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Abstract
Nanostructured materials exhibit superior properties with respect to their bulk counterpart. Recently, a new processing 
method for surface nanostructuring of metallic materials called surface mechanical impact treatment (SMIT) was developed. 
In this study, the surface microstructural features due to the refinement process of AISI 316L stainless steel by means of 
SMIT and subsequent mechanical performance were investigated. The effects of SMIT processing parameters, i.e. ball size 
and treatment duration, were studied in terms of microstructural evolutions using X-ray diffraction, transmission electron 
microscopy, optical microscopy, and field emission scanning electron microscopy analyses, and mechanical properties 
through hardness and tensile tests. A gradient nanostructured surface layer was successfully formed on the surface of the 
treated samples. The mean grain size was measured to be ~ 20 nm in the topmost surface layer and increased with increasing 
depth. Microstructural examinations showed that the twins and their intersections (rhombic blocks) formed in the surface 
layers. It was found that the mechanical performance of the treated samples is effectively enhanced. The surface hardness 
of the treated samples increased about 3 times while the yield strength of the samples increased with increasing SMIT time 
and size of the ball up to 2.5 times. The grain refinement mechanisms, mechanical properties, and fracture behavior were 
subsequently analyzed and discussed.

Keywords Surface nanostructuring · Nanocrystallization · Surface mechanical impact treatment · Stacking fault tetrahedra · 
Deformation induced martensite
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Latin Script Symbols
A  Zener anisotropy
b  Burgers vector
C  Elastic stiffness coefficient
D  Grain size
d  Diameter of the ball
G  Shear modulus
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K111ω0  Proportionality constant
fα'  Volume fraction of α′-martensite

R  Reliability factor
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α  Stacking fault probability
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ρ  Dislocation density
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OM  Optical microscopy
SAED  Selected area electron diffraction
SF  Stacking fault
SFE  Stacking fault energy
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SFT  Stacking fault tetrahedra
SMAT  Surface mechanical attrition treatment
SMGT  Surface mechanical grinding treatment
SMIT  Surface mechanical impact treatment
SMRT  Surface mechanical rolling treatment
SPD  Severe plastic deformation
TEM  Transmission electron microscopy
TRIP  Transformation induced plasticity
UIP  Ultrasonic impact peening
UIT  Ultrasonic impact treatment
XRD  X-ray diffraction

1 Introduction

Considering the decisive role of the surface in the function-
ing of materials and the life endurance of engineering com-
ponents, one of the most significant and widely explored 
areas is the microstructural alteration of metallic surfaces to 
form nanostructured features. Nanocrystalline metals exhibit 
improved mechanical properties such as strength, hardness, 
and wear resistance, compared to their coarser microstruc-
tures [1–3]. Among the most common approaches for sur-
face nanostructuring of materials, there are layer deposition 
techniques such as physical or chemical vapor deposition 
[4]. In spite of high flexibility in production, these methods 
may face adhesive bonding issues and a difference in the 
chemical composition of the deposited layer compared to 
the underlying substrate. Another interesting approach is the 
use of severe plastic deformation (SPD) methods, directly 
applied to the surface, covering the stated issues encountered 
in the deposition methods.

AISI 316L austenitic stainless steel is widely used in 
various sectors such as chemical, petrochemical, and food 
industries, as well as in pharmaceutical and biomedical engi-
neering [5, 6], thanks to its excellent corrosion resistance, 
work-hardening, and formability. However, compared to 
some advanced materials, a wider application is constrained 
by its relatively low mechanical and fatigue strength and 
poor wear resistance.

In order to achieve desired nanostructured surfaces, SPD 
has been applied using various techniques such as shot peen-
ing [7, 8], laser shock peening [9, 10], surface mechanical 
attrition treatment (SMAT) [11–13], surface mechanical 
grinding treatment (SMGT) [14, 15], surface mechanical 
rolling treatment (SMRT)[16], ultrasonic surface rolling 
[17], severe impact loading [18], and surface mechanical 
impact treatment (SMIT)[19]. During the last two decades, 
these methods were developed and some of them were 
explored intensively demonstrating the beneficial effects of 
SPD-based surface nanostructuring on the static strength, 
wear-resistance, and fatigue durability of metallic materials 
[20–22].

The improvements in the physical, mechanical, and 
chemical behavior of metallic materials using surface nano-
structuring techniques by relying on the resultant extremely 
deformed and refined structure have been of broad interest to 
many researchers. To give examples, Huang et al. [16] used 
the surface mechanical rolling treatment on AISI 316L aus-
tenitic stainless steel to enhance the fatigue properties with 
the observation that the capability to suppress the initiation 
of cracks in the deformed surface layer and consequently 
the fatigue resistance was increased. Another work reported 
that after laser shock peening of AISI 316L steels, the yield 
strength was raised significantly due to the blocking of dis-
location movement and pining effect [23].

The nanocrystallization mechanism in SPD-based nano-
structured metals is through dislocation activities, twinning, 
and phase transformation [24, 25]. The active mechanism of 
plastic deformation in metallic materials is strongly deter-
mined by the amount of stacking fault energy (SFE) [26]. 
Formation of dislocation walls and cells due to the disloca-
tion slip is the dominant active deformation mode in materi-
als with high SFE [27]. However, mechanical twinning is the 
major deformation mechanism in low SFE metals [28]. In 
other words, in the later materials, the formation of disloca-
tion arrays and twinning is mostly preferred rather than the 
dislocation cells. For metals with intermediate levels of SFE, 
a combination of those for low and high SFE materials is 
usually observed [29]. It was reported that the intersection of 
twins created the rhombic block from which sub-grains and 
consequently a nanostructured surface was generated [30]. 
Jayalakshmi et al. [31] found that twin crossing sub-divided 
the austenitic grains in AISI 316 steel into finer sub-grains 
which was also considered as a preferred location for the 
nucleation of martensite. In AISI 316L austenitic stainless 
steels with face-centered cubic (FCC) crystal structure and 
low SFE [32], mechanical twinning accompanied by marten-
sitic transformation play a key role in the deformation and 
nanocrystallization process [13, 33]. A study carried out by 
Agrawal et al. [34] demonstrated that the average thickness 
and distribution of twinning decreased with an increase in 
the strain rate. However, the number of twins was raised by 
increasing the strain rate [35].

Also, Bagherifard et al. [7] showed that the work hard-
ening and microhardness of severe shot peened AISI 316L 
steel were enhanced. In addition to the positive effects of 
nanocrystallization on mechanical properties, it has been 
found that the thermal stability of nanotwinned AISI 316L 
steel could be increased up to 800 ◦C [36]. After the applica-
tion of ultrasonic impact treatment (UIT) on different types 
of carbon steel, the thickness of the plastically deformed 
layer varies from a few microns to about 100 μm depend-
ing on the duration of UIT. Obvious grain refinement was 
observed and the grain size was about 10 nm in the top sur-
face layer. Accordingly, the microhardness of the surface 
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layer was enhanced significantly; the hardness increased 
as a function of UIT duration [37]. It was reported that by 
the application of shot peening, the surface nanostructured 
AISI 316L samples exhibited considerable enhancement in 
mechanical properties and fatigue behavior, as well as an 
increase in enzymatic activity which promoted the applica-
tion of surface nanocrystallized samples for biomedical and 
biochemical applications [38]. Li et al. [14] used the SMGT 
to prepare a spatial gradient nanograin structured surface 
layer on a bulk Cu rod and improved the hardness through 
significant grain refinement.

The aforementioned concise literature review indicates 
the significance and the high effectiveness of SPD-based 
surface nanostructuring in the enhancement of the struc-
tural integrity of materials and related components. Accord-
ingly, the development of novel techniques capable of gen-
erating such nanostructured surfaces remains a challenging 
and essential demand. In a previous study, Dehghan et al. 
[19] developed a novel surface nanostructuring technique 
called SMIT. It was demonstrated to be very efficient for 
the microstructure refinement and enhancing the mechani-
cal performance of the treated samples. Herein, the surface 
nanostructuring and resultant microstructural modifications 
and mechanical performance of AISI 316L austenitic stain-
less steel were investigated using this novel technique. To 
this aim, a sheet of material with 1 mm thickness was treated 
with various processing parameter combinations. The effec-
tiveness of the treatment was evaluated by characterizing the 
microstructure using X-ray diffraction, transmission electron 
microscopy, optical microscopy, and field emission scanning 
electron microscopy, as well as the structural integrity using 
micro-indentation and tensile testing. A detailed examina-
tion of the microstructural features along the depth of the 
material is given. A comprehensive discussion is provided 
to establish a proper connection between experimental data 
and the available data in the literature.

2  Material and Experimental Procedures

2.1  Process Principles and Sample Preparation

The process and the relevant setup to synthesize a nanostruc-
tured surface layer are explained in this section. Owing to 
the implemented principles which are based on the succes-
sive impacts of hard balls, this process is named “surface 
mechanical impact treatment” or briefly, SMIT. The prin-
ciples of the SMIT along with the custom-built setup are 
illustrated in Fig. 1. This device consists of two strong elec-
tromagnetic coils at the top and bottom of an oscillator that 
provides the driving force for the impact. Electric current is 
applied in a pulse form to the coils which in turn, causes the 
oscillator to move up and down. The oscillator is connected 

to a piston in which the balls are placed and are in contact 
with the sample surface during the treatment. The intensity 
of SMIT can be adjusted with the applied voltage to the elec-
tromagnetic coils. As the voltage increases, the amount of 
applied current through the coils increases, which increases 
the electromagnetic force, resulting in a higher speed of the 
oscillator and thus higher intensity of the process. While 
more similarities may be found between SMIT and SMAT 
processes, the most important difference is in the impact 
mechanism. In SMAT, balls are flying in the chamber and 
impact with high speeds while in SMIT, they are vibrating 
in their position with high frequency.

A commercial AISI 316L austenitic stainless steel sheet 
with an average thickness of 1 mm was investigated in the 
present study. The initial material was cut into samples with 
a dimension of 30 ×  80mm2 and was annealed at 1050 ◦C for 
3 h under the protected argon atmosphere.

The samples were treated at room temperature using a 
voltage of 90 V and for various durations of 0.5 h, 1.0 h, 
and 2.0 h. Stainless steel balls with a hardness of 800 HV 
and a diameter of 3.5 mm and 5.0 mm were utilized as the 
treating media. About 90% of the chamber area was filled 
with balls in order to provide a uniform deformation as well 
as free movement of the balls. The use of larger or smaller 
balls was not possible with this version of the SMIT machine 
due to technical limitations in the setup design. The process-
ing parameters for the treated samples are summarized in 
Table 1. The treated samples were named according to the 
ball size and treatment duration. Thus, the sample 5.0–0.5 
indicates the treated sample with a 5.0 mm ball for 0.5 h, etc. 
Both sides of the samples were treated successively.

2.2  Microstructural Characterization

After SMIT, smaller specimens were cut and englobed in 
resin. The specimens were mechanically ground and pol-
ished using 0.3-micron diamond paste, and then etched with 
a solution of 50% HCl, 15%  HNO3, and 35%  H2O. The cross-
sectional microstructure of the samples was characterized 
using OLYMPUS BX51M optical microscope and FEI Nova 
NanoSEM 450 field emission scanning electron microscope 
(FESEM) operated at a voltage of 15 kV.

Transmission electron microscopy (TEM) observations 
and selected area electron diffraction (SAED) studies were 
carried out using an FEI Tecnai G2 F20 SuperTwin sys-
tem with an accelerating voltage of 200 kV. The plane-view 
TEM samples were prepared from the top surface layer 
(depth of ∼ 10 μm) of the treated samples by mechanically 
grinding them into a foil of ∼ 50 μm in thickness and finally 
dimpling and ion-milling for perforation purposes.

A Philips X'Pert MPD X-ray diffraction (XRD) meas-
urement system (40 kW) with Co Kα radiation was used to 
determine phase constitutions and SFE in the treated surface 
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layer. Also, the grain size was determined by Williamson-
Hall analysis [39]. Small angular steps of 2θ = 0.02° and 
diffraction angles between 40° ≤ 2θ ≤ 130° were used to cap-
ture the intensities of diffraction peaks in the step-scanning 
mode.

The SFE of the treated samples was measured using 
recorded XRD spectra. This method has been implemented 
by Reed and Schramm [40] to determine the SFE of several 
austenitic stainless steel alloys. The SFE calculation is based 
on the measurement of the stacking fault probability (SFP) 
from the shift in the XRD peaks while the mean-square 
microstrain is assessed through the XRD line broadening. 

Using the microstrain and SFP, it is possible to determine 
the SFE (γ):

where K
111
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Fig. 1  a Schematic illustration 
of the SMIT setup, (1) electro-
magnetic coils, (2) oscillator, 
(3) piston, (4) balls, (5) sample, 
(6) liquid nitrogen chamber b 
piston positioning before and 
during impact c custom–built 
setup

Table 1  SMIT processing parameters

Sample Time (h) Ball diam-
eter (mm)

Voltage (V) Fre-
quency 
(Hz)

Not SMITed 0 – – –
5.0–0.5 0.5 5 90 5
5.0–1 1 5 90 5
5.0–2 2 5 90 5
3.5–0.5 0.5 3.5 90 5
3.5–1 1 3.5 90 5
3.5–2 2 3.5 90 5
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Stacking faults in an FCC crystal occur on (111) closed-
pack planes. To avoid diffractometer zero errors and to 
increase sensitivity, the profile angular separation of (111) 
and (200) reflections rather than the absolute 2θ positions 
was used. Thus, SFP (α) was calculated through Eq. (3) [42]:

where Δ(2�
200

− 2�
111

) can be measured using Eq. (4):

2.3  Mechanical Tests

Uniaxial tensile tests were performed on an Instron 5600 
testing machine with a strain rate of 6 ×  10–4  s−1 at room 
temperature. The geometry of the miniature tensile test 
specimen is given in Fig. 2. [43]. The specimens had the 
same thickness as the initial sheet with both faces treated 
with SMIT.

Vickers microhardness test was performed on the cross-
section of the samples using a Buehler Micromet hardness 
tester equipped with a Vickers indenter using a load of 50 g 
and a dwell time of 20 s. Hardness measurements were 
repeated three times. The distance between any two neigh-
boring indentations was kept at around 50 µm to ensure the 
validity of the measurements.

3  Results

3.1  Microstructure of the SMIT Surface Layer

Figure 3 shows the microstructures of the untreated AISI 
316L stainless steel sample in the core as well as the surface 
region which consists of primarily equiaxed grains (~ 50 µm 
in size) with few annealing twins. The flow lines near the 
surface are left from the manufacturing process of the sheet. 
However, they do not contribute to the deformations as the 
sheet was annealed before SMIT. Figure 4a–f show the opti-
cal microscopic (OM) images of the SMIT samples treated 
on both sides. Clear evidence of the plastic deformation and 
microstructure refinement is observed in the total thickness 
of the SMITed samples with 1 h and 2 h treatments. The 
grains in the core (away from the surface) have remained 
equiaxed in shape and a large number of deformation twins 
and multiple slip bands are visible. The twining density 
increases with a decreasing depth from the surface. Near 
the surface, the microstructure is severely deformed and is 
hardly identified using OM (Fig. 4c, f).
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Figure 4a depicts the microstructure of the specimen 
treated with a ball size of 3.5 mm and a duration of 30 min. 
As can be seen, a high density of deformation twins is 
observed within the austenitic grains and the deformation 
twin density is higher at the treated surface. Within some 
grains, the presence of multiple twin systems constructed 
a network pattern indicating dislocation accumulation. 
Figure 4b, c show the microstructure of the sample treated 
with the same ball size for 1 h and 2 h, respectively. It can 
be seen that after 2 h of treatment, the deformation twins 
are formed in a greater depth (about 400 µm in Fig. 4c, f). 
By increasing the size of the ball, the density of the grains 
with irregular multiple-twins was gradually increased (see 
Fig. 4d). As shown in Fig. 4e, f, by increasing the treatment 
time, the depth of the deformed layer and the density of the 
twins have increased.

The microstructure of SMIT samples taken by FESEM is 
shown in Fig. 5a–f. Rectangular blocks or rhombic blocks 
are observed in all the samples near the treated surface. 
These blocks are formed by the intersection of two systems 
of parallel twin lamellae. With a ball size of 3.5 mm, the 
number of rhombic blocks increases with increasing treat-
ment time, and their sizes become smaller, as shown in 
Fig. 5b, c. Several twinning systems could be observed in 
specific grains. However, deformation twins are not present 
within all the grains at the core of the samples, which shows 
that the formation of deformation twins is closely related 
to the orientation of grains or the amount of applied strain. 
Figure 5a–f demonstrates that regardless of the SMIT time, 
the closer the twins are to the treated surface, the denser they 
become. Also, the grains are refined by rhombic blocks. The 
same features of deformation are observed in the samples 
treated with a ball size of 5.0 mm, as depicted in Fig. 5d–f.

FESEM images of SMIT samples at larger magnifications 
with a treated condition of 3.5–2, 5.0–1, and 5.0–0.5 are 
shown in Fig. 6a–d, depicting the formation of stacking fault 
tetrahedra (SFT) in the treated samples. Figure 6a shows the 

Fig. 2  Geometry of miniature tensile test specimen (t = thickness)
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SFT formed on the deformation twins. In Fig. 6b, SFTs are 
formed on the deformation twins with a high density. Fig-
ure 6c, d show the high density of the SFTs formed inside the 
grains or at the grain boundaries. Due to the fact that grain 
boundaries, slip bands, and twins are the preferred sites of 
dislocation absorption, the formation of SFTs on these sites 
is expected [44]. The SFTs formed by SMIT appear to have 
dimensions even larger than 1 μm that are easily detectable 
using FESEM. To the best of the authors’ knowledge, SFTs 
with such large dimensions were not reported previously and 
were observed to be in the submicron range [44, 45].

TEM micrographs in Fig. 7 characterize the microstruc-
ture evolution in the subsurface layers which is 20–30 μm 
deep from the treated surface. Compared to the original 

microstructure that mainly consisted of austenite grains, the 
SMIT processed samples are characterized by multi-feature 
microstructures. In the 5.0–0.5 specimen (Fig. 7a–d), typi-
cal microstructures contain slip bands (Fig. 7a, b) and twins 
with a nanosized thickness (Fig. 7c, d). In Fig. 7a a high 
density of dislocations and dislocation tangles and slip bands 
of several systems can also be observed. Their intersections 
formed blocks with a size equal to the slip band/matrix 
lamellar thickness (~ 70 nm) and have caused the fragmenta-
tion of grains into refined blocks (Fig. 7b). The intersections 
of these slip bands usually serve as nuclei of α′ martensite. 
An appropriate SAED pattern shows the existence of α′ mar-
tensite at the intersection of two slip bands (inset in Fig. 7b). 
In Fig. 7c–d, nano-scaled twins are formed in their parent 

Fig. 3  Microstructure of AISI 
316L stainless steel before SMI 
treatment a in the sample core b 
near the surface

Fig. 4  Cross-sectional OM images of the SMIT samples and deformation layer depth in a 3.5–0.5, b 3.5–1, c 3.5–2, d 5.0–0.5, e 5.0–1 and f 
5.0–2. White arrows show the multiple twin systems in a single grain
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grains as indicated in the SAED pattern (inset in Fig. 7c) 
with a large number of dislocations. A high density of dis-
locations can also be seen inside the twins and near their 
boundaries. An arrangement of these dislocations results in 
the formation of walls within the microtwins while others 
are arranged into planar arrays which are mainly typical of 

materials with low SFE during plastic deformation. As an 
additional deformation process, twinning competes with dis-
location activities as the strain increases. Besides the pres-
ence of deformation twins, the SMITed samples contain 
many stacking faults (SF) as shown in Fig. 8a, consistent 
with the calculated value of the SFE (Sect. 3.2). In Fig. 8b, a 

Fig. 5  FESEM images of SMIT samples showing the interception of twinning in the near the treated surface of samples: a 3.5–0.5, b 3.5–1, c 
3.5–2, d 5.0–0.5, e 5.0–1 and f 5.0–2

Fig. 6  FESEM image of SFT 
formation in SMIT samples on 
the deformation twins in 3.5–2 
a and 5–1 b and in grain and 
grain boundaries of 5.0–0.5 h 
c, d 
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high density of dislocations, dislocation tangles, and SFs can 
be observed and the corresponding SAED pattern (Fig. 8d) 
shows that the selected area in Fig. 8c consists mainly of 
FCC γ-austenite phase.

Areas with well-formed dislocation cell structures can be 
seen in the SMIT processed specimen (5.0–0.5) (Fig. 9a). 
The average cell size ranges from 50–200 nm (Fig. 9a–c). 
When the SMIT process proceeds, the extremely twinned/
slip banded areas coexist with the areas of the well-formed 
dislocation tangle and walls (Fig. 9b) and nanosized sub-
grains/grains (Fig. 9c).

In FCC metals, SFTs are common defects generated by 
processes such as irradiation [46, 47], aging after quench-
ing from temperatures close to the melting temperature 
[48, 49], and SPD [50, 51]. Figure 10 shows SFT formed 
during the SMIT process. SFTs with a size of 30–50 nm 
are formed on {111} planes and edges are parallel to ⟨110⟩ 
directions within regions where there is a high dislocation 
density. These observations strongly suggest that the SFTs 
could not be formed by clustering of vacancies and thus, 
a dislocation mechanism must be responsible. Figure 10a 
depicts the SFT of the specimen treated with a ball size of 
3.5 mm and a duration of 30 min. Figure 10b, c shows the 
SFT of the sample treated with the same ball size for 1 h and 
2 h, respectively. It can be seen that the number of formed 
SFTs has increased with an increase in the treatment time. 
The images presented in Fig. 10d, e show the SFT and their 

interaction with a dislocation line in SMIT samples with 
5.0–0.5 and 5.0–1, respectively. This suggests that the dis-
location bypasses the tetrahedra by cross-slip. Figure 10f 
shows dark-field TEM observations of SFT formation in the 
5.0–2 sample.

3.2  SFE and Microstructure Evaluation by XRD 
Analysis

Martensite induced by deformation in the SMIT surface 
layer was identified using XRD analysis. The annealed 
sample is solely composed of the austenite phase and no 
peaks regarding the martensite phase can be seen in the 
XRD pattern (see Fig. 11a). Three phases were reflected in 
the diffraction pattern of the SMIT processed specimens. 
This implies that the microstructure of the surface layer of 
the specimen contains the austenite and two strain-induced 
martensitic (ε and α′) phases. It should be noted that due to 
an increase in the volume fraction of induced martensite 
as a function of SMIT time, diffraction peaks such as 211 
are not easily detectable at a treatment time of 0.5 h but are 
intensified at larger SMIT times.

The formation of ε and α΄ martensite strongly depends on 
the steel composition and related SFE. With decreasing SFE, 
the austenitic lattice becomes more sensitive to the forma-
tion of ε [23]. The calculated SFE value from XRD meas-
urements for SMIT samples is presented in Table 2. Low 

Fig. 7  Bright-field TEM images 
of the SMIT 5.0–0.5 specimens 
(processed for 30 min with the 
5 mm balls) depicting: a slip 
bands formation inside the 
grain, b higher magnification of 
the indicated area in a with the 
relevant SAED pattern (inset in 
b), c and d deformation twins 
with SAED pattern (inset in c)
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SFE is known to promote deformation-induced martensite 
(DIM) during straining. The formation of martensite (e.g. 
Transformation-Induced Plasticity effect) is predominant 
when the SFE of austenite is less than ∼20 mJ/m2 [52]. The 
alloys with low SFE tend to form planar structures through 
dislocation slipping because of more difficult cross slip [53]. 
The deformation twins begin to form to accommodate fur-
ther deformation. Here, twinning is one of the deformation 
mechanisms. The grains are refined and further subdivided 
by twins. It is noted that the calculated SFE values by the 
XRD method, which are one to two orders of magnitude 
lower than expected [54], are prone to errors and are nor-
mally suggested to be multiplied by modification factors in 

the range of 10–100 [55]. Thus, the calculated SFE values 
should be considered with a modification factor of 10 to 100.

3.2.1  Evaluation of Grain Size, Lattice Microstrain 
and Dislocation Density by XRD

The grain size was calculated on the surface layer of each 
sample using XRD. In XRD analysis, the grain size (D) and 
microstrain (ε) were related to peak broadening of XRD 
peaks using different fitting functions like Gaussian, Cauchy, 
and Pseudo-Voigt (incorporating both the Gaussian and 
Lorentz functions) based on the Williamson-hall equation 
and the Voigt method with most high reliability factor  (R2) 

Fig. 8  a Bright-field TEM image of the SMIT 5.0–0.5 sample (pro-
cessed for 30 min with 5 mm balls). Yellow arrows indicate SFs. b 
same as a with a high density of dislocations and dislocation tangles 

showing SF formation. c an area selected from a. d SAED pattern of 
the area indicated in c 

Fig. 9  Bright-field TEM images of the specimens processed for 30 min using 5 mm balls (5.0–0.5) showing: a Dislocation cells, b Dislocation 
tangle/dense dislocation walls, c Nanosized subgrains/grains
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was reported. Estimations of dislocation densities (ρ) in the 
original and deformed samples were performed using the 
values of D, ε, and Burgers vector b based on Eq. (5) [56]:

A Burgers vector of 0.25 nm was chosen according to 
the literature [56]. Table 3 shows the calculated grain size, 
lattice microstrains, and dislocation density of the SMITed 
specimens. The estimated mean grain size is around 20 nm.

The provided data in Table 3 are depicted in Fig. 12 
for a better presentation of variable changes with the 
treatment time. Refinement of the grain size down to 
20–30 nm has already occurred upon the application of 
SMIT for 30 min and continuation of the process hardly 
decreases the grain size (Fig. 12a). Lattice microstrains 
significantly affect the broadening of the diffraction 
profiles. The most noticeable lattice microstrains are 
observed for 0.5 h SMIT processed specimens (Fig. 12b). 
Taking into account the approximated values of the 
grain size D, lattice micro-strains ε, and the dislocation 

(5)� = 2

√
3�∕Db

densities ρ were also computed with ongoing deformation 
at the SMIT process (Fig. 12c). It is seen that higher ρ 
occurs after 2 h using SMIT process.

3.3  Mechanical Properties of the SMIT Samples

Microhardness measurements on the cross-section of the 
SMIT surface were determined as shown in Fig. 13. The 
microhardness reaches a maximum value of ~ 650 HV at 
both the topmost treated surfaces and decreases gradually 
toward the core value (~ 220 HV) in the middle of sample 
thickness (at a depth of ~ 500 µm). An increase of 200% in 
microhardness in the surface of SMIT samples is notable 
in comparison with those achieved by other surface treat-
ment methods, such as SMAT [20], shot peening [57], and 
laser peening [58]. Moreover, microhardness variations 
along the cross-section are of the gradient type and gradu-
ally increase from 220 to 650 HV, and further verify that 
a gradient microstructure of grain or cell size, martensite 
fraction, and dislocation density was formed on the SMIT 
surface layer. In addition to the grain refinement effects, a 

Fig. 10  Bright-field TEM of SFT in SMIT samples with a 3.5–0.5, b 
3.5–1, c 3.5–2, d 5.0–0.5, e 50.-1 and f dark-field TEM observations 
of SFTs (arrowed) in the SMIT processed specimens for 120  min 

with the 5  mm balls (5.0–2). Images are taken near the zone axis 
B = ⟨100⟩ using the reflecting plane vector g = 020



958 Metals and Materials International (2023) 29:948–967

1 3

higher concentration of martensite phase (see discussion) 
resulted in a much higher hardness at the top surface. Fig-
ure 13a shows the microhardness of 3.5–0.5, 3.5–1, and 
3.5–2 samples. As it can be seen, with increasing SMIT 

time, the hardness increased. Moreover, hardness increased 
due to the increasing size of the balls (Fig. 13a, b). It is noted 
that as a result of severe deformation, the thickness of the 
sample decreases with increasing time. Also, the successive 

Fig. 11  a Recorded XRD profiles b magnified XRD pattern of sample 3.5–2 highlighting the peaks for the existence of ε and α′ martensite in 
SMIT samples

Table 2  Mean square microstrain, stacking fault probability, and 
stacking fault energy of SMITed samples obtained by XRD

sample Stacking fault 
probability
103 α

Microstrain
10

6⟨�2
50
⟩
111

Stacking 
fault energy
(mJ/m2) (ץ)

5.0–0.5 9.3 0.77 1.49
5.0–1 16.8 0.7 0.75
5.0–2 10.3 0.64 1.11
3.5–0.5 16.7 0.72 0.77
3.5–1 14.8 0.18 0.22
3.5–2 24.4 3.34 2.47

Table 3  calculated grain size, lattice microstrains, and dislocation 
density of the SMITed samples based on XRD analysis

ρ  (m−2)  (1014) R2 Microstrain
%

grain size
(nm)

sample

0.0000194 0.95 0.007 50,000 Not treated
5.81 0.75 0.088 21 5.0–0.5
6.03 0.83 0.084 19.3 5.0–1
6.56 0.72 0.018 18.6 5.0–2
6.81 0.81 0.085 17.3 3.5–0.5
3.19 0.87 0.043 18.7 3.5–1
18 0.91 0.046 17.9 3.5–2
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treatment on both sides of the sample produced an asymme-
try in the hardness profile with respect to the sample center, 
especially in the case of 5 mm ball.

Uniaxial tensile engineering stress–strain curves of the 
SMIT samples with a gauge length of 12.5 mm, 3 mm width, 
and 1 mm in thickness are shown in Fig. 14. It is noted that 
the stress distribution from the surface to the core of the 

sample is gradient, thus the amount of stress in the SMIT 
samples indicates the average values obtained from the 
analogous uniaxial tensile force and initial cross-sectional 
area of the tested sample in the current study. In compari-
son with the coarse-grained sample in the sample with the 
most severe SMIT conditions (3.5–2), the amount of yield 
stress and ultimate strength increased from 250 and 550 MPa 

Fig. 12  Dependencies of the grain size a, lattice micro-strain b, and dislocation densities c of SMIT processed specimens on the processing time 
using XRD analysis

Fig. 13  Variations of microhardness with distance from treated surfaces of the SMITed samples with a 3.5 mm balls at 0.5 h, 1 h and 2 h and b 
5 mm at 0.5 h, 1 h and 2 h
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to about 720 and 730 MPa, respectively. Meanwhile, the 
homogenous elongation decreased from ⁓120% to ⁓20%. 
The strength increase in SMIT samples is related to the 
severely grain nanostructured surface layer and deformed 
sub-surface layer as a result of grain refinement and mar-
tensite formation. A yield strength as high as 1450 MPa has 
been observed in the nanostructured AISI 316L steel (with 
an average grain size of 40 nm) treated by SMAT [59]. Fig-
ure 14a shows the stress–strain curves of SMIT specimens 
with 3.5 mm balls. It is observed that with increasing pro-
cess time, yield stress and ultimate strength increase, and 
the uniform elongation decreases. There was some strain 
hardening during the plastic deformation prior to fracture. 
However, after the yield point, the slope of the rate of work 
hardening decreases due to a very low storage efficiency of 
dislocation within fine grains. Meanwhile, this weak strain 
hardening is also representative of some lattice dislocation 
accumulation that occurred during plastic straining before 
failure. Figure 14b shows the stress–strain curves for SMIT 
specimens with 5 mm ball size. The measured values of 
yield stress and ultimate strength and elongation for the 
SMIT samples with different conditions are given in Table 4.

3.4  Fractography of SMIT samples

Figure 15 a–i and 16 a–i show the fracture surface morphol-
ogies of the SMIT samples with 3.5 mm and 5 mm balls, 
respectively, after the tensile testing. Two kinds of fracture 
patterns were observed in the SMIT samples, marked as 1 
and 2, because of the change of microstructure along the 
depth from the treated surface. Two apparent failure struc-
tures are clearly distinguished on the two outer sides of 
SMIT samples. One pattern associated with the treated sur-
face containing the refined area shows very few dimples in 
the flat fracture surface region (Figs. 15 b, e, and h and 16 
b, e, and h). In Figs. 15 and 16, a magnified view of the two 
areas is presented, depicting obvious transition morphology 
in regions 1 and 2 in which region 1 is characterized by a 
brittle failure mode. While the pattern in region 2 which is 
related to the sample core with a larger grain size, presents a 
heavy cup and cone morphology (Figs. 15 and 16c, f, and i), 
suggesting that the SMIT samples have been torn apart via a 

ductile mode that leads to the observed plasticity indicated 
earlier in Fig. 14a–b. Combined with tensile testing results, 
the brittle failure of both surface layers is suppressed by the 
ductile middle portion of the samples. Therefore, the frac-
ture mechanism observed on both sides can be related to the 
gradient structure of the SMIT samples.

4  Discussion

In a recent study [19], a new process named as surface 
mechanical impact treatment (SMIT) was introduced for 
the surface nanocrystallization of metallic materials. SMIT 
is originally intended to improve the strength of metals by 
generating nanocrystallites at the surface layer of the treated 
material. In the current study, it was applied to AISI 316L 
stainless steel incorporating various processing param-
eters such as ball size and treatment time to investigate the 
capability of the process in surface nanostructuring of AISI 
316L stainless steel. The SMIT induced the formation of a 
severely deformed surface layer with an average grain size 
of 17–21 nm on AISI 316L stainless steel. Compared with 
the previous surface mechanical treatment methods such as 
SMAT [60], shot peening [61, 62], and surface mechanical 
rolling treatment (SMRT) [16], SMIT generated a comparable 
deformation layer. Typically, the microstructure-refined layers 
produced by SMIT are sufficiently thick due to high accumu-
lated strains. Due to a different energy transfer mechanism 

Fig. 14  Tensile engineering 
stress–strain curves of the 
coarse grain sample and the 
SMIT samples treated with a 
3.5 mm ball b 5 mm ball

Table 4  Mechanical properties of SMITed samples with different 
processing parameters

Elongation (%) UTS (MPa) Yield strength 
(MPa)

sample

120 630 280 Not treated
15.17 670 510 3.5–0.5
16.1 745 590 3.5–1
5.7 730 700 3.5–2
20.6 670 440 5.0–0.5
15.38 680 470 5.0–1
13.28 740 650 5.0–2
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in SMIT with respect to other processes such as SMAT, the 
effect of the ball size is not the same. In the SMIT, the balls 
do not fly in the chamber but just act as a medium to transfer 
the impact energy. Thus, with a smaller ball size and con-
sequently a much higher number of impacts, more effective 
grain refinement with higher overall mechanical performance 
is achieved. The higher properties (such as microstrain, dis-
location density, martensite fraction, and yield stress) in the 
case of the 3.5–2 sample could be justified with this rationale.

Regarding the microstructural features revealed by TEM 
and FESEM observations (Sect. 3.1) and XRD analysis 
(Sect.  3.2), various hardening mechanisms can be sug-
gested to give a clear description of the nanocrystallization 
behavior (Figs. 13 and 14) and to compose some kind of a 
general expression describing the hardening process. First, 
the surface layer of the deformed stainless steel becomes 
very similar to a composite-like material. It includes the 
ε and α΄martensite in an austenite matrix. The formation 
mechanism of refined microstructure in the superficial layer 
comprises a combined process of dislocation generation and 
interaction, deformation-induced martensitic transformation, 
and deformation twinning, identical to the processes identi-
fied in the similar material treated by SMAT [22].

Four main mechanisms can be suggested to explain the 
hardening behavior: (a) A decrease in grain/cell/twin spac-
ing size, (b) deformation twins, (c) dislocation entangle-
ments and sub-boundaries formation, and (d) martensite 
transformation. All the above-mentioned mechanisms 
play a role in the hardening process. As could be seen 
in Table 4, the grain size estimated by XRD analyses 
decreases from 50 µm to below 30 nm, in good agree-
ment with the microstructure observed by TEM in the 
surface layer of the SMIT samples (Fig. 9c). The forma-
tion of nanosized grains in the AISI 316L sample during 
SMIT may have two paths: (i) fragmentation of nano-
twin bundles and (ii) slip banding in nano twin bundles. 
As regards the former path, within the nanoscale twin/
matrix lamellae, interconnecting boundaries are created 
by dislocation buildup and rearrangement, reordering the 
twin/matrix lamellae into refined blocks. The orientation 
of these refined blocks increases with the interaction of 
more dislocations with the interconnecting boundaries or 
twin boundaries. Eventually, the twin/matrix lamellae are 
fragmented into nanosized grains, of which the sizes are 
almost equivalent to the twin/matrix lamellar thickness. 
For the latter path, with increasing strains, deformation 

Fig. 15  a Fracture surface morphology of 3.5–0.5 sample, b higher 
magnification of region 1 in a, c higher magnification of region 2 in 
a, d fracture morphology of 3.5–1 sample, e higher magnification of 

region 1 in d, f higher magnification of region 2 in d, g fracture mor-
phology of 3.5–2 sample, h higher magnification of region 1 in g, i 
higher magnification of region 2 in g 
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twinning cannot sustain homogeneous plastic deforma-
tion and slip banding takes place and penetrates the twin/
matrix lamellae due to stress localization, resulting in 
twisting and fragmentation of the twin/matrix lamellae. 
Consequently, nanosized grains with random orientations 
are formed within the bands. According to TEM observa-
tions (Fig. 7a–c) and FESEM images (Fig. 5), it can be 
suggested that the deformation twins and their intersec-
tions serve as nuclei for the martensite formation. Based 
on the XRD, dislocation density have a drastic increase 
from ~  1010  m−2 in the untreated condition to  1014  m−2 in 
the SMITed sample. Martensite peaks can be observed 
in XRD patterns (Fig. 11). Generally, during deforma-
tion, austenitic stainless steels with SFE < 18 mJ   m−2 
transform into martensite, whereas dislocation activities 
become more dominant when SFE > 45 mJ  m−2 [63]. The 
calculated SFE values using XRD are not accurate enough 
and usually require modification factors. Thus, it is not 
convenient to discuss the formation of martensite based on 
the calculated SFE values. However, at the earliest stages 
of the deformation, twining is dominant as can be seen 
in Fig. 17. To examine the present phases in the treated 
samples, peak identification and indexing of XRD patterns 
were done (Fig. 11). Martensitic peaks can be observed 
in the topmost surface layer of deformed specimens, the 

fraction of which is found to be considerable; also con-
firming the calculated SFE (0.2–3 mJ/m2). Deformation 
conditions are suitable to produce martensite and have an 
impact on the strength and ductility of the treated material. 
This suggests that under SMIT conditions, there are phase 
transformations in AISI 316L stainless steel. The yield 
point for the SMIT sample 3.5–2 increases by 150% where 
its large volume fraction of martensite (Table 5) indicates 
a certain effect in the increments in both the yield strength 
and ultimate strength values.

Previous studies showed that during deformation in auste-
nitic stainless steels, α΄ martensite nucleated at the intersec-
tion of two ε martensite laths [64], and the SFs formed could 
be martensite embryos. Venables [65] found that the ε-phase 
can be an intermediate one in the nucleation of α΄martensite 
from the austenitic matrix. In studies by Guo et al. [66] and 
Hsu and Zuyao [67], the γ → ε transformation mechanism is 
discussed. SFE or SFP plays a crucial role in the calculation 
of the critical driving force ∆Gγ for the martensitic transfor-
mation of FCC (γ) → HCP (ε).

The (1 1 0) α΄ and (2 1 1) α΄ reflections indicate the pres-
ence of α΄ martensite. Using the (2 1 1) α΄ reflection, the 
volume fraction of martensite  (fα΄) was estimated according 
to Eq. (6) [68]:

Fig. 16  Fracture surface morphology of a 5.0–0.5 sample, b region 1 in a, c region 2 in a, d sample 5.0–1, e region 1 in d, f region 2 in d, g 
5.0–2 sample, h region 1 in g. i region 2 in g 



963Metals and Materials International (2023) 29:948–967 

1 3

Using Eq. (6), the volume fraction of α΄ martensite was 
calculated for each sample. The volume fraction of mar-
tensite is shown in Table 5 for the samples treated for 1 h 
and 2 h. It is observed that regardless of the ball size, the 
martensite fraction increases with increasing SMIT time. 
At longer SMIT times, a greater accumulated strain extent 
results in higher  fα΄ and thus larger diffraction peaks of 
the α΄ martensite. This is consistent with the outcomes of 
the other SPD processes like laser shot peening [69], high 
energy shot peening [70] and vacuum-UIT [71, 72] where 
 fα΄ was reported to increase as the processing time (strain 
extent) increased.

As can be seen, an increase in the treatment time results 
in an increase in the fraction of α΄ martensite. In a recent 
study [73], the dependence of austenite grain size on γ → α΄ 
transformation was shown in which the amount of α΄ mar-
tensite increases by decreasing austenite grain size.

(6)f�� = 1 −
0.65(I

311� + I
220� )

I
211�

� + 0.65(I
311� + I

220� )

The interaction process between dislocations and large 
SFTs is observed in Fig. 18 and Fig. 19. Experimental stud-
ies of the interaction between dislocations and SFTs have 
shown that there are three common interactions: replacement 
of the tetrahedron with a Frank loop; absorption of the tetra-
hedron into the dislocation, which leaves no residual defect; 
and replacement of the original tetrahedron with a smaller 
one, which corresponds to the apex of the original tetrahe-
dron [74–77]. The tetrahedron is a strong barrier to disloca-
tion motion. Various interactions were observed, including 
shearing of the tetrahedron followed by slip bands or defor-
mation twinning which leaves behind a complex irreversible 
defect (Fig. 18a) and a smaller tetrahedron (Fig. 18b–d). The 
intersection of the slip plane with the face of the tetrahedron 
resulted, at least, in partial annihilation of the tetrahedron 
or its replacement with another type of defect (Fig. 18e, f).

The strengthening effect of SFTs with a size 
of ~ 30 nm–3 µm in SMIT samples is important; it is believed 
that SFTs are effective in blocking dislocation motion [78].

The images presented in Fig. 19 show the interactions of 
dislocation as it moves through a field of tetrahedra in an 
SMIT sample (5.0–0.5). It can be seen that the intersection 
of the dislocation with the edge of the tetrahedron leads to 
dislocation cross-slip, neither with any obvious interaction 
nor any effect on the tetrahedron.

5  Conclusions

The surface nanocrystallization behavior of AISI 316L 
stainless steel was investigated using Surface Mechanical 
Impact Treatment (SMIT). The mechanical performance was 

Fig. 17  a Deformation twins in SMITed sample for 30 min and 5 mm ball with FESEM observation, b TEM observation of twins and their 
intersections for 5.0–0.5 sample and c deformation twins in SMITed for 30 min and 3.5 mm ball

Table 5  Calculated volume 
fraction of α΄martensite  (fα΄) for 
SMITed samples

sample Volume fraction 
of α΄martensite 
 (fα΄), %

5.0–0.5 -
5.0–1 19
5.0–2 25
3.5–0.5 -
3.5–1 20
3.5–2 42
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studied using microhardness and tensile testing. The follow-
ing conclusions were drawn:

• Various microstructures with a characteristic gradient 
behavior, from martensite to twins, dislocation tangles, 
and slip bands were formed through the deformed sur-
face layer. The average grain size of the final structure 
in the topmost treated surfaces was successfully refined 
to ~ 20 nm. The dislocation content was increased sig-
nificantly (~  1014  m−2) compared to the untreated sample 
 (1010  m−2).

• Slip bands and nanotwining was detected to be the 
most probable mechanism for the grain refinement and 
nanocrystallization process.

• Martensitic phase transformation was induced during 
the treatment due to the high strain rate severe plastic 
deformation. The volume fraction of martensite was 

estimated to be ~ 19%–42% depending on SMIT pro-
cessing conditions.

• The surface layer of the treated stainless steel became 
very similar to a composite-like material in which 
twining, slip bands, and deformation-induced α΄ and 
ε martensite were formed. The dominant deformation 
mechanism changed from twining to martensitic phase 
transformation with increasing SMIT time as well as 
accumulated strain.

• The nanostructured steel samples exhibited a 2.5-time 
increase in the tensile strength and around a 3-time 
increase in microhardness hardness at the treated sur-
face, proving the overall enhancement in the structural 
integrity upon using SMIT.

• Stacking-fault tetrahedrons (SFT) were formed during 
SMIT with a size of 30 nm–3 µm. This seems to be a 
capability of the SMIT since the previously investigated 
surface SPD methods did not report SFT observation. 

Fig. 18  a Shearing of the SFT 
followed by slip bands or defor-
mation twins in 5.0–1 sample, b 
higher magnification of smaller 
SFT generated from the shear-
ing of a tetrahedron in 5.0–1 
sample, c SFT and their interac-
tion with slip bands in 3.5–1 
sample, d higher magnification 
of selected areas in c, e intersec-
tion of the slip plane with the 
face of the SFT in 5.0–2 sample, 
f higher magnification of partial 
annihilation of the SFT in 5.0–2 
sample
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SFT formation can be justified by the higher imposed 
strain in the SMIT technique. TEM and FESEM analy-
ses suggested that the formation of SFT is based on the 
dislocation mechanism.
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