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a b s t r a c t

This article assessed the roughness induced by ultrasonic shot peening. Surface properties of AISI 316L
steel specimens were modified through the variation of ultrasonic shot-peening parameters (shot
material, shot diameter, sonotrode amplitude vibration and coverage). Each surface was characterized
using fifty surface roughness parameters and two types of robust Gaussian filter (low pass and high pass)
associated with twenty one cut-off lengths. For each type of processing parameter, the most relevant
roughness parameter and its corresponding length scale and filter were found. A linear relationship was
identified between the four ultrasonic shot-peening parameters and the mean density of furrows with a
coefficient of determination equal to 0.97.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Shot peening is a mechanical surface treatment widely used
in automotive and aerospace industries to enhance the fatigue
life of mechanical parts [1,2]. In this process, many small and
hard particles, called shots, are projected at high velocities onto
the sample. The multiple impacts plastically deform the mate-
rial surface and induce an in-plane compressive residual stress
field near the surface.

Several other surface deformation processes have been recently
developed such as Surface Mechanical Attrition Treatment (SMAT)
[3], ultrasonic impact peening, laser peening [4], ball and burnish-
ing [5] or ultrasonic shot peening technique [6]. The latter, unlike
conventional shot-peening, consists in energizing the shots using a
sonotrode vibrating at ultrasonic frequency, instead of using
compressed air or centrifugal effects.

All these treatments aim at increasing the material fret-
ting wear resistance [7,8]. However, the impacts usually
induce increasing surface roughness that can accelerate crack
nucleation and can thus decrease the fatigue life of the
material [9].

As a consequence, many researchers have taken interest in
the evolution of the material roughness after the surface

mechanical treatment. Two main topics can be identified in
the literature:

(i) Some researchers try to assess the influence of various surface
treatments on material roughness. For instance, Maawad et al.
[10] compared the effects of shot peening, ball burnishing,
laser shock peening and ultrasonic shot peening on the surface
roughness of an α-titanium alloy, using the average absolute
value of the five highest peaks and the five lowest valleys over
the cut-off length. Gao [11] explored the effects of shot
peening and laser peening on the fatigue life by determining
the stress concentration factor Kt, proposed by [12]. The latter
is built using the maximum peak-to-valley height and the
mean spacing of adjacent local peaks.

(ii) Other researchers observe the impact of the surface treatment
conditions on the material roughness. Arifvianto et al. [13]
investigated the effect of SMAT on the roughness of AISI 316L
stainless steel, using various combinations of processing para-
meters (motor speed, treatment duration, ball diameter, ball
number). Similarly, Mordyuk and Prokopenko [14] assessed
the effect of the duration of ultrasonic impact peening on
material roughness.

The one-dimensional average roughness Ra is the most widely
used parameter to describe roughness, as shown in Table 1. However,
the use of this sole parameter may not enable to thoroughly
characterize all the features of the topography. Thus, some research-
ers chose to use additional roughness parameters. For instance, the
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maximum height Rz [8] or the maximum roughness depth Rmax [15]
were added to the observation of the Ra. To better characterize the
height distribution of the peaks and the symmetry of the profile of a
shot peened low alloy steel, Bagherifard et al. [16] also studied the
evolution of the kurtosis Rku and skewness Rsk.

Roughness parameters are numerous but seem to remain
untapped. Furthermore, few studies question the relevance of
the roughness parameters used to describe the effects of the
tested surface treatment. Indeed, the choice of the roughness
parameter is analyzed more comprehensively only in few cases,
such as the search for biocompatibility [17].

In this work, three-dimensional roughness measurements are
scrupulously analyzed. The aim is to identify the most relevant
roughness parameters for the description of the effects of the
processing parameters on the measured roughness. The investi-
gated processing parameters are the shot material, shot diameter,
sonotrode amplitude vibration and coverage (i.e. the percentage of
the surface impacted once of more). A relation linking the
obtained roughness to the combination of parameters used for
the ultrasonic shot peening treatment is then searched.

This article is divided into four sections. Section 2 presents the
material and the methods used in this study. Section 3 is devoted
to the analysis of the roughness of the ultrasonically shot peened
specimens: it discusses the identified relevant parameters and
suggests a relationship between the topography and the design
parameters used for the surface treatment. Section 4 concludes
this work and suggests future topics related to this study.

2. Material and methods

2.1. Material and processing parameters

The material used in this study is AISI 316L stainless steel. The
samples are cut from a 16 mm rod into 10 mm thick discs. This

material is composed of a single austenitic phase. The 316L
specimens are mechanically polished using an automatic grinding
machine to get a mirror-like surface.

Ultrasonic shot peening was carried out using various proces-
sing parameters that are: the shot diameter (1 or 2 mm), the shot
material (304L or 100C6), the coverage (100%, 1000% or 10,000%)
and the amplitude vibration of the sonotrode (30, 60 or 80 mm).
Coverage refers to the ratio of the surface area that is already
impacted to the total surface area. Microscopic observations are
used to assess coverage smaller than 100. Coverage larger than
100% is calculated using the processing time needed to reach 100%
coverage. As an example, coverage equal to 200% means that the
processing time is equal to twice the one needed to reach 100%
coverage.

Eight specimens were studied from the combination of the shot
diameter, the shot material, the coverage and the amplitude
vibration of the sonotrode. The chosen processing parameters
are presented in Table 2.

2.2. Roughness measurements

Surface roughness data were obtained using a three-dimen-
sional non-contact optical profilometer (Zygo NewView™ 7300,
Zygo Corp., USA). The white-light interferometer was used with a
20� objective. Its lateral resolution is equal to 71 nm while its
vertical resolution is about 3 nm. Surfaces of 348 mm�262 mm
were measured. Using the stitching function, they were over-
lapped with a percentage of 20% to obtain surfaces of 1.19 mm�
0.891 mm (described by 2176�1632 points). Stitching enables to
study large areas without decreasing the field of view. In this
study, twenty stitched surfaces were randomly acquired for each
specimen in order to ensure a good representativeness of the
specimen roughness. Each 3D surface was flattened out using a
polynomial of degree 3.

2.3. Multiscale roughness characterization

The surface topography resulting from the ultrasonic shot
peening treatment was characterized through the coupling of a
roughness parameter with a cut-off length and a filter. Fifty
roughness parameters were calculated for each specimen in order
to find the most relevant one. Some of the most significant
roughness parameters calculated in this investigation are listed
in Table 3. The roughness parameters are amplitude ones [18] such
as the arithmetic mean deviation Sa, the root-mean-square devia-
tion of the surface Sq. There are also hybrid parameters [18] like
the density of summits Sds, spatial parameters [19] like the texture
aspect ratio Str or functional parameters [19] like the extreme peak
height Sxp.

Table 1
Examples of surface treatments and materials examined in the literature and the corresponding roughness parameters used to characterize
the topography change.

Surface treatment Material Roughness parameters Reference

Blasting Low carbon steel Ra [27]
Blasting AISI 316 LVM stainless steel Sa, Sq, Ssk, Sku, Sz, Sbi, Sci, Svi [16]
SMAT AISI 316L Ra [11]
SMAT Alloy 718 Ra, Rmax [14]
SMAT AISI 304 stainless steel Ra, Rz [13]
Shot peening Low alloy steel Ra, Rz, Rc, Rsk, Rku [15]
Shot peening, laser peening 7050-T7451 aluminum alloy Ra, Rt, Dp [9]
Shot peening, ultrasonic shot peening,

laser shock peening and ball burnishing
Ti–2.5Cu alloy Rz [8]

Ultrasonic impact peening Low carbon steel, AISI 321
stainless steel, titanium alloys

Ra [12]

Surface nanocrystallization and hardening process 5052 Aluminum alloy PV, Rq, Ra [23]

Table 2
Processing conditions of the AISI 316L specimens.

Name Shot material Diameter (mm) Sonotrode vibration
amplitude (lm)

Coverage (%)

USP_1 304L 1 30 100
USP_2 304L 2 30 100
USP_3 304L 2 60 100
USP_4 100C6 2 60 100
USP_5 100C6 2 80 100
USP_6 100C6 2 60 1000
USP_7 100C6 2 60 10000
USP_8 100C6 1 60 100
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As the values of the roughness parameters are directly linked
with the cut-off length [20,21], twenty-one cut-off lengths ran-
ging from 5 mm to 1100 mm were tested with two types of robust
Gaussian filters [22]: a low-pass filter and a high pass filter. The
use of these filters associated with different cut-offs allows to
access to the waviness and roughness of the surfaces. Figs. 1
and 2 illustrate the effects of the coupling of a filter with a cut-off
length.

2.4. Assessment of the relevance of the roughness parameters

The assessment of the most relevant parameter enabling the
characterization of the effects of the different processing para-
meters is based on the coupling of an analysis of variance (ANOVA)
with a recent resampling technique called Bootstrap [23].

The main aim of bootstrapping is to provide a confidence
interval that enables to integrate the variability of roughness data
into ANOVA. The idea of bootstrapping consists in generating a
large number N (N¼1000 in this study) of simulated bootstrap
sets of samples of size K (K¼20), from an experimental data set of
the same size K. Each simulated bootstrap sample is a set of size K
and is the result of the sampling of the experimental data set. The
bootstrap sample is formed from the experimental data set using
randomly sampling with replacement [24]. Thus, the bootstrap
sample is not identical to the original experimental set as it
contains different scores than the experimental set (some values
can appear twice or more whereas others may not appear). This
bootstrap set of 1000 values is then used to build an empirical
probability density function for each roughness parameter Si
associated with a filter and a cut-off length.

This empirical probability density function is then used in the
analysis of variance. For each parameter Si, the F-statistic [25] is
calculated considering two or three classes of processing para-
meters (e.g. for the material ball, the classes are 304L or 100C6
whereas for the coverage, the classes are 100%, 1000% and
10,000%). In addition to the average and median of the F-statistic,
the percentile 5% and 95% are determined as they can be used to
compute a 90% confidence level. The F-statistic average is then
used to rank the different roughness parameter Si associated with

a filter and a cut-off regarding their ability to characterize the two
or three classes.

3. Results and discussion

3.1. Effect of the shot material

The shot material effect on roughness was studied using the
specimens called USP_3 and USP_4 as their processing conditions
are the same, except for the shot material. Using both specimens,
the most relevant roughness parameter enabling to detect the shot
material effect on topography was searched using the ANOVA
method. The association of a roughness parameter with a type of
filter and its cut-off length gave 2100 combinations that were
classified according to their F-statistic average value, as depicted
by Fig. 3.

The first-ranked parameter is the density of summits Sds
computed using a 19 mm cut-off with a high-pass filter. Thus, it
is the most relevant parameter for the description of the shot
material effect. The Sds parameter belongs to the hybrid para-
meters describing the amplitude and spacing characteristics of the
surface. It represents the number of peaks per unit area. According
to [18], the peaks taken into account for the calculation of the Sds
parameter are detected by local neighborhood. A point is con-
sidered as a peak if it is higher than its eight neighbors.

Fig. 4 shows the distribution of this parameter for both types of
shots, at the relevant scale. It is worth noting that the histograms
are perfectly disconnected. It confirms the ability of this parameter
to describe the shot effect on the specimen topography. If both
distributions are assumed to be normal, then the average Sds value
for the specimen impacted with 100C6 shots is equal to 19,180
peaks/mm2 with a standard deviation equal to 150 peaks/mm2

while the Sds value is equal to 11,360 peaks/mm2 with a standard
deviation equal to 45 peaks/mm2 for the 304L shots. A lower
density of peaks for the 304L shots means that the valleys are
significantly larger than the ones obtained with the 100C6 shots.

With regard to the roughness parameters relevance, the arith-
metic mean deviation Sa parameter first appears at the 51th
position of the ranking composed of 2100 combinations. It also
gave two well separated distributions as in Fig. 5 thus enabling to
detect the effect of the change of shot material.

The hardness of the 304L shots and 100C6 shots is respectively
equal to 3.6 GPa and 7.6 GPa, while the hardness of the 316L
workpiece is approximately equal to 3.5 GPa. As the hardness of
the 304L shot is of the same order of magnitude as the workpiece
hardness, the 304L shots probably tend to be more deformed than
the 100C6 shots during the impacts. Thus, they induce larger
valleys and a smaller density of peaks than the 100C6 shots, as
confirmed by the shapes of the profiles presented in Fig. 6.

Harada et al. [26] reported similar observations about the effect
of the shot material on the surface roughness. They observed that
the amount of plastic deformation generated after shot peening
carburizing steel was considerably higher when using cemented
carbide microshots instead of cast steel microshots. The larger
roughness was attributed to the difference of hardness: cast
steel microshots have a smaller hardness than the workpiece
while the cemented carbide shots are significantly harder than
the workpiece.

The Sds parameter is statistically better than the Sa parameter
because it collects more information thus enabling to better
explain the effects of the shot material on the topography. Indeed,
the Sds parameter is calculated after the segmentation of the initial
image of the topography, using the watershed algorithm. The
latter was specifically designed to identify the significant hills and
dales and remove the non-significant peaks and pits, as shown in

Table 3
Examples of roughness parameters used in
this study.

Amplitude parameters
Sa Arithmetic mean deviation
Sq Root-mean-square deviation
Ssk Skewness of the height distribution
Sku Kurtosis of the height distribution

Feature parameters
S5V Five point pit height
S5P Five point peak height

Hybrid parameters
Sds Density of summits
Sfd Fractal dimension of the surface

Spatial parameters
Sal Auto-correlation length
Str Texture-aspect ratio

Functional parameters
Sxp Extreme peak height
Smr Areal material ratio
Smc Inverse areal material ratio

Functional volume parameters
Vv Void volume
Vm Material volume
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Fig. 7. Indeed, as indicated by Li et al. [27] when analyzing
sandblasted pure titanium, a surface showing relatively sparse
summits has a lower Sds value. More specifically, the density of
summits is proportional to the number of residual impacts caused
by the shots. This link between the Sds parameter and the residual
impacts of the shots fully justifies the first position of the Sds
parameter in the relevance. Furthermore, the impact diameters

have a stochastic nature: they depend on the impact energy as
well as the surface state (i.e. its ability to work-harden). The
variation of the impact diameters leads to a variation of the
topography that is detected in the ranking of the roughness
parameters. Indeed, the first eighteen positions of the ranking
are held by the density of summits associated with a large range of
cut-off lengths. This large range of scales reflects the variation of

Fig. 1. Surface topographies of USP_4 (100C6 shots with a diameter of 2 mm) and USP_8 (100C6 shots with a diameter of 1 mm) with a high pass filter and cut-off lengths
equal to 11 mm, 69 mm and 1100 mm.
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impacts diameters, thus confirming the relevance of the density of
summits for the description of the material effect on the
topography.

It was shown that the most relevant roughness parameter for
the description of the effect of shot material on the topography is
the density of summits Sds. This parameter was also shown to be

more relevant than the arithmetic mean deviation of the surface
Sa. It is worth noting that, as the surfaces of this study are
isotropic, the arithmetic mean deviation of the surface (Sa) is
equivalent to the arithmetic mean deviation of the profile (Ra).
Surface parameters such as the density of summits (Sds) have
no equivalents in two-dimensional descriptions of the surface

Fig. 2. Surface topographies of USP_4 (100C6 shots with a diameter of 2 mm) and USP_8 (100C6 shots with a diameter of 1 mm) with a low pass filter and cut-off lengths
equal to 11 mm, 69 mm and 1100 mm.
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(i.e. using profiles). This fact emphasizes the specificities of surface
roughness parameters compared to profile parameters.

3.2. Effect of the shot diameter

This section is dedicated to the analysis of the effect of the shot
diameter on the topography of the specimens. It was investigated
for two types of shot material: 100C6 and 304L steels. For the 304L
steel, the diameter effect on the roughness was assessed through
the analysis of the specimens USP_1 and USP_2 that were peened
with shots having a diameter of 1 mm and 2 mm, respectively. The
classification found through the use of the F-values showed that

the mean density of furrows calculated with a cut-off length equal
to 7 mm and a low pass filter is the most relevant roughness
parameter for the characterization of the diameter effect. The
mean density of furrows calculation is based on the segmentation
of the topography measurements, using the watershed algorithm
[28]. The latter leads to a partition of the examined image into dale
motifs (as shown in Fig. 7) and locates their respective pits. This
identification provides a linear topography whose length is mea-
sured and then divided by the considered area. The mean density
of furrows is thus a measurement of furrows created by the shot
impacts. An example of the determination of the mean density of
furrows is given in Fig. 8.

The average value of the mean density of furrows is equal to
232 cm/cm2 (with a standard deviation equal to 1 cm/cm2) for the
specimen peened with 2 mm diameter shots while it is about
347 cm/cm2 (with a standard deviation of 1 cm/cm2) for the one
peened with 1 mm diameter shots. The arithmetic mean deviation
Sa is only ranked 33. The Sa parameter is equal to 0.081 mm with a
standard deviation equal to 0.001 mm for the 2 mm shots and is
equal to 0.150 mm with a standard deviation equal to 0.001 mm for
the 1 mm shots.

For the 100C6 shots, the roughness parameter that is ranked
number 1 is also the mean density of furrows but with the use of a
high pass filter and for a cut-off length equal to 122 mm. The mean
density of furrows is approximately equal to 334 cm/cm2 (with
a standard deviation of 1 cm/cm2) for the specimen peened

Fig. 3. Classification order of the relevance of the coupling of a roughness
parameter with a cut-off length and a filter to describe the shot material effect
on the surface topography.

Fig. 4. Distribution of the density of summits Sds values for the specimen treated
with 100C6 shots (USP_4) and the one treated with 304L shots (USP_3) for a cut-off
length of 19 mm, using a high-pass filter.

Fig. 6. Distribution of the arithmetic mean deviation Sa values for the specimen
treated with 100C6 shots (USP_4) and the one treated with 304L shots (USP_3) for a
cut-off length of 19 mm, using a high-pass filter.

Fig. 5. Profiles of USP_3 and USP_4 with a cut-off length of 19 mm and a high pass filter.
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with shots having a 1 mm diameter (USP_8) while it is equal to
450 cm/cm2 (with a standard deviation of 2 cm/cm2) for the one
peened with 2 mm diameter shots (USP_4). The arithmetic mean
deviation Sa is ranked 96 in the classification of the relevance. The
average Sa value is equal to 0.312 mm with a standard deviation of
0.002 mm for the 2 mm shots and is equal to 0.355 mm with a
standard deviation of 0.002 mm for the 1 mm shots.

According to the previous results, an increase of the shot
diameter tends to decrease the arithmetic mean deviation Sa,
whatever the shot material. Conversely, the value of the mean
density of furrows depends on the shot material as an increase of
the shot diameter leads to an increase of the mean density of
furrows for the 100C6 shots while it leads to a decrease of the
mean density of furrows for the 304L shots.

The evolution of the Sa parameter can be easily understood:
larger shot diameters induce larger dales and thus less peaks in
average. Arifvianto et al. [13] found a similar trend when they
treated AISI 316L steel using balls having a diameter of 3.18, 4.76
and 6.35 mm.

The mean density of furrows depicts the local variations of the
topography. Figs. 9 and 10 present profiles of the specimens
peened with 304L and 100C6 shots found using a cut-off length
equal to 7 mm and a low-pass filter and a high-pass filter with a
cut-off length of 122 mm, respectively. In Fig. 9, it can be seen that

the specimen treated with 1 mm shots has more little peaks and
pits than the one treated with 2 mm shots. In Fig. 10, this trend is
reversed: the specimen treated with 100C6 shots having a dia-
meter of 2 mm has more little variations than the one peened with
1 mm shots. As stated above, the hardness of the 304L shots is
roughly similar to the one of the specimens. As the specimen and
the 304L shots have similar hardness, the shots probably deform
when they impact the treated material thus giving rise to smooth
dales having few local peaks. On the contrary, the 100C6 shots are
much harder than the specimens. Their shapes are thus less
affected during the impacts, thus giving rise to higher deforma-
tions and to local variations in the specimen topography.

3.3. Effect of the sonotrode vibration amplitude

The search of an appropriate roughness parameter for the
description of the effect of the sonotrode vibration amplitude on
the specimen topography is successively made for the different
shot material. First, the effect of the sonotrode vibration ampli-
tude is investigated for the specimens shot with 304L steel balls.
Two values of amplitudes were tested in this study: 30 mm
(specimen USP_2) and 60 mm (specimen USP_3). The best para-
meter is the density of summits Sds calculated with a low-pass
filter and a cut-off length equal to 7 mm. The Sds value is 530

Fig. 7. 3D topography of the surface of the specimen called USP_1 and the corresponding determination of the motifs (the dales).

Fig. 8. 3D topography of the surface of the specimen called USP_2 and the corresponding determination of the furrows.
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peaks/mm² (with a standard deviation of 10 peaks/mm2) for the
60 mm amplitude whereas it is equal to 920 peaks/mm2 (with a
standard deviation of 15 peaks/mm2) for the 30 mm amplitude.
The arithmetic mean deviation Sa parameter is ranked number
25. It gives a value of 1.01 mm (with a standard deviation of
0.02 mm) for the specimen treated with the 30 mm amplitude and
1.81 mm (with a standard deviation of 0.03 mm) for the one
peened with the 60 mm amplitude. The use of higher vibration
amplitude entails a decrease of the density of summits and an
increase of the arithmetic mean deviation. Badreddine et al. [29]
investigated the effects of the process parameters of ultrasonic
shot peening on shot dynamics. They showed that the sonotrode
amplitude is a key factor for the control of the normal speed of
the impacts: higher impact velocity can be obtained using higher
sonotrode amplitude. As a consequence, the increase of the
vibration amplitude means that the impacts have higher kinetic
energy, thus leading to higher deformations and higher dales or

peaks in average. But, locally, the peaks and pits are much less
numerous and large thus giving a lower density of summits, as
illustrated by Fig. 11.

As for the 100C6 steel shots, the best parameter is found to be
the extreme peak height Sxp with a high pass filter and a cut-off
length equal to 7 mm. The extreme peak height is a functional
parameter [19]. It is based on the areal material ratio, which is the
bearing area ratio at a given height calculated from the mean
plane. The Sxp parameter is the height at which an areal material
ratio equal to 50% is satisfied, subtracted by the height at which an
areal material ratio of 2.5% is achieved.

The Sxp parameter is equal to 0.277 mm (with a standard
deviation of 0.002 mm) when the vibration amplitude is 60 mm
while it is equal to 0.333 mm (with a standard deviation of
0.003 mm) for the 80 mm amplitude. As previously stated, the
increase of the vibration amplitude induces the use of higher
kinetic energy during the impacts thus leading to a global

Fig. 9. Profiles of USP_1 and USP_2 with a cut-off length of 7 mm and a low pass filter.

Fig. 10. Profiles of USP_8 and USP_4 with a cut-off length of 122 mm and a high pass filter.
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increase of the roughness. The Sxp parameter values follow
this trend. This parameter is more relevant than commonly used
parameters such as the arithmetic mean deviation because
it implies the use of thresholds. Based on the Abbot curve, this
parameter is computed by removing the largest peaks and valleys
thus enabling to focus on the relevant peaks and valleys and
eliminate outliers.

3.4. Effect of coverage

The effect of coverage is investigated using three specimens:
USP_4, USP_6 and USP_7 having coverage equal to 100%, 1000%
and 10,000%, respectively. The best roughness parameter depicting
the coverage effect on topography is the mean density of furrows
evaluated with a low pass filter and a cut-off length equal to
29 mm. As shown in Fig. 12, the mean density of furrows is equal to
175 cm/cm2 for 100% coverage, 137 cm/cm2 for 1000% coverage
and 240 cm/cm2 for 10,000% coverage. The standard deviation is
equal to 1 cm/cm2 whatever the examined coverage. There is a
trend reversal: first the increase of coverage from 100% to 1000%
leads to a decrease of the mean density of furrows, then from
1000% to 10,000% coverage, the mean density of furrows increases
by a factor of 1.5.

Surface roughness evolution has been investigated as function of
coverage or treatment duration by several researchers. However,
different conclusions were drawn depending on the peening para-
meters. Dai et al. [30] identified three successive stages when
severely plastically deforming aluminum alloy plates. In Stage I, the
roughness characterized by the peak-to-valley parameter increases.
This increase of roughness is due to newly created indents: the entire
surface has not been entirely covered by the shot impacts. In Stage II,
the peak-to-valley height decreases since the entire surface has been
covered. This decrease is said to be caused by a continuous decrease
of the peak regions while the depth of the valleys are not affected
anymore by the impacts. Stage III is described as a steady state: there
is a dynamic equilibrium between the generation of peaks and
valleys and the reduction of the height of peaks. Mordyuk and
Prokopenko [14] reported similar stages when observing the evolu-
tion of the Ra parameter as function of the ultrasonic impact peening
duration.

Miao et al. [31] conclusions were different from that of Dai et al.
[30]. They identified only two stages when observing the variation
of the peak-to-valley height with the increase of the number of
shots. In Stage I, the peak-to-valley height increased almost
linearly with the number of shots. During Stage II, the roughness
increased at a much slower rate as many impacts were super-
imposed. Similar observations were made by Majzoobi et al. [32]
and Bagherifard et al. [16]. Bagherifard et al. also emphasized the
fact that depending on the chosen roughness parameter, the
stabilization of the roughness could be observed earlier. Indeed,
the average roughness parameter stabilized much earlier than the
peak-to-valley parameter. This difference of number of stages may
be explained by the achieved coverage (only 100% for Miao et al.
[31] and 300% Bagherifard et al. [16]) or by the combination of
processing parameters. Unfortunately, a lack of information on the
parameters used by Dai et al. [30] prevent any calculation of the
coverage using theoretical models such as the one developed by
Kirk [33].

Given the literature results, the decrease of the mean density of
furrows with the increase of the coverage from 100% to 1000% may
correspond to the second stage described by Dai et al. [30]. As for
the increase of roughness from 1000% to 10,000% coverage, it
seems to be caused by a different phenomenon: a delamination of
the strain-hardened layer of the specimen, as illustrated by Fig. 13.

Fig. 11. Profiles of USP_2 and USP_3 with a cut-off of 7 mm and a low pass filter.

Fig. 12. Distribution of the mean density of furrows values for the specimen treated
with 100% coverage (USP_4), 1000% coverage (USP_6) and the one treated with
10,000% coverage (USP_7) for a cut-off length of 29 mm, using a low-pass filter.
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The patterns observed in the previous figure are similar to the
ones examined by Poorna Chander et al. [34] after over-blasting a
steel substrate.

3.5. Creation of a predictive model

The method developed in this section consists in searching the
best relation between the processing parameters (i.e. the shot
diameter, the shot material, the sonotrode amplitude vibration
and the coverage) and a roughness parameter associated with a
filter and a cut-off length. To achieve this, the relation between the
processing parameters and the obtained roughness is supposed
linear as a first approximation. The relation giving the best
coefficient of determination (0.97) is found using the Mean Depth
of Furrows (MDF) with a high pass filter and a cut-off length of
122 mm:

MDF¼ 0:7570:02þ0:2170:01dþ0:005270:0004cþ0:0770:01b
þ0:014170:0003r ð1Þ

where d, c, b and r are respectively: the ball diameter, the
sonotrode vibration amplitude, the ball material and the coverage.
For the shot material, 304L steel is represented by 1 while 100C6
steel is represented by 0.

Fig. 14 shows the distribution of the different coefficients of the
previous equation. It can be seen that an addition of 1 to the
coverage value increases the Mean Depth of Furrows of 0.014 mm.
A 1 mm increase of vibration amplitude leads to a 0.0052 mm
increase of the Mean Depth of Furrows. Conversely, a 1 mm
increase of the ball diameter induces a 0.2 mm decrease and a
gain of 1 for the ball material causes a drop of 0.08 mm.

The predicted Mean Depth of Furrows given by Eq. (1) is
represented as a function of the measured Mean Depth of Furrows
in Fig. 15. Despite some scattering of the points that stand for the
bootstrap values of the Mean Depth of Furrows, a good prediction
is achieved. Indeed, a linear relation having a coefficient of
determination equal to 0.97 is found. It is worth noting that the
coefficients of the predictive model are specific to the studied
material i.e. to AISI 316L stainless steel. Indeed, the values of the

Fig. 13. Scanning electron microscopy image of the delamination of the strain-hardened layer (USP_7).

Fig. 14. Distribution of the model coefficient values.
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mean depth of furrows are dependent on the processing condi-
tions as well as on the material behavior. As an example, Yin et al.
[35] showed that the indented depth, which is proportional of the
mean depth of furrows, depends on the strain state of materials.
An increase of accumulated plastic strain of the material leads to a
decrease of the indented depth.

The identified relation can help choosing the processing para-
meters when a certain roughness should be respected.

4. Conclusion

The multiscale analysis of roughness surfaces obtained by ultra-
sonic shot peening was performed by studying the values of fifty
roughness parameters, 21 cut-off lengths and, high pass and low pass
filters. The use of a statistical analysis enabled to identify a relevant
parameter and its corresponding cut-off length and filter for each
type of processing parameter. The effects of the variations of the shot
diameter and coverage on the specimen topography were found to
be best depicted by the mean density of furrows using a low pass
filter and a cut-off length equal to 7 mm for 304L steel shots while a
high pass filter and a cut-off length equal to 122 mmwere found to be
more relevant for 100C6 steel. As for the coverage, a cut-off length
equal to 29 mm and a low pass filter were found to be more
appropriate. The impact of the shot material was best described by
the density of summits evaluated over 19 mm with a high pass filter.
Finally, the effect of the vibration amplitude was found to be
dependent on the shot material. Indeed, its effect was identified
using the peak extreme height (with high pass filter and a cut-off
length equal to 7 mm) for the 100C6 shots whereas the density of
summits (with a low-pass filter and a cut-off length equal to 7 mm)
was the relevant combination for the 304L balls.

Finally, the Mean Depth of Furrows, calculated using a cut-off
length of 122 mm with a high pass filter, enabled to build a linear
function with the different processing parameter i.e. the shot
diameter, the shot material, the sonotrode vibration amplitude
and the coverage. Such model could help choosing the correct
processing parameters that increase fretting wear resistance while
monitoring roughness at the same time.
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