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INVESTIGATION ON THE EFFECT OF THE VIBRATORY PEENING PROCESS
PARAMETERS ON ALMEN INTENSITY

Vibratory peening is a mechanical surface treatment process to improve both the fatigue life and smooth surface
finish of metallic components in a single operation. Almen intensity is a significant parameter to relate the
compressive residual stresses induced by the peening processes. In this study, the design of experiments (DOE)
was used to investigate the effect of seven vibratory peening process parameters on Almen intensity. A specific
vibratory peening machine, with the tub vibrating in a vertical pattern and resting on airbags, was built. Two
empirical linear models were fitted. First, a screening model with primary effects showed that the media mass,
airbag pressure, specimen longitudinal position, and lubrication rate have minor influence on Almen intensity.
Secondly, a definitive model showed that high eccentricity, high frequency, and deep specimen immersion are
required to reach high Almen intensities. The complex interactions between eccentricity, immersion depth, and
frequency are described.

1. INTRODUCTION

Vibratory peening is an emerging mechanical surface treatment process. It aims to
combine fatigue life enhancement from shot peening and smooth surface finish from vibratory
finishing within a single operation [1]. In shot peening, the component is exposed to a stream
of shot to plastically deform its surface layers. This produces residual stresses which delay
the surface crack propagation and therefore enhances the fatigue life of the treated component
[2]. However, surface roughness increases due to the high energy impacts of small shot. It has
a detrimental effect on the fatigue life due to surface crack initiation [3]. For this reason,
vibratory finishing is used in addition to shot peening to reduce the surface roughness. In
vibratory finishing, the component is freely dived in a U-shaped or bowl type tub filled with
abrasive media, vibrating in a circular pattern [4]. The interaction between the vibrating media
and the component produces surface polishing, which delivers smooth surface finish.
The main concept of vibratory peening is similar to vibratory finishing, but the component is
mechanically bound to the tub [1]. This increases the energy impacts between the media and
the component. The vibratory peening eventually delivers surface plastic deformation and
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residual stresses for fatigue life improvement but with similar surface roughness to those
obtained by vibratory finishing [1, 5].

Most vibratory peening machines used in the literature are modified vibratory finishing
machines. Generally, a specimen fixture is added to clamp the treated component in the tub.
Recently, Canals et al. [6] performed the vibratory peening process with a vibratory peening
machine where the tub has a flat bottom and vibrates in a vertical pattern. Compared to
modified vibratory finishing machines where a U-shaped tub vibrates in circular motion, this
flat bottom design with vertical vibration increases the impact energy between the media and
the treated component. Besides, some studies used light abrasive media like those used in
vibratory finishing [1, 5, 6]. Some others used steel media [7-11].

Almen intensity is an important parameter in the control of the shot peening process
[12]. The main principle consists in treating thin standard Almen strips and measuring their
deflection after different exposure times. The strip arc height increases with the exposure time
until its saturation, which depends on the process parameters. Almen intensity is defined by
the saturation value of the arc height. This parameter is used in industry to ensure
the effectiveness and repeatability of the process [13]. Almen intensity is also used in the
scientific literature as it relates the kinetic energy transferred from the shot stream to the
treated component [12]. In shot peening, increasing Almen intensity generally produces more
compressive and deeper residual stresses, eventually leading to higher fatigue life improve-
ments. As a counterpart, the surface roughness usually increases with Almen intensity.
Different ranges of Almen intensities are defined by the thickness of the strips. N strips are
the thinnest and are used for the lowest intensity ranges, C strips are for the highest range,
and A strips are the intermediate. Almen A are the most commonly used in shot peening and
its applicability range is from 0.1 to 0.3 mmA [14].

Very few studies investigated the variation of Almen intensity for different vibratory
peening process parameters. Canals et al. [6] performed vibratory peening using a mix of 3.18
to 6.35 mm diameter steel media in a tub vibrating in a vertical pattern. Different sets of media
mass (555 and 792 kg) and frequency (from 23 to 47 Hz) were tested. They reported Almen
intensity values ranging between 0.12 to 0.25 mmA. To the best of the authors knowledge,
this is the highest Almen intensity observed in the literature of vibratory peening and was
achieved for 792 kg of media and a frequency of 30 Hz. Unfortunately, the evaluation of each
parameter effect is incomplete since the specimen immersion depth was not reported and not
all levels of frequencies were tested for both media masses. Chan et al. [8] studied the
combined effects of eccentricity between 40 and 75%, frequency between 20 and 25 Hz, and
specimen immersion depth from 0 to 20 cm with a tub vibrating in a circular pattern. The
highest Almen intensity they found was 0.11 mmN for 75% eccentricity, 20 Hz frequency,
and 13 cm immersion depth. The effect of each parameter was not distinguished. Besides, no
test was performed at 100% eccentricity and maximal frequency (25 Hz). Sangid et al. [7]
compared the arc heights of Almen strips for different eccentricities at different processing
times and for 16 Hz. The results showed that higher eccentricities produce higher arc heights.
However, the Almen strip thickness was unknown, the Almen intensity value was not
computed, and the eccentricity levels were not given. Kumar et al. [10, 15] reported an Almen
intensity value of 0.1-0.13 mmA but only one set of vibratory peening process parameters
was performed.
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In the previous studies, different vibratory peening machines were used and none
of these studies evaluated all the parameters under the same conditions. For example,
the adjustable parameters, tub design, and tub vibration pattern were different for each
machine. Therefore, the relative importance between the process parameters could not be
evaluated, the critical parameters could not be identified and the interaction effects between
the process parameters could not be estimated with the current state of the art. Besides, no
statistical tools have ever been used to weigh the importance of the process parameters. To
better understand the significance of the vibratory peening process parameters on Almen
intensity, a large set of parameters from the same machine must be investigated using
a statistical approach.

This study evaluates the influence of seven vibratory peening parameters on Almen
intensity using the DOE methodology. A vibratory peening machine with adjustable
parameters was developed for this study. A tub with a flat bottom vibrating in a vertical
pattern was filled with 3 mm diameter steel media to maximize the media impacts on the
treated components. The statistical tools from the DOE methodology such as empirical model
fitting and ANOVA analysis were used to plan and analyse the experiments. Additional
experiments were performed to validate the empirical model developed with the DOE
method. The standard Almen intensity procedure was used to compute Almen intensity for
27 vibratory peening conditions from the seven vibratory peening process parameters.

2. EXPERIMENTAL METHODS

2.1. MACHINE DESIGN AND PROCESS PARAMETERS

The vibratory peening machine used for this study was built by Vibra Finish Ltd. and
its schematic representation is shown in Fig. 1. The tub with flat bottom rests on airbags and
is filled with media consisting of spherical ball bearings. AlISI type 1015 carbon steel balls
with 3 mm diameter and minimal hardness of 60 HRC are used. An electrical DC motor
powers the in-phase rotation of two shafts in opposite directions at each side of the tub. This
mainly produces a vibration of the tub in a vertical pattern.
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Fig. 1. Schematic representation of the vibratory peening machine showing a specimen
clamped on the holder
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The treated specimen is clamped onto a holder at a given immersion depth (see green
column in Fig. 1) and the holder is unified with the cover through the rail. A constant flow
of lubricant runs through the media to facilitate the media movement, drain particles, and
regulate heat. The specimen surface is exposed to media impacts during the treatment, which
is due to the relative movement between the fixed specimen and the free media. Surface
plastic deformation is produced from the media impacts which aims to induce compressive
residual stresses for fatigue life enhancement.

Seven process parameters were used to control this specific vibratory peening machine.
The eccentric weight on the rotating shafts (X1_Ecc) is adjusted by the mass of piled up and
tightened eccentric blocks on the shafts. It is defined in kg/shaft and can be adjusted up to
24 kg/shaft. The media mass inside the tub (X2_Mass) is adjusted manually by adding or
removing media. The rotational frequency of the eccentric shafts (X3_Freq) is adjusted up to
30 Hz with the DC motor drive command. The airbags pressure (X4_Press) is adjusted up to
2.8 bars using manometers. The specimen immersion depth (X5_Depth) is adjusted by
inserting the specimen holder up and down into the tub through the cover. The part longi-
tudinal position along the Y axis (X6_Pos) is selected by using one of the three rails on the
cover. The lubricant flow rate (X7_Lub) is adjusted by the rotational speed of the lubricant
pump, which is defined in rpm. In this article, a vibratory peening condition refers to a combi-
nation of these seven process parameters.

2.2. ALMEN INTENSITY MEASUREMENTS METHOD

In this study, the Almen intensity procedure defined for conventional shot peening
described in SAE J442, J443 and J2597 [14, 16, 17] is applied to define the vibratory peening.
Certified Almen N and A strips of 76x19 mm? dimensions, having grade 1S were supplied by
Electronics Inc. Almen A strips are 1.3 mm thick and Almen N strips are 0.8 mm thick [16].
For each test, an Almen strip was fixed on the holder and inserted inside the media at the
given X5 Depth after adjustment of the six other parameters. The processing time was
determined by the machine running time. After the treatment, the Almen strip was removed
from the media and unclamped. The Almen strip bends due to the surface plastic deformation
and its arc height was measured using EI TSP-3 Almen gage. For each vibratory peening
condition, at least four treatments were performed at different processing times. Saturation
curves were constructed by fitting the measured arc heights and the processing time using
the following equation from J2597 [17]:

h(t) =a (1 - e_g) 1)

where t is the vibratory peening processing time, h(t) is the arc height and a, b are the model
parameters which were fitted using the least square method. A routine coded with Python was
used for the fitting of Equation (1) on the measured arc heights. This routine was verified
accordingly to [17]. Almen intensity was defined as the arc height at which doubling t
increased h(t) by 10% [14].

For most of the tests in this study, the saturation curves were performed using Almen N
strips. However, Almen A was used for the Almen intensities that produced arc heights above



102 M. Paques et al./Journal of Machine Engineering, 2023, Vol. 23, No. 3, 98-115

0.1 mmA, as recommended in J443 [14]. Since the results must be expressed in the same scale
for the DOE analysis, the Almen A-type intensities were converted into Almen N-type
intensities according to the following procedure. First, an Almen arc height conversion
equation was established experimentally. The results are shown in Fig. 2.
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Fig. 2. Almen N arc height as a function of Almen A arc heights produced by vibratory peening.
In (a), the vibratory peening conditions are from Table 1 in Section 2.4. In (b), the conversion between
Almen N strip and Almen A strip was deduced from the fitted equation

Almen N and A strips were treated for the same vibratory peening conditions, which are
given in Fig. 2a. Fig. 2b presents the Almen N strips arc heights as a function of Almen A arc
heights. The linearity of the experimental results allowed to determine the following arc
height conversion equation:

N arc height = 2.32 X A arc height — 0.08. 2

Second, the Equation (2) was used to convert the Almen arc heights from A-type into
N-type arc heights. Finally, the N-type Almen intensities was obtained by reproducing the
saturation curves using the converted A-type Almen arc heights.

2.3. SELECTION OF THE VIBRATORY PEENING PARAMETER RANGES FOR THE DOE

The DOE method was used to study the effect of the seven vibratory peening parameters
on Almen intensity using a factorial approach. A fractional screening design with factors
varying at two levels was selected. The factors’ levels are selected to test the largest ranges
of the vibratory peening parameters. Figure 3 summarizes the levels for the seven investigated
process parameters in this DOE. The minimal and maximal levels for each factor are given in
Fig. 3a and their selection are detailed in this section. Some are given by the machine set-up
and limitations; some others are set to achieve sufficient Almen strip arc heights.
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Fig. 3. Design of experiment method showing (a) the upper and lower levels of the seven process parameters
and the restricted level variation range of (b) X5_Depth as a function of X2_Mass, and (c) X3_Freq as a function
of X1_Ecc

The minimal and maximal levels for X4 Press, X6 _Pos and X7_Lub are set by the
machine limitations. The minimal X4_Press is 2 bars to avoid collisions between the tub and
the structure of the machine. Among the three possible positions for X6_Pos, only the left and
center positions were considered because it was assumed that the left and right positions are
equivalent due to the symmetry of the tub. The minimal X7_Lub of 20 rpm was set to avoid
rusting of the media and the maximum of 50 rpm was set to avoid accumulating lubricant
inside the tub.

X2_Mass and X5_Depth are two dependent process parameters because the total height
of media in the tub depends on X2_Mass and their variation is summarized in Fig. 3b.
The range of X5_Depth inevitably decreases with X2_Mass as described by the following
Inequation:

X2Mass — xSDepth = 0, 3

where X2mass, and x5pepth are the levels on a coded scale from -1 to +1 of X2_Mass and
X5_Depth, respectively. A minimum value of X5_Depth = 10 cm was selected to ensure
a steady media movement around the specimen. This required a minimal media height
of 20 cm in the tub, which corresponds to the minimum value of X2 Mass = 300 kg.
The maximal media height in the tub was 35 cm, which corresponds to the maximum value
of X2_Mass = 500 kg. To allow 10 cm media above the specimen, the maximal value
of X5 _Depth is 25 cm when X2_Mass = 500 Kkg.

The dependence between X1_Ecc and X3_Freq is summarized in Fig. 3c. The maximal
levels were set by the machine limitations (X1_Ecc = 24 kg/shaft, X3 Freq = 30 Hz).
The minimal levels for these two process parameters were determined to ensure sufficient
plastic deformation for processing time of 20 min. A minimal Almen strip arc height of
0.08 mmN was verified for every vibratory peening condition. The effect of X1_Ecc and
X3_Freq on Almen strip arc heights were evaluated. Almen N strips were used since they
relate lower ranges of intensities. Figure 4 plots the arc heights for different levels of X1 _Ecc
as a function of X3_Freq. The X1_Ecc is given in the top left corner of each subplot, with the
minimal level 15 kg/shaft on the left (see Fig. 4a) and the maximal level 24 kg/shaft on the
right (see Fig. 4b). The other parameters X2_Mass, X4 Press, X5 Depth, X6 _Pos and
X7 _Lub were randomly selected for each test. The green areas represent the accepted
variation ranges of the parameters.
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Fig. 4. The effect of X3_Freq on arc heights of Almen N strips after vibratory peening for, (a) X1_Ecc=15
kg/shaft and (b) X1_Ecc=24 kg/shaft. For each test, X2_Mass, X4_Press, X5_Depth and X7_Lub were randomly
varied. X6_Pos was fixed at the centre

For any level of the five other vibratory peening parameters, the Almen arc heights are
above 0.08 mmN in these accepted ranges. X1 Ecc = 15 kg/shaft allows a minimal level
of 23 Hz for X3_Freq, as shown in Fig. 4a. For X1 _Ecc = 24 Kkg/shaft, the lower level
of X3_Freq is 15 Hz in Fig. 4b. The levels variation of the two factors is limited by the
following linear relationship:

0.53 X x1gee + X3preq = —0.47, (4)

where X1gcc, and X3rreq are the level on a coded scale from -1 to +1 of X1_Ecc and X3_Freq,
respectively.

2.4. DESIGN OF EXPERIMENTS

The DOE method was used to create the tests matrix, fit the empirical models, and
perform the statistical analysis. A non-standard screening factorial design was selected to
relate the effects of the seven vibratory peening parameters on Almen intensity. Equations (3)
and (4) were considered to relate the factors constraints in Fig. 3b and 3c. Two repetitions
were considered for each vibratory peening condition to create the tests matrix. Table 1 shows
the resulting tests matrix with 16 tests to estimate the effects of the seven process parameters
as primary factors on Almen intensity.

Table 1. Non-standard fractional screening tests matrix with two replications used to build the two empirical models

ID X1 Ecc X2 Mass | X3 Freq X4 Press | X5 Depth | X6 Pos | X7 Lub
(kg/shaft) (kg) (H2) (bars) (cm) ) (rpm)
AISO1 24 500 15 2 25 Center 50
AIS02 24 500 30 2.8 10 Left 50
AIS03 15 500 30 2.8 10 Center 50
AlS04 15 500 23 2 25 Left 50
AIS05 15 500 30 2.8 25 Left 20
AIS06 15 300 30 2.8 10 Center 20
AIS07 15 300 30 10 Center 50
AIS08 24 500 15 10 Left 20
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AIS09 24 300 15 2.8 10 Center 20
AIlS10 24 300 30 2 10 Left 50
AlS11 24 500 30 2.8 25 Left 50
AlS12 24 300 30 2 10 Left 20
AIlS13 24 500 30 2 25 Center 20
AlS14 24 500 30 2.8 25 Center 20
AIS15 15 500 30 2 10 Left 20
AlS16 24 500 15 2 10 Center 20

The run order of the tests was randomized for ensuring the observations to be
independently distributed random variables [18]. In this study, a confidence interval of 99%
was used. This implies P-value threshold of 0.01 to indicate the statistical significance of the
variables on the response [18].

Two empirical linear models were fitted on the resulting Almen intensities. First,
a screening model with all the seven parameters as primary factors was fitted to identify three
major process parameters on Almen intensity. Secondly, a definitive model using only
the three major parameters as primary and two-factors interactions was fitted to describe
the variation of Almen intensity.

2.5. MODEL VALIDATION EXPERIMENTS

Additional experiments were performed to validate the model developed using the DOE
method. Intermediate levels of X3 Freq (17.5-30Hz) were tested for two levels
of X5_Depth (25 and 28 cm). The X2_Mass (500 and 544 kg) must be adjusted with respect
to the X5_Depth as explained in Section 2.3. The other vibratory peening parameters were
kept constant. The vibratory peening conditions for the model validation are listed in Table 2.
Each condition was repeated twice.

Table 2. Additional set of experiments performed for the empirical model validation

D X1 _Ecc X2 Mass | X3 Freq X4 Press | X5 Depth | X6 Pos | X7 Lub
(kg/shaft) (k) (Hz) (bars) (cm) ) (rpm)
MVO01 24 500 20 2.8 25 Center 20
MV02 24 500 22.5 2.8 25 Center 20
MVO03 24 500 25 2.8 25 Center 20
MV04 24 500 27.5 2.8 25 Center 20
MVO05 24 500 30 2.8 25 Center 20
MVO06 24 544 17.5 2.8 28 Center 20
MVO07 24 544 20 2.8 28 Center 20
MV08 24 544 22.5 2.8 28 Center 20
MV09 24 544 25 2.8 28 Center 20
MV10 24 544 27.5 2.8 28 Center 20
MVI11 24 544 30 2.8 28 Center 20
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3. EXPERIMENTAL RESULTS

3.1. ALMEN INTENSITIES OBTAINED FOR THE DOE

Table 3 lists the 32 experimental results obtained with the DOE. The Almen intensity
value at each repetition is given for each of the 16 vibratory peening conditions from Table 1.
The results are ranging from 0.084 mmN to 0.396 mmN. The Almen intensities for tests 21,
22, 25, 26, 27 and 28 were obtained first using Almen A-strips, and then converted to Almen
N intensities following the procedure described in Section 2.2.

The repeatability of the process was evaluated using the dispersion in Almen intensity
observed in the results of the DOE. All the Almen intensities listed in Table 3 are shown in
Fig. 5 and are compared with the dispersion for each vibratory peening condition.
The dispersion is obtained by subtracting the two repetitions tests for each condition.
The highest dispersion is 0.038 mmN and was obtained for the AIS016 condition. This
represents only half of the tolerance range of 0.075 mm defined in AMS2430T [19]

confirming the acceptable repeatability of the vibratory peening process for industrial
applications.
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Fig. 5. Measured Almen intensities for 32 vibratory peening conditions from the test matrix with the associated
dispersion between the repetitions. Dispersion is computed as the difference between the maximal
and minimal intensities measured for each condition

3.2. IDENTIFICATION OF THE MAJOR VIBRATORY PEENING PARAMETERS USING A SCREENING
MODEL

The least squares method has been used to fit a linear empirical model and identify
the major vibratory peening parameters. The following screening model was obtained using
the effect of the seven primary factors on the Almen intensity data from Table 3:

y=149Xx 1071 +7.77 x 10" 2x1g, + 1.25 X 1072x21455 + 9.87 X 107 X3y
+7.88 X 103 x4p 55 + 1.79 X 1072x5 0, — 1.05 X 10™2x6p,s  (5)
—9.41x1073x7,,, + ¢
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where y is the Almen intensity predicted by the model and x are the level on a coded scale
from —1 to +1 of the factors associated to the vibratory peening process parameters.

Table 3. Design matrix and the resulting Almen intensities obtained with process conditions described in Table 1

Test ID REP Almen intensity Test ID REP Almen intensity
(mmN) (mmA) (mmN) (mmA)
01 AlS01 1 0.115 - 17 AIS09 1 0.154 -
02 AlS01 2 0.126 - 18 AIS09 2 0.139 -
03 AlS02 1 0.282 - 19 AlS10 1 0.254 -
04 AlS02 2 0.284 - 20 AlS10 2 0.277 -
05 AIS03 1 0.174 - 21 AlS11 1 0.378 0.190
06 AIS03 2 0.177 - 22 AlS11 2 0.374 0.190
07 AlS04 1 0.095 - 23 AlS12 1 0.276 -
08 AlS04 2 0.084 - 24 AlS12 2 0.266 -
09 AIS05 1 0.180 - 25 AIS13 1 0.382 0.195
10 AIS05 2 0.173 - 26 AIS13 2 0.364 0.187
11 AlS06 1 0.142 - 27 AlS14 1 0.396 0.195
12 AIS06 2 0.153 - 28 AlS14 2 0.394 0.195
13 AIS07 1 0.155 - 29 AIS15 1 0.162 -
14 AIS07 2 0.150 - 30 AIS15 2 0.183 -
15 AIS08 1 0.116 - 31 AIS16 1 0.114 -
16 AIS08 2 0.135 - 32 AIS16 2 0.152 -

The Pareto chart of effects in Fig. 6 were used to determine the importance of the
vibratory peening process parameters on Almen intensity. The F-values of the variables with
their associated P-values [18] are given in Table 4.

Term

X3 _Freq

X1 Ece

X5_Depth

X6 Pos

X2 Mass
X7 Lub
X4 Press

2.80

2 4

10

12 14

Fig. 6. Pareto chart of standardized effect of the primary factors on Almen intensity. Factors on the right
of the reference line at 2.80 are statistically significant

16

18

The major parameters are X1_Ecc, X3_Freq and X5_Depth with P-values falling below
0.01. This clearly indicates the influence of these factors on Almen intensity with a confidence
interval above 99%. The Pareto chart of effect in Fig. 6 shows the absolute of the t-values
of the effects given in Table 4. This graph allows to rank the effects importance of the
vibratory peening parameters on Almen intensity from the largest to the smallest. The dotted
reference line at 2.80 represents the threshold of statical significance. This is the t-value for
the 99% confidence interval of a t-distribution for a range of one-sided critical region and
with 24 degrees of freedom. The latter is the number of degrees of freedom for the error term
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(see Table 4). X1_Ecc, X3 _Freq and X5_Depth are the major vibratory peening parameters,
which agrees with the conclusion of the ANOVA analysis. The X1_Ecc and X3_Freq appear
to be much more important than the X5_Depth. Conversely, the X2_Mass, X4 _Press, X6_Pos
and X7_Lub are the minor factors. For the considered data, their effect on the vibratory
peening Almen intensity are about 10 times less important than X1_Ecc and 7 times less than
X3_Freq, which is negligible.

Table 4. ANOVA for the screening model with primary effects on Almen intensity. Statistically significant variables are
highlighted in grey. “DF” stands for degree of freedom, “Adj.” for adjusted, “SS” for sum of squares, “MS” for mean
square, “Coef.” for the coefficient of the factor on the coded scale and “SE” for standard error

Source DF | AdjSS | AdjMS | F-Value | P-Value | Coef. SE Coef. | t-value

Model 7 0.292 0.042 78.10 0.000 0.150 0.007 22.650
X1 Ecc 1 0.150 0.150 281.27 0.000 0.077 0.005 16.770
X2 Mass 1 0.003 0.003 5.31 0.030 0.013 0.005 2.300
X3 Freq 1 0.157 0.157 293.53 0.000 0.099 0.006 17.130
X4 Press 1 0.002 0.002 3.08 0.092 0.008 0.004 1.750
X5 Depth 1 0.007 0.007 12.24 0.002 0.018 0.005 3.500
X6 _Pos 1 0.003 0.003 5.37 0.029 0.010 0.005 2.320
X7 Lub 1 0.003 0.003 5.00 0.035 -0.009 0.004 -2.240

Error 24 0.013 0.001
Lack-of-Fit | 9 0.011 0.001 9.14 0.000
Pure Error 15 0.002 0.000

Total 31 0.304

R?=95.8%

The screening model regression adequacy was verified with the residues analysis in
Fig. 7 and the ANOVA in Table 4. The normal probability plot is shown in Fig. 7a confirms
the normal distribution of the residuals without outliers.
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Fig. 7. Residues analysis of the screening model with primary effects on Almen intensity. (a) The aligned distribution
of the residuals on the normal probability plot. (b) The histogram of the residuals centred at 0.
(c) The residues as a function of the predicted values without specific pattern or general trend in the mean values
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The histogram of the residuals in Fig. 7b shows that the residues are centred at zero.
Fig. 7c plots the residuals as a function of the fitted value. No specific pattern is observed,
which means that the model is not biased by the fitted value. The residues as a function of the
run order are not plotted because the run order was randomized. Therefore, no biasing due to
variable change are expected. Finally, the residues analysis validates the normality
assumption. The ANOVA analysis in Table 4 shows that the regression model is statistically
significant with a P-value below 0.01. Besides, the model fits the data with a R? of 95.8%.
However, the lack-of-fit value exhibits a P-value below 0.01, which indicates that the
screening model from Equation (5) does not predict the Almen intensity adequately. This
means that higher degree factors, like two-factor interactions or quadratic terms, are missing
in the model. For this reason, this model is only used to identify the major vibratory peening
parameters for establishing a definitive model.

3.3. DEFINITIVE MODEL DESCRIBING THE EFFECT OF THE MAJOR VIBRATORY PEENING
PARAMETERS ON ALMEN INTENSITY

A new regression model was developed using only the three major vibratory peening
parameters identified in Section 3.2 (X1_Ecc, X3 Freq and X5_Depth). It now includes both
primary and two-factor interaction effects to improve the lack of fit obtained in the screening
model (Equation (5)). The definitive model is given by:

y =167 %1071 = 6.02 X 10™2x15,c —8.11 X 1072x3p,q — 2.00 X 107°x5 00
+1.88 X 10" x 15 X3 preq + 2.35 X 107X 15 XSpept h (6)
+3.07 X 1072X3pyeq X5pepe n + €

The definitive model regression adequacy was verified with the residual analysis in
Fig. 8 and ANOVA in Table 5.
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Fig. 8. Residues analysis for the definitive model between the vibratory peening factors and Almen intensity.
(a) The aligned distribution of the residuals on the normal probability plot. (b) The histogram of the residuals centred
at 0. (c) The residues as a function of the predicted values without specific pattern or general trend in the mean values
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Table 5. ANOVA analysis for the definitive model between vibratory peening and Almen intensity

Source DF | AdjSS | AdjMS | F-Value | P-Value | Coef. | SE Coef. | t-Value
Model 6 0.300 0.050 275.45 0 0.167 0.006 26.900
X1 Ecc 1 0.016 0.016 85.45 0 0.060 0.007 9.240
X3 _Freq 1 0.021 0.021 117.55 0 0.081 0.007 10.840
X5_Depth 1 0.000 0.000 0.00 0.995 0.000 0.004 0.010
X1 _Ecc*X3 Freq 1 0.001 0.001 5.97 0.022 0.019 0.008 2.440
X1 _Ecc*X5_Depth 1 0.009 0.009 50.62 0 0.023 0.003 7.110
X3_Freq*X5_Depth 1 0.015 0.015 83.04 0 0.031 0.003 9.110
Error 25 0.005 0.000
Lack-of-Fit 10 0.003 0.000 1.94 0.118
Pure Error 15 0.002 0.000
R?=98.5%

Figure 8a shows that the residues follow a normal distribution without outliers. The resi-
dues are centred at zero in Fig. 8b and do not show a specific pattern in Fig. 8c. This validates
the normality for residues. The ANOVA analysis in Table 5 shows that the model is
statistically significant (p-value <0.01), fits the data with a R? value of 98.5%, and does not
exhibit a lack-of-fit (p-value <0.01). This means that the definitive model given by Equation
(6) has a higher prediction accuracy than the screening model given by Equation (5).
The primary effect of X5 _Depth is not statistically significant (p-value > 0.1) but is kept in
the model. This is because the two-factor interaction effects of X5 Depth with X1 Ecc
(X1_Ecc*X5 _Depth) and X3_Freq (X3 _Freg*X5 Depth) are significant. The two-factor
interaction effect between X1 _Ecc and X3_Freq is not statistically significant (p-value >
0.01). However, it is kept in the equation as it improves the R? and p-value for the lack-of-fit.

3.4. VALIDATION OF THE DEFINITIVE EMPIRICAL MODEL

The DOE model described in Eqg. (6) must be converted in engineering units to allow
comparing the predictions with the experimental data. The DOE model is fitted using
coefficients for the factors X expressed in engineering units (such as given in Fig. 3).
The resulting definitive model is:

y=3.61%x10"1-114x 1072 X X1, — 9.65 X 1073 X X3_Freq — 2.58 x 1072 x X5_Depth
+5.59 X 107* x X1_Ecc X X3_Freq + 6.95 x 10™* x X1_Ecc x X5_Depth  (7)
+ 5.46 X 107*X3_Freq x X5_Depth.

Comparisons between the additional validation data shown in Table 2 and the model
predictions from Equation (7) are presented in Fig. 9. A X2_Mass = 500 kg with the asso-
ciated maximal X5_Depth of 25 cm was used in Fig. 9a. A higher X2_Mass of 544 kg was
used in Fig. 9b to increase X5 Depth up to 28 cm (see Section 2.3 and 2.4). The Almen
intensities are expressed in A-type using the conversion method described in Section 2.2.
The R? value evaluates the accuracy of the predictions. In Fig. 9a, the R* was computed
without considering for the outlier. In Fig. 9a and 9b, the model can predict all the
experimental Almen intensities generated here with more than 87.5% of accuracy. The Almen
intensity increases linearly with the increase of X3 Freq with the same slope for both
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experimental results and model predictions. This confirms that a simple linear model can be
used to describe the Almen intensity variation during vibratory peening for the conditions
presented in this study.

In Fig. 9a, the experimental result for X3_Freq = 25 Hz shows a lower Almen intensity
than the model prediction. One possible explanation can by a specific resonance mode of the
tub leading to a different tub and media movement under this specific vibratory peening
condition. This did not occur for a higher X2_Mass because the mass of the tub was different,
which changes the natural frequency of the tub. Further investigations are required on the tub
movement as well as on the relationship between the tub and media movement to better
understand this phenomenon.
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Fig. 9. Comparison between the linear model predictions from Equation (7) and validation Almen intensities data as
a function of X3_Freq. The other levels are shown in Table 2 and correspond to (a) MV01 to MV05 (X2_Mass =
500 kg) and (b) MV06 to MV11 (X2_Mass = 544 kg). The R? value compares the experimental data and the DOE

model predictions

4. DISCUSSION

4.1. MINOR VIBRATORY PEENING PARAMETERS ON ALMEN INTENSITY

The ANOVA analysis and Pareto chart of effects (see Table 4 and Fig. 6) for the
screening model from Equation (5) showed that the airbags pressure, lubricant rate, media
mass and longitudinal part position are minor vibratory peening parameters on Almen
intensity. The airbags are used as dampers to isolate the vibrating tub from the ground. They
have a negligeable effect on the movement of the vibrating tub when compared with
the rotating shaft, which is shown in Fig. 1. The lubricant is important to the vibratory peening
process because it controls the friction between media during the process. Wang et al. [20]
studied the effect of the lubricant on the media impact force. Three different lubricants were
investigated, and the study showed that the friction coefficient significantly affects the media
velocity. In this study, the lubricant flow rate has to be high enough to ensure that all the
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media are covered. The flow rate must also remain below a critical value to avoid media
overflow. However, between these two values, results shown in the Pareto chart in Fig. 6
suggests that the effect of lubricant flow rate has a negligeable effect on the overall friction
between the media.

Canals et al. [6] observed a significant effect of the media mass on Almen intensity.
However, they did not differentiate the part immersion depth with the media mass. The part
immersion depth automatically increases when more media is added to the tub to increase
the media mass (see Section 2.3). In the present study, both parameters were considered
independently, showing that the immersion depth is a major parameter to increase Almen
intensity during vibratory peening, while the overall media mass present in the tub is
negligeable. This suggests that, on the one hand, the depth of the tub is critical to the vibratory
peening process since it allows modifying the immersion depth. On the other hand, changing
the tub length and width have a much smaller effect on the process since it only affects
the media mass. This is supported by the negligeable effect of part longitudinal position
observed in this study. This may be because the bottom of the tub is flat and vibrates in
a vertical motion leading to a similar media movement at any position for a given part
immersion depth.

4.2. MAJOR VIBRATORY PEENING PARAMETERS ON ALMEN INTENSITY

The Pareto chart of effects in Fig. 6 showed that the rotating shafts eccentricity and
frequency are the two most important vibratory peening parameters on Almen intensity. This
Is because Almen intensity is related to the kinetic energy transmitted from the media to the
treated surface [12]. Increasing the eccentric weights and the frequency increases
the media kinetic energy generated by the rotating shafts [4]. This is shown in Fig. 10 where
the Almen intensity evolution for these two parameters is presented. The Almen intensity are
predicted using Equation (7) as a function of X1_Ecc for the minimal and maximal levels of
X3 _Freqand X5_Depth on the left (see Fig. 10a) and as a function of X3_Freq for the minimal
levels of X1 Ecc and X5 Depth on the right (see Fig. 10b). The Almen intensity increases
with the increase of eccentricity (Fig. 10a) and frequency (Fig. 10b) for all part insertion
depths investigated here. This agrees well with previous works showing improvement in
Almen intensity with these two processing parameters [6-8].

The primary effect of the part immersion depth has a small effect on Almen intensity,
as shown in the Pareto chart in Fig. 6. However, the ANOVA in Table 5 shows that the two-
factor interaction effects of immersion depth with eccentricity and frequency are as significant
as the primary effects of eccentricity and frequency. This is observed in Fig. 10a and Fig. 10b
by the smaller slopes for lower immersion depths (dashed lines) than for deeper part
immersions (solid lines). This effect is attributed to the higher hydrostatic forces found deeper
in the tub [21]. However, sufficient media kinetic energy is required for higher hydrostatic
pressures. To better illustrate this effect, Fig. 11 shows the evolution of Almen intensity as
a function of the immersion depth for different sets of eccentricity and frequency. For low
eccentricity and frequency (blue solid line), increasing the immersion depth decreases
the Almen intensity. When the penetration depth is maximum (28 cm), the Almen intensity is
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irrelevant (—0.031 mmN). This is because no media movement is observed at this depth for
this low energy condition.
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Fig. 10. Model profiler for the definitive empirical model. Almen intensities from Equation (7) are plotted
as a function of (a) X1_Ecc for the minimal and maximal values of X3_Freq and X5_Depth, (b) X3_Freq
for the minimal and maximal values of X1_Ecc and X5_Depth
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Fig. 11. Model profiler for the definitive emvpirical model. Almen intensities from Equation (7) are plotted as
a function of (a) X5_Depth for different tub energies, given by the levels of X1 _Ecc and X3_Freq

On the contrary, for high eccentricity and frequency (red solid line), Almen intensity
increases with the immersion depths. This suggests that a deeper tub is beneficial for the
efficiency of the vibratory peening process provided the rotating shafts can supply sufficient
energy to the media. For the set-up in this study, the highest Almen intensity of 0.198 mmA
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(see Fig. 9) was achieved for 24 kg/shaft, 30 Hz and 28 cm. Canals et al. [6] reached a maxi-
mum Almen intensity of 0.25 mmA for a similar frequency (30 Hz). The difference can be
attributed to higher eccentricity and immersion depth.

5. CONCLUSION

This work highlighted the effect of the vibratory peening process parameters on Almen
intensity. A vibratory peening machine with a vertical tub movement and a flat bottom which
rests on airbags was used. Seven process parameters were investigated within the same
vibratory peening machine using the statistical tools from the design of experiments method.

The vibratory peening machine used in this study experimentally produced Almen
intensities ranging from 0.084 mmN to 0.198 mmA. An empirical linear model was fitted to
relate the effect of the three major vibratory peening parameters on Almen intensities. This
model included primary effects and two-factors interactions of the statistically significant
factors on Almen intensity. The linear variation of Almen intensity as a function of the
frequency of the rotating shafts was confirmed except for one specific case. Further
Investigations are required on the vibration resonance modes of the tub, which could lead to
different treatments.

The design of experiment method identified that the media mass in the tub, the airbags
pressure, part longitudinal position and lubricant rate were minor factors. On the contrary,
the rotating shaft eccentricity and frequency have the largest influence on Almen intensity.
The specimen immersion depth is also of major importance on Almen intensity but only if
the rotating shafts have sufficient eccentricity and frequency.
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