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Abstract: The present study proposes a novel method, i.e., combined severe shot peening (SP) and
reversion annealing treatment, to grain-refine the surface layers of 304L austenitic stainless steel.
Steel specimens were shot-peened at 0.7 MPa for 30 min, introducing 40% vol. o’ martensite, and then
were annealed at 700 or 800 °C for different durations (30 s). As annealing reversed o’ martensite to
austenite, the obtained surface layers consist of fully austenitic ultrafine grains. The smallest grain
size obtained is about 500 nm at the top surface. SP elevates the microhardness to more than 500 HV.
Although the grain-refined surface layers produced by the combined method are not as hard as that
treated by only SP, they are harder (e.g., the specimen annealed at 700 °C for 30 s using a heating
rate of 50 °C/s exhibited a peak microhardness of 400 HV) than the untreated surface layer (225 HV)
due to grain refinement. Moreover, due to the absence of &’ martensite, they have higher corrosion
resistance in HySOy solution than that treated by only SP.
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1. Introduction

Surface grain refinements based on surface severe plastic deformation (SPD) treatments such
as severe shot peening (SP) [1,2], ultrasonic impact/peening treatment (UIT/UPT) [3,4] and surface
mechanical attrition treatment (SMAT) [5,6] have been applied widely to austenitic stainless steels
(ASSs), in order to harden their surface layers and thus enhance their wear and fatigue resistance.
However, significant strain-induced o martensite transformation and high density of microstructure
defects such as dislocations may accompany with the grain-refinement process in the surface layers,
degrading substantially the corrosion/stress-corrosion and hydrogen embrittlement (HE) resistance
of the ASSs. For instance, Mordyuk et al. [7] showed that, based on potentiodynamic polarization
tests, the 321 ASS specimens after less than 3 min UPT had good passivation capability due to either
insignificant content of strain-induced «’ martensite or its homogeneous distribution in surface layers,
whereas the 4 min peened specimen exhibited a weak ability to passivation due to the formation of a
large volume fraction of &’ martensite. Lu et al. [8] showed that when SP pressure is less than 0.4 MPa
the grain-refinement effect plays a main role, thus the stress-corrosion sensitivity of 304 steel decreases
with increasing SP pressure. Nevertheless, when SP pressure is higher than 0.4MPa, «’ martensite
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effect plays a main role, consequently stress-corrosion sensitivity increases with increasing SP pressure.
Balusamy et al. [9] found a deleterious effect of SMAT on corrosion resistance of 304 steel in 0.6 M
NaCl solution. They indicated that the increase in surface roughness, strain-induced «’ martensite and
dislocations nullified the beneficial effect of surface grain refinement. Brass and Chene [10] found that
SP made 304 steel more susceptible to HE due to the introduction of o’ martensite, although carbon
steel after SP showed a higher resistance to HE due to residual compressive stresses and/or increase
of hydrogen trapping sites [11]. In addition, o’ martensite is ferromagnetic, whereas for biomedical
applications, nonmagnetic nature is often necessary, for example, in magnetic resonance imaging [12].

On the other hand, bulk SPD treatments such as severe cold-rolling [13] and equal channel angular
pressing (EACP) [14] have been used to produce ultrafine-grained ASSs in bulk scale. Moreover, in
order to eliminate o’ martensite, annealing is considered as it can not only induce recrystallization
but also reverse the o’ martensite to austenite. In fact, it is found that the austenitic grains reverted
from deformed and crushed «’ martensite can be very fine in comparison with those reverted from
deformed austenite [15,16]. Therefore, bulk SPD and reversion annealing treatment (RAT) have
been combined as a means of producing fully austenitic, undeformed and ultrafine-grained bulk
ASSs [17-21], which have a remarkable combination of yield strength and ductility due to the reductions
of both o martensite and microstructure defects. Clearly, there is a need to examine whether or not
ASSs can be surface ultrafine-grained by combined surface SPD treatment and RAT, avoiding the
residue of o’ martensite and high density of dislocations. In this study, severe SP treatment was used
first to impart deformed microstructure and o’ martensite into the surface layer of 304L steel, and then
annealing was performed on the shot-peened (SPed) steel. The resulting surface layer grain size,
microhardness and electrochemical corrosion behavior via potentiodynamic polarization tests and
electrochemical impendence spectroscopy (EIS) tests were investigated to examine the feasibility of
using combined severe SP and RAT to refine the surface layer grains of ASSs.

2. Materials and Methods

A commercial hot-rolled 304L sheet in a thickness of 8 mm with a chemical composition of
Fe-0.02C-0.375i-1.15Mn-0.0045-0.031P-18.3Cr-8.1Ni-0.044N-0.014Mo (wt %) was used. Specimens with
a dimension of 30 mm X 30 mm X 8 mm were machined. The 30 mm X 30 mm surfaces were shot-peened
(SPed) at 0.7 MPa pressure for 30 min using an air blast type machine, to induce a high level of plastic
deformation and a large amount of o’ martensite. The shots were ceramic balls (type Z210, 0.21-0.3 mm
in diameter and 700 HV in hardness). Annealing treatments were performed in a thermal simulator
(Gleeble 3800, DSI, St. Paul, Mn, USA) followed by water quenching. Different annealing temperature,
holding duration and heating rate combinations were used, including: annealing at 700 °C for 30 s
(denoted as 700 °C-30 s-50 °C/s), 120 s (700 °C-120 s-50 °C/s) and 1200 s (700 °C-1200 s-50 °C/s),
respectively, by a heating rate of 50 °C/s, annealing at 800 °C for 30 s (800 °C-30 s-50 °C/s) by 50 °C/s
and annealing at 700 °C for 2 s (700 °C-2 s-10 °C/s) and 120 s (700 °C-120 s-10 °C/s), respectively,
by a heating rate of 10 °C/s, in order to examine the effect of annealing parameters. 700 and 800 °C
were selected because in the scenario of grain refinement in the bulk scale using combined severe
cold-rolling and RAT annealing around 700 °C can result in grain size less than 1 um easily. If a
lower temperature is used, a long-time annealing is required to reverse all the martensite, whereas if a
temperature higher than 850 °C was used both the reversion of martensite and grain growth is so fast
that it is hard to control the grain size. Higher heating rate and lower holding duration are required to
avoid significant sensitization.

The cross-sections of surface layers were ground with SiC papers up to 2000 grit grade and
polished by 1.5 um Al,O3 suspensions. They were then observed by an optical microscope (OM) after
etching in Beraha’s tint reagent (0.5 g potassium metabisulfite, 20 mL HCI and 100 mL distilled water),
which can color «’ martensite in brown and y austenite in white [17]. They were also observed by a
scanning electron microscope (SEM, Quanta TM 250, FEI, Hillsboro, OR, USA) after electroetching
in a 65% HNO; solution using a current density of 0.2 mA/cm? for 30 s, which can reveal grain



Coatings 2020, 10, 470 30f8

boundaries readily and thus show grain sizes [17]. Phase identifications were performed on the
specimen surfaces using the X-ray diffraction (XRD) technique to examine martensite transformation.
The XRD measurements used a diffractometer (D8 ADVANCE, BRUKER, Karlsruhe, Germany) with a
Cu-K (A = 0.154056 nm) radiation operating at 40 kV and 40 mA at a step size of 0.02°. The Vickers
hardness measurements were applied using a loading of 100 g. The potentiodynamic polarization
tests and EIS tests were performed in a deaerated 0.5 mol/L. HSOy solution at room temperature.
A saturated calomel electrode (SCE) and a platinum plate were used as a reference electrode and as the
counter one, respectively. The specimens were mounted with epoxy with an area of 1 cm? left open on
the surface and polished slightly to remove the contaminations caused by SP.

3. Results and Discussion

Figure 1a—f show OM images of cross sections. A brown martensitic surface layer in a thickness of
60 pm was revealed in the SPed specimen, Figure 1a. However, little o’ can be found in surface layers
of SPed + annealed specimens, Figure 1b—f, indicating the reversion of &’ to austenite due to annealing.
Moreover, Figure 1b—f verify the occurrence of grain refinement in surface layers by annealing and
recrystallization, as the grain boundaries were partly corroded during etching in Beraha’s reagent,
probably because of slight sensitization. With the increase of depth, grain size increased gradually.
Figure 2 displays XRD profiles of specimen surfaces, revealing further the phase transformation.
Untreated specimen exhibited only y austenite peaks, but (110), (200) and (211) &’ peaks were detected
in the SPed surface layer, in line with the OM observation of Figure 1a and verifying the occurrence
of severe o transformation induced SP. According to the classic principle that the total integrated
intensity of all diffraction peaks for each phase in a mixture is proportional to the volume fraction of
that phase, the volume fractions of v and &’ were quantitatively estimated (for details of the estimation
procedure one can refer to [22]), Figure 2. The volume fraction of y in untreated specimen was more
than 90%, whereas the SPed specimen contained 40.8% vol. «’. Figure 2 confirms that annealing could
reverse martensite. Except 700 °C-2 s-10 °C/s specimen, which contained a volume fraction of &’ of
15.6% due to a short-time exposure to high temperature and thus uncompleted reversion, the other
specimens all exhibited only austenite peaks, indicating completed reversion.

T4
0°C/st ;.

Figure 1. OM images of surface layers. (a) SPed specimen; (b) 700 °C-30 s-50 °C/s specimen;
(c) 700 °C-120 s-50 °C/s specimen; (d) 700 °C-120 s-10 °C/s specimen; (e) 800 °C-30 s-50 °C/s specimen
and (f) 700 °C-2 s-10 °C/s specimen.
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Figure 2. XRD profiles of surface layers. The volume fractions (vol.) of ®’ martensite are also displayed.

To reveal more clearly grain size, Figure 3 shows representative SEM images of specimen cross
sections. Based on the standard linear intercept method in ASTM E112 [23], the grains sizes were
evaluated roughly, Table 1. Near-equiaxed grains were observed. Grain size decreased with decreasing
annealing duration/temperature, and it decreased with increasing heating rate. This trend was similar
with that found in the scenario of bulk grain refinement of ASSs based on severe cold-rolling and
subsequent RAT [17-21]. At an annealing temperature of 700 °C, extending annealing duration from
30 to 120 s increased the mean grain size from 510 to 850 nm. In fact, annealing at 700 °C for 1200 s
by a heating rate of 50 °C/s resulted in a mean grain size bigger than 5 um and sensitization was
even indicated. For the same duration of 30 s, annealing at 800 °C results in a grain size of 1280 nm,
which was two times larger than that of 700 °C. 700 °C-120 s-10 °C/s specimen shows a grain size of
2250 nm due to longer exposure to high temperature, whereas the 700 °C-2 s-10 °C/s specimen shows
a grain size of 440 nm. In actual industries, the heating rate of heat treatments was often not very
high. It is indicated that if a lower heating rate is used, a shorter exposure time is required to obtain
ultrafine grains.
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Figure 3. SEM images of cross sections of surface layers (the grain sizes are shown in the images).
(a) 700 °C-30 s-50 °C/s specimen; (b) 700 °C-120 s-50 °C/s specimen; (c¢) 800 °C-30 s-50 °C/s specimen;
(d) 700 °C-120 s-10 °C/s specimen and (e) 700 °C-2 s-10 °C/s specimen.
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Table 1. Grain sizes of specimens.

Specimen Grain Size (nm)
700 °C-30s-50 °C/s 510
700 °C-120 s-50 °C/s 850
700 °C-1200 s-50 °C/s 5080
800 °C-30s-50 °C/s 1280
700 °C-2s-10 °C/s 440
700 °C-120 s-10 °C/s 2250

50f8

The specimens with different grain sizes were selected to perform microhardness and corrosion
tests. Figure 4 displays microhardness data along depth direction of surface layers. The hardness
decreased with increasing depth. SPed specimen exhibited very high microhardness (more than
500 HV), which can be attributed to the combined effects of the formation of harder o, the introduction
of high-density dislocations (work-hardening) and grain refinement as a result of SPD. Annealing
after SP reduced the microhardness, Figure 4, due to the reduction of dislocations and the reversion of
o', however the microhardness of SPed + annealed specimens was still higher than that of untreated
specimen (225 HV) because of grain refinement [24] induced by annealing recrystallization and «’
reversion. 700 °C-30 s-50 °C/s specimen, which has a grain size of 510 nm, shows a peak microhardness
of close to 400 HV at the location close to top surface, which is about twice of that of untreated steel.
In addition, Figure 4 indicates that the microhardness increased with decreasing grain size.

600
»
500 | ? t‘ SPed
; ., ® 700 °C-30 s-50 °C/s
o * v 700 °C-120 s-50 °C/s
8 400l v, °* A 800°C-30 550 °Cls
CJ
B #’;y oot 700 °C-120 5-10 °C/s
S e V: ‘. -«
o v 22° °
= 300-v "A“vg‘ﬁﬂ °
o vyt v’ ® n Untreated
A
7777777777777777 Y’»O.f%——7»4—’453@——5—1A~“
200 1 1 1 L4 1 Y
0 50 100 150 200 250

Distance away from topmost surface, um

Figure 4. Vickers microhardness of surface layers along the depth direction.

Figure 5a shows potentiodynamic polarization curves. Corrosion potentials (Ecorr), corrosion
current densities (Icorr), critical passive current density (Icpc) and passive current density (Ipass) obtained
from the curves are listed in Figure 5a also, revealing general corrosion resistance in 0.5 mol/L H,SO4
solution. The values of .o, were determined by extrapolating the cathode Tafel lines back to the
corresponding values of Ecorr. SP had a slight influence on Eqor but it increased Icorr, hence SP could
impair the corrosion resistance of ASSs. This could be attributed to the introduction of plenty of o
martensite, which would promote formation of galvanic cells Combined SP and annealing also did
not change evidently Eqorr, however it reduced Icorr, for example 700 °C-1200 s-50 °C/s specimen had
a very low I¢orr of 3980 uA/cmz, suggesting an increase in general corrosion resistance. The IcpC and
Ipass of SPed specimen were visibly higher than those of untreated specimen, indicating that severe SP
increased the dissolving rate of passive film in the HySO, solution, in agreement with [7,9], which can
be attributed also to the introduction of o’ and high density of microstructural defects [7,9]. In other
words, the passive film on the SPed specimen was less stable, although it was found that surface grain
refinement induced by surface SPD may promote the passivation. Balusamy et al. [9] studied the effect
ball diameter on corrosion resistance of 304 steel by SMAT. They found the formation of passive film
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in specimens treated by 2 mm balls, whereas passivation was completely absent for those treated by
5 and 8 mm balls. The introduction of martensite and dislocations and increase of surface roughness
nullified the beneficial influence of surface grain refinement. However, the Icpc and Ipass of SPed +
annealed specimens were between those of untreated specimen and SPed specimen, suggesting that,
although the passive film stability of SPed + annealed specimens was lower than that of untreated
specimen, it was higher than that of the SPed specimen. Therefore, it could be concluded that the
reduction of microstructural defects and the reversion of «’ by annealing could restore the corrosion
resistance of ASSs. Although the SPed + annealed specimens were grain-refined, it was less resistant
to corrosion than untreated specimen, probably because the increase in surface roughness increased
the active surface area and thereby increased the corrosion current.

(a) 0.9

he oo s wAem’ )
—m—18870 1650 100~400
—€—21160 16910 800~1950
—®—16284 5810 400~1200
—¥—15637 6040 300~1000
—*—3977 2870 170~400
—A&— 13177 9030  400~1000

06

03}

—— Untreated
—4@—SPed

—®—700 °C-30 5-50 °C/s
—W—700 °C-120 5-50 °C/s
—%—700 °C-1200 5-50 °C/s
—&— 800 °C-30 5-50 °C/s

Potential, £ (V vs. SCE)
o
o
T

-0.9 4 3 2 ' 1 0
10 10 10 10 10
Current density, / (A/cmz)
(b) -1500
—&— Untreated
-1200 - —&— SPed
—— 700 °C-30 s-50 °C/s
—W¥— 700 °C-120 s-50 °C/s
-900 + —4&— 800 °C-30 5-50 °C/s

Z"(Q)

-600 |

-300 |

400 600 800 1000

Z'(Q)

0 1
0 200

Figure 5. (a) Potentiodynamic polarization curves and (b) Nyquist plots of impedance spectra of
specimens obtained in 0.5 mol/L H,SO4 solution.

Figure 5b shows Nyquist plots of impedance spectra of specimens at open circuit potential
obtained from EIS tests. The specimens exhibited depressed capacitive semicircles and the semicircle
diameter was in the following order: untreated > 800 °C-30 s-50 °C/s > 700 °C-30 s-50 °C/s > SPed.
It was established that these arcs could be related with the metal dissolution in corrosion process at the
electrode/electrolyte interface, and the semicircle diameter was associated with the charge-transfer
resistance, i.e., corrosion resistance. Simply put, an increase in the semicircle radius suggests an
increase in the passive film stability [14]. Thus, the SPed specimen had the lowest film stability, whereas
SPed + annealed specimens had better corrosion resistance. The EIS results agreed with the results of



Coatings 2020, 10, 470 70f8

potentiodynamic polarization tests, verifying again that the surface layers produced by the combined
method was more corrosion-resistant than that treated by only SP due to the absence of martensite.
The present short study focused on the general corrosion in H,SOy solution. The results also
indicate that the general corrosion resistance decreased with decreasing grain size, Figure 5. However,
it should be noted that both the beneficial and detrimental effect of grain ultra-refinement on corrosion
resistance including general corrosion and localized corrosion have been found in literature (as reviewed
by Liu et al. [25]). Different grain refinement processes introduce different microstructures including the
degree of grain refinement, phase constitutions and density of microstructural defects. Since different
microstructures may result in different passive film characteristics, including the thickness, composition
and electronic structure, the effect of grain ultra-refinement on corrosion resistance is controversial.
To know more widely about the corrosion behavior including localized corrosion of the surface
ultrafine-grained ASSs produced by the present combined method, further studies are required.

4. Conclusions

The present study verified the feasibility of surface grain refinement by combined severe SP and
RAT for the 304L stainless steel. The main conclusions are as follows:

e  Grain size depended on annealing temperature and duration. It decreased with decreasing RAT
temperature and duration. The surface layer of the 304L steel could be refined to 500 nm by the
parameters used in this study.

e Air blast SP using 0.7 MPa pressure and 30 min could elevate the microhardness to more than
500 HV. Although the surface layers of SPed+annealed specimens were not as hard as the SPed
specimens due to the reversion of «’ martensite during annealing, they still exhibited considerable
hardness enhancement because of grain refinement. The specimen annealed at 700 °C for 30 s
reached a peak hardness of close to 400 HV in its surface layer.

e SPinduced o’ martensite transformation degraded the corrosion resistance of the 304L steel in
H,SOy4 solution, however SPed+annealed specimens had higher corrosion resistance in comparison
with that treated by SP only due to the absence of «’ martensite.
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