and im-
proved H .

4. Conclusions

In the present work, the Hall-Petch analysis of
fine-grained AISI 309Si stainless steel upon recrys-
tallization and grain growth annealing was investi-

Table 2-Chemical composition (wt.%) of the 304L and 316L alloys [15]

Alloy C Cr Ni Si Mn Cu Mo Fe
304L 0.01 18.6 83 0.38 1.4 0.11 0.1 balance
316L 0.01 17.3 10.1 0.46 1 0.38 2 balance
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gated and compared with other commercial stain-
less steels. The following conclusions can be drawn:

(1) Cold rolling led to the formation of deforma-
tion-induced a'-martensite (~30 vol% martensite
for 90% reduction in thickness) and work-harden-
ing of the retained austenite, which led to an in-
creased hardness of 427 HV compared to the hard-
ness of 115 HV for the as-received sample.

(2) Annealing at 1000 °C for 30 min resulted in a
significant increment of hardness (155.1 HV) com-
pared to the as-received sample (115 HV) as well
as the formation of a fine-grained microstructure
with an average grain size of 6.7 um compared to
the as-received grain size of 95 um, which is equiv-
alent to ~93% refinement of the grain size.

(3) Annealing times longer than 30 min led to
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