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ABSTRACT 
 
Microstructure and corrosion behavior of nanocrystalline 
SUS304 by dry ice shot peening has been investigated in 
detail in term of phase transformation. SUS304 as metastable 
austenitic stainless has excellent corrosion resistance and 
induced martensite by shot peening process. However, the 
SUS304 has quite low strength which is difficult to wear as 
metallic component. The dry ice shot peening process was 
carried out on SUS304 surface for one and three hours. The 
microstructure was observed by transmission electron 
microscope (TEM) and scanning electron microscope (SEM) 
equipped with electron back-scattered diffraction (EBSD). 
The phase transformation was analyzed by X-ray diffraction 
(XRD). The corrosion testing was carried out in 3.5% NaCl 
solution. The result indicated that the grain size of SUS304 
surface was finer by deformation due to dry ice shot peened 
process. The hardness was improved properly by the 
increasing the shot peened time, and the corrosion resistance 
was increased. The XRD results showed that three hours shot 
peening process induced martensite phase of SUS304 by 15 
m thickness. It can be summarized that the dry ice shot 
peening can be induced phase transformation due to high 
deformation on the SUS304 surface. 
 
Key words: Microstructure; corrosion; grain refinement, 
SUS304 
 
1. INTRODUCTION 
 
SUS 304 stainless steel is well known for the corrosion 
resistance for industrial and daily life application, but they 
have weakness at their mechanical properties [1-6]. The high 
corrosion resistance is occurred due to nickel and chromium 
contents in the SUS 304 [7-12]. The chromium produces 
passive layer on the stainless steel to protect from acidic 
environment. Phase transformation at SUS 304 is induced 
when the material was treated a deformation, such as a shot 
 

 

peening process [13-16]. The shot peening process improve 
the mechanical properties on the material surface [17-20]. 
The deformation which applied on the surface material 
introduced the phase transformation on SUS 304, its occurred 
due to the stacking fault energy (SFE) and grain boundary 
defect [19, 20]. The SUS 304 surface was modified by grain 
refinement process for around micrometer scale on the 
surface. The diffusion process is occurred at the grain 
boundary due to high dislocation density and energy stored 
inside grain and grain boundaries [21-23]. The phase 
transformation of martensite is quite easier to occur due to 
high diffusion process at SUS 304 by shot peening [24-28]. 
This study purpose is to investigate the phase transformation 
of SUS 304 due to severe plastic deformation by shot peening 
in term grain refinement, crystal structure, microstructure 
evolution and corrosion behavior. 

 
2.  EXPERIMENTAL PROCEDURE 
 
Table 1: Chemical composition of SUS304 

 
SUS304 austenitic stainless-steel sample was use in this 
investigation, having a chemical composition in table 1. This 
material was machined with dimensions of 20  20  2 mm 
for shot peening. The sample have been exposed to severe 
plastic deformation via shot peening by dry ice.  The mounted 
specimen was ground with abrasive papers from number 240 
until number 2000 and then polished with buff paper with 
alumina suspension (PRESI) 9, 3 and 1 m.  For the last step 
of the polishing process, an OP-S suspension (Struers) was 
used. A scanning electron microscope of field-emission type 
(FE-SEM, JSM 7001F), equipped with electron 
back-scattered diffraction (EBSD, Oxford Instrument Co.) 
image was used to observe orientation map of grains. EBSD 
orientation maps were processed using INCATM soſtware.  A 
field-emission transmission electron microscope (FE-TEM, 
JEM 2100F) was used to examine the microstructures.  Thin 
foils for TEM were polished using abrasive papers to about 
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100m thick and then thinned by a twin-jet polishing 
Tenupol 5 facility (Struers Co., Ltd.) using a solution of 40% 
acetic acid, 30% phosphoric acid, 20% nitric acid, and 10% 
distilled water.  X-ray diffraction (XRD) on shot peened and 
post annealed sample was carried out by SmartLab, Rigaku. 
XRD sample surfaces were buffed by an automatic polisher.  
The SmartLab X-ray diffractometer used CuK 40kV, and 
0.2A from 40 until 100 deg with continuous scanning type.  
Full width half maximum (FWHM) was determined after 
fitting the scattered XRD data. Anodic polarization testing 
was carried out in neutral solutions containing 1 mol/L NaCl 
at room temperature, using a potentiostat HZ5000 (Hokuto 
Denko, Tokyo, Japan) at a scan rate of 20 mV/min, a 
corrosion current and an Ag/AgCl reference electrode in a 3 
mol/L KCl solution (representing a saturated solution).  Each 
sample was immersed in the etchant solution for one hour. 
Dissolved oxygen was removed from the solution with argon 
gas before corrosion testing.  Mechanical properties of shot 
peened and post-annealed were investigated by nano 
indentation experiments using Nano Indenter G200 (Agilent 
Technologies, USA).  The nano indenter applied 100 mN and 
50 N maximum load on cross section of shot peened sample 
with a Berkovich three-sided diamond pyramid with 
centerline-to-face angle 65.3and a 20 nm radius at the tip of 
the indenter. 
 
3.  RESULT AND DISCUSSION 

 
Figure 1: The XRD pattern of as annealed, 1 and 3 hours shot 
peened sample. 
 
Table 2:  XRD line broadening of as-annealed, 1 hour and 3 
hours shot peening by dry ice. 

 
 

XRD result shows as-annealed, shot peened for one and three 
hours, as seen in Figure 1. The phase transformation was 
occurred in the surface of SUS304L by dry ice shot peening 
for one and three hours. The transformation from austenite to 
martensite appears in 110 peaks, and broader after longer 
time of shot peening process. The broader of 110 peak also 
indicate the higher defect and lattice distortion occurred in 
the surface by dry ice shot peening. 
Laser microscope observation exhibited roughness of the 
as-annealed and shot peened surface, as seen in Figure 2. The 
time of dry ice shot peening process influence to the surface 
roughness. Figure 2 (c) shows rougher surface for three hours 
shot peened, it means the dry ice shot peening show similar 
behavior like common shot peening process. Figure 3 shows 
orientation, pattern image and phase map for as-annealed and 
three hours shot peened. The three hours shot peened 
exhibited higher fraction of martensite. The yellow and pink 
colors refer to austenite and martensite, respectively. The 
phase transformation during dry ice shot peening from 
austenite to martensite is also occurred due to higher diffusion 
kinetic in martensite. 

 
Figure 2: Surface appearance of (a) as annealed, (b) 1, and (c) 
3 hours shot peened sample. 
Table 3:  Surface roughness parameter of as annealed and 
shot peened sample. 
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Figure 3: EBSD pattern and phase map of as annealed, and 3 
hours shot peened sample. 
 
Texture observation by pole figure was measured by EBSD 
analysis for one and three hours dry ice shot peened, as seen in 
Figure 4. The texture shows the {100}, {110} and {111} pole 
figures for austenite and martensite. The martensite grains 
show 〈111〉 preferred orientation parallel to the peening 
direction for three hours shot peened sample. The 
transformation from {110} oriented austenite grains to {111} 
oriented martensite grains is observed by pole figure 
obviously, which means the physical parameter could affect to 
orientation of the material. The deformation by dry ice shot 
peened influence the texture of the material, especially in the 
{111}. The higher martensite appearance is occurred due to 
localized strain by dry ice shot peening process in the 
SUS304L surface. The texture data by EBSD can complete 
the XRD data eventually that exhibited phase transformation 
due to dry ice shot peening on the surface. The higher kinetic 
energy is promoted by higher deformation level which also 
induce the phase transformation.  
 

 
Figure 4: Texture of cross section on 3 hours shot peened and 
post-annealed sample. 

 
Figure 5: TEM bright field image and SAED pattern of 3 
hours shot peened-post annealed sample. 
 
 

 
Figure 6: Phase map of cross section on 3 hours shot peened 
and post-annealed sample. 
 

 
Figure 7: Nano indentation on cross section on 3 hours shot 
peened and post-annealed sample. 
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Figure 5 shows the TEM image of three hours shot peened 
sample. The TEM observation was observed in the normal 
plane which can observe the mechanical twin, stacking fault 
and dislocation appearance in the SUS304L during dry ice 
shot peening process. The selected area electron diffraction 
shows grain refinement and martensite appearance. The 
mechanical twin is occurred due higher plastic deformation. 
Figure 6 shows cross-section observation of as-annealed and 
three hours shot peened sample. The yellow and pink color 
refers to austenite and martensite phase. After three hours 
shot peening process, the phase map is quite different in 
surface area, it become martensite with 15 m thickness. 
This cross section can be used to identify the strain-induced 
martensite due to high deformation in the surface and 
sub-surface. 
Figure 7 shows the hardness of the shot peened cross section 
by nano-indentation. The three hours shot peened exhibited a 
smooth decrease from 0 to 15 m in depth, and it is stable to 
the hardness of the bulk material. It concluded that the 
martensite is appears until sub-surface due to high 
deformation until the interior of material. The graph also 
shows comparation between shot peened for three hours and 
shot peened-annealed for three hours. It seems the heat 
treatment process does not change the martensite phase in the 
surface. The nano-indentation can be used to confirm that 
plastic deformation influences the microstructure and 
mechanical properties by dry ice shot peening process.  
 

 
Figure 8: Anodic polarization of the 3 hours shot peened and 
post-annealed sample. 
 
Figure 8 shows the corrosion behavior of as-annealed and 
three hours shot peened by potentiodynamic polarization in 
3.5% NaCl solution. The shot peened sample exhibited higher 
corrosion potential than as-annealed sample due to the 
corrosion kinetics evolution after shot peening process. The 
result confirmed that the dry ice shot peening improve the 
corrosion properties. 
Dry ice shot peening induced the phase transformation from 
austenite to martensite by high plastic deformation. SUS304L 

contain low nickel content which also can induce the phase 
transformation. Figure 9 showed the result of present research 
on martensite percentage and strain behavior. 
 

 
Figure 9: Relationship between martensite and strain with 
various temperature. 
 
The microstructure is comparable between as-annealed and 
shot peened material in the sub-surface area, although the 
high deformation occurred on the surface of shot peened 
sample. The microstructure of shot peened showed the cell 
formation and mechanical twin due to high pressure during 
shot peening process. It can be confirmed by small grain 
appearance at TEM micrograph. The recrystallization 
process was partly occurred on the SUS304L`s surface due to 
accumulation of localized dislocation. The high dislocation 
density and plastic strain also considered to lead the phase 
transformation by cyclic hardening at shot peening process. 
Local cyclic deformation by shot peened process promote the 
high plastic strain on the surface by dry ice, and it becomes 
hardened on the surface and sub-surface. The results 
confirmed that the shot peening process as mechanical 
surface treatment influenced the microstructure and 
electrochemistry of the material. 
 

 
4.  CONCLUSION 
 
Effect of strain energy on corrosion behaviour of UFG copper 
prepared by severe plastic deformation was investigated 
concerning grain size. SSE processed samples exhibited 
small grain size with high dislocation density and high grain 
boundaries fraction due to significant deformation levels. The 
potentiodynamic polarization curves were used to explain the 
corrosion behaviour of the UFG copper sample, concluding 
that corrosion current density showed a high value up to eight 
passes SSE corresponding to the grain boundaries state. In 
contrast, the corrosion attack might relate to the 
homogeneous structure. 
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