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Austenitic stainless steels processed by rolling are widespread in technological applications, since
they have excellent mechanical and corrosion properties. This study investigated the effect of the cooling
rate, microstructure and properties of 316L austenitic stainless steel under cold rolled conditions and by
rapid solidification. The microstructure of the cold rolling processing steel was composed of austenite
and a low percentage of delta ferrite. For the rapid solidification condition, the microstructure evolved
from columnar and acicular dendrites to equiaxed dendrites with decreasing cooling rates, without
the presence of delta ferrite due to the high cooling rate. Furthermore, thermal analyses in both routes
revealed that oxidation kinetics was slower after rapid solidification in synthetic air. The microhardness
in the cold rolling condition was lower than in the rapid solidification condition since the microstructure
under the solidification condition is more refined. The sample in the rapid solidification condition
region RS1 presented the highest corrosion resistance considering the pit potential. The passivation
current density in the cold rolled condition was 5.72x10A/cm?, while under the rapid solidification
condition, regions RS1 and RS2 were 2.24x10-° A/cm? and 3.72x10 A/em?, respectively, and region

RS3, did not present a passivation region in a broad range of potentials.
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1. Introduction

316L austenitic stainless steel is widely used in petrochemicals,
mechanical structural components, biomaterials and marine
steels due to its excellent corrosion and mechanical resistance
properties'. Nevertheless, its flow resistance is relatively low
in the annealed condition, which severely limits its application.
Thus, the search for materials with low cost and high specificity
has increased the development of grain refinement through
new processing routes for stainless steels, such as rapid
solidification, melting spinning and laser fusion®*.

The study of these innovative technological processes
aims at microstructural refinement to improve mechanical
behavior and enhance materials processing, and numerous
studies analyze the nucleation process, critical growth
velocity, growth instability, remelting, and recrystallization
of dendrites. The recrystallization process is responsible for
grain refinement at high cooling rates*>.

Rapid solidification can be performed with cooling rates
that can reach 10° Ks™! and promote the formation of a refined
microstructure, the retention of high-temperature phases,
the formation of metastable phases, and the formation of
amorphous structures®®,

*e-mail: raira_scp@hotmail.com

Thus, the microstructure and preferential crystallography
orientation of grain growth (texture) and changes in grain
morphology generated by rapid solidification are significantly
different from conventional manufacturing routes, such as
rolling or forging!=7.

It is desirable that changes in alloy composition and
cooling rate during rapid solidification affect microstructural
growth, as in the dendritic case, and the distribution of the
eutectic colonies and intermetallics, in turn, may impact the
mechanical properties of the 316 L steel*.

High cooling rates and non-equilibrium microstructures
characterize manufacturing by rapid solidification. This
generally results in the improvement of mechanical properties.
There is also a broad spectrum of microstructures that can
be achieved by rapid solidification, varying the cooling rate,
and promoting a complete microstructural transition from
columnar grains to refined equiaxed grains®.

Therefore, this work aimed to investigate the microstructure,
phase formation, and the resulting mechanical properties of
AISI 316 L stainless steel processed by rapid solidification and
compare it with the typical as-received condition after cold rolling.
Wedge-shaped samples were prepared by suction casting in a
copper mold to investigate the influence of various cooling rates
on phase formation, microstructure, hardness and corrosion.
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2. Experimental Procedure

The AISI 316L austenitic stainless steel used in this
study was cold rolled in the as-received condition with the
following dimensions: 50 x 50 mm wide and 5 mm thick,
and a chemical analysis was performed by induced plasma
atomic emission spectroscopy (ICP-AES). The chemical
composition is shown in Table 1.

The cold rolled steel was melted using an arc melting
furnace (Compact Arc Melter MAM-1 from Edmund Buehler
GmbH) under an atmosphere with an inert gas pressure
of 1.0 bar and cooling rate of 10* K / s. It was finally cast
into the copper mold. The steel obtained after the rapid
solidification (RS) process was cut into three regions (1,
2 and 3) in the cross-region from the thinnest to the thickest
region, as shown in Figure 1. The samples from regions
1, 2 and 3 were named RS1, RS2 and RS3, respectively,
where region (RS1) is located near the liquid metal pouring
region, region (RS2) is located in the center of the sample,
and region (RS3) corresponds to the final part of the sample.

The microstructures were analyzed by optical (OM)
and scanning electron microscopy (SEM), according to the
standard ASTM E3-11, and the semiquantitative chemical
microanalysis of the phases was performed by energy
dispersive spectrometry (EDS) using a windowless silicon
drift detector (SDD) for energy dispersive analysis (EDS),
after etching in 15ml of HCI + 5ml of HNO,.

X-ray diffraction (XRD) analyses were performed with
Cu Ka radiation. Diffractograms were acquired in a 26-range
from 10° to 90°, with a step of 0.02° for 2 s/step.

Microstructure analysis by quantitative stereology was
performed with the Quantikov Image Analyzer software.
Ten image fields were analyzed in each micrograph to
calculate phase distribution in each sample.

Vickers microhardness (HV) was measured for the
different processing conditions with a load of 0.01 kgf and
an indentation time of 15 seconds.

The thermal analysis was performed using differential
scanning calorimetry (DSC) and thermogravimetry (TG).
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The samples were heated from 25°C to 1240°C, at a heating and
cooling rate of 10°C /min, under a synthetic air atmosphere.

Corrosion behavior was evaluated by the cyclic
potentiodynamic polarization method using a potentiostat
Metrohm model Autolab/PGSTART 302 connected to
a typical electrochemical cell with a saturated calomel
electrode (SCE) used as a reference electrode. A platinum
plate was employed as counter-electrode, and the working
electrode was made of the 316L steel after the different
manufacturing conditions.

Electrochemical measurements were performed in triplicate
for each condition. The electrolyte used was a 3.5 wt.%
sodium chloride solution at 25°C. The potentiodynamic
polarization curves were obtained by performing a potential
sweep rate of ImV/s. A sealed glass apparatus was used to
place the electrolyte and electrodes, as shown in Figure 2.

3. Results and Discussions

Figure 3 shows the micrographs obtained by optical
microscopy and SEM of the steel in the cold rolled condition.
Figures 3a and 3b display in the optical micrographs
a microstructure formed by equiaxial austenite grains,
homogeneously distributed in the matrix, and the presence
of deformation twins.

Figures 3c and 3d show the SEM micrographs that
confirm the formation of equiaxed grains distributed
homogeneously throughout the austenitic matrix (y), the
presence of twins, the presence of deformation caused by
cold rolling in the direction ND, and ferrite 6 with elongated
vermicular morphology, which has also been observed by
Araujo et al.” and Ahmed et al.'® for 304 L steel.

Figure 4 shows micrographs obtained by optical microscopy
and SEM of the 316L austenitic stainless steel after rapid
solidification (RS). The cooling of the rapid solidification was
indicated by the arrow on the left, indicating that the cooling
rate decreases from RS1 to RS3. Figure 4 (a-c) shows the
microstructure in region RS1, composed of columnar dendrites
(C.D.) and acicular dendrites (A.D.) of austenite. Figure 4 (d-f)

Table 1. Chemical composition of the 316L austenitic stainless steel (wt%).

Composition C Mn Si

316L 0.03 1.39 0.49

16.55

Liquid metal pouring direction
35 mm

20"
1.1 mm

Figure 1. Alloy melted by rapid solidification in the copper mold, indicating the regions of analysis and schematic representation of the
region and dimensions of the samples. The hatched region indicates the normal direction (ND).
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Figure 3. Micrographs were obtained from the cold rolled 316L stainless steel in direction ND. (a-b) by OM; (c-d) by SEM.

shows the microstructure in region RS2, where the matrix
is still austenitic, with the formation of acicular dendrites
(A.D.) and equiaxed dendrites (E.D.). Figure 4 (g-i) shows
the microstructure in region RS3, where the matrix remains
austenitic, but the dendrites are entirely equiaxed (E.D.).

This variation in dendritic morphology among regions
RS1, RS2 and RS3 was strictly related to the cooling rate,
which depends on sample thickness. The cooling rate can be
estimated using the sample thickness R, the initial temperature
T,, and the solidification temperature T, adopting the
following equation from'.

T=dT/dt=K(Ty -Ts)/ CR? @)

where K is thermal conductivity and C is the heat capacity per
unit volume. Considering (T,~T) ~ (2080-1680) ~ 400 K, K

~16.3 Wm™' K™ (typical of molten 316L austenitic stainless
steel), and C = c*d, where c is specific heat ~ 500 J kg™ K™!
and is the weighed density ~ 796 kg m™, we have:

T=0.164/R> (K /s) )

The average cooling rate was estimated as ~10* Ks™' for
the wedge regions RS2 and RS3, and ~10° Ks™! for region
RS1. Comparing region RS1 with the other regions (RS2 and
RS3), a microstructural refinement is observed, since it has
a higher cooling rate of ~10° Ks™.

Quantitative measurements of the volumetric fractions
of austenite and § ferrite, in the conditions as cold rolled and
after rapid solidification, were performed using a Quantikov
microstructural analyzer software, as shown in Figure 5.
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The results corroborate the microstructural analyses of
Figure 4, in which é-ferrite was not formed due to the high
solidification temperature and the high cooling rates in the region
RS1 0of 10° Ks™ and for the regions RS2 and RS3 of 10 Ks™.

The absence of & ferrite after rapid solidification is
desirable due to its magnetic characteristics and because it
reduces the mechanical strength and corrosion resistance,
according to the literature'?.

Table 2 shows the results of the semiquantitative
chemical microanalyses performed by energy dispersive
spectroscopy (EDS) of the AISI 316L austenitic stainless
steel in the cold rolled and rapid solidification conditions
for the regions indicated by A, B, C and D, respectively, in
Figures 3d, 4c, 4f and 4i.

Materials Research

The chemical microanalyses were conducted in austenite,
in region RS1, where a higher cooling rate occurred owing
to the smaller thickness. A slight increase in the Cr, Ni and
Mo contents was verified, as well as a decrease in the Fe
content due to the solidification temperature. However,
in region RS2, despite the lower cooling rate, a chemical
composition similar to RS1 was observed.

A Mo enrichment was observed under the conditions of
rapid solidification RS1 and RS2. A slight increase in Ni and
areduction in the C content were also observed, compared
to the cold rolled condition, similar to the results obtained
by Trelewicz et al.'®, using additive laser manufacturing,
where it was also observed that inside the grains there is a
depletion of C and enrichment of Mo.

Figure 4. OM and SEM-adjusted micrographs of the 316L stainless steel, rapid solidification processing route. (a-c) Region RS1; (d-f)
Region RS2; (g-1) Region RS3. A.D.= Acicular dendritic. C.D.= Columnar dendritic. E.D.= Equiaxial dendritic. y= austenite phase. B/C/

D= region of EDS analysis.

Table 2. Semi-quantitative EDS analyses in the 316L stainless steel after cold rolling and rapid solidification (wt.%).

Processing route Phase Fe C Cr Ni Mo Si Mn
Cold rolled v (A) 69.66 1.37 16.52 10.36 2.09 - -
RS1 v (B) 60.86 - 17.21 14.70 2.89 1.08 -
RS2 v (C) 64.94 - 17.29 14.40 2.70 0.67 -

RS3 v (D) 63.36 2.32 16.42 14.53 1.94 1.43
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Finally, in region RS3, where the cooling rate was the
lowest, the chemical composition was similar to the cold
rolled condition, and the presence of Mn was observed to
exhibit low solubility temperature, as noted by Maalekian',
where the solidification temperature of alloying elements
for low carbon steels is analyzed.

Nonetheless, for region RS3, inside the grain, as shown
in Figure 4i, there is an impoverishment of Mo compared
to the cold rolled condition, an increase in C, and a slight
reduction in Cr due to a lower cooling rate. The values of the
element silicon in the samples of regions RS1 and RS2 are
superior to those of the sample under the cold rolled condition,
which were obtained by EDS, that is a semiquantitative and
localized analysis, which might have led to this variation.
Furthermore, the detector used to measure the photon energy
in the EDS analysis is of silicon, and the silicon ionization
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Figure 5. Volumetric fractions of ferrite and austenite in the 316L

stainless steel under the following conditions: cold rolled, RS1,
RS2 and RS3.

of the detector may have occurred and interfered in the
semiquantitative analysis of this element'®.

The element Mn was identified in region RS3, but according
to David et al.'®, it represents less than 2% (in weight) of the
composition. An element mapping was conducted by EDS in
region RS3, as displayed in Figure 6a. Region RS3 exhibits
a homogeneous microstructure with equiaxial dendrites, as
shown in Figure 4 (g-1). The chemical composition is similar
to the cold rolled condition, as shown in Figure 6 (b-e).
In addition, regions enriched with Fe, Cr, Ni and Mo were
observed within the dendritic structure, according to the
results shown in Table 2 and the results obtained by'>!72°.

On the other hand, an impoverishment in C occurs in
the interdendritic region, as shown in Figure 6f. The same
can be observed for Mo, more concentrated within the
dendritic structure.

Figure 7 exhibits the X-ray diffractograms of the 316 L
austenitic stainless steel under the cold rolled and rapid
solidification conditions (regions RS1, RS2 and RS3). In the
cold rolled condition, austenite (face-centered cubic-FCC)
and delta ferrite (body-centered cubic-BCC) were observed,
thus supporting the micrograph in Figure 3.

The presence of delta ferrite occurs because of cold
deformation®!®'®, Kurzynowski et al.?! also observed the
presence of a small fraction of delta ferrite in 316 L austenitic
stainless steel powder produced by gas atomization, i.e.,
without cold-work.

The X-ray pattern of Figure 3 was obtained in the normal
direction (ND) of the cold rolling and in the regions of rapid
solidification (RS1, RS2, RS3). It is possible to observe
that region RS2 does not have much texture. Nevertheless,
for regions RS1 and RS3, texture is at (200). Additionally,
region RS3 has a texture of greater intensity. Also, in the
coldrolled condition, Fe-3 is present with strong preferential
orientation in (101) and austenite in (200). The peak of delta

(@

Figure 6. Element mapping by EDS on the 316L stainless steel under the condition of rapid solidification in region RS3. (a) Region RS3;

(b) Cr; (¢) Ni; (d) Fe; (e) Mo; (f) C.
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ferrite presents higher intensity than the peak of austenite,
since it presents texture and preferential direction at (101).
The texture at (200) of the regions of rapid solidification
derives from the growth of columnar grains.

This is in accordance with the Schaeffler diagram, in
which the microstructure of the 316 L austenitic stainless
steel is composed of austenite with a small percentage
between 0 (zero) and 20% of delta ferrite, depending on the
ratio of equivalent chromium and nickel, i.e., Cr,_ = Cr +
Mo + 1.5 Si and Nicq =Ni+ 30C + 0.5 Mn. The higher the
Cr, / Nieq ratio, the higher the amount of delta ferrite?22,

For most combinations of alloy elements present in the 316L
steel, the Creq/N ieq ratio varies between 1.4-1.95%2. Therefore,
it results in the solidification with primary ferrite according to
the sequence L— (L+5)—(L+5+y)—(y+35)* Austeniteis
a product of the peritectic transformation and Fe-0 undergoes
the transformation to austenite during cooling.

Nevertheless, under non-equilibrium conditions, such as
rapid solidification processing, and due to the segregation
of ferrite stabilizers (Cr, Mo and Si), solidification with
primary austenite may occur according to the sequence

L (L+y)—>(L+y+8)—>(y+5) 223,

Therefore, to interpret the microstructures in Figure 4 and
the XRD pattern, the cooling rate was considered. In region
RS, the cooling rate was higher with 10° Ks™'. Regarding
the data in Table 2, Crcq/N icq corresponds to 1.27, thus
causing a solidification path with primary austenite.
This can occur according to the solidification sequence
L—>(L+y)—>(L+y+8)—>(y+5) . However, the volume
fraction of delta (9) ferrite was very low, as observed in
the microstructure in Figure 4 (a-c) and in the XRD pattern
in Figure 7.

Furthermore, for the other regions, RS2 and RS3,
where the Crcq/N icq ratio corresponds to 1.21 and 1.10,
respectively, the solidification sequence L—(L+y)—y
occurs for a cooling rate of 10* Ks™!, which is lower compared
to region RS1. This corroborates the microstructures in
Figures 4(d-f) and 4(g-i) and agrees with the diffractogram
in Figure 7, which reveals only austenite. Finally, the
condition of the cold rolled sample in the direction ND has
a Creq/Nieq ratio of 1.46, which justifies the microstructure
of Figure 3 and the XRD pattern.

Figure 8 displays the microhardness (HV) values for
the 316L steel in the cold rolled and rapid solidification
conditions. It was observed that rapid solidification generates
higher microhardness values. This is consistent with several
literature data®>?* in which the microhardness of 316L steel
processed by rapid solidification is usually more significant
than in the cold rolled condition.

The more elevated microhardness in region RS1 is
attributed to the more refined microstructure obtained with
a higher cooling rate, as observed in Figure 4c. This results
in a high discordance density of austenite, which hinders
sliding motion along grain boundaries, thus increasing their
strength and resistance to deformation. This high discordance
density is impossible to implement in low carbon steels by
heat treatment or carbon enrichment. Similar values were
achieved, generating a similar microstructure using the laser
melting technique for the 316L steel*!.

Materials Research

Figure 9 shows the Differential Scanning Calorimetry
(DSC) and Thermogravimetry (TG) curves for the 316L
steel in the cold rolled and rapid solidification conditions.

In Figure 9a, the DSC heating curve after cold rolling
exhibits the occurrence of an endothermic peak at the
temperature of 112.3°C, which refers to the loss of adsorbed
water, and an exothermic peak at the temperature of 702.7°C,
which is attributed to the dissolution of precipitates (carbides
and nitrides). At the temperature range between 1075.9°C and
1181.8°C under both conditions, the transformation to a fully
austenitic microstructure was observed, thus corroborating the
X-ray diffractogram. For the rapid solidification condition,
an exothermic peak was observed at the temperature of
677.7°C, attributed to the dissolution of precipitates (carbides
and nitrides). The DSC curves of the cold rolled and rapid
solidification conditions were similar, with no significant
variation. This was also observed by?? studying the effect
of cooling rates on the microstructure of the austenitic 316L
stainless steel.

Figure 9b shows the DSC cooling curves. It is observed
that after cold rolling, there was an exothermic peak at
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Figure 7. X-ray diffraction spectra of the 316L stainless steel under
cold rolling conditions in the direction ND and rapid solidification
(regions: RS1, RS2 and RS3).
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Figure 8. Microhardness (HV) of the 316L stainless steel in the
cold rolled and rapid solidification conditions in regions RS1,
RS2 and RS3.
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Figure 9. Thermal analysis for austenitic 3 16L stainless steel in the cold rolled and rapid solidification conditions, using synthetic air as
carrier gas. (a) DSC heating curves; (b) DSC cooling curves; (¢) TG heating curves; (d) TG cooling curves.

1103.6°C, referring to austenite solidification. In contrast,
after rapid solidification, the exothermic peak occurred at a
higher temperature, at 1042.7°C. This derives from the fact
that after rapid solidification, the Cr, Ni and Mo contents
(Table 2) are higher, thus promoting a higher temperature for
austenite solidification. Figure 9c shows the thermogravimetry
(TG) curves obtained during heating. A mass gain of 1.6%
was observed for the cold rolled condition. After rapid
solidification, there was a mass gain of 0.6%. Figure 9d
shows the thermogravimetry (TG) curves obtained during
cooling. A mass gain of 1.2% was verified for the cold rolled
condition, whereas 1.1% was observed for the condition of
rapid solidification. This mass gain derives from the oxidation
reaction suffered by the steel. Additionally, it is observed that
the values of mass gain, both during heating and cooling, were
lower for the condition of rapid solidification. This can be
related to the increased Cr, Ni and Mo contents of austenite,
observed by EDS under this condition, that promote higher
resistance to oxidation (lower mass gain).

Figures 10a and 10b exhibit the open circuit potential
(OCP) and cyclic potentiodynamic polarization curves,
respectively, in a 3.5 wt% sodium chloride solution at room
temperature, from the 316L steel under the cold rolled and
rapid solidification conditions. The values of the corrosion
potentials (E_ ) were extracted from Figure 10a, as specified
in Table 3. It was verified that the potentials increased with
time, thus characterizing the formation of a passive film on
the metallic surface®".

From the polarization curves in Figure 10b, the
electrochemical parameters were obtained, as shown in

Table 3. Potential for open circuit corrosion of the 316L stainless
steel under the cold rolled and rapid solidification conditions in the
regions RS1, RS2 and RS3 in a 3.5 wt% sodium chloride solution.

Steel Route Processing E_. (mV)
Cold Rolled -346 £ 22

RS1 -181+1
316L 5 8 2
RS2 -180 + 14
RS3 -499 + 18

Table 4. The corrosion potential brought by the open circuit
was higher than those obtained by the cyclic potentiodynamic
polarization curves, since the partial removal of the passive
layer in the polarization scan started at more negative
potentials than the corrosion potential.

For the conditions cold rolled, rapid solidification regions
RS1 and RS2, an anodic current density plateau with a
minimum value, which remains with this value over a wide
range of potentials was observed from the polarization curves
(Figure 10b). This current density establishes the passivity of
the steel, identified as passivation current density (Ipass), by
the formation of the passive film, with the features of being
protective, with good adhesion and good stability, promoting
the reduction in corrosion speed. For the condition rapid
solidification in the region RS3, it was observed that the
polarization curve (Figure 10b) is shifted to higher current
densities compared to other conditions.

The presence of chlorine ions can cause localized
destabilization and rupture of the passive film and initiate
localized pit corrosion. Thus, the pit potential (Epit) is defined
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Table 4. Electrochemical parameters obtained in a 3.5 wt% sodium chloride solution for the 316L stainless steel under the cold rolled

and rapid solidification conditions in regions RS1, RS2 and RS3.

Steel Route Processing E,, (mV) Epi| (mV) Ipass (A/em?)
Cold Rolled -508 + 14 10+3 (5.7+£04)x 10°
3161 RSI -455+10 1013 £20 (22+03)x10°
RS2 -408 £ 24 400 + 31 (3.7+£0.4)x 10°
RS3 -728 +£22 -

as the potential at which the passive film breaks down and is
identified in the potential at which there is a sudden increase
in current density, because of pit nucleation, and the more
stable the passive film, the higher the Epit value.

The nucleation process and pit growth depend not
only on the film property, but also on the oxide/solution
interface. The resistance to pit corrosion increases with the
rise in Epit, maintaining a passive condition on the surface
through a threshold of potential starting from the corrosion
potential (E_ ). It can be related to the difference between
pit and corrosion potentials: AE = E.—E.

The cold rolled condition presented the smallest passive
region (AE =518mV),and is related to the break in the passive
film at low potentials. The conditions RS1 and RS2 presented
superior values, 1468mV and 808mV, respectively.

Region RS1 presented higher pit potential (Eloit =1013mV),
since the austenite phase in this region has higher Mo and Ni
contents, as shown in the semiquantitative analysis presented
in Table 2. Region RS1 presented the highest corrosion
resistance considering the pit potential. For the condition
rapid solidification in the region RS3, did not present a clear
passivation region in a broad range of potentials.

The passivation current density (I ) under the cold
rolled condition was 5.72 x 10° A/cm?, while under the
rapid solidification condition, regions RS1 and RS2 were
2.24x 10° A/em? and 3.72 x 10°° A/em?, respectively; thus,
region SR2 becomes passive before the other conditions.

The corrosion potential was lower for region
RS3 (E_,=-728mV) because the austenitic phase has lower
Crand Mo contents, as shown in Table 2, favoring the onset
of corrosion®3*,

4. Conclusions

The effect of rapid solidification on the 316 L
austenitic stainless steel was compared with cold rolled
steel. The microstructure of the cold rolling processing
steel was composed of austenite and a low percentage of
delta ferrite, which results from cold working, and for the
rapid solidification condition, the presence of delta ferrite
was not identified due to the high cooling rate. It was also
possible to observe the difference in microstructure that
evolved from columnar and acicular dendrites to equiaxed
dendrites with decreasing cooling rates. Furthermore, the
microhardness in the cold rolling condition was lower than
in the rapid solidification condition, since the microstructure
in the solidification condition is more refined. The cooling
rate ranged from 10°K/s™! for region RS1 to 10*K/s™! for
regions RS2 and RS3. Furthermore, thermal analyses
for 316L steels in both routes revealed that oxidation
kinetics are slower after rapid solidification in synthetic
air. The sample in the rapid solidification condition region
RS1 presented the highest corrosion resistance considering
the pit potential. The passivation current density under the
cold rolled condition was 5.72 x 10°A/cm?, while under the
rapid solidification condition, regions RS1 and RS2 were
2.24 x 10° A/em? and 3.72 x 10° A/cm?, respectively, and
in the region RS3, did not present a passivation region in
a broad range of potentials.
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