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Abstract: In this study, the effects of Ultrasonic Nano-crystal Surface Modification (UNSM) 

on residual stresses, microstructure changes and mechanical properties of austenitic stainless 

steel 304 were investigated. The dynamic impacts induced by UNSM leads to surface 

nanocrystallization, martensite formation, and the generation of high magnitude of surface 

compressive residual stresses (-1400 MPa) and hardening. Highly dense deformation twins 

were generated in material subsurface to a depth of 100 µm. These deformation twins 

significantly improve material work-hardening capacity by acting both as dislocation 

blockers and dislocation emission sources. Furthermore, the gradually changing martensite 

volume fraction ensures strong interfacial strength between the ductile interior and the two 

nanocrystalline surface layers and thus prevents early necking.  The microstructure with two 

strong surface layers and a compliant interior embedded with dense nanoscale deformation 
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twins and dislocations leads to both high strength and high ductility. The work-hardened 

surface layers (3.5 times the original hardness) and high magnitude of compressive residual 

stresses lead to significant improvement in fatigue performance; the fatigue endurance limit 

was increased by 100 MPa. The results have demonstrated that UNSM is a powerful surface 

engineering technique that can improve component mechanical properties and performance. 

 

 

Keywords: Ultrasonic Nano-crystal Surface Modification (UNSM); ultrasonic peening; 

deformation twins; gradient microstructure; deformation-induced martensite; residual stresses; 

fatigue performance; precession electron diffraction (PED). 

 

 

 

1. Introduction: 

 

Generating a nanocrystalline layer at the material surfaces can lead to significant 

improvement in mechanical properties and thereby their performance. Many mechanical 

surface processing techniques have been reported to induce surface nanocrystallization, for 

example, by surface mechanical attrition treatment (SMAT) [1–3], shot peening (SP) [4], 

ultrasonic shot peening (USP) [5,6], laser shock peening (LSP) [7–14], etc. Surface properties 

(wear resistance [15][16], corrosion resistance [17], biocompatibility [18], etc) and the bulk 

mechanical properties (tensile, fracture, fatigue, etc) can be significantly improved through 

surface nanocrystallization. 

 

Material strength improvement is typically accompanied by loss of ductility. For FCC (face 

centered cubic) materials, the ductility is strongly affected by the work-hardening capacity, 

i.e., the capacity to accumulate and store dislocations during tensile deformation. There have 

been many attempts in the past to produce materials with innovative microstructures that can 

lead to both high strength and high ductility by introducing, for example, nanoscale 

precipitates [19–23], highly dense stacking faults [24] and nanotwins [25–28], bimodal 

microstructure [29–31], hierarchical microstructure [32,33], etc. The idea of hierarchical 

microstructure originates from nature, where many biological structures possess high strength 

and high damage resistance [34–37]. Recently, SMAT has been employed to fabricate 

hierarchical steels that possess both high strength and high ductility [3,32,38].  

 

Ultrasonic Nanocrystal Surface Modification (UNSM) [39,40] is a recently developed 

technique that utilizes low amplitude ultrasonic frequency vibrations superimposed on static 

load to induce severe plastic deformation (SPD) that leads to surface nanocrystallization. 

During UNSM, the sample surface is struck by a tungsten carbide ball attached to an 

ultrasonic device vibrating at high frequency (10 to 30 KHz). The repeated, high frequency 

strikes cause SPD, which leads to nanocrystallization and compressive residual stresses at 

and below the material surface to a certain depth that depends on the amplitude, load and 

strike rate. Unlike the hand-held ultrasonic peening system, the UNSM system is typically 

integrated in a lathe that holds the part, so that the processing conditions can be precisely 



controlled for high-throughput industrial manufacturing. UNSM has been successfully used 

to process steel [40,41] and magnesium alloys [42] for improved mechanical properties and 

performance. A recent study has compared UNSM with LSP and cavitation peening in IN718 

SPF (superplastic forming) alloy [12]. However, in-depth investigations of how UNSM 

affects material microstructure and how this affects the mechanical behavior are still lacking. 

 

Similar to SMAT, UNSM also utilizes mechanical strikes to generate plastic strain on 

material surface. Unlike SMAT, where neither the intensity nor the density of the strikes can 

be precisely controlled, both the strike intensity and density can be precisely manipulated for 

best performance in UNSM. This makes the UNSM process highly repeatable and thus more 

reliable for industrial applications. In addition, the UNSM system can be easily integrated 

into modern manufacturing system. 

 

Stainless steels are widely used in a number of industries (aerospace, automotive, nuclear, 

biomedical, etc) and have been studied extensively. In this study, UNSM processing of 

austenitic stainless steel (SS) 304 was carried out and the treated samples were characterized 

by hardness testing, X-ray diffraction (XRD), scanning electron microscopy (SEM) with 

electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM). The 

mechanical properties of the 304 stainless steel samples after UNSM processing were 

evaluated by tensile test and three-point bending fatigue test. The results are presented and 

discussed in the following. 

 

 

2. Experimental details  

2.1 Materials  

Samples (20 mm X 20 mm X 1.8 mm) were cut by electric discharge machining (EDM) from 

a plate of AISI 304 stainless steel, the nominal composition of which is 0.08 C, 1.00 Si, 2.00 

Mn, 0.045 P, 0.03 S, 18.0-20.0 Cr, 8.0-10.5 Ni, and balance Fe (all wt.%).  

 

2.2 Ultrasonic Nano-crystal Surface Modification Experiments 

In the UNSM process, a tungsten carbide ball (diameter 2.38 mm) attached to an ultrasonic 

device scans over the surface while striking it at high frequency (10 to 30 kHz). During the 

strike, the depth that the tungsten carbide ball moves into the target material is called the 

amplitude, which typically ranges from 10 to 40 µm. At the same time, a static load (typically 

10 to 50 Newton) is applied to the ball against the material surface. The parameters in the 

UNSM process include: the static load, the amplitude of the strike, the scan speed, the 

intervals between neighboring scans, and the ultrasonic peening frequency. Detailed 

description of UNSM has been provided in [39,40]. 

 

In this study, the UNSM experiment was carried out by an LM-520 UNSM system with the 

conditions of static load of 20N, amplitude of 10 µm, frequency of 20 kHz, and scanning 

speed of 3000 mm/second. The interval between each pass was 10 µm.   

 

 



2.3 Microstructural Characterizations: 

 

The changes brought about by the UNSM process were studied using a number of techniques 

as below. 

 

Electron Backscatter Diffraction (EBSD/Orientation Imaging Microscopy (OIM): Sample 

preparation: Cross-section EBSD samples were prepared by mechanical polishing, followed 

by electro-polishing with 87.5% methanol and 12.5% sulfuric acid at a voltage of 24 volts for 

20 seconds. EBSD scans with a step size of 0.3 µm were carried out using a Genesis 4040 

EDAX/TSL EDS/EBSD system in a XL-30 FEI SEM operating at 25 kV at a magnification 

of 500X.  

 

Transmission Electron Microscopy (TEM): The TEM sample at the top surface was prepared 

by grinding from the side opposite to the UNSM-treated surface, followed by ion-milling 

using a Fischione Model 1010 system. The in-depth TEM samples were prepared by the 

Focused Ion Beam (FIB) lift-out method in an FEI Nova-200 FIB system in Birck 

Nanotechnology Center at Purdue University. TEM observations were carried out by an FEI 

Titan TEM operated at 300 kV and a Philips/FEI CM20 TEM operated at 200 kV. 

 

TEM-based Orientation Imaging Microscopy (OIM) Analysis: Nanoscale lateral spatial 

resolution OIM analysis has been performed by automated acquisition and indexing of 

precession electron diffraction (PED) patterns with a JEM2100F TEM equipped with the 

DIGISTAR/ASTAR system from NanoMEGAS at the University of Pittsburgh. Precessed 

illumination, 0.6˚ precession angle, and electron beam focused to ~3nm in diameter at the 
TEM specimen section surface was scanned across a pre-selected area of interest with 

step-sizes as small as 2nm to obtain maps of PED patterns, which were indexed automatically 

by optimized matching to computer generated reciprocal lattice based templates of the 

austenite and martensite phases of interest here. The PED based TEM OIM data sets provide 

information akin to that available via EBSD based OIM in the SEM but with lateral 

resolution in areal maps being on the order of 1nm, limited essentially by the electron beam 

diameter used in the TEM instrument. The raw data sets of the PED based orientation 

indexed areal maps were processed and analyzed further with the TSL OIM Data Analysis 

software. 

 

 

Phase Analysis: X’Pert MRD PRO X-ray powder diffraction system with Cu-Kα radiation 

source and a monochromator was used to analyze the phases in the sample after UNSM. 

In-depth XRD analysis was carried out after electropolishing the material layer by layer with 

the same solution as used for the preparation of the EBSD samples. 

 

Residual Stress: Residual stresses were measured by a Proto LXRD system with Cr-Kα 
radiation and {211} peak for martensite phase and Mn-Kα radiation and {311} peak for 

austenite phase. The X-ray elastic constant S2/2 used was 6.04*10
-6

MPa
-1

 for the martensite 

phase and 7.18*10
-6

MPa
-1

 for the austenite phase. The diameter of the X-ray beam was 1 mm.  



In-depth residual stresses were measured by electropolishing the material layer by layer. The 

electropolishing solution was composed of 12.5 volume percent sulfuric acid and 87.5 

volume percent methanol. The electropolishing was carried out in an Electro4 Met system 

from Buehler with a voltage of 24 volts. Strain gradient correction and layer removal 

corrections were carried out in accordance with SAE J784a standard (residual stress 

measurement by X-ray diffraction). 

 

 

2.4 Mechanical Property Tests: 

 

Hardness test: The hardness change of the samples was measured by a nano-indentation 

system (CSM Instruments) with a Berkovich indenter with a maximum load of 100 mN and 

10 seconds holding time. An average of five measurements was used for each reported data 

point. 

 

Tensile test: Tensile test samples were cut by an electro-discharge machine (EDM) from a 

sheet. Both of two opposite faces of the gauge area were processed by UNSM before tensile 

test. The tensile test was carried out at room temperature with a strain rate of 1.9 x 10
-5

 s
-1

.   

 

Fatigue test: Three-point bending fatigue test was carried out using a MTS Bionix 

servo-hydraulic fatigue test machine. The loading profile is a sine function and the frequency 

is 5 Hz and the stress ratio is 0.1. The span of the bending fatigue test was 30 mm. All tests 

were carried out at room temperature and in a laboratory environment. The sample thickness 

was 2.8 mm with a gauge width of 10 mm and a gauge length of 40 mm. The fatigue samples 

were cut by EDM from a large sample processed by UNSM on both sides.  

 

 

3. Results and Analysis 

 

3.1 Near-Surface and Through-the-depth Phase distribution after UNSM 

 

  



(a) 

 

 

(b) 

Fig. 1 (a) XRD patterns at different depth of SS 304 after UNSM, (b) in-depth volume 

fraction of the martensite after UNSM  

 

Like many other mechanical surface processing techniques, the plastic deformation and strain 

induced by UNSM assumes a gradient nature, with the top surface having the highest plastic 

strain, followed by a gradual decrease in strain deeper into the material. Thus, the martensite 

volume fraction also assumes a gradient with distance from the surface. To investigate the 

in-depth martensite volume fraction, sequential layer removal by electrochemical polishing 

and XRD analysis was performed. Figure 1a shows the XRD patterns recorded from the 

UNSM sample with 10 µm interval at different depths. At the top surface and 5 µm below, 

the structure is fully martensite, which is similar to the results reported in SS 304 processed 

by SMAT [2] and ball milling [43]. At 12 µm below the surface, the austenite phase peak at 

around 75
o
 2-theta appears. With increasing depth into the material, the martensite volume 

fraction decreases while the austenite phase volume fraction increases gradually. In addition, 

an ε-martensite peak at around 47.5
o
 2-theta appears from 12 µm below surface, and its 

intensity increases gradually with depth into the material. At 79 µm below the surface, the 

microstructure is almost fully austenitic except for the ε-martensite peak at around 47.5
o
 

2-theta and a small α׳ martensite peak at around 44.5
o
 2-theta. Transformation from austenite 

to ε-martensite at the subsurface has been observed in SS 304 subjected to SMAT by Chen 

and co-workers [38]. Figure 1b shows the martensite volume fraction at different depths, 

estimated by the direct comparison method by calculating the contribution of different phases 

to the XRD peak intensities [44]. The martensite volume fraction at the top surface is 100% 

and decreases sharply deeper into the material. At around 100 µm below the surface, the 

material is almost purely austenite. 

 

 

3.2 Near-Surface and Through-the-Depth Microstructure Observed by Optical 

Microscopy and EBSD 



 

The near-surface and through-the-depth microstructure was characterized by optical 

microscopy, SEM and EBSD. Figure 2 shows optical micrographs of the sample surface 

before and after UNSM processing. Before UNSM processing, the grain size is around 20 µm 

and sporadic annealing twins can be observed. After UNSM, a more refined microstructure 

with evidence for extensive plastic deformation can be observed on the surface. The 

cross-sectional view (Fig. 3a) of the sample shows a gradient microstructure with a SPD layer 

of around 50 µm. Higher magnification optical (Fig. 3b) and SEM (Fig. 3c) images of the 

cross section reveals bent grains and a lot of deformation bands within grains as marked by 

the arrows. 

 

 

 
Fig. 2 Optical image at the top surface of the sample before (a) and after (b) UNSM 

 

(a) 

(b) 



 

 

 

Fig. 3 Optical (a,b) and SEM (c) images showing the cross section microstructure of the 

sample after UNSM; the arrows point to the deformation bands 
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(b) 

(c) 



 

 

      

Fig. 4 phase distribution from EBSD analysis in the cross section (all top edges correspond to 

the top surface of the samples) of the sample after UNSM: (a) phase map: red represents 

martensite phase, green represents austenite phase, (b) inverse pole figure (IPF) in the same 

region as in (a), (c) legend of IPF map in (b) and (e), (d) grain boundary map, (e) IPF map of 

the region in (d), (f) legend of the grain boundary map in (d) 

 

EBSD has been widely used to characterize phase transformations induced by plastic 

deformation in stainless steels. Figure 4 shows the phase distribution from the EBSD map 

recorded from the cross-section of the UNSM treated sample. A layer of very refined grains 

can be observed at the very top surface. In Fig. 4a, the red color represents the martensite 

phase, whereas the green color represents the austenite phase. The red color of the top layer 

means that fully martensite phase exists at the top surface, which corroborates well with the 

XRD result in Fig. 1b. It should be noted that due to the limited resolution of the EBSD 

(a) (b) (c) 

(d) 

(f) 

(e) 

Surface Surface 

Surface Surface 



system, the fine features at the top surface could not be resolved. Thus, precession electron 

diffraction (PED) in the TEM has been used to further characterize this region and is 

presented later in this paper. 

 

Deeper into the material, the martensite volume fraction decreases and the austenite volume 

fraction increases. At the subsurface, small grains exist in-between big grains because most 

refined grains are generated near the grain boundaries. During plastic deformation, stress 

concentration occurs at the grain boundaries, which is favorable for martensitic phase 

transformation. On the other hand, martensitic transformation also contributes to grain 

refinement [2,38]. This leads to the generation of martensite phase and fine grains along the 

grain boundaries. Figure 4d shows the grain boundary map, where the green colored 

boundaries represent the twin boundaries. In the very top surface, fine twin boundaries are 

intermixed with the refined grains. According to Fig. 4f, 7% in number and 23% in length of 

the boundaries are twin boundaries. Figure 4b and 4e show the inverse pole figure (IPF) maps 

of the grains in the regions in Fig. 4a and 4d, respectively. In both figures, random grain 

orientation can be observed. 

 

 

3.3 Top-surface and Sub-surface microstructure observation by TEM and 

precession electron diffraction (PED) 

 

 
(a) 



 
 

Fig. 5 bright field TEM images from the top surface (a) and 10 µm below surface (b) of the 

sample after UNSM 

 

Figure 5 shows the TEM images from the top surface (Fig. 5a) and 10 µm below surface (Fig. 

5b) of the SS 304 sample after UNSM. Nano-grains are observed at the top surface. The 

diffraction pattern recorded from the top surface (inset in Fig 5a) reveals many rings, 

indicating the existence of the nano-grains, and all the rings were indexed as arising from 

martensite phase, which corroborates well with the XRD result (Fig. 1b).  

 

Due to the limitation of traditional TEM and EBSD, the grain size at the top surface cannot 

be precisely characterized. Thus, precession electron diffraction (PED) in a field-emission 

gun equipped high-resolution TEM (HR-TEM), which has been used successfully previously 

for the analysis of nano-scale refined and heavily plastically deformed microstructures in 

steels [45], was used here to accurately characterize the grains in the modified subsurface 

regions.  

 

Figure 6 shows the PED images from the top surface of the sample after UNSM. Figure 6a 

shows the IPF map. Figure 6c shows the grain boundary map, from which, we can observe 

that 11.2% of the grain boundaries are twin boundaries. Figure 6e shows the grain size 

histogram, where we can observe that the majority of the grains are less than 10 nm, while 

the average grain size at the top surface is 4.1 nm. Figure 6f shows the phase distribution at 

the top surface. As expected, fully martensitic phase has been observed. This corroborates 

well with the XRD (Fig. 1), the EBSD (Fig. 4a) and conventional TEM (Fig. 5a) 

observations. 

 

  

(b) 



  

  

 

 

(a) 

(c) 

(e) 

(d) 

(b) 



  

Fig. 6 PED images from the top surface: (a) IPF and the legend (b), (c) grain boundaries map 

and the legend (d), (e) histogram map of the grains, (f) phase map and the legend (g) 

 

 

Figure 7 shows the PED images from 10 µm below the surface of the sample after UNSM. 

Figure 7a shows the IPF map. Figure 7c shows the grain boundary map, where we can 

observe that 4.5% of the grain boundaries are twin boundaries. Figure 7e shows the grain size 

histogram, where we can observe that the majority of the grains are less than 50 nm, while 

the average grain size at 10 µm below the surface is 18 nm. Figure 7f shows the phase 

distribution at 10 µm below the surface. Less than 2% austenitic phase has been observed, 

which corroborates well with the results of XRD (Fig. 1b) and the EBSD (Fig. 4a). 

 

      

 

(f) 

(g) 

(a) 

(b) 



   

 

 

  

Fig. 7 PED images from 10 µm below the top surface: (a) IPF map and the legend (b), (c) 

grain boundaries map and the legend (d), (e) histogram map of the grains, (f) phase map and 

the legend (g) 

 

(c) 

(d) 

(f) 

(g) 

(e) 



 

 

3.4 Sub-surface Deformation Twins Observed by TEM 

 

Due to the gradient nature of the plastic strain induced by UNSM, the microstructure also 

assumes a gradient nature. Figure 8 shows the TEM images from 20 µm below the surface of 

the UNSM sample. Highly dense deformation twins with different orientations can be 

observed. Note that deformation twins are present throughout the sample (Fig 8a). Figure 8b 

shows a dark field image of the deformation twins. Figure 8c and 8d show the deformation 

twins in another region at different magnifications. The presence of the deformation twins 

can also be confirmed by the diffraction pattern (Fig. 8e) taken from the region marked by the 

green ring in Fig. 8d. At this depth (20 µm), the accumulation of highly dense dislocations 

from the high magnitude of the plastic strain leads to stress concentration, which is favorable 

for deformation twins to nucleate. It should be pointed out that some twins are curved, which 

could be caused by further straining after the twins are formed. The high magnification image 

in Fig. 8f reveals that the twin thickness is only a few nanometers, which is due to the high 

strain rate and high flow stress in the region caused by the dynamic impact loading. As 

pointed out by Chen and co-workers [38], the higher the flow stress, the thinner the 

deformation twins. We can also observe the formation of Rhombic blocks (marked in Fig. 8f), 

which has also been observed in other studies [2,8].  

 

   
(a) (b) 



   

   
Fig. 8 TEM images of the sample after UNSM at 20 µm below the surface showing highly 

dense deformation twins: (a) bright field image, (b) dark field image, (c) bright field image of 

another region, (d) high magnification bright field image, (e) diffraction pattern taken from 

the ring in (d) revealing reflections at 1/3{110} positions from the deformation twins, (f) 

bright field image at high magnification showing the rhombic blocks 

 

Deeper into the material, the twin density decreases gradually. Figures 9a and Fig. 9b show 

the TEM images from 50 µm below the surface of the UNSM sample. We can still observe 

some deformation twins, but the density is lower than that in the 20 µm sample (Fig. 8). This 

is because deeper into the material, both the plastic strain and the plastic strain rate are much 

lower and thus less favorable for deformation twins to form. Similar to the deformation 

twinning structure in Fig. 8a, twins can also be observed throughout the sample in Fig. 9a.  

 

(c) (d) 

(e) (f) 



   

   
Fig. 9 TEM images of the sample after UNSM at 50 µm below the surface: (a) bright field 

image, (b) dark field image; (c) dark field TEM images of the sample after UNSM at 100 µm 

below the surface: (d) High magnification dark field image of (c)  

 

Figure 9c and Fig. 9d show the microstructure of the TEM sample at 100 µm below the 

surface. Two grains can be observed in the TEM sample, the first at the upper left region, the 

other at the lower right region. In the first grain, very few deformation twins can be observed, 

whereas those in the second grain are very dense. The dramatic different deformation 

twinning behavior stems from the different orientations of the grains relative to the loading 

direction, which results in different Schmid factors and thus affecting the stress applied to the 

grain during UNSM striking. It should be noted that the deformation twins appear to originate 

at the grain boundaries. This is because the grain boundaries are locations where stress 

concentrations occur and thus are favorable for the nucleation of the deformation twins.  

 

 

3.5 Near-Surface and Through the Depth Residual Stresses after UNSM 

(a) (b) 

(c) (d) 



 

 

Fig. 10 In-depth residual stresses measured by (a) martensite and (b) austenite phases 

 

The residual stress profile is of interest because it affects component fatigue performance. In 

this study, XRD was used to measure the residual stresses induced by UNSM. Due to the 

phase transformation induced by UNSM, two phases (austenite and martensite) exist near the 

surface. Thus, residual stresses in both the two phases were evaluated. Sequential layer 

removal by electrochemical polishing followed by XRD residual stress measurement in both 

martensite and austenite phase were carried out till a depth of 47 µm. Beyond that only 

residual stresses in austenite phase were measured because minimal martensitic phase existed. 

Figure 10a shows the residual stresses in austenite phase in both the X and Y directions. The 

X direction was defined as the traveling direction of the UNSM tip. The Y direction is 

perpendicular to the X direction. Note that the residual stress in the austenite phase on the top 

surface (0-5 µm) could not be measured because only the martensite phase existed there. In 

Fig. 10a, the residual stresses in X direction assume a typical distribution seen in most 

(a) 

(b) 



surface processing techniques, with a high magnitude of compression at the surface and a 

gradual decrease deeper from the surface. The depth of the compressive residual stresses 

generated in SS 304 by UNSM with the parameters in this study is 0.276 mm, close to that of 

SP and lower than that of LSP. It should be noted that the residual stresses in austenite in the 

Y direction have a sharp tensile region at around 25 µm below the surface. This has not been 

observed in most surface processing techniques, such as SP, LSP, SMAT, etc. It is 

hypothesized the tensile residual stresses region is related to the deformation-induced 

austenite to martensite phase transformation. Further study is needed to clarify this point.   

 

Figure 10b shows the residual stresses measured in the martensite phase in both the X and the 

Y directions. It can be clearly observed the residual stresses magnitudes are dramatically 

different in the X and the Y direction. Also, the residual stresses magnitudes in both the two 

directions in the martensite phase are much higher than those measured in the austenite phase. 

For example at 5 µm below the surface, the residual stresses measured in the martensite 

phase in the X and the Y direction are -748 and -952 MPa, respectively; at the same depth, 

the residual stresses measured in the austenite phase in the X and the Y directions are both 

around -400 MPa. It should be noted that the residual stresses measured by both martensite 

phase and austenite phase are not equi-biaxial. 

 

 

3.6 Mechanical Behavior after UNSM 

 

In-depth Hardness after UNSM 

 

 

(a) 



 
(b) 

Fig. 11 (a) representative load-displacement curves from nano-indentation, (b) in-depth 

indentation hardness from nano-indentation 

 

To investigate the effects of martensite phase transformation and grain refinement on material 

hardness, nano-indentation test on cross-section of the sample was carried out. Figure 11a 

shows representative load-displacement curves at different depths from the UNSM-treated 

sample. The through-the-depth change in hardness is shown in Fig. 11b. At the very top 

surface, the hardness is as high as 7 GPa. The nanoscale grains, the high volume fraction of 

the martensite phase and the high dislocation density contribute to the high hardness. With 

increasing distance from the treated surface, the hardness drops quickly. At around 400 µm 

below the surface, the hardness is around 2.2 GPa, slightly higher than that of the base 

material.  

 

 

Stress-strain curves 

 

 
Fig. 12 Engineering stress-strain curves of the samples before and after UNSM treatment 



 

Material strength and ductility are of interest because they affect component performance in 

structural applications. Figure 12 compares the engineering stress-strain curves before and 

after UNSM. The materials yield stress increases from 340 MPa before UNSM to 630 MPa 

after UNSM, whereas uniform elongation engineering strain correspondingly decreased from 

82% before UNSM to 70% after UNSM. This means that the strength of the 304 SS increases 

significantly after UNSM without too much loss in ductility. It is known that the strength and 

ductility of materials are two mutually-exclusive properties: materials with high strength 

typically have low ductility. In this study, the 304 SS after UNSM processing has yield 

strength of 630 MPa while still preserving high ductility (uniform elongation of 70%). This is 

superior to most high strength steels used in engineering. 

 

 

 

Fatigue performance: 

 

 

Fig. 13 S-N curves from 3-point bending fatigue test of the samples before and after UNSM 

 

 

Component fatigue performance affects its long-term stability in structural applications. As 

can be seen in Figure 13, the fatigue performance increased significantly after UNSM 

processing of the samples. For example, with a maximum bending stress of 850 MPa, the 

fatigue lives of the samples before and after UNSM are 156,312 and 1,200,000 (run out) 

cycles respectively, which corresponds to a seven times improvement in fatigue life. The 

fatigue performance improvement is the comprehensive effect of surface compressive 

residual stress, surface hardening and microstructural changes. The plastically deformed 

surface (Fig. 3a) results in high surface hardness (Fig. 11b), which presents a higher 

resistance to crack initiation. In addition, the high magnitude of surface compressive residual 

stress, Fig. 10 (400 MPa in austenite phase and 850 MPa in martensite phase) also contributes 

to the improvement. During the fatigue test, the surface compressive residual stress can 

decrease the magnitude of the effective tensile stress and thus lead to improved fatigue 



performance. Thus, the fatigue performance improvement in SS 304 by UNSM is a 

synergistic effect of surface work hardening and surface compressive residual stresses. 

Enhanced fatigue resistance in Cu with a gradient nanostructure has been reported by Yang 

and co-workers [46]. 

 

 

 

4. Discussion 

 

The present study has led to a number of new and interesting findings on the effects of 

UNSM processing on the near and sub-surface residual stress distributions and 

microstructural changes and the effects of these on local and bulk mechanical properties, such 

as hardness, strength, ductility and fatigue properties of 304 austenitic stainless steel. These 

results are discussed in detail in the following. 

 

4.1 Generation of deformation twins 

 

During the plastic deformation of stainless steel, dislocation slip and deformation twinning 

are two competing process. A critical twinning stress (CTS) must be reached for deformation 

twinning to occur [47]. According to Chen and co-workers [38], the critical equivalent stress 

(σT) for twinning to occur can be described by:                             Eq. 1  

where γSFE is the stacking fault energy and bp is the Burgers vector of a Shockley partial 

dislocation. Thus, the critical twinning stress can be calculated to be 584 MPa for 304 

stainless steel (γSFE = 16 mJm
-2

, and bp = 0.147 nm). This means that when the critical 

resolved shear stress in certain grain reaches 584 MPa, deformation twinning would initiate. 

Theoretically, the top surface should have the highest deformation twin density; the twin 

density should decrease as it goes deeper into the material. No deformation twinning would 

occur at the depth at which the critical resolve shear stress goes below the critical twinning 

stress. 

 

According to the TEM observation, deformation twins have been observed from 20 µm to 

100 µm below surface, with the 20 µm showing the highest twin density (Fig. 8). However, at 

the top surface and 10 µm below surface, very few deformation twins have been observed in 

the TEM images, even though very short twin boundaries (the boundaries with 60
o
 

misorientation) have been observed by PED images (Fig. 6c, Fig. 7c). During the UNSM 

process, deformation twins may have been generated in the top surface at some intermediate 

stage (Fig. 14). As plastic strain accumulates, the dislocations within the twin-matrix (TM) 

lamellae increase in density, which results in stress concentration in the TM lamellae, leading 

to the subdivision of the grains and thus making the twins disappear. This phenomena has 

also been observed by Lu [8] and Zhang [2]. It has also been suggested in quite a few studies 

[2,8,48] that, in metallic materials with relatively low SFE, deformation twinning plays an 

important role in the nanocrystallization process caused by severe plastic strain. During this 



process, the original grains were first sub-divided by mechanical twins; the dislocations 

generated in-between the TM structure further subdivided the twin lamellae structure into 

equiaxed nano-crystallites. This finally leads to the nanocrystalline martensitic microstructure 

in the top surface to 10 µm below the surface, which makes long deformation twins hard to 

observe. 

 

At the subsurface, for example 20 µm below the surface, however, the dislocation density 

generated by plastic strain has not reached the critical point to break the twin boundaries, thus 

leaving highly dense deformation twins at this depth. Deeper into the material (50 to 100 µm), 

the strain rate and plastic strain both decrease, leading to relatively lower density of the 

deformation twins. Thus, the above mentioned mechanisms lead to the occurrence of the 

maximum twin density at a depth of around 20 µm. 

 

 

3.1 Deformation-induced surface nanocrystallization 

 

As described in the foregoing, the UNSM process is observed to lead to the formation of 

nanoscale crystallites at the surface and near-surface regions of the 304 SS material. 

Deformation-induced nanocrystallization by bulk SPD as well as by other surface treatment 

processes has been widely reported in the past [49]. The grain refining mechanisms in SS 304 

by plastic deformation have been well discussed by Lu et al. [8], Zhang et al. [2] and Chen et 

al. [38]. Deformation-induced grain refinement in SS 304 originates from dislocation activity 

[50], deformation twinning [51,52] and martensitic phase transformation [53]. 

 

During plastic deformation of stainless steel, dislocation slip and deformation twinning are 

two competing process. Due to the low stacking fault energy (16 mJ/m
2
) of stainless steel 304, 

it is hard to form dislocation cells through dislocation cross-slip. Rather, planar dislocation 

arrays, stacking faults with widely separated partial dislocations and twins are more easily 

formed on the {111} slip planes [1].  As more plastic strain accumulates, deformation twins 

in different directions divide the grains into smaller sections and thus generate some rhombic 

blocks (Fig. 8f), which eventually leads to nanocrystallization through dynamic 

recrystallization [8]. Further straining induced by the mechanical strikes generates more and 

more sub-grain boundaries. As more mechanical strikes are imposed during the UNSM 

process, the refined grains are rotated, generating randomly distributed nano-grains, as 

manifested by the ring diffraction pattern in Fig. 5. It should be noted that, even after severe 

mechanical strikes, some localized deformation twins are still preserved, which are 

manifested by the nanoscale twin boundaries as presented in Fig. 6c and Fig. 7c, where the 

green lines represents boundaries with 60
o
 misorientation, i.e., twin boundaries. It should be 

noted that this nanocrystallization only occurs at the top surface and to a depth of 10 µm. 

Deeper into the material, the magnitude of the plastic deformation decreases to the extent that 

not enough plastic strain was accumulated to refine the grains to the 10 nm range. 

 

Martensitic phase transformation also contributes to the nanocrystallization process. 

Martensitic phase transformation in SS by plastic deformation has been widely studied and 



reported in the past [2,32,38,54,55]. Martensite phase transformation is a major method to 

accommodate plastic strain when stainless steels are subjected to SPD. Martensite phase 

transformation occurs in this sequence: first, plastic deformation introduces defects in the 

material in the form of dislocations, stacking faults and twins; second, the intersections of the 

stacking faults and twins generates plastic strain concentration, and thus serve as embryos for 

martensite formation; finally, the martensite embryos grow to ultrafine crystallites when the 

material is subjected to further plastic strain. Typically, the martensite phase formed in this 

way has very small grain sizes. In the present case, martensite with an average grain size of 

less than 10 nm was observed in the near surface region (Fig. 6e). This mechanism explains 

the presence of large volume fraction of martensite in the near surface region (to ~20 µm). As 

the amount of plastic strain decreases at greater depths (50-100 µm), martensite volume 

fraction also decreases as observed in the XRD (Fig. 1b) and EBSD (Fig. 4) results presented 

earlier. It should be noted that martensite phase transformation should not be separated with 

deformation twinning when explaining the nanocrystallization process, instead they work in 

synergy to produce surface nanocrystallization. 

 

 

 

3.2 Strength-Ductility-Microstructure Relationship 

 

Strength: 

The large improvement in material strength after UNSM observed in this study (Fig. 12) 

could be explained as follows. UNSM involves repeated multidirectional mechanical strikes 

at high speed onto the material surface. This generates a gradient in plastic deformation with 

distance from the treated surface, and thus a gradient microstructure (Fig. 14). At the very top 

surface, large and rapid plastic deformation results in extreme grain refinement to the 

nanoscale. In the subsurface layer, highly dense deformation twins are generated. In the 

interior, little plastic deformation occurs and the grain size is largely unaffected. Theoretically, 

materials strength can be predicted by adding contributions from the reduction in grain size 

and increase in dislocation density with plastic deformation [37-39]: 

2/12/1
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             Eq. 2 

where σf is the strength, σ0 is a friction stress, k is the Hall-Petch constant, dfp is the mean 

free path for dislocations, α is a constant and G is the shear modulus, b is the burgers vector 
and ρ is the dislocation density. We can tell from Eq. 2 that as the dislocation mean free path 

decreases and the dislocation density increases, the material hardness increases. In this 

section, the strengthening mechanisms at different layers will be systematically discussed. 

 

Top layer: strengthening by nanoscale martensitic grains. It is widely known that 

nanoscale grains can significantly improve the hardness and strength of metallic materials. In 

the SS 304 samples processed by UNSM, nanoscale grains extend from the top surface to 10 

µm below the surface. The sizes of the grains are in the range of a few to 10s of nanometers. 

Due to the existence of high density of grain boundaries, the mean free path for dislocations 

is significantly reduced and thus the alloy strength is improved significantly (Eq. 3). In 



addition, the martensite phase, which extends from the top surface to 50 µm below surface 

and has high strength, also improves strength. 

 

Subsurface: Strengthening by heavily dislocated twin boundaries. In the material’s 
subsurface regions, highly dense deformation twins exist (Fig. 8 and Fig. 9).  For 

polycrystalline materials without twin boundaries, the mean free path dfp is equal to mean 

grain size d. For materials with twin boundaries, the mean free path dfp is smaller than the 

mean grain size due to the interaction between dislocations and twin boundaries, i.e., 

dislocations will be blocked by the discontinuity in the slip systems at the two sides of the 

symmetrical twin boundaries. This means the twin boundaries, like the grain boundaries, can 

also block dislocation movement and thus improve material strength. As a result, the mean 

free path of dislocations will be significantly decreased by the presence of the twin 

boundaries. The effective free path considering both the grain boundaries and the twin 

boundaries can be expressed by [40]: 

subtwinfp ddd

111


,              Eq. 3 

where dtwin and dsub are the average twin and subgrain boundary distances, respectively. From 

Eq. 3, it can be concluded that the existence of very fine scale twins and numerous twin 

boundaries in the subsurface regions generated by UNSM can effectively decrease the mean 

free path of the dislocations through dislocation-twin interaction and thus improve material 

strength.  

 

 

Ductility: 

 

Structural applications require material to possess both high strength and high ductility. The 

ductility is related to the inhibition of necking and strain localization, which is affected by 

material work hardening capacity. Work hardening can effectively prevent localized 

deformation and thus delay necking during tensile test [28]. According to the Considère 

criterion [56,57], the uniform elongation holds in a tensile test until the onset of the localized 

deformation, which is governed by                                  Eq. 4 

where σ is true stress, ε is true strain and    is the strain rate. From this equation, we can tell 

that ductility of the material is essentially determined by its strain hardening capacity, which 

is the capacity to accumulate dislocations generated during plastic deformation.  This 

requires, firstly, dislocation emission sources, and secondly that the dislocations generated 

can be preserved.  During plastic deformation, dislocation multiplication and annihilation 

occurs simultaneously. In metallic materials with coarse grains, dislocation accumulates 

through lattice dislocation storage. For example, a classic Frank-Read source can effectively 

generate dislocations and thus sustain the plastic deformation [58]. For nano-grained 

materials, however, most dislocation sources are not operative [26], and thus cannot supply 

enough dislocations to sustain the plastic deformation. In addition, dislocations cannot be 



properly stored because they tend to disappear at the nanoscale grain boundaries, which often 

serve as sinks for dislocation annihilation [30,59,60]. This often leads to low ductility of the 

nanostructured materials.  

 

However, in the SS 304 processed by UNSM in this study, the strength has been increased 

from 340 MPa to 630 MPa while still preserving significant amount of ductility (Fig. 12). To 

understand why the SS 304 processed by UNSM possesses both high strength and high 

ductility, it is first necessary to study its overall microstructure. As presented in Fig. 14a, SS 

304 after UNSM processing on both sides features a multi-layer (yet integral) metallic 

component with two strong nanocrystalline surface layers connected by a ductile interior with 

gradually decreasing martensite volume fraction (Fig. 1b) and increasing grain size. The two 

nanocrystalline surface layers harden the material and thus significantly improve material 

strength while the unaffected inner layer provides a ductile interior for dislocation 

accumulation during tensile deformation.  In addition, the highly dense twin boundaries in 

the subsurface layers can act both as dislocation barriers and dislocation emission sources. It 

has been reported that the twin boundaries can effectively toughen the materials by providing 

dislocation nucleation sites through dislocation-TBs interaction [26,61–63]. The interaction 

between dislocations and the twin boundaries has been intensively studied in the literature 

[58,64–66]. When a gliding dislocation encounters a twin boundary, stress concentration 

leads to the generation of new dislocations on the other side of the boundary (Fig. 14b) [26]. 

This makes the twin boundaries effective sources for dislocation generation, and thus provide 

efficient dislocation emission sources, toughening the materials [67].  In this way, the 

deformation twins at material subsurface can serve both as dislocation movement blockers 

and dislocation emission sources. This means that the twin boundaries first act as dislocation 

barriers and thus strengthen the materials; at the same time, the twin boundaries can serve as 

dislocation emission sources and thus provide more mobile dislocations (Fig. 14b) to sustain 

the plastic deformation, improving material ductility [68].  

 

                           
(a)                           (b) 

Fig. 14 (a) Schematic representation of (a) the sandwiched/gradient microstructure in SS 304 

processed by UNSM (redrawn with permission from [32]) and (b) dislocation-twinning 



interaction (redrawn with permission from [26]);  

 

In addition, in the center of the material (Fig. 14a), the microstructure is essentially 

unaffected. This way the dislocation accumulation capacity in material interior is preserved. 

The unaffected interior on the one hand provides the work-hardening capacity, and on the 

other hand organically bonds the two surface nanocrystalline surface layer and thus prevents 

premature necking [69,70], leading to both high strength and high ductility. In addition, the 

gradually changing martensite distribution ensures strong interfacial strength between the 

ductile interior and the two nanocrystalline surface layers [7]. Finally, the high magnitude of 

compressive residual stress can also delay crack propagation [71,72] and thus contributes 

favorably to material ductility. The comprehensive effects of all these factors lead to both 

high strength and high ductility in the UNSM samples. 

 

 

Conclusion: 

 

UNSM processing of SS 304 was carried out in this study. The results have shown that this 

process leads to high levels of near-surface compressive residual stresses and dramatic 

changes in microstructure and hence local and bulk mechanical properties. After UNSM, the 

material assumes a multi-layer microstructure with two strong nanocrystalline surface layers 

and a ductile interior with gradually changing martensite volume fraction. The two 

nanocrystalline surface layers with high martensite content provide strong resistance to 

plastic flow and thus lead to high yield strength while the unaffected interior provides strain 

hardening capacity and thus preserves the high ductility. In the subsurface regions of the 

material, highly dense deformation twins are generated. These deformation twins 

significantly improve material hardening capacity by acting both as dislocation blockers and 

dislocation emission sources, and thus strengthening the material while providing enough 

strain hardening capacity. Furthermore, the gradually changing martensite volume fraction 

ensures strong interfacial strength between the ductile interior and the two nanocrystalline 

surface layers and thus prevents early necking. The unique microstructure with a compliant 

interior sandwiched by two strong nanocrystalline layers leads to both high material strength 

and high ductility.  In addition, the work-hardened surface layer and the high magnitude of 

compressive residual stress lead to significantly improvement in fatigue properties.  It can 

be concluded that UNSM is a superior surface processing technique that can generate unique 

microstructure for improved properties and performance. Finally, UNSM can be easily 

integrated into modern manufacturing system and has great potential in the industry. 
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