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The effect of coarsening of austenite grain on microstructure and corrosion behavior of AISI316Ti
austenitic stainless steel, during cold rolling, has been investigated. The AISI 316Ti austenitic stainless
steel has been heated at 1100°C for 3 hours, resulting in an average austenite grain size growth of 5
times. The steel was then cold-rolled at 20, 37, 56, and 88% deformation degrees. The characterization
of the microstructure has been assessed using optical microscopy, scanning electron microscopy, and X-
ray diffractometry. Electrochemical properties have been evaluated by using a scanning Kelvin probe
(SKP). Microstructural analysis showed that cold deformation without prior heating leads to the growing
formation of strain-induced o’-martensite, as cold deformation increases. But, the microstructure
obtained after subsequent cold rolling and preheat treatment was almost exempt from induced o’-
martensite. The grain growth due to heat treatment, the effective titanium content of austenite, and the
strain rate during cold rolling steps are factors that influence the strain-induced o’-martensite
transformation. SKP, in air, demonstrated that the plastic deformation decreased the ability to passivation
of the surface. The results obtained show that at high cold rolling, the heat treatment before the cold
rolling can improve the electrochemical behavior of AISI 316Ti austenitic stainless steel.

Keywords: AlISI 316Ti stainless steel, heat treatment, cold rolling, strain-induced martensite, SKP.

1. INTRODUCTION

It’s well known that austenitic stainless steels are identified by y-austenite phase stability. Their
relative ease of manufacturing and their great resistance to uniform corrosion explain their application
in a wide variety of fields. They are thus used in chemical, petrochemical, and pharmaceutical industries,
in food and beverage equipment, as well as in the production of tanks for the transport of aggressive
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substances. The structural stability of austenitic stainless steels in a large temperature range allows for
their use at low temperatures for the storage of liquid gases, and high temperatures in heat exchangers.
Austenitic stainless steels are however sensitive to grain growth upon heating, but due to their face-
centered cubic lattice, they usually remain ductile and protected against embrittlement [1,2].

Austenitic stainless steels are unstable under mechanical stress. Indeed, cold working can induce
the formation of strain-induced martensite, which can improve their mechanical properties but,
unfortunately, can also decrease their good resistance to corrosion [3, 4].Strain-induced martensite(or
a’-martensite) depends on austenite stability (chemical composition and austenite grain size) and rolling
conditions (strain amount, temperature, and rolling rate) [5]. Lo et al. [6], Hedayati et al. [5] and Meric
de Bellefon et al. [7] pointed out that Maso temperature (the deformation temperature at which 50% in
volume of martensite is formed after a true tensile strain of 30%) and the stacking fault energy of the
austenitic stainless steels are important factors which control the amount of induced martensite.

Amounts of titanium, higher than the standard values, are adopted during heat treatments and in
thermo-mechanical processes to stabilize the austenite and delay the martensitic transformation [8].
Steigerwald [9] found that the theoretical value of titanium needed to stabilize the stainless steel can be
calculated by the equation:

%Tiy = 5(%C + %N) 1)

The addition of titanium in austenitic stainless steel leads to the formation of carbides and nitrides
that are much more stable than chromium carbides (Cr,3Cs). As mentioned in Padhila’s review [10],
these precipitates show two types ofdistribution:

(i) a coarse dispersion, 1-10pm in size, of primary particles formed during solidification; and (ii)
a fine dispersion, 5-500nm in size, of secondary precipitates. In stabilized steels, some of the primary
carbides can be dissolved during the solution heat treatment at temperatures ranging from 1050 to
1150°C, and then they precipitate in the shape of fine secondary precipitates during the aging heat
treatment or when these materials are subjected to high-temperature applications.

The MC carbide precipitation is predominantly intragranular, on dislocations and stacking faults.
However, MC precipitation at grain boundaries can also occur. This leads up to structural hardening and
reduced susceptibility to intergranular corrosion [8, 11, 12] caused by chromium carbides.

Several works have been interested in the effect of grain size on the rate of a’-martensite induced
by plastic deformation. V. Shrinivas and al. [13] reported that the amount of a’-martensite increases with
decreasing grain size in AISI 304 stainless steel, while in AISI 316 stainless steel, the amount of o’-
martensite is independent of grain size and, therefore, the chemical composition also plays an important
role in the formation of a’-martensite.

In contrast, Varma and al. [14] have shown that in AISI 304 and 316 plates of steel, the
deformation is accentuated by large grain size. Kisko and al. [15] found that large grain size promoted
a’-martensite during cold rolling deformation of austenitic stainless steel 15Cr-9Mn-Ni-Cu. On a lesser
scale, Jung and al. [16] mentioned that, in the case of metastable austenitic steel with ultrafine grain size,
the decrease in the grain size leads to greater stability of the austenite and retards the production of o’-
martensite.

On another side, under the mechanical solicitation, the passive film can be broken and the latticed
defects (dislocations and slip bands) reach the surface in the shape of emerging steps, with variable
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heights. These surface heterogeneities affect the electrochemical processes and particularly the
adsorption of oxidizing species and the potential for dissolution [17, 18].

Specific electrochemical measurement techniques (scanning vibrating electrode technique and
scanning Kelvin probe) and corresponding parameters are nowadays increasingly used [19, 20].They are
much consistent with a local behavior approach, with an interest in the elements of the microstructure
(grains, boundaries, phases, precipitates, lattice defects...).

As there is little information available on the effect of the coarsening austenite grain due to high-
temperature pretreatment and chemical content, in the case of cold-rolled AISI 316Ti austenitic stainless
steels compared the 316/316L grades, the present work aims to highlight the effect of Ti and growing
austenitic grain on the o’-martensite induced by strain after cold rolling, and on the evolution of defects
lattice from bulk the surface, as well as the evolution of passive film.

2. EXPERIMENTAL PROCEDURE

A commercially available AISI 316Ti stainless steel has been investigated. Its chemical
composition, as shown in Tablel, was determined by optical emission spectrometry.

Table 1. Chemical composition of the material used in this study.

Elements C Cr Ni Mo Mn Ti Si N S Fe

Content (wt%) 0.034 16.52 1041 2.02 169 048 038 0.028 0.017 Bal

Two samples, 160mm x 10mm x 5mm in size, have been prepared for cold rolling. One was used
at receiving state (RS), and the other was heated (HT) at 70°C/min to 1100°C, kept at this temperature
for 3h, to increase the austenitic grain size, and then quenched in water (Fig. 1). The two samples were
respectively cold rolled up to 20%, 56%, and 88% deformation degree.
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Figure 1. Schematic illustration of thermal treatment, with cold-rolled samples: received-state RS (left)
and heat-treated HT (right).

For metallographic examinations, the samples were polished and then etched at 5 V in a 10%
oxalic acid solution for 45s. The samples were examined under an optical microscope (Nikon Eclipse
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LV100ND) and a scanning electron microscope (Zeiss Gemini SEM 300). The grain sizes were
calculated using the linear intercept method and the mean intercept length.

The identification and evaluation of the transformation induced by the deformation of the
samples were carried out by using an X-ray diffractometer (Bruker D8 Discover diffractometer with
Co-Kg source). X-ray diffraction (XRD) data were recorded in the 20 range from 30° to 120°. Phase
analysis of XRD data was determined using the X'PertHighScoresoftware.

The scanning Kelvin probe (SKP), provided from the VersaSCAN platform, is used to
characterize the surface material reactivity by measuring the Volta potential. The surface of specimens
was prepared by grinding to 4000-grit, followed by final polishing using 3, 1, and 0.1um diamond paste.
The sample was cleaned in an ultrasonic bath, degreased by ethanol, washed in deionized water, and
dried in air. Measurements were carried out in the air, at ambient temperature. The SKP is calibrated
using a standard Cu/CuSOs electrode, to establish a relation between the work function and Volta
potential. The potential maps were analyzed by the mean of a needle, made with a flat-ended cylindrical
Pt probe with a diameter of 250um. The probe vibrates perpendicularly to the surface with an amplitude
of 20um and a frequency of 2 kHz. The sample-needle distance is defined manually before starting the
scan.

The potential difference, or contact potential deviation, AV is defined as [21]:

AV = Pm _e‘Pskp @)

Where ¢m and @sxp are the work functions of the metal and the probe material, and e is the electron
charge. TheVolta potential (p/e) above the surface of the working electrode, measured by SKP, is
proportional to the metal potential in the passive state [21,22].

3. RESULTS AND DISCUSSION

3.1. Microstructural characterization

Figure2a shows the AISI 316Ti microstructure of the RS sample. The austenitic grains are
polygonal and uniformly distributed. They contain a high density of twins. After heat treatment, grain
growth is observed (Fig. 2b). The average grain size achieved is about 90um, while it was about 15um
at receiving state. It has been reported that grain growth in stabilized steels is only significant above
1050°C [23]. In addition, the two microstructures (Fig. 2a and 2b) show the presence of small regions
of the & ferritic phase and titanium carbide precipitates (TiC). The ferrite is located at the grain
boundaries of the austenite, while the precipitates of titanium carbide are distributed within the austenitic
matrix and at the grain boundaries.

The presence of d-ferrite is characterized by EDS analyses (Fig. 3); their ratio is deduced from
the Schaeffler diagram, in our case &-ferriteratioisworth6%. It is well known that the amount of 2 - 6%
ferrite in the microstructure has beneficial effects during the welding process.
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Figure 2. Microstructure of AISI 316Ti stainless steel, without cold rolling: (a) RS sample, (b) HT
sample
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Figure 3.SEM micrograph andEDScharacterizationofAIS1316Ti stainless steelas-received

Titanium carbide precipitates are identified by their morphology, their bright contrast, and their
average size which varies from 1pm to 15um (Fig. 2a and 2b)[24-26].

As cold rolling is applied to AISI 316Ti, austenitic grains change at different scales. For RS
samples with cold rolling from a 20% deformation degree, the formation of shear bands is observed (Fig.
3a). Talonen and al. [27] found that, at low strains, only narrow planar defects are visible and that, after
exceeding a defined plastic strain, shear bands appear in austenitic grains, depending on the composition
of the steel and the deformation temperature. After cold rolling at 37%, a certain amount of a’-martensite
phase, dark-colored by etching, appears inside the austenite matrix. The presence of a’-martensite is
further confirmed by XRD analysis (Fig.6). The presence of o’-martensite affects the uniformity of
grains [28].
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From 56% to 88% of cold rolling, emergences on the surface of shears bands appear inside
austenitic grains and occur in the volume, leading to changes in the morphology of the surface (Fig. 4c
and 4d).

At 88% of cold rolling, the grain boundaries become less detectable (Fig. 4d), so the equivalent
grain size cannot be accurately calculated. On the other hand, the increase in plastic deformation induces
a very finely dispersed o'-martensite and creates a pronounced relief inside the austenite grains [29].

Shear bands &
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Figure 4. Microstructures of RS samples of AISI 316Ti after cold rolling: (a) 20%, (b) 37%, (c) 56%
and (d) 88%.

Concerning the HT samples with cold-rolling, the microstructure of (Fig. 5a and 5b) indicates
that, under low deformation degree, the density of the dislocations increases according to a non-uniform
distribution within the austenite grains. But, as the rolling ratio increases, the densification of these
defects allows them to reorganize and form primary dislocations pile-ups until they reach the surface of
the sample in the shape of emergent steps (Fig. 5¢ and 5d).
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Figure 5. Microstructures of HT samples of AISI 316Ti after cold rolling: (a) 20%, (b) 37%, (c) 56%
and (d) 88%.

X-ray diffraction analysis was performed in this study for the quantitative evaluation of a'-
martensite in AISI 316Ti steel, and the comparison between RS and HT samples. The volume fraction
of a'-martensite was calculated with the formula of Yang and Luo, 2000) [30]:

e (%) | .
( )Zl 1_1 ( )Zl 111

al
where n is the number of each of the present phases, | is the integrated intensity of the peaks, and R is
the material scattering factor. The values of R used in this work are given in Table 2 [30, 31]. The change
in the volume fraction of a'-martensite with cold rolling is shown in (Fig.6b).

Voo =
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Table 2. X-ray reflections and R; values, in the quantitative determination of the volume fraction of o'-

martensite.
Reflection d(A°)  Angle diffraction 20 (°) Ri
y(111) 2.070 51.21 212
v(200) 1.793 59. 87 95
7(220) 1.267 89.78 52
a'(110) 2.026 52.38 279
a'(200) 1.433 77.24 40

At 37% of cold rolling, XRD spectrums highlight the presence of a'-martensite. Considering the
following expression to estimate stacking fault energy (SFE) from chemical composition [7]:

SFE(mJ.m™2 = 2.2 + 1.9Ni — 2.9Si + 0.77Mo + 0.5Mn + 40C — 0.016Cr — 3.6N ()

The evaluation for AISI 316Ti equals 24mJ.m?. This value allows us to conclude that o'
martensite is formed directly from austenite (y — a’) and not first by the formation of € martensite (y
—¢& — o). This observation agrees well with Kaoumi and al. [32], who showed that materials with low
stacking fault energy (<18mJ.m) follow an indirect transformation sequence, while materials with high
stacking energy (>18mJ.m) prefer the direct transformation sequence.

As shown in (Fig.6a and 6b), the proportion of a'- martensite increases with cold rolling up to
37%, due to the intensification of formation of dislocations within austenite grain [33] and, consequently,
the densification of shear bands. It has been reported [13, 34] that the number of non-parallel shear bands
increases with strain and that some of the shear band intersections become the nucleation site for o'-
martensite.

From 37% to 56% of cold rolling, a small quantity of o'-martensite is formed, due to a slight
mechanical disorder [35], inducing a decrease in the movement of the dislocations. As a result, the
dislocation sublattice reorganizes in dense areas, next to pre-existing shear bands [36, 37]. This result
can be also explained by the effect of adiabatic heating [38]. In fact, throughout the multi-pass cold
rolling, the strain rate increases and gives a certain rise in temperature. Since SFE depends on
temperature, nucleation of o'- martensite will be inhibited.

At 88% cold rolling, the diffraction peak (110) of a'-martensite becomes more intense than the
peak (111) of austenite (Fig. 6a). When the strain ratio is very high, a new surface is created between the
austenite and o'-martensite during the distortion of the austenitic matrix, replacing the usual boundary at
the austenite-martensite interphase [39].
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Figure 6. (a) XRD analysis of AISI 316Ti stainless steel for RS samples, as a function of deformation
degree, and (b) calculated volume fraction of o'-martensite of RS sample.
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Regarding the HT samples with cold rolling, no presence of a'-martensite remains detectable in
the XRD diagram (Fig.7). The explanation may lie in the size of the austenite grains. The grain
enlargement, resulting from the long heating to 1100°C, can prevent the reorganization of dislocations,
from scattered networks to cells, and thus delays the formation of secondary pile-ups. It has been shown,
in tensile tests [15], a continuous increase in dislocation density within grains, as well as near grain
boundaries, as strain increases. This densification is further accelerated inside the grains, at high values
of tensile strain.

Under the effect of cold rolling, the growth of the grain size of austenite induces a decrease in
the energy at the grain boundaries, compared to the grains. Indeed, if the elastic deformation energy is
consumed by the creation of the defects, the plastic deformation energy remains stored inside the
hardened metal. As a result, the number of intersection sites of the shear bands will be considerably
reduced, which will limit the nucleation sites of a'-martensite. The density, movement of dislocations,
and their interaction are profoundly affected by grain volume.
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Figure 7. XRD analysis of AISI 316Ti stainless steel for HT samples, as a function of deformation
degree.

On the other hand, the widening of the peaks, observed in the two stainless microstructures, is
due to the formation of plastic micro-deformations induced by the stresses. In addition, the changes in
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the intensity of the different peaks are due to the transformation of the y-austenite phase to a'-martensite
and the change in texture caused by cold rolling [40].

The microstructure after heat treatment is much more homogeneous than in the reception state
(Fig. 2a and 2b). This is due to the movement of grain boundaries and the dissolution of certain carbides.
Large carbides partially dissolve, while small ones dissolve completely, increasing the carbon content
of the solid solution. The SFE increases and gives more stability to the treated microstructure.

In addition, titanium should improve martensitic transformation because, under stress conditions,
it decreases the stability of the austenite phase by reducing its SFE [38]. The presence of TiC carbides
results in carbon depletion in the austenite, an increase in the temperature of Maso, and a decrease in
SFE. This implies lower stability of the austenite and, therefore, an increase in the sensitivity to the
formation of o'-martensite in RS samples.

On the other hand, it has been reported that due to the twinning phenomenon, small grains are
less stable than large grains. Mechanical twinning is more pronounced in large grains and leads to
inhibition of a'-martensite formation [40].

The effect of the cold rolling ratio and the coarsening austenite grain due to high-temperature
pretreatment has been studied by the SKP technigue. VVolta potential maps (Fig.8) show that the potential
values measured by SKP depend on several parameters. The main parameters are the chemical
composition of phases, a’-martensite, crystallographic defects (dislocations and slip bands), donor-
acceptors density, passive film thickness, emerging surface steps, and surface roughness [8, 18, 41]. The
effect of increasing plastic strain on Volta potential is presented in Table 3.

Table 3. Volta potential of AISI 316Ti.

Conditions Cold rolling (%) | Volta potential (mV)
As-received 20 1490-1710
state 56 53-187
0 804-1040
Heat-treated 20 273-437
56 79-228

In the case of an as-received state with a 20% of deformation degree, Volta potential varied in
the range 1490-1710mV. This potential decreased in the range 53-187mV for a 56% ratio. The same
behavior was observed after heat pretreatment. Volta potential evolved in the ranges 273-437mV and
79-228mV, respectively for 20% and 56% ratios.
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The decrease in the potential, explained by the formation of new surfaces, is related to high
electrical activity and a great electronic conductivity of the oxide passive film. The plastic strain induces
pile-ups, which emerge on the surface and increase its roughness. Thus they give rise to thinning of the
oxide passive film [28, 42]. This film loses its homogeneity and then its protective feature [43].

From one part, it’s known that the creation of dislocations causes local fluctuation at the Fermi-
level electron. This makes the Fermi-level electrons, close to the dislocations, binds less strongly to the
surface so that it is easy for them to escape, lowering thus the potential [22]. From another part, the
evolution of the passive film leads to the creation of a dipole between oxygen molecule (negative charge)
and oxide film (positive charge) consequence, the conductivity and the capacitance of the oxide film
increase and the potential decreases. Moreover, the presence of the induced a’-martensite phase can also
influence the oxide film activity [41].

The second part of the analysis concerns the evolution of VVolta potential, under the effect of prior
heat treatment of AISI 316Ti stainless steel. At a low cold rolling ratio, i.e. 20%, the preheating reduces
the potential, which can be related to the effect of the larger grain size. As reported in the literature, the
reduction of grain size leads to the formation of a more compact and uniform passive film [44, 45]. But
for a higher cold rolling ratio, i.e. above 56%, the potential becomes higher, which can be related to the
effect of the absence of o’-martensite. As a’-martensite is found in deformed areas, the passivation
ability of the stainless steel decreases. Heat pretreatment can then be considered, at high deformation, as
a favorable factor for electrochemical behavior.

4. CONCLUSIONS

This study focused, in the case of an austenitic stainless steel 316Ti, on the effect of preheat
treatment and the influence of the effective titanium content on the microstructure, strain-induced o'
martensite transformation, and corrosion behavior. A grain size, five times greater than that of the
reception state sample was obtained by heat treatment at 1100°C for 3 hours. The main results of the
study are presented below:

. Due to the cold rolling of the as-received stainless steel, the stress caused the nucleation
of a sublattice of dislocations and shear bands. These led to the transformation of a part of the y-austenite
phase into a'-martensite, induced by strain. The more the deformation degree, the greater the quantity of
o'- martensite.

. When stainless steel is heated for 3 hours at 1100°C, then cold-rolled, the absence of o'-
martensite is observed. The enlargement of the austenite grain allows a greater consumption of the elastic
strain energy. This prevents the reorganization of dislocations from the dispersed network into a cellular
network. As a result, the number of intersection sites of the shear bands will be greatly reduced, which
may limit the number of a’-martensite nucleation sites.

. Small-grained austenite is less stable than coarse-grained austenite, due to the influence
of the twinning. The mechanical twinning is more pronounced in coarse grains, which inhibits the
formation of a'- martensite.

. The addition of titanium decreases the stability of the austenite phase and improves o'
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martensite transformation. Therefore, the precipitation of TiC can, by reducing the amount of C in solid
solution, influence the formation of o’-martensite.

The electrochemical results, obtained by using the local technique SKP, show that in the case of
heat pretreatment with 56% of cold rolling, the Volta potential becomes higher than that of the as-
received state, which can be related to the effect of the absence of o’-martensite. As a’-martensite is
found in deformed areas, the passivation ability of the stainless steel decreases. Therefore, preheating

can then be considered, at a high deformation ratio, as a favorable factor for electrochemical behavior.
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