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a b s t r a c t

This paper is focused on the identification of a relation between surface hardening and roughness
induced by ultrasonic shot peening. A method that dissociates the influence of roughness from the value
of the true macroscopic hardness is applied to AISI 316L stainless steel specimens treated using different
processing conditions. The true macroscopic hardness is identified and used to determine the surface
roughness parameter and scale that give the best relation between hardness and roughness. A relation is
identified between the five point pit height S5V roughness parameter (local depth of roughness) and
hardness using a high-pass filter with a cut-off of 100 mm. This power function was identified at a scale
that corresponds to the size of the shot impacts.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hardness is an important characteristic of materials as it is part
of the properties that determine tribological behaviors such as wear
resistance [1] or fatigue life [2]. For instance, models were devel-
oped to estimate the strain-life curve from hardness values [3].

To improve surface properties such as hardness, different treat-
ments are used: ion implantation [4], thermo-chemical diffusion
processes such as carburization [5], mechanical processes such as
shot peening [6] or laser shock peening [7]. All these treatments
aim at increasing strain-hardening and compressive residual stres-
ses. However, these surface treatments (whether they are thermal,
chemical or mechanical) often give rise to surface distortion [8] or
significant roughness [9]. These effects are detrimental because
they promote crack nucleation and propagation [10].

Roughness can also be an obstacle to hardness determination
[11–14]. Some researchers focused their investigation on the
influence of surface quality on the precision of hardness calcula-
tions. Others created models to try to explain and quantify the
effect of roughness on the indentation test results. For instance,
Kim et al. [15] built a model assuming that the deformation of a
rough material by nanoindentation is the result of the coupling of
two phenomena: the flattening of the indented rough surface and
the deformation of the flattened surface by nanoindentation. By
analytically separating the work expended to flatten the surface

from the one needed to deform the flattened surface, they deve-
loped a new indentation size effect model describing the influence
of roughness. However, this model, which is based on the average
surface roughness Ra, was applied with a maximum Ra approxi-
mately equal to 9 nm and was thus found to be valuable for
shallow depths only.

This paper aim at investigating the relation between surface
hardening and roughness induced by ultrasonic shot peening.
First, a method that dissociates the effect of surface roughness
from the true value of the hardness determined at the microscale,
is presented and applied to ultrasonically shot peened AISI 316L
specimens. Then, the identified hardness is used to find the surface
roughness parameter and the scale that give the best relation
between hardness and roughness. Finally, the identified relation is
checked and discussed before concluding.

2. Materials and methods

2.1. Material and processing parameters

First, AISI 316L stainless steel samples were carefully polished to
obtain mirror-like surfaces. Then, these samples were ultrasonically
shot peened using different combinations of processing parameters.
The shot diameters were equal to 1 mm or 2 mm. The shots were
either made of 304L stainless steel or 100C6 steel. The vibration
amplitude of the sonotrode was equal to 30 mm, 60 mm or 80 mm
and the coverage (i.e. the percentage of the surface impacted once
or more) was equal to 100%, 1000% or 10,000%. Eight specimens
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were kept from the variation of the processing parameters in order
to maximize the difference of hardness between the specimens.
The specimens that are hereafter called USP_1 and USP_2 were shot
using 304L balls having a diameter equal to 1 mm and 2 mm,
respectively. The sonotrode vibration amplitude was set at 30 mm
and the coverage was equal to 100%. USP_3 and USP_4 were treated
using 30-mm vibration amplitude and 100% coverage with shots
having a diameter equal to 2 mm, respectively made of 304L and
100C6. The specimens referred to as USP_5 and USP_8 are similar to
USP_4 except that the vibration amplitude was set at 80 mm for the
first one while the second one has a shot diameter equal to 1 mm.
Similarly, USP_6 and USP_7 have the same processing conditions as
USP_4 except for the coverage, which is respectively equal to 1000%
and 10,000%. Table 1 summarizes the processing parameters.

2.2. Hardness measurements

One hundred instrumented indentation tests were conducted on
each specimen at ambient temperature using an Agilent indenter
G200, equipped with a Berkovich tip. The Continuous Stiffness
Measurement (CSM) method was used with a constant strain rate
equal to 0.05 s�1. Fig. 1 illustrates the scattering of the loading
curves, which is characteristic of rough surfaces. All the indentation
curves were then prepared for the statistical treatment. To avoid
any statistical artefact, three pretreatments were applied. In the first
one, the loading curves are extracted from the whole load-versus-
indentation depth curves and then truncated at 0.85 Pmax, where
Pmax is the maximum load reached at 3 mm. The second pretreat-
ment consists in resampling the indentation depth h in order to get
an independent and identically distributed variable. The third
pretreatment involves the conversion of the indentation depth h
into the contact depth hc, defined by Oliver and Pharr [16]. All the
details of these pretreatments can be found in [17].

All the pretreated curves are then used to determine the
hardness of each specimen through the application of the statistical

model described in details in [18]. The principles underlying this
statistical model are:

(i) The loading curve shapes are described using the model
proposed by Bernhardt [19]:

P ¼ α1h
2þα2h

n o
; ð1Þ

where P is the load, α1 and α2 are constants depending on the
material properties and the indenter tip geometry.
This equation corrects Kick’s formula [20] through the addi-
tion of a linear term that characterizes the load dependence
with increasing depth.
Eq. (1) can also be rewritten using the contact depth hc
defined by Oliver and Pharr [16]:

P ¼ α H0 h
2
c þβhc

n o
ð2Þ

where α is a constant depending on the geometry of the
indenter, H0 is the macrohardness of the specimen and β is
the indentation size effect (ISE) factor.

(ii) Roughness disturbs the first contact detection: the indenta-
tion curves are scattered. In this method, the scatter of the
experimental curves is described with the use of a relative
referential: all the curves are localized according to the
position of a curve chosen arbitrarily. It is assumed that the
experimental curves do not fit perfectly Bernhardt’s law [19]:
there is a gap between the shape of a given experimental
curve i and the shape predicted by Bernhardt’s law [19]. This
deviation from Bernhardt’s law is called Δhc,i.

(iii) The 100 curves per specimen are simultaneously treated in
order to get an averaged H0 and β per specimen. This simulta-
neous treatment enables to obtain a better representativeness.

(iv) Confidence intervals on H0, β andΔhc,i are determined using a
double Bootstrap on the 100 experimental loading curves of
each specimen.

The combination of the previous points leads to the minimiza-
tion of the following function:

min
H0 ;Δh1 ;…;Δhn ;β

∑
n

i ¼ 1
∑
pi

j ¼ 1
Pi;j�α H0h

2
c;jþ 2H0Δhc;iþβ

� �
hc jþH0Δh2

c;iþβΔhc;i

� �h i2
;

ð3Þ
where j refers to a point belonging to curve i.

2.3. Roughness measurements

Surface roughness was measured using a three-dimensional non-
contact optical profilometer (Zygo NewView™ 7300, Zygo Corp., USA),
with a 20� objective. This configuration gave a lateral resolution
equal to 710 nm and a vertical resolution of about 3 nm. Using
stitching, surfaces of 1.19 mm�0.891 mm described by 2176�1632
points were obtained. The stitching was realized using 10 areas of
348 mm�262 mm with an overlapping percentage equal to 20%. For
each specimen, 20 stitched surfaces were randomly measured to
ensure a good representativeness of the computed roughness para-
meters. Finally, each surface measurement was flattened out using a
polynomial of degree 3.

To describe the topography of the specimens, 50 surface
roughness parameters were calculated. These parameters are:

(i) Amplitude parameters [21] such as the arithmetic mean
variation Sa, the root-mean-square deviation of the surface
Sq, the skewness of the height distribution Ssk or the kurtosis
of the height distribution Sku.

(ii) Functional volume parameters [22] such as the material
volume Vm or the void volume Vv.

Table 1
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 1,000
USP_7 100C6 2 60 10,000
USP_8 100C6 1 60 100

Fig. 1. Load versus indentation depth curves of specimen USP_5.
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(iii) Functional parameters [23] such as the kernel roughness
depth Sk or the reduced peak height Spk,

(iv) Hybrid parameters [21] such as the density of summits Sds or
the fractal dimension of the surface Sfd,

(v) Feature parameters [22] such as the density of peaks Spd or the
five point valley height S5v. These parameters are derived from
the segmentation of a surface into motifs (i.e. hills and dales)
thanks to the application of a watershed algorithm. This method
enables to discriminate between local features (such as peaks or
valleys) and larger structures (such as hills and dales). More
precisely, a peak can be seen as a point on the surface which is
higher than all other points within a neighborhood. A hill is the
region around the peak. Similarly, a valley is a point on the
surface which is lower than all other points within a neighbor-
hood. A dale is the region around the valley. Each motif is
delimited by its course line (for hills) or ridge line (for dales).
The highest point of the course line of a hill and the lowest point
of the course line of a dale are called a saddle point. The motif
height is the height between the saddle point and the highest
point of the motif (i.e. the peak) for a hill while it is the height
between the lowest point of the motif (i.e. the pit) and the
saddle point for a dale. Examples of 3D roughness measure-
ments and their corresponding motifs are given in Fig. 2.

Surface topography is examined using a multiscale analysis invol-
ving the use of different cut-off filters and cut-off lengths. More
specifically, a total of 50 surface roughness parameters were evaluated
using two types of robust Gaussian filter (low-pass or high-pass) [24]
over 21 cut-off lengths. These different parameters enabled to
emphasize specific features of the surfaces. For instance, Fig. 3
illustrates the motifs that can be obtained when filtering the rough-
ness measurements presented in Fig. 2 with a high-pass filter and
different cut-off lengths. It can be seen that depending on the chosen
cut-off length, very different motifs are obtained. These different
segmentations give very different roughness parameter values, as
shown in Fig. 4. More details are provided on the topography of the
studied specimens in [25], which describes the link between the
processing conditions and the obtained morphology.

To provide a confidence interval for each surface roughness para-
meter associated with a cut-off length and a filter, the bootstrap
theory was applied. This statistical theory consists in generating a
large number of simulated samples by randomly sampling with rep-
lacement the set of experimental values. This technique is thoroughly
described in [26].

2.4. Method for assessing the relations between roughness and
hardness

The search for a relation between hardness and roughness was
made using the simulated bootstrap values. For a given roughness
parameter, type of filter (i.e. low-pass or high-pass) and cut-off
length, a relation was searched between the roughness values and
the hardness values. To do so, four types of functions mixing linear
and logarithmic parts were used: a linear–linear model, a loga-
rithmic–logarithmic model, a linear–logarithmic model and a
logarithmic–linear model. The relation giving the best coefficient
of determination was selected as the best model.

3. Results and discussion

3.1. Indentation test results

First, the deviation Δhc, which stands for the gap between the
experimental curve shape and the one described by Bernhardt’s law,
is calculated for each specimen by minimizing the function given in

Section 2.2. Fig. 5 shows the histograms of theΔhc values associated
with their standard deviations for the reference specimen (USP_0)
and the ultrasonically shot peened specimens (USP_1 to USP_8).

Overall, the histograms of the specimens have a Gaussian
shape. Only the specimen called USP_7 tends to deviate from this
trend as a discretization effect appears. This discretization is due to
the small number of load-indentation depth curves used to build
this graph. Indeed, all the experimental curves were not used
because some of them presented large breaks in their slope due to
high roughness. Removing the latter from the 100 experimental
curves led to use only 30 curves, thus giving rise to the discretiza-
tion effect. However, this discretization effect could be removed
either by increasing the number of curves used in the calculation,
or by using the kernel bandwidth optimization method.

The specimen used as a reference (USP_0) has the smallest
standard deviation of Δhc, which is approximately equal to 28 nm.
The specimen showing the largest standard deviation (151 nm) is
USP_7. The other treated specimens show standard deviations
ranging from 40 nm to 72 nm.

The different values found for the standard deviations are
probably an evidence of the effect of the roughness amplitude
on the deviation of the indentation curves. To assess this effect, the
standard deviation ofΔhc is represented as a linear function of the
root-mean-square roughness of the surface Sq, using simple linear
regression. This relation is evaluated using different cut-off lengths
in order to determine the scale at which the best fit is obtained.
The relevance of the slope is assessed by examining the value of
the ‘t’ statistic, hereafter called Sq,Δ (a significant value means that
the slope is not zero). Fig. 6 depicts the relevance of the slope
of this linear relation as a function of the cut-off length. The
best relevance is found for a cut-off length approximately equal
to 15 mm. As indicated by Fig. 7, it gives a linear relation between
the standard deviation of the deviation Δhc and the root-
mean-square roughness Sq having a coefficient of determination
equal to 0.94.

This proportionality proves that the extent of the deviations
Δhc is directly linked to the roughness amplitude. The best
relation between both parameters was found using a scale equal
to 15 mm, which is of the order of magnitude of the indentation
imprints.

The minimization of the function given in Section 2.2 also
enables to calculate the macrohardness of each specimen, asso-
ciated with their distributions. The distribution of each macro-
hardness H0 also has a bell curve shape, as illustrated by Fig. 8.
This bell curve shape is characteristic of a Gaussian distribution.
The specimen showing the largest scatter of data is specimen
USP_7, too. Globally, the specimens show significantly different
hardness values. With an average value of 3.5 GPa, the reference
specimen (USP_0) has the lowest hardness. Specimens USP_2,
USP_3, USP_1 and USP_4 have an average hardness equal to
4.2 GPa, 4.3 GPa, 4.4 GPa and 4.5 GPa, respectively. The specimens
called USP_5 and USP_8 show similar results: they have an average
hardness equal to 4.9 GPa, with nearly identical distributions.
Specimens USP_6 and USP_7 have the highest hardness values
with averages equal to 5.3 GPa and 5.7 GPa, respectively.

Finally, the minimization also enables to determine a single ISE
factor β for each specimen. The ISE factor is an important
parameter as it enables to characterize the indentation size effect
taking place in the material and more precisely, the occurrence of
pile-up. Indeed, as reported in [27], a positive ISE factor reflects
the occurrence of pile-up. Fig. 9 depicts the ISE factor values
calculated for the reference specimen as well as for the ultra-
sonically shot peened specimens. The median values all lie
between 1000 and 2200 mN/nm, thus indicating the occurrence
of pile-up. To confirm this result, the indentation imprints were
observed with a scanning electron microscope. A clear pile-up can
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be observed when the specimens are tilted with an angle of 651, as
illustrated by Fig. 10.

3.2. Relation between roughness and hardness

In the previous section, it was shown that the difference of
shapes between the experimental loading curves and the ones
predicted by Bernhardt’s model was proportional to the variation
of roughness when the latter is calculated over a scale of the size
of the indentation imprints (15 mm). Taking into account this
deviation and the indentation size effect, a true and accurate
value of the macrohardness H0 was determined for each specimen.
As previously discussed, all the specimens show distinct hardness
values. These values could be linked to surface roughness.

In order to assess the relation between the hardness of the
ultrasonically shot peened specimens and their topography, the
simulated bootstrap values of different roughness parameters are
expressed as a function of the simulated bootstrap values of
hardness. As indicated in Section 2.4, for each roughness para-
meter, four types of relations were evaluated between the hard-
ness values and the roughness values, at different scales using a
combination of cut-off filters and cut-off lengths. These combina-
tions gave rise to the evaluation of approximately 10,000 relations
or models, assessed using the value of their coefficient of

determination. The best correlation between the surface rough-
ness of the specimens and the hardness values was found using a
power law and the five point valley height S5V roughness
parameter calculated using a high-pass filter. The identified relation
was then assessed over different cut-off lengths in order to deter-
mine the most relevant scale, as shown in Fig. 11. This curve has a
unique maximum, approximately located at a cut-off length equal to
100 mm.

The coupling of the previous findings indicate that the best
coefficient of determination is equal to 0.73 and is found when the
hardness values are expressed as a power function of five point
valley height, S5V, roughness parameter. As depicted in Fig. 12, the
following equation is identified:

H0 ¼ 2:8 S5V þ2:71f g0:31 ð4Þ
It is important to note that this model was built using only the

ultrasonically shot peened specimens. Thus, the experimental
hardness values calculated for the reference specimen can be used
to test the validity of this model. Indeed, when the value of the
valley height parameter is set to zero in Eq. (4), the power law
should be able to predict the experimental hardness. As shown in
Fig. 13, Eq. (4) predicts an average macrohardness H0 equal to
equal to 3.7 GPa with a standard deviation equal to 0.3 GPa.
Experimentally, the macrohardness was found to be equal to

Fig. 2. 3D roughness measurements and corresponding motifs for specimens USP_1, USP_6 and USP_7.
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Fig. 3. Motifs of specimens USP_1, USP_6 and USP_7, calculated using a high-pass filter (HP) and cut-off lengths equal to 11 mm, 122 mm and 1100 mm.

Fig. 4. The 5-point valley height S5V roughness parameter as a function of the cut-off length, using high-pass and low-pass filters, for the eight ultrasonically shot peened
specimens.
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Fig. 5. Histograms of the deviations Δhc between the experimental curve shape and the one predicted by Bernhardt’s law, for the reference specimen and the eight
ultrasonically shot peened specimens.

Fig. 6. Relevance of the slope of the linear relation between the standard deviation
of the gaps Δhc and the root-mean square roughness Sq parameter of the surface as
a function of the cut-off length L.

Fig. 7. Evolution of the standard deviation of the gaps Δhc as a function of the
Root-Mean Square Sq roughness parameter.

Fig. 8. Distributions of the macrohardness H0 values for the reference specimen
and the eight ultrasonically shot peened specimens.

Fig. 9. Medians and standard deviations calculated for the ISE factor β for the
reference specimen and the eight ultrasonically shot peened specimens.
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3.4870.02 GPa for the reference specimen. The latter belongs to
the interval predicted by the model, thus confirming the predictive
power of the model.

It should be noted that Eq. (4) has a form equivalent to one of
the most commonly used behavior law: Krupkowski’s law. The
latter is used to describe the plastic behavior of isotropic metallic
materials. This law is described by the following equation:

σ ¼ σyþK εpþε0
� �n

; ð5Þ

where σ is the stress, σy is the yield stress, εp is the plastic strain, ε0 is
the initial strain and K and n are constants. This law is similar to
Ludwig’s equation, except that a possible pre-deformation of the
material is taken into account. According to Tabor [28], the hardness
of metallic materials is approximately equal to three times the yield
stress of the material. Giving this proportionality, the relation descri-
bed by Eq. (4) can be seen as a prediction of the yield stress of the
material after the ultrasonic shot peening treatment, as follows:

σy ¼
2:8
3
fS5V þ2:71g0:31 ð6Þ

Thus, the measurement of the valley height could give some
indication on the material properties. Furthermore, the valley
height is probably itself linked with the ball impacts. It would
thus give a direct relation between the ball penetration and the
material yield stress.

The five-point valley height S5V parameter is directly based on
the size of the calculated motifs (cf. Fig. 3). Thus, to confirm a
possible relation between the valley height parameter and the ball
impacts, the motifs obtained with a high-pass filter and a cut-off
length equal to 100 mm were studied. Fig. 14 shows the mean
height of the motifs of the specimens USP_3 and USP_4 as a
function of the diameter of the motifs. It can be seen that a height
equal to 0.3 mm corresponds to a motif diameter ranging from
50 mm to 60 mm. To a first approximation, the indent caused by the
penetration of a shot can be described as follows:

d2 ¼ 4uD; ð7Þ
where u is the indent depth, D is the shot diameter and d is the
indent diameter. For an indent depth equal to 0.3 mm and a shot
diameter equal to 2 mm, this formula predicts an indent diameter
approximately equal to 50 mm. This good agreement between the
predicted diameter and real motif diameter confirms that the
valley height is directly linked with the shot impacts. The mea-
sured motif diameter and the calculated indenter diameter are of
the same order of magnitude as the cut-off length used to find
Eq. 4. It thus seems that the latter is found at a scale corresponding
to the ball impacts.

To further confirm the developed model and the identified
scale, the autocorrelation length was calculated for all the treated
specimens, as shown in Fig. 15. This parameter provides spatial

Fig. 10. Image of an indentation imprint of Specimen USP_7. The image was taken
with a scanning electron microscope and a tilt angle of 651.

Fig. 11. Evolution of the coefficient of determination R² as a function of the
cut-off length.

Fig. 12. Evolution of the macrohardness H0 as a function of the 5-point valley
height S5V roughness parameter.

Fig. 13. Histogram of the macrohardness H0 values of the reference specimen,
predicted by the model described by Eq. (4).

Fig. 14. Mean height of the motifs as a function of the mean diameter of the motifs,
calculated using a high-pass filter and a cut-off length equal to 100 mm, for the
specimens called USP_3 (304L shots) and USP_4 (100C6 shots).
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information on surface topography: it calculates the length at
which the surface is correlated with itself. Roughly speaking, it can
be used as a mathematical tool to characterize the length at which
the profile “loses its memory”. To compare different topographies,
the maximum autocorrelation length should be chosen to avoid
losing information. Here, the maximum is found for USP_5 and is
approximately equal to 90 mm. This length is of the same order of
magnitude as the cut-off length used to find Eq. 4: it thus confirms
that the best relation between roughness and hardness is found at
a scale corresponding to the size of the shot impacts.

4. Conclusion

In this paper, the simultaneous study of topography and hard-
ness enabled to identify a relation between surface hardening and
roughness induced by shot peening. The methodology and different
results are summarized in Fig. 16.

First, a novel methodology enabling to dissociate hardness
from surface effects was presented and applied to ultrasonically
shot peened specimens. Using different processing parameters,
it was shown that the material hardness can be identified
despite large roughness. The indentation size effect was also
characterized and was found to be the same, irrespective of
the processing parameters. It was also shown that the Root-
Mean-Square roughness and the standard deviation values of
zero-point corrections show a clear linear relation at the scale
of the indentation imprints (15 mm), thus confirming previously
found results.

Using calculated hardness values, the best relation between
hardness and roughness was searched for ultrasonically shot peened
specimens, testing several surface roughness parameters computed
using different filters and cut-off lengths. It was found that the five-
point valley height S5V parameter calculated using a high-pass filter
with a cut-off length of 100 mm gives the best relation between
roughness and hardness for ultrasonically shot peened specimens.
The cut-off length of 100 mm also corresponds to the size of the shot
impacts, thus further confirming the relevance of the identified
relation. Finally, it was shown that the identified relation accurately
predicts the roughness of the reference specimen, thus bearing out
the model.

Fig. 15. Medians and standard deviations of the autocorrelation lengths calculated
for the eight ultrasonically shot peened specimens.

Fig. 16. Graphical summary of the methodology used for the examination of the link between surface hardening and roughness induced by ultrasonic shot peening.
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