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RESUME

Le grenaillage vibratoire est un procédé alternatif qui vise a remplacer les procédés de grenail-
lage conventionnel et finition vibratoire. Il produit des contraintes résiduelles de compression
comparables a celles obtenues par grenaillage coventionnel, mais avec un meilleur fini de
surface, ce qui est censé améliorer la résistance a la fatigue de la piece traitée. On pense
également qu’elle améliore la productivité industrielle en combinant les étapes de grenaillage
conventionnel et de finition vibratoire en un seul procédé. Bien qu’il existe des études sur
ce procédé, aucun travail fondamental et physique présentant ’amélioration des propriétés

générées n’a été présenté.

Cette étude fait partie d’un projet visant a démontrer les effets bénéfiques des technolo-
gies avancées de traitement de surface sur certains matériaux aérospatiaux qui était une
collaboration entre Polytechnique Montréal, Safran Tech France et le Centre aérospatial et
technologique de Longueuil (CTA). Ce travail a porté sur le calibration de la machine de
grenaillage vibratoire et 'identification des limites de ses parametres. Il comprend également
I’étude de V'effet du grenaillage vibratoire sur les propriétés d’intégrité de surface de 'acier
cémenté E1I6NCD13 en termes de rugosité de surface, de contraintes résiduelles de compres-
sion et de microdureté. Les modifications de I'intégrité de surface produites par le grenaillage

vibratoire ont été comparées au grenaillage coventionnel a des intensités Almen similaires.

La revue de la littérature a montré que 'intensité Almen, le temps de traitement, I’amplitude,
la fréquence, le poids des billes et la position de la piece, etc. sont les parametres clés du
procédé de grenaillage vibratoire. La premiere partie de cette étude a présenté la relation
entre les parametres de la machine, tels que : le poids des billes, les masses excentriques,
la fréquence, la pression, la hauteur des billes au-dessus de la piece, la position de la piece
et le taux de lubrification avec 'amplitude de vibration de la machine et I'intensité Almen
a 'aide de techniques de plans d’expériences. Les résultats ont montré que I'amplitude de
vibration de la machine est principalement contrélée par les masses excentriques sur les ar-
bres rotatifs, la fréquence de rotation des arbres rotatifs, la hauteur des billes au-dessus de
la piece, et I'intensité Almen est principalement influencée par les les masses excentriques.
Les résultats de plans d’expériences ont montré que la machine de grenaillage vibratoire est
capable de générer des intensités Almen comprises entre 0.047 et 0.2 mmA. La deuxieme
partie a présenté la caractérisation de l'intégrité de la surface de 'acier cémenté E16NCD13

apres le traitement de grenaillage vibratoire en termes de rugosité de surface, de contraintes
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résiduelles de compression et de microdureté. Ils ont été mesurés et évalués apres traitement
sous trois intensités différentes (0.1, 0.15 et 0.2 mmA) et différentes conditions de traitement.
La troisieme partie a exposé une étude comparative des effets du grenaillage vibratoire et du
grenaillage conventionnel sur I'intégrité de la surface de I'acier cémenté E16NCD13 en termes
de rugosité de surface, de contraintes résiduelles de compression et de microdureté aux trois

mémes intensités 0.1, 0.15 et 0.2 mmA.

Ces expériences ont montré que le grenaillage vibratoire est capable d’améliorer le fini de
surface de I'acier cémenté E16NCD13. Par exemple, il peut diminuer la rugosité de surface de
0.19 pm & 0.08 um a des intensités Almen élevées. L’évolution de la rugosité de surface dépend
de I'intensité Almen et des parametres de la machine. Le procédé de grenaillage vibratoire a
introduit une couche de contraintes résiduelles de compression, dont 'amplitude varie dans
la plage de [-550 MPa, -845 MPa| et la profondeur varie dans la plage de [128 pm, 170 pm],
en fonction des intensités et des parametres de traitement. La microdureté de surface a
été légerement augmentée de 750 £ 30 HV a 850 £+ 15 HV pour une intensité Almen de
0.2 mmA. Les parametres de la machine n’ont aucun effet sur la microdureté. Comparé
au grenaillage conventionnel, le grenaillage vibratoire a permis d’obtenir un meilleur fini de
surface a la méme intensité Almen. Cependant, a 'intensité Almen de 0.1 mmA avec la
condition de traitement [28 cm - 17.5 Hz|, le grenaillage vibratoire n’a pas été capable de
réduire la rugosité de surface de ’acier traité en le comparant avec le grenaillage convention-
nel. Le grenaillage vibratoire a également induit des contraintes résiduelles de compression
maximales plus profondes, mais plus faibles. De plus, le grenaillage vibratoire a augmenté la
microdureté de la surface du matériau traité alors que le grenaillage conventionnel n’a pas
eu d’effet sur lui. Toutes ces interprétations permettent de conclure que le grenaillage vibra-
toire et le grenaillage conventionnel pourraient produire des résistances a la fatigue de I'acier
cémenté E16NCD13 comparables. En outre, le grenaillage vibratoire pourrait améliorer la

productivité industrielle en combinant deux procédés de traitement de surface en un seul.
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ABSTRACT

Vibratory peening is an alternative process that aims to replace the shot peening and the
vibratory finishing processes. It produces compressive residual stresses comparable to those
obtained by shot peening but with much better surface finish, which is believed to enhance
the fatigue life of the treated part. It is also believed to improve the industrial productiv-
ity by combining the shot peening and the vibratory finishing steps into one single process.
Athough there are available studies on this process, no fundamental and physical works pre-

senting the generated properties improvement were presented.

This study is part of a project that aims to demonstrate the beneficial effects of advanced
surface treatment technologies on some aerospace materials which was a collaboration be-
tween Polytechnique Montréal, Safran Tech France and Aerospace and Technology Center
Longueuil (CTA). This work focused on calibrating the vibratory peening machine and iden-
tifying its operation parameters limits. It involves also the study of the effect of vibratory
peening on the surface integrity properties of the cemented steel EIGNCD13 in terms of
surface roughness, compressive residual stresses and microhardness. The surface integrity
modifications produced by vibratory peening were compared to shot peening at similar Al-

men intensities.

The literature review showed that the Almen intensity, the processing time, the amplitude,
the frequency, the media mass and the part position, etc. are the key parameters of the
vibratory peening process. The first part of this study presented the relationship of the
operation parameters, such as: media mass, eccentric weights, frequency, pressure, media
height above the part, part position and lubrication rate with the amplitude of the vibratory
peening machine and Almen intensity through design of experiments (DOE) techniques. The
results showed that the vibration amplitude of the machine is mainly controlled by the eccen-
tric weights on the rotating shafts, the rotational frequency of the rotating shafts, the media
height above the part, and the Almen intensity is mainly influenced by the eccentric weights.
The DOE results showed that the vibratory peening machine is able to generate Almen in-
tensities ranged between 0.047 and 0.2 mmA. The second part presented the characterization
of the surface integrity of the cemented steel EIGNCD13 after vibratory peening in terms
of surface roughness, compressive residual stresses and microhardness. They were measured
and evaluated after treatment under three different intensities (0.1, 0.15 and 0.2 mmA) and

different process conditions. The third part carried a comparative study of the effects of
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vibratory peening and shot peening on the surface integrity of the cemented steel E16NCD13
in terms of surface roughness, compressive residual stresses and microhardness at the same
three intensities 0.1, 0.15 and 0.2 mmA.

These experiments showed that vibratory peening is able to improve the surface finish of
the cemented steel EI6NCD13. For example it can decrease the surface roughness from
0.19 pm to 0.08 pum at high Almen intensities. The evolution of surface roughness depended
on Almen intensity and on the machine parameters. The vibratory peening process
introduced a layer of compressive residual stresses, where its magnitude varies in the
range of [-550 MPa, -845 MPa] and its depth in the range of [128 um, 170 pum]|, depending
on the intensities and processing parameters. The surface microhardness was slightly
increased from 750 4+ 30 HV to 850 4+ 15 HV at Almen intensity of 0.2 mmA and the ma-
chine parameters have no effect on it. Compared to shot peening, vibratory peening induced
better surface finish a the same Almen intensity. However, at Almen intensity of 0.1 mmA
with the treatment condition [28 cm - 17.5 Hz|, vibratory peening was not able to reduce the
surface roughness of the treated steel when compared to shot peening. Vibratory peening in-
duced also deeper, but smaller maximum compressive residual stresses. Moreover, vibratory
peening increased the surface microhardness of the treated material while shot peening had
no effect on it. All these interpretations allow to conclude that the vibratory peening and
shot peening could produce similar fatigue lives of treated EI6NCD13 steel. Besides, vibra-
tory peening could improve the industrial productivity by combining two surface treatment

processes into one.



X

TABLE OF CONTENTS

DEDICATION . . . . . iii
ACKNOWLEDGEMENTS . . . . . . . . e iv
RESUME . . . . v
ABSTRACT . . . . e vii
TABLE OF CONTENTS . . . . . . e ix
LIST OF TABLES . . . . . . . e e e xii
LIST OF FIGURES . . . . . . . e xiii
LIST OF APPENDICES . . . . . . . . . e e XV
CHAPTER 1 INTRODUCTION . . . . .. . . . . 1
CHAPTER 2 LITERATURE REVIEW . . . . . .. ... ... ... ... .. .... 3
2.1 Cemented steel EIGNCD13 . . . . . .. .. ... .. ... ... ... 3
2.1.1 CQase hardening . . . . . . . ... 3
2.1.2  Properties of cemented steel EIGNCD13 . . . . .. .. ... .. ... 4
2.2 Shot peening . . . . . . .. 4
2.2.1 Controlling parameters . . . . . . . . . . . ... 4
2.2.2  Optimization of shot peening parameters . . . . . . . . . .. .. ... 6
2.2.3 Effect of shot peening on cemented steel surface integrity . . . . . . . 7
2.3 Vibratory finishing . . . . . . . ... o 13
2.3.1 Controlling parameters . . . . . . . . . .. ... 14
2.3.2 Effect of vibratory finishing on aerospace alloys surface integrity . . . 15
2.4 Vibratory peening . . . . . . . ... 16
2.4.1 Controlling parameters . . . . . . . . .. .. ... 16
2.4.2 Effect of vibratory peening on cemented steel surface integrity . . . . 17

2.5 Comparison of the effect of shot peening, vibratory finishing and vibratory
peening on surface integrity and fatigue life. . . . . . ... ... ... .. 18

2.5.1 Effect of shot peening and vibratory peening on surface integrity and
fatigue life . . . . . ... 18



2.5.2  Effect of vibratory finishing and vibratory peening on surface integrity
and fatigue life . . . .. .. ...
2.5.3 Effect of shot peening followed by vibratory finishing (SPVF) and vi-

bratory peening on surface integrity and fatigue life . . . . . . .. ..

CHAPTER 3 ANALYSIS OF LITERATURE REVIEW AND OBJECTIVES . . . .
3.1 Analysis of literature review . . . . . . . ...
3.2 Objectives . . . . . . . e

CHAPTER 4 MATERIALS AND METHODS . . . ... ... ... ........
4.1 Cemented steel EIGNCDI13 . . . . . . . . . ...
4.2 Vibratory peening . . . . . . . . ..o

4.2.1 The vibratory peening machine . . . . . ... ... ... ... .. ..
4.2.2  The vibratory peening parameters and limitation of processing domain
4.2.3 Methods for the control of vibratory peening parameters . . . . . ..
4.3 Shot peening . . . . . . ..
4.4 Surface integrity analyses . . . . . . .. ... Lo
4.4.1 Surface roughness measurements . . . . . . . . ... ... ...
4.4.2 Residual stress measurements . . . . .. .. ...

4.4.3 Microhardness measurements . . . . . . . . .. ...

CHAPTER 5 RESULTS AND DISCUSSIONS . . . . . ... ... ... ... ....
5.1 Vibratory peening process control . . . . . . .. ... oL
5.1.1 Vibration amplitude control . . . . . . ... ... .. ... ...
5.1.2  The Almen intensity control . . . . . . . . ... ...
5.1.3  Selection of the vibratory peening parameters range for cemented steel
E16NCDI13 treatment . . . . . . . . . . . . ... ...

5.2  Effect of vibratory peening on surface integrity of cemented steel EI6NCD13
5.2.1 Surface roughness . . . . . . .. ..o
5.2.2 Compressive residual stresses . . . . . . . . .. ... L.
5.2.3 Microhardness . . . . . . . . ...

5.3 Comparison of vibratory peening with shot peening . . . . . . . . . ... ..
5.3.1 Selection of the shot peening parameters for cemented steel E16NCD13
treatment . . . . .. oL oL oL

5.3.2 Comparison with the shot peening effect on the surface integrity of
cemented steel EIGNCD13 . . . . . . .. .. ... ... ... .....

20

22

23
23
24

26
26
26
26
28
30
32
32
32
33
33

35
35
35
38

40
42
43
48
o1
93

93



xi

CHAPTER 6 CONCLUSION . . . . . . . 60
6.1 Summary of works . . . ... 60
6.2 Futureresearch . . . . . . . .. .o 61

REFERENCES . . . . . . 62

APPENDICES . . . . . 67



Table 2.1
Table 2.2
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 5.1
Table 5.2
Table 5.3
Table 5.4

Table 5.5
Table 5.6

Table 5.7

Table 5.8

Table A.1

xii

LIST OF TABLES

Chemical composition of the cemented steel E1I6NCD135. . . . . . . ..
Mechanical properties of cemented steel EIGNCD13. . . . . . . . . ..

Chemical composition of EIGNCD13 alloy. . . . . . . . . . ... ... 26
Mechanical properties of cemented steel E1I6NCD15. . . . . . . . . .. 27
Factors modalities of vibration amplitude calibration plan. . . . . . . . 30
Factors modalities of Almen intensity calibration plan. . . . . . . .. 31
ANOVA analysis of vibration amplitude. . . . . . . . . . . ... ... 36
Measured and predicted intensities resulted from the DOFE plan. . . . . 37
ANOVA analysis of Almen intensity. . . . . . . . . . ... ... ... 40

Variable operation parameters, resulting Almen intensities and sat-
uration times for the wvibratory peening treatment on cemented steel
E16NCD183 calibration specimens. . . . . . . . . . . . .. .. .. ... 43
Shot peening conditions for the experimental campaign. . . . . . . . . 53
Parameters of the selected shot peening conditions, the resulting Almen
intensities, the passes for Almen saturation on Almen strip, the passes

for coverage on cemented steel E1I6GNCD13 shot peened specimen and

the treated time related to the Almen strip saturation time Tyy. . . . . 54
Comparison of average surface roughness R, of E16NCD13 between
vibratory peening and shot peening on the longitudinal direction at dif-
ferent intensities. . . . . . . .. 56
Comparison of average compressive residual stresses profiles of EIGNCD13
after vibratory peening and shot peening at different intensities. . . . 57

Conwversion coefficient from Almen intensity type N to Almen intensity



Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6

Figure 2.7
Figure 2.8
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 5.1

Figure 5.2

Figure 5.3
Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7
Figure 5.8

LIST OF FIGURES

Cemented steel illustration . . . . . . . . . . . . ... ..
Shot peening illustration. . . . . . . . .. .. ... 000
Almen intensity computation and Almen strips. . . . . . . . . .. ..
Schematization of surface roughness parameters. . . . . . . . . . . ..
Surface topography of as received and shot peened SS92506 steel [1]. .

Typical compressive residual stress profile of cemented and shot peened

A typical mechanism of a vibratory peening machine.

A typical mechanism of a vibratory peening machine.

The control parts of the vibratory peening machine.
Shot peening machine. . . . . . . . ...
The location of five surface roughness measurements along the (a)
longitudinal direction (b) and the transverse direction. . . . . . . ..
Diagram of the positionin parameters of the microhardness measure-
ment POInts. . . . . . Lo e e
The vibration amplitude as a function of different operation parameters.
(a) Xgee (0) Xrreqs (¢) Xntass €t (d) Xpress- - - o o o o o oo oo oL
Pareto chart of th effect of factors and their interactions for the first
model of Almen intensity. . . . . . . . . ...
Normal probability plots for Almen intensity. . . . . . . . . . . .. ..
Almen intensity as a function of Xpye, for different couples [Xmeight,
Xnass] with 95% confidence intervals. . . . . . . . . . . . ... ...,
Comparison of surface roughness parameters for as-received and vibra-
tory peened cemented steel E16NCD13 specimens along the longitudinal
direction with their 95% confidence intervals. . . . . . . . . . . .. ..
Comparison of surface roughness parameters for as-received and vibra-
tory peened cemented steel E16NCD13 specimens along the transverse
direction with their 95% confidence intervals. . . . . . . . . . . .. ..
SEM images of cemented steel E16NCD13 specimens.

R, measurements for cemented steel E1I6NCD13 specimens with Almen

intensity of 0.1 mmA (a) along the longitudinal direction and (b) along

the transverse direction.

xiii

co ot Ot W

11

12

14

17

27

32

33

34

35

39

41

42

43

44
45

45



Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

xXiv

R, measurements for cemented steel E16NCD13 specimens with Almen
intensity of 0.15 mmA (a) along the longitudinal direction and (b) along

the transverse direction. . . . . . . . . . ..o 47
R, measurements for cemented steel E1I6NCD13 specimens with Almen
intensity of 0.2 mmA (a) along the longitudinal direction and (b) along

the transverse direction. . . . . . . . . . ... 47
Compressive residual stresses measurements for cemented steel E1I6NCD13
specimens with different Almen intensity of 0.1 mmA, 0.15 mmA and

0.2 mmA and processing time 21, and Xgeigne of 28 cm. . . . . .. 49
Compressive residual stresses measurements for cemented steel E1I6NCD13
specimens with Almen intensity of 0.15 mmA, processing time 21, and
different Xpeigne 17 cm and 28 ecm. . . . . . ... 49
Compressive residual stresses measurements for cemented steel EI6NCD13

specimens with Almen intensities of 0.15 mmA and 0.2 mmA, Xpeight

of 28 ¢cm and different processing time Tsqy and 2Tgae. . . . . . . . . . 51
Microhardness profiles of cemented steel E16NCD13 before and after
vibratory peening. . . . . . .. oL 52

Surface microhardness measurements for cemented steel E16NCD13
spectmens before and after different vibratory peening conditions. . . 52
The relationship between the shot peening coverage and number of passes
from both experimental observation and numerical calculation. . . . . 55
SEM images of as-received, vibratory peened ans shot peened cemented
steel EIGNCD13 specimens. . . . . . . . . . v v it 56
Comparison of residual stresses profiles of cemented steel E1I6NCD13
specimens after vibratory peening and shot peening at Almen intensities
of 0.1, 0.15 and 0.2 mmA. . . . . . . . .. 58
Comparison of vibratory peened and shot peened E16NCD13 specimens

surface microhardness. . . . . . ... 59



Appendix A

LIST OF APPENDICES

Conversion coefficient calculation between Almen intensity type A and

Almen intensity type N . . . . . . . . ..o

XV



CHAPTER 1 INTRODUCTION

Since 2016, Polytechnique Montréal and Safran Tech, France, are committed to a research
project that aims to demonstrate the potential beneficial effects of an advanced surface treat-
ment called vibratory peening on the surface integrity of aerospace materials including the
cemented steel E16NCD13, which is used in Safran’s gearboxes and gears. The project’s
objective is to demonstrate that vibratory peening is likely to lead to more durable aerospace
parts, to increase productivity and to lower costs, making the aerospace industry more com-

petitive.

Shot peening is a surface treatment used to improve the fatigue properties of materials by
retarding the initiation and propagation of short cracks [2]. However, the surface roughness
induced by shot peening creates a stress concentration which tends to reduce the component’s
fatigue life [3]. Additional surface finishing processes, like vibratory finishing, are often re-

quired to reduce the generated surface roughness and provide better surface finish [4].

Vibratory peening is an alternative process that combines the beneficial effects of shot peen-
ing and vibratory finishing [5]. It could therefore improve fatigue life and reduce the number

of processes that a machined part must undergo before being put into service.

E16NCD13 is a cemented low alloy steel used in aircraft components like gears and gas
turbine engines [5]. These components are submitted to contact and rotary bending fatigue
during their applications, which requires a surface treatment to enhance their fatigue resis-

tance.

My thesis aims to assess the potential of vibratory peening to replace shot peening and
vibratory finishing processes. This assessment is achieved by studying the effects of vibra-
tory peening on the surface integrity, in terms of surface roughness, residual stresses, and
hardness, of the cemented steel alloy E16NCD13 and comparing them to those obtained after

shot peening at similar Almen intensities.

This research project was done in collaboration between Polytechnique Montréal, Safran
Tech and CTA, a Collegial Center for Technology Transfer, where the vibratory peening
machine was installed. This project was financed by Safran Tech and Natural Sciences and
Engineering Research Council of Canada (NSERC).



This document is divided into 4 chapters and organized as follows: Chapter 2 presents and
synthesises the literature related to the project. Chapter 3 sets the objectives for my project.
Chapter 4 describes the materials and methodology developed to reach the objectives. Chap-
ter 5 describes the results obtained from the experimental work during the project and the

project’s general conclusions are presented in Chapter 6.



CHAPTER 2 LITERATURE REVIEW

2.1 Cemented steel EI6NCD13

The studied material is cemented steel E1I6NCD13 used in Safran’s engines gearboxes and
gears. This alloy was selected for the vibratory peening study since the surface finish of parts
made of this alloy has a strong effect on contact fatigue. In addition, recent studies showed
that vibratory peening produced significant residual stresses that could enhance the alloy’s

fatigue life.

2.1.1 Case hardening

The case hardening treatment consists in diffusing carbon into the surface of low carbon
steel followed by quenching treatment after machining as illustrated in Figure 2.1(a) [6].
The process aims to improve the contact and bending resistance by hardening the surface,
increasing the tensile strength of the cemented steel and introducing a compressive residual

stress layer [7].

Li et al. [7] developed a finite element model to study the effect of case depths (CD) on
AMS 6308 cemented steel residual stresses. The CD was defined as the distance from the
surface of the part to the depth where the hardness is of 550 HV as shown in Figure 2.1(b) [§].
At a case depth of 0.5 mm, the surface compressive residual stress was of -1050 MPa and
increased to -1250 MPa for a CD of 1.5 mm. Besides, the depth of compressive residual

stresses increased from 0.7 mm for a CD of 0.5 mm to 2 mm for a CD of 1.5 mm. Therefore,

(b) ,;1 1000
=] o Microhardness

> 0 *profile
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Figure 2.1 Cemented steel illustration. (a) The case hardening consists in diffusing carbon
amount into the surface of low carbon steel. (b) The case depth of cemented steel is the
distance for the surface to the depth where the hardness is of 550 HV.



the magnitude and the depth of residual stresses of AMS 6308 steel depended mainly on the
CD.

2.1.2 Properties of cemented steel EIGNCD13

E16NCD13 is a low alloy steel that can be cemented and used in various mechanical and
aerospace industry parts. Its chemical composition is given in Table 2.1 [9]. Table 2.2 lists the
mechanical properties of as-received cemented steel E16NCD13 specimen having dimensions
of 79.9 x 18.9 x 8 mm? [5]. The surface hardness of the cemented steel after case hardening,
quenching and tempering can achieve 700 HV. It is characterized by a good toughness of the

cemented layer, good mechanical characteristics and high fatigue resistance [10].

2.2 Shot peening

Shot peening consists in impacting a metal component with hard shot, at high velocity. The
large number of impacts induces local plastic strains leading to a localised sub-surface layer
of compressive residual stresses and a work hardening, as schematized in Figure 2.2. These
effects delay the initiation and propagation of short cracks [2]. However, the detrimental
effect of this process is the increased surface roughness due to the dimples created by the im-
pact between the material and the media surfaces. The surface roughness greatly influences

the fatigue performance of the treated workpiece [3].

The operating parameters of shot peening are air pressure, peening time, impact angle,
nozzle diameter, shot material, shot velocity, media-flow rate, etc [11]. The controlling pa-
rameters that define the efficiency of the shot peening process are the Almen intensity and

the coverage [12].

2.2.1 Controlling parameters

Almen intensity characterizes the kinetic energy transferred from the shot to the peened
parts during the peening process [12]. It is obtained by measuring the deflections of standard-

ized SAE 1070 steel strips, called Almen strips, that are shot peened for different processing

Table 2.1 Chemical composition of cemented steel E1I6NCD13 (ISO 683-17) [9)].

Element Fe C Mn Si Cr Ni Mo Cu P S
Wit% Balance 0.16 0.46 0.20 1.02 3.00 0.26 0.13 0.008 0.010
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Figure 2.2 Shot peening illustration. (a) The impact of the high speed media creates a dimple.
(b) Stretched surface induced by shot peening creating a plastic deformation counterbalanced
by residual compressive stresses.
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Figure 2.3 Almen intensity computation and Almen strips. (a) The arc height of Almen strips
measured with a standardized Almen gauge to get the Almen arc height. (b) The dimensions
of N, A and C Almen strips as per SAE J/42 [14]. (c) The saturation curve is defined as
the arc height (mm) as a function of the processing time (min) as per SAE J443 [13]. The
saturation time corresponds to the first point where doubling the peening time produces no
more than a 10 % rise in arc height. The Almen intensity is the arc height at the saturation
time Tios.



Table 2.2 Mechanical properties of a normalized, annealed, case hardened and gas quenched
cemented steel E1I6NCD13 specimen having dimensions of 79.9 x 18.9 x mm? (ISO 685-
17) [5]. Young’s modulus (E), Poisson’s ratio (v), density (p), yield stress at 0.2% (Ro.2),
ultimate stress (R, ), surface hardness and bulk hardness are as given.

Property E v p Ry R,, Surface hardness Bulk hardness
[GPa] [] [g.em™@] [MPa] [MPa] [HV] [HV]
Value 210  0.28 7.85 1000 1350 750 400

times, with a standardized Almen gauge showed in Figure 2.3 (a). The thickness of the Al-
men strip depends on the anticipated intensity and is classified into three types: N, A, and C.
The corresponding thickness are of [0.76-0.81], [1.27-1.32] and [2.36-2.41] mm for strips N, A
and C, respectively, as shown in Figure 2.3(b) [14]. As specified by standard SAE J443 [13], a
saturation curve is defined as the arc height as a function of the peening time. The saturation
time T4 corresponds to the first point where doubling the peening time produces no more
than a 10% rise in arc height. The Almen intensity is the arc height at the T4, as illustrated
in Figure 2.3 (b) [5].

Media type [15], media diameter [16,17], media velocity [18], peening pressure [16,17], etc.,
all influence Almen intensity. Almen intensity increases with the increase of media size, me-

dia hardness, media velocity and peening pressure.

Peening coverage is defined by SAE J2277 [19] as the ratio of the area covered by in-
dentations to the total peening area, expressed in percentage. A coverage of 98% is defined
as full coverage or 100% coverage. A coverage greater than 100% corresponds to multiples
of the time required to reach full coverage (e.g., a coverage of 200% means that the part has

been peened for twice the time required to reach a coverage of 98%).

2.2.2 Optimization of shot peening parameters

Almen intensity is the most important controlling parameter that is used to characterize
the efficiency of shot peening. However, since it is influenced by other process parameters,
numerous studies investigated the relationship between Almen intensity and other parameters
using a Design Of Experiments (DOE) method. The DOE method is a statistical approach
for defining the relationship between the parameters and responses [20]. This design consists

in involving an empirical model to relate the response with the input parameters and it is



described as follow:

Y= Zﬁz‘Xi +¢ (2.1)

where y is the response, y; are the input parameters, (; are the coefficients that will describe
the statistical significance of the input parameters on the response and ¢ is the experimental
error. The last term is estimated by replicating and randomizing the tests [21]. The objective
of DOE is to define the relationship between the response and the input parameters with a
minimal number of experiments. However, the fully randomized design is time-consuming.
Consequently, split plot is a partially randomized design used when some parameters are

harder to manipulate than others. Nevertheless, this may affect the accuracy of € value [21].

Unal [17] analysed the effect of shot peening air pressure, shot diameter and peening time on
the arc height using response surface methodology (RSM). RSM is DOE where the response
is affected by some parameters and the purpose is to optimize the response [21]. An anal-
ysis of variance (ANOVA) was performed to determinate the statistical significance of each

parameter on the Almen intensity obeying:
A =2101-0.029 x t—0.0313 x s —0.044 x p+0.01 x t x s4+0.06 x t x p+0.07 x s X p, (2.2)

where A (mm) is the arc height, ¢ (s) is the peening time, s (mm) is the shot diameter and
p (kPa) is the air pressure. The equation (2.2) reveals that the pressure (p) and its interaction
with the shot diameter (p x s) and with the peening time (p x t) are the most important

factors that influence Almen intensity.

Bucior et al. [22] investigated the effect of processing time and air pressure on Almen in-
tensity using DOE method. They revealed that Almen intensity increased with the increase
of air pressure.

2.2.3 Effect of shot peening on cemented steel surface integrity

Surface roughness

The most common roughness parameters are R,, R;, Rg and Ry,. They are computed ac-

cording to ISO 4287 standard from measured profiles as [24]:

e Average roughness R, in Figure 2.4(a) is an arithmetical mean deviation of the rough-



(a) (b)
. Z(X)
o R ﬂmﬂ /JX
& M\J\j \UWA»JU\W
la
d
© Ry D,
_________ Riy<3
,,,,,,,,,,,,, . Rk
e 7 AT
Z
“! R0 WA LT Riy>3
X TN X D
la
Z(x) Z(x)

Figure 2.4 Schematization of surface roughness parameters. (a) Average roughness R, is the
arithmetical mean deviation of the roughness, Z(x) is the height of the profile at position x,
and total height R; is the height between the deepest valley and the highest peak on the eval-
uation length. (b) The root mean square value of ordinate values R,.(c) Skewness roughness

Ry, is the cube of the root mean square deviation. (d) Kurtosis roughness Ry, is the fourth
power of the root mean square deviation [23].



ness as:

1 rla
Ro=i /0 1Z (z)| da, (2.3)

where Z(z) is the height of the profile at position x, [, is the measured length. It provides a

general description of height variations.

e Roughness parameter Ry, as shown in Figure 2.4(a), is the total height between the deepest
valley and the highest peak on the evaluation length.

R; = max Z(x) — min Z(z), (2.4)

a la

e Skewness roughness R is defined as the cube of the root mean square deviation to display

the dimensionless cube of the sampling length Z(x),

11 fla

R = =
F R, Jo

73(r)du, (2.5)
where R, represents the root mean square value of ordinate values within the definition area,
as shown in Figure 2.4(b). Ry is equivalent to the standard deviation of heights. It expresses
the symmetry of peaks and valleys using the average line as the center. Ry < 0 means that
the surface is made up of deep valleys and low peaks, otherwise the surface is made up of

high peaks and shallow valleys as presented in Figure 2.4(c).

e Kurtosis roughness Ry, uses the fourth power of the root mean square deviation to display

the dimensionless fourth power of the sampling length Z(x) as:

11 fla

Riw = =1
k R la Jo

Z4(z)dz, (2.6)
Ry, represents the probability density sharpness of the profile. If Ry, > 3, the height distri-

bution is sharp, otherwise it is flat, as shown in Figure 2.4(d).

Nordin et al. [1] investigated the effect of shot peening Almen intensity on the surface rough-
ness of SS 92506 steel. The Almen intensity ranged between 0.22 mmA and 0.49 mmA and
the used media was a cut wire with a size of 0.7 mm. The measured roughness parameter was
the arithmetic mean deviation R,. For a given coverage of 200%, R, increased with the in-

crease of Almen intensity. The surface roughness increased from 0.5 £+ 0.02 ym (not peened)
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to 0.65 4+ 0.05 um and 0.86 £+ 0.05 pum for Almen intensity of 0.22 mmA and 0.49 mmA,
respectively. Chang et al. [25] investigated the effect of shot peening on the surface roughness
of 9310 steel alloy for Almen intensities between 0.1 mmA and 0.3 mmA using S70 cast steel
shot with a coverage of 200%. Their study showed that peening at intensities of 0.1 mmA
and 0.3 mmA yielded an increase of R, from 0.76 ym to 1.5 um and 4.4 pm, respectively.
To conclude, the surface roughness of cemented steel increases with the increase of Almen
intensity, which can be explained by the fact that higher intensity induces higher velocity

and deeper impact as a result.

Nordin et al. [1] studied also the effect of the coverage on the surface roughness of SS92506
steel. For a given Almen intensity of 0.34 mmA, the coverage varied from 100% to 400%.
The R, decreased with the increase of the coverage. It increased from 0.5 £ 0.02 pm to
0.75 + 0.03 pum for a coverage of 100% and then it decreased continuously by increasing the
coverage to reach 0.68 4+ 0.08 um at a coverage of 400%. The reason of this evolution is
that for the first passes, the shot creates deep peaks and valleys that increase the surface
roughness and creating a work hardening and compressive residual stress at the same time.
The further media passes were not able to create deeper dimples and they come therefore to

polish the surface and smash the previous peaks. The R, was then decreased [1].

The authors investigated also the effect of shot peening Almen intensities on the surface
topography of SS92506 steel under a coverage of 200%. Figure 2.5 shows that shot peening
under an Almen intensity of 0.22 mmA removed completely the machining marks and main-
taining the same level of surface roughness height as the non treated surface. Shot peening
with Almen intensity of 0.49 mmA managed also to erase the machining marks but the sur-
face roughness height was higher than of non treated surface. It increased from 6.21 pm to
7.99 pm. This consequence is beneficial to the fatigue strength since it helps in decreasing the
fatigue initiation sites related to higher stress concentration factors associated with machined

marks at the surface [1].

Compressive residual stresses

Figure 2.6 [26] shows a typical residual stresses profile in a shot peened cemented steel gear.
The shot peening conditions were not provided. The surface compressive residual stress oy,
were about -828 MPa and the maximum compressive residual stresses ¢,,,, of -1379 MPa
were achieved at the depth of the maximal stresses dy e, of 0.03 mm. d,. is the depth
of influence and it corresponds to the depth where the compressive residual stresses remain

stable. A stabilized compressive residual stress of -276 MPa, which extended deeper than
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Figure 2.5 Surface topography of SS92506 steel before and after shot peening. (a) As-received,
(b) shot peened under 0.2 mmA and 200% coverage (c) and shot peened under 0.49 mmA
and 200% coverage. Shot peening erased the machining marks. Higher Almen intensity leads
to higher surface roughness [1].

200 pm, corresponded to the influence of case hardening before shot peening [5].

Ho et al. [27] studied the effect of shot peening on the residual stresses of cemented steel
18 CrNiMo7-6 alloy. Two Almen intensities of 0.25 mmA and 0.45 mmA, and two cast steel
shot diameters of 0.6 mm and 0.3 mm, were investigated. The coverage was of 200% for all
peening conditions. For shot peening with a media diameter of 0.6 mm, when the Almen
intensity increased from 0.25 mmA to 0.45 mmA, the o, increased from -400 MPa to around
-500 MPa and 04,4, increased from -900 MPa to -980 MPa, respectively. An increase of d, .
from 0.2 mm to 0.5 mm was observed when increasing Almen intensity from 0.25 mmA to
0.45 mmA. d, mq, Was not affected by Almen intensity evolution. This is related to the higher
velocity induced by the increase of the Almen intensity which produces more kinetic energy

and deeper plastic deformation [27].

For the same Almen intensity of 0.25 mmA, when the media diameter increased from 0.3 mm
to 0.6 mm, the o, decreased from around -580 MPa to -400 MPa and the 0,,4,, dyo and
dy.maz Were almost constant. The explanation of this effect is that the contact of the treated
material with bigger media is larger generating smaller contact pressure, with a larger impact
surface. As a result, the plastic deformation is reduced inducing a decrease in the compres-
sive residual stress [27]. Therefore, the residual stresses distribution on shot peened cemented
steel 18 CrNiMo7-6 depended on the combination of Almen intensity, media diameter and

shot velocity.

Guagliano et al. [28] numerically analysed residual stress profiles of cemented steel 39NiCrMo3

after shot peening for different shot sizes and velocities. The analysis was carried out con-
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Figure 2.6 Typical compressive residual stress profile of cemented and shot peened steel. The
shot peening conditions were not provided. og,, corresponds to the surface compressive resid-
ual stress, Opq, corresponds to the mazimum compressive residual stress, dy maq s the depth
of the mazimal stress and d,. is the depth of influence, which is defined as the depth of
compressive residual stresses generated by shot peening, The compressive residual stress o..
(-276 MPa), which extends deeper than 0.2 mm, corresponds to the influence of the case
hardening before shot peening [26].

sidering a constant Almen intensity of 0.3 mmA and coverage of 200%. Increasing the shot
diameter from 0.3 mm to 1 mm led to an increase of d, . from 0.1 mm to 0.22 mm and dy s
from 0.6 mm to 1 mm. Increasing the media velocity from 40 m/s to 100 m/s for a diameter
of 1 mm led to an increase of d,. from 0.22 mm to 0.35 mm and d, e, from 0.5 mm to
1 mm. The shot size and velocity seems not to have a pronounced effect on oy, and 7,,4..
This suggests that peening a surface of cemented steel with large shot at higher velocities led
to deeper profiles due to the higher Hertzian pressure. This phenomenon can be expected
for vibratory peening. As a conclusion, the residual stresses distribution on cemented steel

depended on the combination of Almen intensity, shot diameter and shot size.

Microhardness

Trung et al. [15] shot peened AISI 4340 specimens at an Almen intensity of 0.275 mmA
(11 A), with 0.6 mm diameter steel balls with a hardness of 500 £ 30 HV. The authors found
that the hardness increased to 440 4+ 11 HV at the surface and decreased progressively to
the original material hardness (325 £+ 12 HV) after 300 um. This cold working is due to high

strain rate impact during the shot peening process.

Nordin et al. [1] compared the microhardness profiles of SS92506 steel before and after shot
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peening with three different Almen intensities (0.22 mmA, 0.34 mmA and 0.49 mmA) under
a coverage of 200% and a cut wire media with a size of 0.7 mm and hardness of 656-774 HV.
The surface microhardness increased from 716 £+ 12 HV to comparable values around 870 +
2 HV for all the intensities. The microhardness below the surface increased with the increase

of Almen intensity.

Ho et al. [27] studied the microhardness profiles evolution as a function of shot peening
parameters. When peening cemented steel 18CrNiMo7-6 with a steel media having a diam-
eter of 0.6 mm, increasing the Almen intensity from 0.25 mmA to 0.45 mmA induced a rise
of surface microhardness by 6.3% and 9.5%, respectively. For a constant Almen intensity of

0.25 mmA, microhardness raised by 5.2% and 6.3% for 0.3 mm and 0.6 mm shot, respectively.

Renaud et al. [30] quantified the impact of shot peening, using an Almen intensity of
0.15 mmA and 0.4 mm diameter steel media having a hardness of 700 HV, on the transfor-
mation of residual austenite into martensite on 29MnCr cemented steel. The study showed
that the martensite contents on the surface increased by 35% after shot peening. This trans-
formation could be associated to the increase of surface microhardness after shot peening in

most cemented steels.

To sum up, shot peening increases the surface microhardness of cemented steel and has
no effect on the CD. The increase of Almen intensity and media diameter enhances the in-
crease of surface microhardness. This evolution is mainly related to the work hardening
produced by shot peening. The microstructural changes in the cemented layer associated to
the transformation of the retained austenite to martensite could be also another reason of

the microhardness increase.

2.3 Vibratory finishing

Vibratory finishing is a polishing process consisting in inserting a part into an oscillating
bowl filled with abrasive media as illustrated in Figure 2.7. Polishing is achieved by the
interactions between the part and the media surfaces. The bowl is attached to springs and
rotating shafts with eccentric masses. The vibration movement is provided by the rotation of
the shafts [29]. The vibration amplitude, the frequency and the media mass and type are the
key parameters of the process. Moreover, the choice of the level of each parameter depends

on the desired effect on the treated material [31].



14

Media 2 Springs
/

2

2 Springs

Oscillating bowl

Part — .
Eccentric masses + Shafts

|~ Motor

Figure 2.7 A Schematic of vibratory finishing. The oscillating bowl full of media is attached to
springs and a shaft with an eccentric mass manipulated by a motor, the vibration movement
is provided by the rotation of the shaft around the component [29].

2.3.1 Controlling parameters

Vibration amplitude is controlled by the eccentric weights which are mounted on the
rotating shafts [32,33]. It depends also on the media mass in the tub and increasing the
media mass reduces the vibration amplitude [34,35]. The vibration amplitude also depends
on the springs stiffness [36]. However, the media type doesn’t have a significant effect on the
amplitude [34, 37].

Frequency is controlled by the motor speed rotation [38]. Sofran et al. [39] and Pandiyan
et al. [38] found that it was the most important parameter that influences the vibratory
finishing process performance in term of surface finish and that the high frequency led to the

best surface finish improvement in the least time.

Media: A variety of media shapes are used in vibratory finishing such as pyramids, tri-
angles, cones and spheres while the size is lower than 25 mm. The media size, material and
roughness affected greatly the efficiency of vibratory finishing in terms of surface finish since

they influenced the interaction between the workpiece and the media surfaces [38].
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2.3.2 Effect of vibratory finishing on aerospace alloys surface integrity
Surface roughness

Wang et al. [40] studied the correlation between the conditions of vibratory finishing and
the surface roughness of AA1100-O aluminum alloy having an initial surface roughness R,
of 0.4 pm. Vibratory finishing was applied using 9 mm spherical ceramic media with two
different roughness values (15.4 4+ 6.3 pum and 13.8 + 2.3 pum) and under three different
lubrication conditions (dry, water-wet and detergent). For all lubrication conditions, the
measured roughness of the treated part increased with the increase of the media roughness.
The maximum surface average roughness R, of 2.3 ym was obtained under the dry condition

and with the media of surface roughness 15.4 + 6.3 pm.

Domblesky et al. [41] studied the effect of vibratory finishing on the surface roughness on
AISI 1018 steel and Al6061 aluminum alloys using AlyO3 ceramic rough media for a process-
ing time of 6 hours and a bowl acceleration of 27.4 m/s®>. The surface hardness of the treated
steel and aluminium alloys were of 180 HV and 112 HV, respectively. The harder steel ma-
terial achieved better surface finish (R, = 54 pm) than the softer aluminium workpiece (R,

= 85 pm). However the initial roughness of both materials were unknown.

Microhardness

Wang et al. [40] established a correlation between the conditions of vibratory finishing and
the resulting hardness on AA1100-O aluminum alloy. The AA1100-O specimens were treated
by spherical ceramic media with three different [media size - media surface roughness| couples
([7 mm - 17.5 + 4.1 pm], [9 mm - 15.4 + 6.3 pm] and [11 mm - 16.2 + 4.7 pm]). It was
found that increasing the processing time for different media and lubrication conditions (dry,
water-wet and detergent) increased the hardness of AA1100-O. Besides, the surface hardness
measurements showed that the maximum hardness (60 HV) was achieved under the dry con-
dition and with media sizes of 11 mm. Moreover, for a processing time of 40 min, media size
of 9 mm and under the dry condition, the media with a roughness of 15.4 + 6.3 um induced
a hardness of 48 HV, while a hardness of 35 HV was achieved with the media roughness of
13.8 £ 2.3 pum. Therefore, the media with the rougher surface produced higher hardness in
the treated specimen. In conclusion, the processing time, the lubrication condition, the media
size and the media roughness have significant effects on the resulting hardness of vibratory

finished materials.
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2.4 Vibratory peening

Vibratory peening combines shot peening and vibratory finishing into one process. It pro-
duces a sub-surface compressive residual stress field similar to that obtained by shot peening,
with a much better surface finish, which is believed to enhance the fatigue life of treated
parts. Vibratory peening consists in fixing a part into a container filled with media, having

diameters ranging from 2 mm to 6 mm, as shown in Figure 2.8.

2.4.1 Controlling parameters

Ciampini et al. [29] used an Almen system to characterize vibratory peening using aluminium
Almen strips with carbon steel media with a diameter of 6.3 mm. Different processing times
and impact velocities were used to investigate the efficiency of Almen system to describe
vibratory peening performance. The authors found that for a constant processing time, in-
creasing the impact velocities led to an increase of arc heights. Besides, for a given impact
velocity, a longer treatment time led to a higher arc height. They concluded that the Almen

system is appropriate to characterize the vibratory peening process.

Canals et al. [5] analysed the effect of vibratory peening parameters frequency and media
mass on the Almen intensity. A mix of steel bearing shot in equal proportions with diam-
eters of 3.18 mm, 6.35 mm and 7.76 mm was used. For a constant media mass of 792 kg,
the increase of the frequency from 23 Hz to 30 Hz led to an increase of the Almen intensity
from 0.12 mmA to 0.25 mmA, which corresponds to the intensities range attainable with this

process during this study.

Sangid et al. [42] investigated the effect of treatment time on arc height of N strips, us-
ing ceramic media with sides of 6.35 mm, by plotting the saturation curve as for Figure 2.3,
for processing time of 15, 30, 45, 60, 75 min. The saturation point was found at a treatment
time of 60 min, which means that for constant conditions, Almen intensity get saturated for

certain processing time.

To summarize, Almen intensity is appropriate to describe the vibratory peening process.
Almen intensity increases with the increase of processing time, impact velocities and fre-

quency.



17

I Vibration mode

Eccentric weights
Direction of rotation
Shaft] B — o’d
SORREE | SN Fixture and part
Media

iy Airbags

Figure 2.8 A typical mechanism of a vibratory peening machine. The rotating shafts induce
the tub’s vibration. The movement of the media around the part induce the peening and

finishing effects [5].

2.4.2 Effect of vibratory peening on cemented steel surface integrity
Surface roughness

Canals et al. [5] studied the effect of vibratory peening processing time and Almen inten-
sity on cemented steel E1I6NCD13 surface roughness. For a constant Almen intensity of
0.12 mmA, R, decreased with the increase of processing time and reached a stable value
of 0.4 pum at 2Ty,. This was valid also for Almen intensities of 0.18 mmA and 0.25 mmA.
However, the Almen intensity had an insignificant effect on R, after a processing time of
2T 50t

Compressive residual stresses

Canals et al. [5] investigated also the effect of vibratory peening Almen intensity on the
compressive residual stress field of cemented steel EI6NCD13 at a processing time of 27,;.
The authors found that the 0,4, and the d,( increased with the increase of Almen intensity.
The increase of Almen intensity from 0.12 mmA to 0.25 mmA led to an increase by 345% of
Omaz a0d dy . deepening by 135%.

For a constant Almen intensity of 0.18 mmA, a frequency of 47 Hz, the increase of processing
time from T, to 275, generated a rise by 6% and 66% of 0,4, and d, ., respectively [5]. An
increase of a frequency from 25 Hz to 47 Hz, for an Almen intensity of 0.18 mmA, produced

an increase of 9% and 24% of 0,4, and d, ., respectively [5].

To sum up, the study on the effect of vibratory peening on residual stress field revealed
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that higher Almen intensity, higher processing time, and higher frequencies led to deeper

and larger compressive residual stress field.

Hardness

Canals et al. [5] compared the hardness profiles of cemented steel EI6NCD13 before and
after vibratory peening. For a mass of media of 792 kg and a peening time of Ty, vibratory
peening produced a slight increase in the surface hardness fom 720 HV to around 780 HV,
for different intensities (0.12 mmA, 0.18 mmA and 0.25 mmA) within the first 70 ym from
the surface. For an Almen intensity of 0.18 mmA, an increase of the surface hardness up to
820 HV was observed for a media mass of 555 kg.

2.5 Comparison of the effect of shot peening, vibratory finishing and vibratory

peening on surface integrity and fatigue life

2.5.1 Effect of shot peening and vibratory peening on surface integrity and

fatigue life

Kumar et al. [43] investigated the effects of shot peening and vibratory peening on Ni-based
superalloy (Udimet 720Li) in terms of surface roughness, compressive residual stresses and
micro hardness. Udimet 720Li specimens were shot peened with cast steel media of 0.29 mm
diameter and were vibratory peened by steel media with a dimension of 5 - 7 mm and with a
vibration amplitude of 5.5 mm. Both processes were applied at the same Almen intensity of
0.1-0.12 mmA. Miao et al. [44] studied the effects of shot peening and vibratory peening on
AA7050-T7451 aluminum alloy in terms of surface roughness, compressive residual stresses
and high cycle fatigue (HCF) behavior. The media used in shot peening was ceramic 7Z425.
The media used in vibratory peening was hard steel shot with diameters of 3 mm, 4.5 mm
and 6 mm with an amplitude of 9 mm and a frequency of 50 Hz. Both processes were applied
at the same Almen intensity of 0.3 mmA. Canals et al. [5] performed a comparative study
on cemented steel E16NCD13 and Ti-6Al-4V titanium alloy to investigate the effects of shot
peening and vibratory peening. Both alloys were vibratory peened with equal proportions
mix of bearing steel media of 3.18 mm, 4.76 mm and 7.76 mm and shot peened with ASR130
steel media under iso Almen Intensity of 0.18 mmA. The results of both studies in terms
of surface roughness, compressive residual stresses, microhardness and fatigue life will be

presented in the following parts.
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Surface roughness

Kumar et al. [43] found that the surface roughness increased from 0.01 gm to 0.71 pm for
shot peening and to 0.26 pum for vibratory peening on Udimet 720Li. The surface roughness
measurements from Miao’s work [44] revealed that vibratory peening reduced the surface
average roughness from about 1 yum to 0.75 pm, whereas shot peening increased the surface
roughness to 6.56 pum for the AA7050-T7451 aluminum alloy. Canals et al. study [5] showed
that the surface roughness is lower by 40 % and 82 % after vibratory peening, when compared

to shot peening for cemented steel EIGNCD13 and Ti-6Al-4V titanium alloy, respectively.

Compressive residual stresses

The residual stresses distributions on Udimet 720Li in Kumar’s study [43] showed that the
Osur Was of -826 MPa after shot peening and of -640 MPa after vibratory peening. The
Omaz Was of -1094 MPa for shot peening and of -874 MPa for vibratory peening. The d, .
was larger after vibratory peening (200 pm), when compared to that obtained from shot
peening (140 um). Miao’s study [44] compared the residual stresses profiles of AA7050-T7451
aluminum alloy after shot peening and vibratory peening at the same Almen intensity. The
Osur aNd 0 Were of -225 MPa and -300 MPa, respectively, for shot peening, and were of
-150 MPa and -200 MPa, respectively, for vibratory peening. However, the d, . were 340 yum
and 520 pm for shot peening and vibratory peening, respectively. Canals et al. [5] found
that, at an Almen intensity of 0.18 mmA, for cemented steel E16NCD13, vibratory peening
generated higher gy, Omar and d, . by 24%, 26% and 131%, respectively, when compared
to shot peening. For Ti-6Al-4V titanium alloy, shot peening and vibratory peening provided
similar residual stress profiles. The difference of compressive residual stresses distribution was
explained by the different types of kinetic energies associated with each process, where the

mechanism of plastic deformation, strain rate and strain gradient generation are different [43].

Microhardness

Kumar et al. [43] presented also the micro hardness generated by shot peening and vibratory
peening. The average surface micro hardness of the as received specimen was 534 HV. It
increased to 694 HV after shot peening and to 771 HV after vibratory peening. However,
the rate of decrease following the depth is higher in shot peening than in vibratory peening.
The micro hardness decreased rapidly to the original micro hardness within the first 150 pm
for shot peening and persisted down to 250 pum for vibratory peening. Miao et al. [44] and

Canals et al. [5] didn’t present comparative microhardness measurements.
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Fatigue life

Miao et al. [44] performed a comparative study between shot peening and vibratory peening
to investigate their effects on the fatigue life of AA7050-T7451 aluminium alloy. They carried
out HCF and low cycle fatigue (LCF) tests on AA7050-T7451 aluminium alloy specimens at
maximum stresses of 310 MPa and 450 MPa, respectively, under a stress ratio of R = 0.1 and
a frequency of 20 Hz. The results revealed that fatigue lives were similar for both processes
in both domains and were about 250 000 cycles for HCF and about 20 000 cycles for LCF.
The crack initiated from multiple surface locations under LCF and from subsurface under
HCF'. The failure modes were similar for shot peening and vibratory peening for the same

fatigue domain.

To conclude, for both Udimet 720Li and AA7050-T7451 aluminum alloy, shot peening pro-
duced higher ¢,,,, and o4,,, when compared with vibratory peening. However, for cemented
steel E16NCD13 vibratory peening generated higher ,,,, and og,,, when compared to shot
peening. Shot peening and vibratory peening provided similar residual stress profiles for Ti-
6A1-4V titanium alloy. The evolution of residual stress profiles depends highly on the treated
material. A better surface finish was provided by vibratory peening, when compared to shot
peening for all studied materials. A larger surface microhardness was produced by vibratory
peening for Udimet 720Li. The fatigue performances of AA7050-T7451 aluminum alloy were

similar in HCF and LCF domains for shot peening and vibratory peening.

2.5.2 Effect of vibratory finishing and vibratory peening on surface integrity
and fatigue life

Gane et al. [45] and Feldmann et al. [46] conducted comparative studies on the effects of
vibratory finishing and vibratory peening on Ti-6Al-4V titanium alloy and the blades of blisk-
rotors made of nickel based alloy, respectively. The studies focused on analysing the effects
on surface roughness, compressive residual stresses and HCF performance. Gane et al. [45]
carried out the vibratory finishing with abrasive triangular ceramic media of 10 mm x 10 mm
and vibration amplitude of 2.5 mm. The media used for vibratory peening was 4 mm to
7 mm of hardened steel and the vibration amplitude was 4 mm. The treatment time was one

hour for both processes. The processes conditions were not provided in Feldmann’s work.
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Surface roughness

The surface roughness measurement of Gane’s study [45] on Ti-6A1-4V titanium alloy revealed
that vibratory peening and vibratory finishing reduced the surface roughness R, from a range
between 0.8 and 2.9 um to below 0.1 um. The surface roughness was further decreased by
vibratory peening. Surface roughness measurements performed by Feldmann et al. [46] on
nickel based alloy showed that vibratory finishing provided a significant reduction from a
value between 0.3 and 0.35 pm to 0.125 pm while vibratory peening showed a slight decrease
to 0.21 pm.

Compressive residual stresses

Gane et al. [45] revealed that the 0,,,, on Ti-6Al-4V titanium alloy after vibratory peening
was around -400 MPa when compared to -300 MPa after vibratory finishing. Besides, the
dy. was larger for vibratory peening (0.175 mm), when compared to 0.1 mm for vibratory
finishing. Both processes have no effect on oy, of Ti-6Al-4V titanium alloy. Feldmann et
al. [46] showed that vibratory finishing produced a slight increase of compressive residual
stress to -450 MPa only at the surface of blisk-rotors made of nickel based alloy, when
compared to a value of -800 MPa generated by vibratory peening. The d,. was limited to

10 pum for vibratory finishing and was of 50 pum for vibratory peening.

Fatigue life

Gane et al. [45] performed a HCF test on a notched Ti-6Al-4V titanium alloy specimen
(K; = 1.5) with a stress ratio of R = -0.2 and a frequency of 20 Hz. They observed that
vibratory peening improved fatigue life by 104%, when compared to vibratory finishing. The
fatigue life scatter after vibratory finishing was larger, when compared to vibratory peening.
Feldmann et al. [46] presented HCF fatigue behavior of nickel based alloy, while the fatigue
test conditions were not presented. Their results revealed an increase in fatigue life of 22%

for vibratory finishing and of 35% for vibratory peening.

In summary, vibratory peening produced larger d,. than vibratory finishing for Ti-6Al-4V
titanium and nickel based alloys, higher ¢,,,, for Ti-6A1-4V titanium alloy and higher o,
for nickel based alloy. Nevertheless, the surface finish induced by vibratory finishing is better
than that generated by vibratory peening. Besides, vibratory peening provided better HCF
life than vibratory finishing for both alloys.
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2.5.3 Effect of shot peening followed by vibratory finishing (SPVF) and vibra-

tory peening on surface integrity and fatigue life

Kumar et al. [43] compared vibratory peening to SPVF on Udimet 720Li in terms of surface
roughness, residual stresses and microhardness. The shot peening was carried out using cast
steel media having a diameter of 0.29 mm and a hardness of 530 HV. Vibratory finishing was
subsequently carried out at a vibration amplitude of 6 mm with plastic media having a hard-
ness of 30 HV. Vibratory peening was applied with steel media having a hardness of 510 HV
and diameters of 5 - 7 mm, as well as with an amplitude of 5.5 mm. Both shot peening and

vibratory peening processes were performed at same Almen intensity of 0.1 - 0.12 mmA.

The surface roughness achieved by SPVF was 0.27 um, which was comparable to that in-
duced by vibratory peening (0.26 pm). The oy, was larger for SPVF (-907 MPa), when
compared to -640 MPa for vibratory peening alone. The 0,,,, was of -1099 MPa for SPVF
and was of -874 MPa for vibratory peening. However, the depth of influence was greater for
vibratory peening (200 pm) than for SPVF (160 pm). The surface micro hardness values
after both processes were found to be similar and equal to 670 HV [43]. To sum up, SPVF
and vibratory peening generated similar surface roughness and micro hardness at same Al-
men intensity. However, the induced compressive residual stress profiles were different: the
Osur and the o,,,, were larger for SPVF and the depth of influence was larger for vibratory
peening. Fatigue tests are recommended to show which process is better to improve the

fatigue performance of Udimet 720Li [43].
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CHAPTER 3 ANALYSIS OF LITERATURE REVIEW AND OBJECTIVES

3.1 Analysis of literature review

The literature survey led to the following findings:

Vibratory peening set up

Almen intensity, processing time, vibration amplitude, frequency, media type, media mass
and part position and orientation within the tub are the key parameters of vibratory peening.
Almen intensity has been used in vibratory peening to compare the process effects in terms of
surface roughness, residual stresses and microhardness to those resulting from shot peening.
The vibration amplitude directly affects the Almen intensity. To the best of my knowl-
edge, limited works studied the effects of vibratory peening parameters on Almen intensity.
Therefore a careful study should be carried out to distinguish the effect of other vibratory
peening parameters such as eccentric weights, airbags pressure, media height above the part

and lubricant rate on the vibration amplitude and then define their effects on Almen intensity:.

Surface integrity

The literature showed that R, of cemented steel E1I6NCD13 is mainly influenced by the vibra-
tory peening processing time. The R, was not influenced by the increase of Almen intensity
and it reached a stable value of 0.4 pum after a certain time of processing (27s,). Vibratory
peening produced better surface finish when compared to shot peening for all the studied
aerospace alloys Udimet 720Li, AA7050-T7451, Ti-6Al1-4V and E16NCD13. The surface
roughness evolution of those studied materials was mainly related to the process. The com-
parison between vibratory peening and vibratory finishing showed that the resulting surface
roughness depends on the treated material. When compared to vibratory finishing, vibra-
tory peening produced better surface finish when treating Ti-6A1-4V, but rougher surface
when treating nickel based alloy. The comparison between vibratory peening and vibratory
finishing showed that the resulting surface roughness depends on the treated material. The
comparative study between vibratory peening and SPVF revealed that both processes gener-
ate similar surface finishes. Limited investigation of vibratory peening parameters and their

effects on surface roughness was included in the literature.

Residual stresses profiles of vibratory peened cemented steel E1I6NCD13 showed that a higher

Almen intensity, longer processing time and higher frequency yielded more compressive resid-
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ual stresses profiles [5]. Vibratory peening produced larger magnitudes but shallower com-
pressive residual stresses profiles, when compared to shot peening when treating Udimet
720Li, AAT050-T7451. For cemented steel E16NCD13, vibratory peening generated larger
amplitudes and deeper compressive residual stresses than shot peening. Vibratory peening
and shot peening provided similar compressive residual stresses fields for Ti-6Al-4V. Nev-
erthless, the literature lacks a correlation analysis of the compressive residual stresses with

process parameters.

Vibratory peening had no significant effect on the surface microhardness of cemented steel
E16NCD13. Higher microhardness was provided by vibratory peening when compared to
shot peening, on Udimet 720Li specimens. The comparative study between vibratory peen-
ing and SPVF showed a similar microhardness when treating Udimet 720Li specimens. No
comparative study that investigate the effect of vibratory peening and vibratory finishing on
microhardness was available. Also, literature lacks a deep exploration of vibratory penning
parameters on microhardness evolution. Therefore, a comparison of the effect of vibratory
peening and shot peening on the cemented steel E16NCD13 microhardness should be carried

out.

3.2 Objectives

The main objective of my project is to characterize the effects of vibratory peening on the
surface roughness, residual stresses and microhardness of cemented steel E1I6NCD13 and
compare it to shot peening. To reach this objective, the three following sub-objectives have

been defined based on the points raised in the critical evaluation of literature:

e Calibrate the process controlling parameters: Define the relationship between the
process parameters and the vibration amplitude and then investigate the effects of amplitude

and other vibratory peening parameters on Almen intensity using DOE method.

e Improve the surface integrity properties of cemented steel E1I6GNCD13 by vi-
bratory peening: Target the best vibratory peening parameters combinations to provide
the best compromise between better surface finish, deeper and larger residual stresses profiles

and higher surface microhardness through an experimental campaign.

e Compare the effect of vibratory peening and shot peening on surface integrity

of cemented steel E1I6NCD13: Carry out a comparative study on the effect of vibratory
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peening and shot peening in terms of surface roughness, residual stress, microhardness of
cemented steel EIGNCD13.
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CHAPTER 4 MATERIALS AND METHODS

4.1 Cemented steel E1I6NCD13

The material studied in this project is cemented steel E16NCD13, manufactured according
to the ASTM 4911N standard, having the chemical composition listed in Table 4.1.
The specimens provided by Safran were machined from 100 mm round bars which
were milled, heat treated, and then cut to obtain the final specimens having dimensions of
60 x 19 x 8 mm3. The hardness of the cemented steel EIGNCD13 is between 750 and
780 HV at the surface and between 340 and 430 HV in the bulk, with a CD around 1.1 mm
(the depth where the hardness is beyond 550 HV). Its mechanical properties are listed in
Table 4.2 according to ISO 683-3 standard. The average roughness R, of the as-machined
specimens was of 0.2 ym in the longitudinal direction and of 0.25 pum in the transverse

direction.

4.2 Vibratory peening

4.2.1 The vibratory peening machine

Figure 4.1 shows the vibratory peening machine which was designed and manufactured by
Vibra Finish (Canadian manufacturer based in Mississauga and specialized in vibratory fin-
ishing), in collaboration with Polytechnique Montréal and Safran Tech France. It was in-
stalled at CTA. The machine is equipped with a control panel, shown in Figure 4.1(b), to
adjust the process parameters. The treated specimen is attached to a holder, showed in
Figure 4.1(c), where Almen strips can be fixed. Almen strips types A (76 x 19 x 1.3 mm?)
and N (76 x 19 x 0.8 mm?®) were used in this work, with a hardness of 450 - 490 HV as
specified in the standard SAE J442 [14]. The deflection of the strips are used to determine
Almen intensity as specified in section 2.2. The holder is inserted into the tank, filled with
carbon steel media diameter of 3.175 mm and hardness of 740 HV hardness, as illustrated in

Figure 4.1(a) and (c). The vibration motion is provided by the eccentric weights mounted

Table 4.1 Chemical composition of E1I6NCD13 alloy [47].

Element Fe C Mn Si Cr Ni Cu Mo P S

Wt% Min. | Balance 0.13 0.30 0.15 0.80 3.00 - 0.20 - -
Max. | Balance 0.17 0.60 0.40 1.10 3.50 0.35 0.30 0.015 0.010
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Table 4.2 Mechanical properties of normalized, annealed, case hardened and gas quenched
cemented steel EIGNCD13 (ISO 683-3). Young’s modulus(E), Poisson’s ratio (v), density (p),
yield stress at 0.2% (Ro.), ultimate tensile stress (Ry,), surface hardness and bulk hardness
at a temperature of 23 °C are provided.

Property E v p Roo R,, Surface hardness Bulk hardness
[GPa] []  [g.em™3] [MPa] [MPa] [HV] [HV]
Value 200-215 0.29 7.85 1000 1350 750-780 340-430

Figure 4.1 The control parts of the vibratory peening machine. (a) The tank is full of carbon
steel media of 3.175 mm and a hardness of 740 HV. (b) The control panel to control the
processing time and the frequency. (c) Holder where the part is attached. The holder can be
adjusted at three position (right, center, and left). (d) and (e) Eccentric weights mounted on
the rotating shafts, which are driven by a motor, to provide the vibration motion. (f) and (g)
Airbags whose pressure is controlled by an air pressure controller.

on the rotating shafts, which are composed of 8 steel plates and manipulated by a motor as
shown in Figures 4.1(d) and (e). The machining lubricant Castrol Syntilo 9828 is sprayed

through 4 nozzles, located inside the tank, onto the media. The tank is mounted on airbags
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presented in Figure 4.1(f) whose pressure is adjusted by pressure controllers (Figure 4.1(g)).

Six laser sensors were installed around the machine tub to track the movement of the tub
during the process. One sensor measures the movement of the top surface, three sensors for
the front surface and two on the side surface. A Labview interface was built by a technician
at Polytechnique to obtain the displacements measured by the six sensors at the six surface
locations of the tub. A Matlab program was developed by M.Sc. student Lucas De La Torre
to simulate the tub movement to compute the amplitude and orientation of the machine in

space as a function of time.

4.2.2 The vibratory peening parameters and limitation of processing domain
Definitions of the vibratory peening parameters

The vibratory peening machine is controlled mainly through the following parameters:

® X /455 is defined as the media mass into the tank. The media mass ranged between 300 kg
and 500 kg during the experimental campaign of Almen intensity calibration. The media mass
was increased to 544 kg when defining the cemented steel E16NCD13 treatment conditions,
to reach higher Almen intensities.

® Xp. is the eccentric weight per rotating shaft on the rotating shafts. It is determined
by the mass of blocks fixed on the shaft. The upper limit is 8 blocks on each shaft in both
sides which is equivalent to 24 kg/shaft. The lower limit is 3 kg/shaft which corresponds to
1 block by shaft.

® X, is the rotational frequency of the rotating shafts, which is controlled by the motor
speed shown in Figure 4.1(d) and is adjusted by the control panel in Figure 4.1(b). Xy,
can be adjusted in a range between 0 and 30 Hz.

® Xp,.ss is the airbags pressure. It can be adjusted between 1 and 2.8 bars by the controllers
presented in Figure 4.1(g).

® Xpeight is the media height above the part which is defined as the height between
the media surface and the treated specimen. The part holder allows a maximum X reign
of 32 cm. The lower limit is set as a function of the stable movement of the media.

® Xp,s is the part position that can be adjusted by setting the holder in one of the three
holes situated on the top of the tank as shown in Figure 4.1(a).

® X, is the lubricant flow rate in the media tank and is used to avoid media heating. It

varies with the pump speed which can be adjusted between 5 and 100 rpm.
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Limitation of processing parameters domain

The purpose of this section is to define the parameters domains that ensure the optimal con-
ditions of processing. The maximum levels of Xgee, Xpreqs Xrub, Xpress and Xarqss settled

by the machine design were 24 kg/shafts, 30 Hz, 100 rpm, 2.8 bars and 544 kg, respectively.

Preliminary experiments were carried out to define the lower limit of Xg.. and showed that
15 kg/shaft is the minimal modality that provides a relative media movement that ensures

an energy transfer to the surface of the treated part.

Xpge was set to 24 kg/shaft when searching the lower limit of Xp,,. The lower frequency
yielding a significant arc height equal to 0.08 mmN was 15 Hz. Therefore, the lower limit of
X preq for Xpg.. modality of 24 kg/shaft was fixed to 15 Hz. However, for Xg,. of 15 kg/shaft,
the frequency of 15 Hz was insufficient to reach a significant Almen intensity. Thus, the lower
modality of Xp,,, for Xp. of 15 kg/shaft, was increased to 23 Hz.

X Height Tange was determined using videos recorded from the transparent window located on
the side of the tank. For X, of 500 kg, the height from the media surface to the bottom
of the tank was equal to 35 cm. The recording videos showed that a stabilized movement
of the media was reached when Xp;gne was equal to 10 cm. Therefore, the lower modality
was set to 10 cm. To ensure that Xpgegn is the only variable when changing its modality,
the part was fixed to 10 cm from the bottom of the tank when identifying the upper limit,

which is equivalent to Xgeign: of 25 cm.

The depth between the media surface and the bottom of the tub for X,/ of 300 kg is
20 cm. Considering the media layer of 10 cm at the top and the bottom of the tub, as for
500 kg, only one Xpigne modality is allowed which is equal to 10 cm.

The minimal flow rate of X, that ensures the cooling of media was 20 rpm and the maximum
modality that avoid lubricate leak from the tank is 50 rpm. The lower and upper modalities

of Xy, were then set to 20 rpm and 50 rpm, respectively.

For Xp,ess, the minimal limit was fixed to 2 bars which is the lowest pressure that pre-
vent the friction between the tank and the machine frame. Preliminary tests were performed
by varying only Xp,;. As a result, the left and the right positions produced similar arc

heights. Therefore, the modalities of X p,s were setted to only center and left.
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4.2.3 Methods for the control of vibratory peening parameters

The vibratory peening process was calibrated using the DOE method. In this work, by
applying analysis of variance (ANOVA), the effects of Xpee, Xrreqs Xteights XpPos, XrLub,

Xpress and X prqss on the Almen intensity were analysed.

DOE for vibration amplitude control

A first experimental plan was performed to define the relationship between the vibration
amplitude and the vibratory peening parameters Xgee, Xpreq, Xpress and Xarass. XHeight
Xpos, Xru were not included in this first test plan since it is assumed that they don’t affect
the tub movement. The purpose of this experimental campaign is to define the vibration
amplitude as a factor that characterizes the evolution of the parameters mentioned previously
and consider it as an input covariate factor in the Almen intensity calibration plan. Table 4.3
presents the modalities of the input factors for the amplitude calibration. A split plot DOE
was performed to define the individual and interactive effects of Xgee, Xpreq, Xpress and
Xass on the vibration amplitude. For this purpose, a partially randomized design was
applied, with 2 repetitions. Since Xpg. and X,/ require lengthy manual manipulations,
Xgee level was changed once for each modality, Xj;.ss was changed once for each modality
of Xgeee Xpreqg and Xppess were fully randomized for each combination of [Xgee - Xasass)-
This design required 2Xpee X 4Xpreqg X 3Xpress X 3Xpass X 2 repetitions = 144 tests.
For each test, the machine was run for 20 seconds to get a stabilized movement of the tub
without recording. Then the movement of the tub was recorded during 10 seconds using
the six sensors. The signal recorded by the sensor installed at the top surface of the tub
was the dominant. Therefore, each recorded signal of this sensor was treated to get the
resulted amplitude of each test. The output amplitude was considered as the mean value of
all recorded signals from this sensor during the test. An ANOVA was then applied to define

the relationship between the vibration amplitude and the control parameters Xz, Xpreq,

Table 4.3 Factors modalities of vibration amplitude calibration plan. The plan resulted in 144
tests. Xpgee was changed for every modality and X yass was changed for each modality and
for each Xrqss level. Xpreq and Xpress were fully randomized.

Factors Modalities
XEeo(kg/shaft) 15 24
Xpreq(Hz) 15 20 25 30
X press(bars) 2 2.4 2.8
Xnrass(kg) 300 400 500
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Table 4.4 Factors modalities of Almen intensity calibration plan. The constrained plan de-
signed with the help of JMP software resulted in 16 tests. The plan was repeated twice with
randomized execution.

ID XEcc XFreq XHeight XPos XLub XPress XMass AmphtU-de
(kg/shaft) (Hz)  (om) () (pm)  (bars)  (kg)  (mm)
ID01 24 15 25 Center 20 2.0 500 2.451
ID02 24 30 10 Left 50 2.8 500 3.547
ID03 15 30 10 Center 50 2.8 500 1.148
ID04 15 23 25 Left 50 2.8 200 1.294
ID05 15 30 25 Center 20 2.8 500 1.148
ID06 15 30 10 Center 20 2.8 300 1.288
IDO7 15 30 10 Center 50 2.0 500 1.148
ID0O8 24 15 10 Left 20 2.0 500 3.678
ID09 24 15 10 Center 20 2.8 300 3.869
ID1I0 24 15 10 Left 20 2.8 300 4.125
ID11 24 30 25 Left 50 2.8 500 3.547
ID12 24 30 25 Left 20 2.0 300 4.011
ID13 24 30 25 Center 20 2.0 200 3.547
ID14 24 30 25 Center 20 2.0 500 3.547
ID15 15 30 10 Left 20 2.0 200 1.148
ID16 24 15 10 Center 20 2.0 500 3.678

XFreq and XMzzss .

DOE for Almen intensity control

DOE fractional screening type was applied to obtain the relationship between Almen inten-
sity and the eight factors: Xgee, Xrreqs Xeights X Poss X Lub, X Presss X Mass and the vibration
amplitude as a covariate. The modalities of parameters are presented in Table 4.4. Some
constraints were imposed on the plan due to the modalities reconstructions on some param-
eters as detailed in Section 4.2.2. The following inequations were considered when designing
the plan:

KXo+ 5 Xy 20, (4.1)

XMass - XHeight Z O, (42>
This constrained plan was designed with the help of JMP software, which resulted in 16

conditions as presented in Table 4.4, and the plan was repeated twice which resulted in 32

tests.
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Figure 4.2 Shot peening machine consists of air-compressed peening cabinet for shot peening.
The media are projected from a pressurized tank into the cabinet where they shot the parts.

4.3 Shot peening

Figure 4.2 presents the shot peening machine that was designed and manufactured by Can-
ablast (Air powered abrasive blasting systems provider) and was installed at CTA. It hosts a
6 axis robot to monitor the position of the nozzle and a velocity sensor to measure the media
velocity average. The media is projected from a pressurized tank into the cabinet where they
shot the parts [48]. The used media was cast steel S110 having a nominal diameter of 0.3 mm,
a hardness of 448-505 HV, a stand-off distance of 152 mm and a 10 mm nozzle diameter.
The main parameters of shot peening that were controlled in this work are the air pressure
and the mass flow. The air pressure ranged between 0.34 and 2 bars [0.034, 0.2 MPa] and

the mass flow was varied between 2.28 and 6.8 kg/min.

4.4 Surface integrity analyses

4.4.1 Surface roughness measurements

2D roughness parameters of the peened specimens were measured with a Mitutoyo SV-C4000
series profilometer (resolution of 0.05 um). The roughness parameters are the following: R,
represents the mean deviation of the roughness profile, Ry, expresses the symmetry of the
peaks and valleys, Ry, measures the sharpness of profile peaks, R.S,, indicates the mean width

of the profile and R; expresses the height between the highest peak and the lowest valley of
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(a) (b)

Longitudinal Transverse

Figure 4.3 The location of five surface roughness measurements along the (a) longitudinal
direction and (b) the transverse direction.

the roughness profile [5]. The roughness parameters were calculated in accordance with ISO
4287. Figure 4.3 shows the five selected locations for surface roughness measurements along
the longitudinal and transverse directions of a specimen, respectively. It should be noted the

grinding marks are along the longitudinal direction.

4.4.2 Residual stress measurements

The residual stress profiles measurements were carried out using X-ray diffraction method by
the industrial partner Safran Tech France with a goniometer Stresstech Xstress 3000 G2R,
7257/7258 according to ASTM E915-16, SAE HS-784 and ISO EN15305 standards.

4.4.3 Microhardness measurements

The microhardness profiles were measured with a MVK-HO machine (Akashi Corp) located at
materials preparation and observation laboratory (LAPOM) using a force of 300 gf according
to ASTM E384 standard [49]. The microhardness on each specimen was measured up to a
depth of 3.02 mm with 32 indentations in total to draw the whole microhardness profile.
The first measurement was taken at 0.03 mm from the surface and the first 4 indentations
were taken with a pitch of p; = 0.03 mm. The pitch of the first measurements was small
since the variation is higher at the surface. The following indentations were carried out with
a pitch p, = 0.1 mm. Two measurement lines were then carried out with 16 measurements
each. They were spaced by 0.1 mm as illustrated in Figure 4.4. The microhardness profile

associated all the measurement points together.
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The specimen
surface

3.02 mm

Figure 4.4 Diagram of the positioning parameters of the microhardness measurements points.
p1 s the pitch between the first 4 indentations and py is the pitch between the other 28
indentations. The spacing between two consecutive measurements is equal to 0.1 mm.
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CHAPTER 5 RESULTS AND DISCUSSIONS

5.1 Vibratory peening process control

This section provides the relationship between the machine parameters Xge., Xpreq, Xnrass
and X p,.ss with the vibration amplitude. The results of Almen intensity control plan showed

in Section 4.2.3 is then presented. The last section exhibits the range of vibratory peening

parameters for treating cemented steel E16NCD13.

5.1.1 Vibration amplitude control

The first DOE plan had a purpose to relate the vibration amplitude to the process param-

eters Xgee, Xnrassy Xrreq and Xppess.  Figure 5.1 shows the resulting amplitude for each
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Figure 5.1 The wvibration amplitude as a function of different operation parameters.(a)
Xgees (1) Xrreg:(¢) Xnrass and (d) Xpress, the intervals correspond to the vibration ampli-
tude when fixing one parameter and varying the others. The amplitudes were obtained after
data processing of laser sensors signals and it is ranged between 1.2 and 3.1 mm. Xge. graph
presents the highest slope which means that it is the major factor that control the vibration

amplitude variation.

parameter modality. It reveals that the vibration amplitude varies in a range of [1.2 mm, 3.1



36

Table 5.1 ANOVA analysis of vibration amplitude. The degree of freedom is the number of
independent values that a statistical analysis can estimate. The sum of squares is the sum
of the squares of the differences from the mean. The mean of squares is the ratio between
the sum of squares and the degree of freedom. F-value is a ratio that represents how far the
data are scattered from the mean. P-value below 0.01 indicates that the associated factor is
statistically significant.

Source Degree of freedom Sum of squares Mean of squares  f-value p-value
Model 10 0.6458 0.129 3.386 <0.0001
XEce 1 0.0455 0.0455 1677.5 <0.0001
XMass 1 0.0358 0.0358 85.515 0.0002
XFreq 1 0.0219 0.0219 35.950 0.00185
Xpress 1 0.0014 0.0014 1.6016 0.26
XEce X XMass 1 0.0201 0.0201 27.7424 0.0033
Xee X Xfreq 1 0.0027 0.0027 2.9818 0.1448
XEce X Xpress 1 0.0005 0.0005 0.2183 0.66
XMass X Xreq 1 0.0104 0.0104 11.6210 0.019
XMass X Xpress 1 0.0009 0.0009 0.7032 0.44
Xrreq X Xpress 1 0.0002 0.0002 2.6984 0.16
Lack of Fit 10 0.002 0.0002 1.68 0.29
Pure Error 16 0.016 0.001
Total 36 0.6638

mm|. The graph in Figure 5.1(a) presents the greatest slope which means that Xg.. is the

major parameter that influences the amplitude.

The ANOVA analysis was performed using JMP Pro software and its results are presented in
Table 5.1, to develop a model that relates the vibration amplitude to X gee, Xarass, X rreq and
Xpress- The degree of freedom presents the number of independent values that a statistical
analysis can estimate. The sum of squares measures the deviation of data points away from
the mean value. The mean of squares is the ratio between the sum of squares and the degree
of freedom. F-value is a ratio that represents how far the data are scattered from the mean
and p-value is the probability of obtaining test results at least as extreme as the results
observed. The ANOVA was assessed to identify the parameters and the interactions that
have a significance effect on the vibration amplitude at 99% confidence interval. The p-values
of amplitude model (p <0.01) and lack of fit (p>0.01) [50] show that the prediction model
extracted from ANOVA is significant, which is appropriate. P-values which are less than 0.01
indicate that the corresponding parameters are significant on the amplitude evolution. X g,

XMasss Xrreqg and Xgee X Xprqss are the significant parameters and interactions in order of
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Table 5.2 Measured and predicted intensities resulting from the DOE plan. The constrained
plan designed with the help of the JMP software resulted in 16 tests. The plan was repeated
twice with randomized execution. The mean of measured Almen intensities vary between
0.0915 and 0.388 mmN. The predicted Almen intensities calculated from the model are situ-
ated in the £5% deviation of the measured values.

Case  Almen intensity Almen intensity Mean 95% confidence Predicted Almen

number REP1 (mmN)  REP2 (mmN) intensity (mmN)
IDO1 0.114 0.126 0.12 0.076 0.123
ID02 0.283 0.281 0.282 0.013 0.283
ID03 0.173 0.175 0.174 0.013 0.166
ID04 0.088 0.095 0.0915 0.004 0.087
ID05 0.177 0.187 0.182 0.064 0.187
ID06 0.167 0.160 0.164 0.044 0.165
ID07 0.185 0.155 0.170 0.191 0.185
IDO8 0.163 0.192 0.178 0.09 0.192
ID09 0.151 0.140 0.146 0.070 0.143
ID10 0.277 0.254 0.266 0.146 0.274
ID11 0.391 0.387 0.377 0.025 0.363
ID12 0.266 0.276 0.271 0.064 0.266
ID13 0.390 0.386 0.388 0.014 0.384
ID14 0.321 0.330 0.325 0.006 0.344
ID15 0.196 0.200 0.198 0.025 0.186

ID16 0.176 0.158 0.167 0.05 0.163
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quotations. Thus, after eliminating the insignificant parameters, the vibration amplitude as
a function of process factors was extracted with the help of JMP Pro software and can be

expressed as:
A = 3.3863 4+ 1.72287 g — 0.38898% pr455 — 0.25222 preg — 0.2204% poc Mass (5.1)

where A is the vibration amplitude (mm), Zgce, Tarass, Trreq are the coded factors of Xp..,

X Mass: XFreq, respectively, where the upper modality of the factor is presented by +1 and

2
adj

are 97.8% and 95.8%, respectively, which shows a good regression of the model. Therefore,

the low limit is presented by -1. The values of the regression constants R? and adjusted R

the developed vibration amplitude model is statistically fitted. The calculated amplitude
was considered later as covariate. It should be noted that this model is valid in the domain

studied which is for a vibration amplitude between 1.2 and 3 mm.

5.1.2 The Almen intensity control

Table 5.2 lists the resulting Almen intensities for the 16 vibratory peening conditions issued
from the experimental plan specified in Table 4.4. Almen intensities varies in a range of
[0.095 mmN, 0.388 mmN], which is equivalent to [0.047 mmA, 0.194 mmA], based on prelim-
inary tests carried out on Almen strips type A that showed a coefficient C4/x of 0.5 between
Almen intensity type A and Almen intensity type N (see Appendix A). ANOVA analysis was
performed to determine the regression coefficients of the significant parameters that influ-
ence the evolution of Almen intensity using JMP software. Almen intensity as a function of

processing parameters could be expressed as a second order regression equation:
I = b() + Z bsz’Z + Z bijl’il'j + e, (52)

where x; is the coded factor of X; factor, b; is the regression coefficient of individual factor,

bi; is the regression coefficient of the interaction between two factors X; and X; and e, is the

2

error term. Some iterations were performed to find a fitted model with R? and Reqj

more

than 90% and that requires the least variation of processing parameters at the same time.

The first attempt was carried out by including all the parameters Xge., Xrreq, XHeights
Xposy Xruby Xpress and Xpzqss and the interactions between them. The R? and R, of this
model were equal to 99.26% and 98.56%, respectively, which indicates a good regression of
the model. However, the drawback of this model is that it requires the variation of all the

processing parameters. So this model was rejected. ANOVA analysis reveals that Xg.. and
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Figure 5.2 Pareto chart of the effect of factors and their interactions for the first model
of Almen intensity. The vertical red line of 2.12 corresponds to the limit of 99% of the
statistical significance. All the factors or interactions having bars that extends beyond this
line are considered significant.

XFreq are the major factors that control the Almen intensity. Xpreq X Xarass, Xpress and
Xrreq X XHeignt Were also significant but with lower level of influence, when compared to
Xpee and Xppe, as illustrated in Figure 5.2. The red vertical line corresponds to a limit of
99% of statistical significance. All factors and interactions having bars that extend beyond

this line are considered as significant.

The second attempt was performed only with the inputs Xg.. and Xp,e,. This model pos-
sessed R® and RZ; of 86% and 84.51%, respectively, which are too low far from 100%, when

comparing to the first model. This model was rejected also.

Therefore, the third attempt was carried out by introducing all the significant parameters ob-
tained from the first model X pee, Xpreqs Xpressy X teight and X prass. This model revealed R?
and Rﬁdj of 96.65% and 93.41%, respectively, which are high enough to ensure a good model
fitting. Table 5.3 shows that Xpyeq, Xpgee, their interaction Xge. X Xpyeq and the interactions
of Xpeigny with them Xpee X Xpeigne and Xpyeq X Xpeigne are the most important factors
producing p-values less than 0.01. The normality distribution of the data was analysed using
the normal probability plot presented in Figure 5.3(a). It shows that all the residuals (mea-
sured value — mean value) are close to be normally distributed, which validates the choice

of normal distribution for calculating confidence intervals. Figure 5.3(b) plots the predicted
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values as a function of observed values of Almen intensities. The data is located in an area
of £ 5% deviations which means that the proposed model fits the measured data relatively
well. The regression equation extracted from this analysis, after eliminating the insignificant

parameters, was:

I = 0.1663 + 0.0856% preq + 0.06427 gee + 0.02162 pec® preq + 0.0198% pec Height
+ O~0195xFrequeight (53)

where Tpyeq, TEce, Theight are the coded factors of Xp,eq, Xpee and Xpeigne, respectively. It
should be noted that this model is valid only for the domain studied which is for Almen
intensity ranged between 0.087 and 0.384 mmN.

Table 5.3 ANOVA analysis of Almen intensity.

Source Degree of freedom Sum of squares Mean of squares f-value p-value
Model 6 0.4554 0.0759 187.2  <0.001
XEce 1 0.0151 0.0151 49.2 <0.001
XFreq 1 0.0266 0.0266 85.5 <0.001
XHeight 1 0.0007 0.0007 1.9 0.15
Xpress 1 0.0004 0.0004 1.6 0.36
X s 1 0.0145 0.0145 27.5 0.02
Xgce X XFreq 1 0.0085 0.00085 38.2 0.001
XEce X XHeight 1 0.0390 0.0390 66.5 <0.001
XEee X XMass 1 0.0008 0.0008 3.1 0.15
Xfreq X XHeight 1 0.0350 0.0350 72.5 <0.001
Xass X Xpress 1 0.0009 0.0009 0.7032 0.44
Xpreq X Xpress 1 0.0002 0.0002 2.6984 0.16
Lack of Fit 9 0.0029 0.0003 0.8 0.98
Pure Error 26 0.015 0.0005
Total 41 0.4733

5.1.3 Selection of the vibratory peening parameters range for cemented steel
E16NCD13 treatment

Safran suggests treating the cemented steel E16NCD13 specimens with Almen intensities of
0.1 mmA, 0.15 mmA and 0.2 mmA. To target these Almen intensities, Xp,., was adjusted
in a range of [20, 22.5, 25, 27.5 and 30 Hz|] and Xpeigne was set to 10 and 25 cm. Xpass,
XEee, Xpress, Xpos and Xy, were fixed to 500 kg, 24 kg/shaft, 2.8 bars, center and 20 rpm,

respectively.
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Figure 5.3 Normal probability plots for Almen intensity. (a) The normal probability plot of
residuals and (b) plot of predicted value as a function of observed value.

Figure 5.4 presents the relationship between the experimental Almen intensity and Xp,
for Xaress of 500 kg with the lower and the upper modalities of Xpeign:. The figure shows
that, for fixed Xp/qss, the Almen intensity increases with the increase of X peigni. For a Xirqss
of 500 kg and for the two Xpign: conditions, both curves present a drop of Almen intensity
at Xpreq of 25 Hz for the studied frequency ranges. This phenomenon was due to the occur-
rence of a second mode of vibration at a frequency of 25 Hz. Under these vibratory peening
conditions, the maximum resulting Almen intensity was 0.19 mmA and was lower than the
target Almen intensity of 0.2 mmA. Since, both Xg. and X, have reached their upper

limits, other parameters should be adjusted to increase the resulting Almen intensity.

The DOE analysis in Section 5.1.2 shows that Xge., Xpreq, Xneignt have the most significant
effects on Almen intensity. In addition, although the effect of X4 on Almen intensity
was statistically insignificant, the Almen intensity calibration campaign results showed that
the resulting Almen intensities obtained with Xj;,ss = 500 kg were higher than those with
Xnrass = 300 kg. Therefore, an experimental campaign was carried out by increasing X prqss
from 500 kg to 544 kg to reach the target Almen intensity of 0.2 mmA. The experimental
tests with Xpsess = 544 kg, Xpye, in a range of [17.5 Hz - 30 Hz| and Xpgeigne of 17 cm and

28 cm were carried out to obtain the three targeted Almen intensities.

Figure 5.4 presents also the relationship between the Almen intensity and Xp,., for
Xnass of 544 kg, Xpee, Xpress; Xpos, and X, were set to 24 kg/min, 2.8 bars, center and
20 rpm, respectively. It shows that Almen intensity increased continuously with the increase
of Xpreq and exhibits a very small drop by 0.01 mmA at Xg,., = 22.5 Hz, which is due to
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Figure 5.4 Almen intensity as a function of Xpyeq for different couples [Xpeight, Xnrass] with
95% confidence intervals.

the second vibration mode as explained previously for Xj/qss of 500 kg. For Xgeign: of 28 cm,
Almen intensities between 0.1 mmA and 0.2 mmA were achieved. However, for Xpeign: of
17 cm, limited Almen intensities between 0.1 mmA and 0.15 mmA were reached. Therefore,
the increase of media mass to Xy/.ss = 544 kg could effectively increase the resulting Almen

intensity to the target 0.2 mmA.

Table 5.4 lists the selected vibratory peening conditions for treating cemented steel E16NCD13
specimens. Two different vibratory peening parameters couples [Xpgeight - Xrreq] Were
applied to achieve intensities of 0.1 mmA and 0.15 mmA, respectively. The Almen intensity
of 0.2 mmA was achievable only for Xpe;on: of 28 cm and Xpye, of 30 Hz. The purpose was
to study the vibratory peening effect on the surface integrity of the material treated with
different process parameters while at same Almen intensities. For each of the five vibratory
peening conditions, as listed in Table 5.4, three repetitions were carried out for every Tq;
and 2T,;, which are the saturation time and double of the saturation time of Almen strip,
respectively. Therefore, 5 vibratory peening conditions x 2 peening times X 3 repetitions =

30 specimens were treated by vibratory peening.

5.2 Effect of vibratory peening on surface integrity of cemented steel E1I6NCD13

This section presents the effect of vibratory peening on the surface proprieties of cemented
steel E16NCD13 in terms of surface roughness, microhardness and compressive residual

stresses, under the different treatment conditions given previously in Section 5.1.3.
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Table 5.4 Variable operation parameters, resulting Almen intensities and saturation times for
the vibratory peening treatment on cemented steel EIGNCD13 calibration specimens.

Conditions  Xpeight Xpreq Almen intensity Treament time (min)

(cm) (Hz) (mmA) Tear /2T sat
1 17 22.5 0.1 2.8/5.6
2 28 17.5 0.1 5.2/10.4
3 17 30 0.15 2.8/5.6
4 28 25 0.15 2.8/5.6
5 28 30 0.2 2/4
(a) (b) () (d)
0.25 1.6 0 3.5
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Figure 5.5 Comparison of surface roughness parameters for as-received and vibratory peened
cemented steel E16NCD18 specimens along the longitudinal direction with their 95% confi-
dence intervals. (a) R,, (b) R, (¢) Rg. and (d) Ry,. The roughness parameters have been
averaged over all specimens peened under the different conditions.

5.2.1 Surface roughness

Figure 5.5 compares the four roughness parameters R,, R;, Rg and Ry, of the as-received
and the average of all the vibratory peened cemented steel EIGNCD13 specimens along
the longitudinal direction. Figure 5.5(a) shows that R, decreased from 0.19 + 0.03 pm to
0.1 £ 0.02 pum, which means that the vibratory peening process improves the surface finish-
ing of the as-received specimen. Figure 5.5(b) shows that, when compared to the as-received
specimen, vibratory peening decreased R; from 1.15 £ 0.05 pm to 0.75 £ 0.15 pm, which
means that vibratory peening reduced the total height of the roughness profile. Figure 5.5(c)
reveals that Ry, were negative for both specimens before and after vibratory peening, which
means that the valleys were larger than the peaks in both cases. In addition, the vibra-
tory peened specimen presented more valleys, and less peaks. However, the flattening effect
of vibratory peening is not pronounced since the initial peaks height was already low

(-0.09 £ 0.005 pm). Figure 5.5(d) shows that vibratory peening has no significant effect on
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Figure 5.6 Comparison of surface roughness parameters for as-received and vibratory peened
cemented steel E16NCD13 specimens along the transverse direction with their 95% confidence
intervals. (a) Ry, (b) Ry, (¢) Rs and (d) Ry,. The roughness parameters have been averaged
over all specimens peened under the different conditions.

Ry, and for both as-received and vibratory peened specimens, Ry, is lower than three, which
indicates that the height distribution was flat and the number of high peaks and low valleys
was low. In conclusion, Figure 5.5 indicates that, along the longitudinal direction, vibratory

peening had a significant impact on R,, R; and R, while no effect on Ry,.

Figure 5.6 presents the four roughness parameters R,, R;, Rg and Ry, of the as-received
and the average of all the vibratory peened cemented steel E1I6NCD13 specimens along the
transverse direction. Figure 5.6(a) shows that the vibratory peening has no significant effect
on R, which can be due to the high scatter of the values. Figure 5.6(b) shows also that vi-
bratory peening does not affect R; along the transverse direction and that the total height of
the roughness profile remains constant. Figure 5.6(c) suggests that R, was negative for both
specimens before and after vibratory peening, which means that the valleys were larger than
the peaks in both cases. However, Ry increased from -0.33 £ 0.01 pum to -0.17 £ 0.01 pum
which means that the vibratory peened specimens exhibited more peaks, when compared to
as-received specimens. Figure 5.6(d) shows that vibratory peening has no significant effect on
Ry,. For both as-received and vibratory peened specimens, Ry, oscillated around a value of
3 (when considering the confidence intervals), which means that the height distribution was
uniform, not too high or too low. To sum up, Figure 5.6 suggests that, along the transverse

direction, vibratory peening had a significant impact only on Rg.

Figure 5.7 presents SEM observations of cemented steel E1I6NCD13 before and after vi-

bratory peening. Figure 5.7(a) shows that the grinding marks of as received specimens are
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Figure 5.7 SEM images of cemented steel E16NCD13 specimens. (a) As-received specimen
showing the grinding marks direction. (b) Vibratory peened specimen at Almen intensity of
0.15 mmA for the [Xpeight — Xpreq| couple of [17 ¢cm - 30 Hz| and treatment time of 2Tsq
showing dimples and flattened grinding marks.

oriented along the longitudinal marks, which indicates that the surface roughness is higher
along the transverse direction. Figure 5.7(b) presents a SEM image of vibratory peened spec-
imen for the [Xpgeignt — Xpreq] couple of [17 cm - 30 Hz|. It shows that media dimple is not

perfectly spherical which provided a non uniformity of surface roughness in both directions.

Figure 5.8 shows the average roughness R, of vibratory peened specimens at Almen inten-
sity of 0.1 mmA for two process parameters [X peignt — Xpreq) couples of [28 cm — 17.5 Hz]

and [17 cm — 22.5 Hz] along the longitudinal and the transverse directions, respectively.

(@) (b)
0.25F ;28 cm- 17.5 Hz] 0.1 mmA 0.4l -a- [28cm-17.5 Hz] 0.1 mmA
0.2 — [17 cm- 22.5 Hz] Longitudinal direction 035 —* [17 cm- 22.5 Hz] Transverse direction
% oo 4
‘ B N
L T e e S R
0 2 1sat 4 Tsat® 8 10 12 Tsat

. . t . .
Treatment time [min] Treatr%aent time [min]

Figure 5.8 R, measurements for cemented steel E16NCD13 specimens with Almen intensity
of 0.1 mmA (a) along the longitudinal direction and (b) along the transverse direction.
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Figure 5.8(a) reveals that R, decreased from 0.19 + 0.03 gm to 0.08 £+ 0.03 pum along the
longitudinal direction and reached this stabilized value after T, for both vibratory peening
conditions. However, R, reached this stabilized value faster for [17 cm — 22.5 Hz| couple. Fig-
ure 5.8(b) shows that for the [ X yeignt — Xpreq| couple of [28 cm - 17.5 Hz], R, increased slightly
from 0.25 + 0.05 pm to 0.28 £ 0.01 pm after 27%,; along the transverse direction. However,
for the [Xpeignt — Xrreq] couple of [17 cm - 22.5 Hz|, R, decreased from 0.25 £+ 0.05 pm to
0.19 £+ 0.01 pm after T, and stabilized at this value for further treatment time.

Figure 5.9 compares the obtained R, for specimens treated with Almen intensity of 0.15 mmA
for vibratory peening parameter [Xpeigne - Xpreq) couples of [28 cm - 25 Hz|] and
[17 cm - 30 Hz] along the longitudinal direction and the transverse direction, respectively.
Figure 5.9(a) shows that the effect of vibratory peening on R, was similar for both conditions
along the longitudinal direction. R, decreased from 0.19 £ 0.03 pm to 0.1 + 0.03 pm after
Tt and stabilized at this value. Figure 5.9(b) shows that along the transverse direction, for
the [28 cm - 25 Hz| condition, R, decreased slightly from 0.25 + 0.05 pum to 0.22 + 0.01 pum
after 27, However, for the [Xpeignt — Xpreq couple of [17 cm - 30 Hz], it increased to
0.26 £+ 0.01 pm after 27,;.

R, at Almen intensity of 0.2 mmA for the [Xpgeignt — Xpreq] couple of [28 cm - 30 Hz
along the longitudinal and transverse directions, are presented in Figure 5.10. Along the
longitudinal direction, R, decreased from 0.19 4+ 0.03 um to 0.13 £ 0.01 pm after Ty, and
stabilized at this value for an increasing treatment time, as shown in Figure 5.10(a). However,
along the transverse direction, as shown in Figure 5.10(b), R, increased slightly after Ty,
and decreased to 0.18 um after 27;,,. The R, values dispersion for the as-received specimen
could explain the non-monotonicity of the curve in Figure 5.10(b). Therefore, the vibratory
peening has a tendency to homogenize the microgeometry of the E16NCD13 cemented steel,

since the treated specimens presented lower R, dispersion.

The following main conclusion can be drawn:

e For the as-received specimens, R, along the longitudinal direction (0.19 + 0.03 pm)
was lower than that along the transverse direction (0.25 £+ 0.05 pm), which due to
the direction of the grinding marks as shown in Figure 5.7(a). Figure 5.7(b) shows the
flattening grinding marks and the non-spherical shape of dimples for the [17 cm - 30 Hz]
peening condition at 27,;, which can explain the difference on the effect of vibratory

peening on surface roughness along both directions.
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Figure 5.9 R, measurements for cemented steel E1I6NCD13 specimens with Almen intensity

of 0.15 mmA (a) along the longitudinal direction and (b) along the transverse direction.
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Figure 5.10 R, measurements for cemented steel E16NCD13 specimens with Almen intensity

of 0.2 mmA (a) along the longitudinal direction and (b) along the transverse direction.
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e Along the longitudinal direction, when compared to the as-received specimens, vibra-
tory peening decreased R, and reached a stable value after T, for all the intensities,
regardless of the process parameters. Besides, this stable R, value increased with the
increase of Almen intensity, which were 0.08, 0.1 and 0.13 um for the Almen intensities

of 0.1 mmA, 0.15> mmA, and 0.2 mmA, respectively.

e Along the transverse direction, R, increased for a treatment time of T, and then
decreased for a treatment time of 27, for the case of the Xp¢ign: of 28 cm with Almen
intensity of 0.15 mmA and 0.2 mmA. For the same Almen intensity of 0.15> mmA and
Xpeight of 17 cm, R, decreased at Ty and then increased at 27;,. For an Almen
intensity of 0.1 mmA and Xpgeigne of 17 cm, R, decreased and stabilized after Tyq.
However, for the same Almen intensity of 0.1 mmA and Xp;gne of 28 cm, the effect of
vibratory peening was not pronounced, it increased slightly by 12%. Contrary to the
longitudinal direction, the effect of vibratory peening on the surface roughness along
the transverse direction was highly dependent on the process parameters. This could be
confirmed by the fact that the evolution of the four roughness parameters (R,,R;, Rsy
and Ry, ) were different along both directions (Figure 5.5 and 5.6). The main factors of
this non-uniformity of vibratory peening effects along both directions could be due to
the higher initial roughness along the transverse direction, due to the grinding marks as

shown in Figure 5.7, and the non-symmetry of media dimples as shown in Figure 5.7(b).

5.2.2 Compressive residual stresses

Figure 5.11 presents the effect of vibratory peening Almen intensity on the residual stresses
profile of the cemented steel E16NCD13 with Almen intensities of 0.1, 0.15, 0.2 mmA at
a processing time of 2754 and for Xpgeigne of 28 cm. The values in the curves correspond
to the arithmetic mean value of the residual stresses measured in the longitudinal and the
transverse directions at the same depth. The errors bars presents the uncertainty related to
the X-Ray diffraction measurements, such as inadequate localization of diffraction peaks, non
symmetry, a bad setting of the goniometer or incorrect adjustment of the optical system [51],
which was assumed to 4+ 40 MPa for high strength steel.

Initial compressive residual stresses o. of around -150 MPa, on the as-received material,
were presented and seem to be stabilized at a depth of 30 pum and increased slightly
to -220 MPa at a depth of 180 um. This layer of compressive residual stresses is due the
cementation treatment. A similar o, was observed for the intensities 0.1 and 0.15 mmA
and was equal to -550 £+ 40 MPa. At an intensity of 0.2 mmA, o, of -580 £+ 40 MPa was
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Figure 5.11 Compressive residual stresses measurements for cemented steel E1I6NCD13 spec-
imens with different Almen intensity of 0.1 mmA, 0.15 mmA and 0.2 mmA and processing
time 2lsqr and Xpeighe of 28 cm.

-100
-200
-300
-400
-500
-600
-700
-800
-900
-1000!

50 100 150 200

250

Ra=0.19 pm

134um | T
\

T
1

[
—l

—+ As-received
i ?18 0.15 mmA [28 cm-25 Hz]-2Tgat
1 #280.15 mmA [17 cm-30 Hz]-2Tga¢

#28 Ra=0.096 pm

#18 Ra=0.0863 um
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produced. 0,4, increased from -550 + 40 MPa, at a depth of 33 pum, for an intensity
of 0.1 mmA to -845 £+ 40 MPa, at a depth of 72 um, for an intensity of 0.2 mmA. d, . were
similar for 0.1 and 0.15 mmA and was around 150 pym. However, d, . was not identified for

0.2 mmA, which requires an extension of the residual stresses measurement at this condition.

To sum up, the surface compressive residual stresses o,, increased by 5% when raising the
Almen intensity from 0.1 to 0.2 mmA. The maximum compressive residual stresses ¢,,,, and
its depth dy mqs increased by 53% and 118%, respectively when increasing the intensity from
0.1 to 0.2 mmA. To conclude, Almen intensity has no significant influence on o,,.. However
the increase of vibratory peening Almen intensity produces deeper and larger compressive
residual stresses. This is due to the rise of kinetic energy which produces deeper plastic

deformation.

The effect of Xpeigne on the compressive residual stresses profile of vibratory peened ce-
mented steel EI6NCD13 specimens is presented in Figure 5.12. For an Almen intensity
of 0.15 mmA and peening time of 2744, both [Xpgeignt - Xpreq) couples of [28 ¢cm - 25 Hz|
and [17 cm - 30 Hz] were analysed. o4, and 0,4, increased slightly with the increase of
XHeight by 80 & 40 MPa and 67.5 £ 40 MPa, respectively. For Xpeign: of 28 cm o, stabi-
lized at d,. of 134 um. However, for a Xpgeigne of 17 cm the compressive residual stresses
continue in decreasing. Further measurements are required to define the stabilization depth
of compressive residual stresses at this condition. oy, and 0,4, increased by 16% and 12%,
respectively, when increasing Xpigns from 17 cm to 28 cm. As a conclusion, the compressive
residual stresses profiles are larger for higher Xpeign: at a constant Almen intensity. This
can be explained by the fact that the deeper the specimen is inserted in the media, the more
compact is the media, which can be associated to the hydrostatic pressure. An explanation

for this phenomenon is yet to be provided.

The effect of vibratory peening processing time on the compressive residual stresses pro-
file is illustrated in Figure 5.13, where the specimens were treated at Ty, and 27T, for
both intensities of 0.15 and 0.2 mmA and for a constant Xgeign: of 28 cm. oy, was quasi
constant for both Almen intensities and peening times and ranged from -530 4+ 40 MPa to
-570 4+ 40 MPa. For an Almen intensity of 0.15 mmA, 0,,,, increased from -485 + 40 MPa
at dymas of 60 pm and peening time of T4 to -620 MPa £ 40 MPa at d, 4, of 61 pm and
peening time of 27T;,;. The same behavior was observed at an Almen intensity of 0.2 mmA:
Omae increased by 85 4+ 40 MPa and dy 4, raised slightly from 65 pm to 72 pm. To sum

up, the processing time has an influence only on o,,.,. It increased by 25.7% and 11.2%
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Figure 5.13 Compressive residual stresses measurements for cemented steel EIGNCD13 spec-
imens with Almen intensities of 0.15 mmA and 0.2 mmA, Xgeigne of 28 cm and different
processing time Tsoy and 2Ty, .

respectively for 0.15 and 0.2 mmA, when the treatment time increased from Ty, to 27T,4.
The increase of peening time yields to a larger 0,,.,. Further studies are required to identify
the saturation processing time to get stabilized compressive residual stresses and identify the

influence depth of vibratory peening.

5.2.3 Microhardness

Figure 5.14 presents the microhardness profiles of cemented steel EIGNCD13 as-received,
and vibratory peened, specimens at Almen intensities of 0.1 mmA and 0.2 mmA
for a constant Xgeign: of 28 cm and Xp,e, of 17.5 Hz and 30 Hz, respectively. The micro-
hardness was not affected by vibratory peening for an Almen intensity of 0.1 mmA for both
processing times, as shown in Figure 5.14(a). The surface microhardness increased only at
an Almen intensity of 0.2 mmA. It increased from 750 + 30 HV to 810 £+ 10 HV at T4
and to 850 £+ 15 HV at 27,,. However, the vibratory peening has no effect on the case
depth that remains constant and equal to 1.1 £ 0.05 mm. The reason of the increase of
microhardness is the plastic deformation induced by vibratory peening that increases with
the increase of the processing time. The microstructural changes in the case depth caused
by the transformation of the retained austenite to martensite could be also responsible for

this evolution [30]. Microstructural observations are required to confirm this hypothesis.

Surface microhardness of cemented steel E16NCD13 specimens at different conditions of
vibratory peening are illustrated in Figure 5.15. A significant increase of surface microhard-

ness was observed for the couple [Xpyeignt — Xpreq) Of [28 cm - 30 Hz] at Almen intensity of
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Figure 5.15 Surface microhardness measurements with 95% confidence intervals for cemented
steel EIGNCD13 specimens before and after different vibratory peening conditions.
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0.2 mmA from 750 £ 30 HV to 810 £+ 10 HV at T, and to 80 £+ 15 HV at 27,,. Almen
intensities of 0.1 mmA and 0.15 mmA under different conditions provided similar surface

microhardness.

5.3 Comparison of vibratory peening with shot peening

5.3.1 Selection of the shot peening parameters for cemented steel E1I6NCD13

treatment

The purpose of this section is to compare the effect of vibratory peening and shot peening
on the surface integrity of cemented steel E16NCD13 specimens treated at same Almen
intensities. An experimental campaign was firstly designed to find the shot peening operation

parameters that produce Almen intensities of 0.1 mmA, 0.15 mmA and 0.2 mmA.

Since the air pressure and the mass flow of the media are the most important shot peening
parameters influencing Almen intensity, different combinations of those two parameters were
tested to reach the three target Almen intensities of 0.1 mmA, 0.15 mmA and 0.2 mmA.
Table 5.5 lists the resulting Almen intensity from nine couples of [pressure - mass flow]
during the campaign tests. The air pressure was adjusted in a range of [0.34 bars,
2 bars|([0.034 MPa, 0.2 MPa]) and the tested mass flows were 2.28 and 6.8 kg/min.
Finally, three [pressure - mass flow| couples of [0.69 bar - 6.80 kg/min], [1 bar - 2.28 kg/min]
and [1.72 bar - 2.28 kg/min| were selected to treat the E1I6NCD13 specimens, as listed in
Table 5.6. The coverage of each shot peened specimen was evaluated according to SAE J2277
standard [19], using the VHX-7000 series digital microscope at LAPOM, with a magnification
of X30 and a full ring brightness. After we define the required number of passes to reach

Table 5.5 Shot peening conditions for the experimental campaign.

Test number Pressure (bar) Mass flow (kg/min) Almen intensity (mmA)

1 0.34 6.8 0.053
2 0.55 6.8 0.087
3 0.69 6.8 0.087
4 0.83 6.8 0.101
) 1 6.8 0.125
6 1 2.28 0.153
7 1.37 2.28 0.177
8 2 2.28 0.217
9 1.72 2.28 0.199
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Table 5.6 Parameters of the selected shot peening conditions, the resulting Almen intensities,
the passes for Almen saturation on Almen strip, the passes for coverage on cemented steel
FE16NCD13 shot peened specimen and the treated time related to the Almen strip saturation
time Ty

Shot Pressure Mass Almen Number of passes Number of passes  Relationship to

peening (bar)  flow intensity for saturation for 125% and 250% the Almen intensity

conditions (kg/min) (mmA)  on Almen coverages on saturation time
strips treated specimen Tt

1 0.69 6.8 0.1 2 10 and 20 5 and 10 Ty

2 1 2.28 0.15 2.2 10 and 20 4.5 and 9 Ty

3 1.72 2.28 0.2 1.6 10 and 20 6.25 and 12.5 Ty,

full coverage, these specimens were continuously shot peened to reach the 125% and 250%
coverages. The relation between the numerical surface coverage and the number of passes is

given by Equation (5.4):

Co=1—(1—Cy)" (5.4)

where (] is the surface coverage (decimal) after 1 pass, n is the number of passes and C,, is

the coverage (decimal), after n passes.

Figure 5.16 presents the relationship between surface coverage and the shot peening passes
from the experimental observation and numerical calculation by Equation (5.4). On the one
side, iterative tests were performed on EI6NCD13 specimens at the three Almen intensities
and the coverage was visually estimated, respectively after 1 pass, 2 passes and 4 passes. The
experimental coverages after four passes were 85%, 91% and 87% for 0.1 mmA, 0.15 mmA
and 0.2 mmA, respectively, that were estimated visually from the optical observations ac-
cording to SAE J2277 standard [19]. On the other side, the numerical calculated coverages
were 92%, 90% and 86% respectively for 0.1 mmA, 0.15 mmA and 0.2 mmA. The most signif-
icant discrepancy between the coverage predicted by Equation (5.4) and that experimentally

measured is of 7%, which suggests that this model could be used to predict coverage.

Using Equation (5.4), coverages after 7 and 8 passes were extrapolated as presented in Fig-
ure 5.16. Seven passes were insufficient to reach a coverage of 98% for the three intensities.
Therefore, 8 passes were considered as the number of passes to get the full coverage for
the three intensities according to SAE J2277 standard [19]. Note that the full coverage of
specimens treated by the three intensities were validated by optical observations. According

to the requirements from Safran, 125% coverage is defined as 100% to ensure the full cov-
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Figure 5.16 The relationship between the shot peening surface coverage and number of passes
from both experimental observation and numerical calculation from Equation (5.4) with Al-
men intensity of (a) 0.1 mmA, (b) 0.15 mmA and (c) 0.2 mmA.

erage. Therefore, cemented steel E1I6NCD13 specimens were shot peened by 10 passes and
20 passes, in each condition, to get 125% and 250% coverages, respectively. The final shot
peening operation parameters of the three selected conditions for shot peening are listed in
Table 5.6.

5.3.2 Comparison with the shot peening effect on the surface integrity of ce-
mented steel E16NCD13

Surface roughness

Table 5.7 compares the average surface roughness R, of shot peened and vibratory peened
specimens at different intensities and conditions for longitudinal and transverse directions.
For the longitudinal direction, vibratory peening provided better surface finish by 60%, 58%
and 35% at 0.1 mmA, 0.15 mmA and 0.2 mmA, respectively, when compared to shot peening.
For the transverse direction, Almen intensity of 0.1 mmA under the condition
[17 cm - 22.5 Hz], vibratory peening revealed lower surface roughness by 9.5%, when compared
to shot peening. However, for the same intensity, the couple [28 cm - 45 Hz| of vibratory
peening provided higher surface roughness by 33.33%. At an Almen intensity of 0.15 mmA,
both conditions [17 cm - 30 Hz] and [28 c¢m - 25 Hz| of vibratory peening produced better
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Table 5.7 Comparison of average surface roughness R, of EI6NCD13 between vibratory peen-
ing and shot peening at different intensities.

Almen 0.1 0.15 0.2
intensity
(mmA)
Longitudinal direction
SP 0.2 pm 0.24 pm 0.2 pm
VP 0.08 pum 0.1 pm 0.13 pm
Difference -60 % -58 % -35 %
Transverse direction
SP 0.21 pm 0.33 pm 0.33 pm
VP [17cm-22.5Hz] [28 cm-17.5Hz] [17 cm - 30 Hz] [28 cm-25 Hz]  [28 cm - 30 Hz]
0.19 pm 0.28 pm 0.27 pm 0.22 pm 0.18 pm
Difference -9.5 % +33.3 % -18.18 % -33.3 % -45.45%

i "I | i | HIEE ‘
100 pm 4
X250 15.0 KeV SEM WD 16.1 mm f X250 15.0 KeV SEM WD 16.1 mm

Figure 5.17 SEM images of cemented steel E1I6NCD13 specimens, (a) As-received (b) Vibra-
tory peened specimen at 0.1 mmA for the [Xpeight — Xpreq] couple of [17 em - 22.5 Hz] and
treatment time of 2L (c) Vibratory peened specimen at 0.1 mmA for the [Xpeight — Xrreq/
couple of [28 ¢ m- 17.5 Hz] and treatment time of 215 and (d) shot peened at 0.1 mmA at
a coverage of 200%.
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surface finish than shot peening by 18.18 % and 33.33 %, respectively. To sum up, the
vibratory peening process allows to generate better surface finish than shot peening at all the
intensities. However, for an Almen intensity of 0.1 mmA for the condition [28 cm - 17.5 Hz],
the vibratory peening frequency is unable to decrease the surface roughness of the treated
E16NCD13 steel. In Figure 5.17(a), the as received specimen shows deep grinding marks with
spacing around 3 um. Figure 5.17(b) shows that the grinding marks spacing was enlarged
and there were also flattening when peening under [17 cm - 22.5 Hz] condition. However,
for the same Almen intensity and under [28 cm - 17.5 Hz| condition, the spacing between
the grinding marks remains constant when comparing it with the as received condition as
presented in Figure 5.17(c). This means that this frequency is insufficient to reduce the
surface roughness of the cemented steel EI6NCD13. Figure 5.17(d) shows that the shot

peening succeed in flattened the grinding marks at 0.1 mmA. This explains the lower R,

produced by shot peening, when comparing to vibratory peening at this same intensity.

Compressive residual stresses

Figure 5.18 shows a comparison of compressive residual stresses profiles of cemented steel
E16NCD13 specimens after vibratory peening and shot peening at similar intensities 0.1,
0.15 and 0.2 mmA and Table 5.8 recapitulates the residual stresses profiles important values.
At all intensities, shot peening produced higher o, than vibratory peening by 38%, 33% and
47% respectively for 0.1, 0.15 and 0.2 mmA. Also, shot peening produced higher o,,,., when
compared to vibratory peening by 54%, 55% and 17%, respectively at 0.1, 0.15 and 0.2 mmA.
However, the depth of the compressive residual stresses was larger after vibratory peening.
dy maz Was higher by 50%, 110% and 132% for 0.1, 0.15, 0.2 mmA respectively. d, . was higher
by 1.5% and 37% for 0.15 and 0.2 mmA respectively. d,, . was not identified for shot peening
at 0.1 mmA. For both processes, the depth and the magnitude of the compressive residual
stresses profile increase with the increase of Almen intensity. Shot peening produced larger

compressive residual stresses than vibratory peening. However, deeper profiles were provided

Table 5.8 Comparison of average compressive residual stresses profiles of EF1I6NCD13 after
vibratory peening and shot peening at different intensities.

Almen intensity (mmA) 0.1 0.15 0.2
Process SP VP Difference SP VP Difference SP VP Difference
Osur (MPa) -760 -550 -38% =775 -580 -33% -810 -550 -47T%
Omaz (MPa) -850  -550 -54% -950 -610 -55% -990 -845 -17%
o maz (frm) 22 33 50% 29 61 110% 31 72 132%
dy. (pm) - 198 ; 132 134 15% 124 170  37%
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Figure 5.18 Comparison of residual stresses profiles of cemented steel EI6NCD13 specimens
after vibratory peening and shot peening at Almen intensities of 0.1, 0.15 and 0.2 mmA.

by vibratory peening. The higher d; 4, and d, . produced by vibratory peening could be
due to the larger plastic deformation induced by the greater kinetic energy transferred to the

treated piece from the media, which are larger than those used in the shot peening process.

Microhardness

Figure 5.19 compares the surface microhardness of vibratory peened and shot peened spec-
imens at Almen intensities of 0.1 mmA and 0.2 mmA. It shows that vibratory peening
increased cemented steel E16NCD13 surface microhardness only at an Almen intensity of
0.2 mmA, when compared to as-received specimens. It increased from 750 + 30 HV to
850 + 15 HV. However, the microhardness was almost constant after shot peening for both

intensities with high dispersion at 0.1 mmA.
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Figure 5.19 Comparison of vibratory peened and shot peened E16NCD13 specimens surface
microhardness at intensities of 0.1 mmA and 0.2 mmA.
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CHAPTER 6 CONCLUSION

6.1 Summary of works

In this work, the vibratory peening process was calibrated using the DOE technique. There-
fore, the impact of vibratory peening on the surface integrity of the cemented steel EI6NCD13
was investigated in terms of surface roughness, compressive residual stresses and microhard-

ness. A comparison was finally performed with shot peening.

The calibration of the vibratory peening process allowed to survey the vibration amplitude
showed that the eccentricity is the major parameter that control the tub motion. The DOE
showed that the eccentricity, the frequency and the media height above the part are the
major parameters that control the Almen intensity and it reveals that the vibratory peening

process is able to produce intensities ranging from 0.047 mmA to 0.2 mmA.

The E16NCD13 specimens were treated by vibratory peening at the intensities 0.1, 0.15,
0.2 mmA under different machine parameters conditions. The process increased R,, R; and
R roughness surface parameters along the longitudinal direction (parallel to the machinig
marks), while no effect was displayed on Ry,. Along the transverse direction (perpendicular
to the machining marks), vibratory peening impacted only the Ry, parameter. The vibratory
peening improved the surface finish of the treated E16NCD13 specimens by flattening the
grinding marks. However, the non sphericity of induced dimples shape generated a difference
in the surface roughness evolution along the longitudinal and transverse directions. Along
the longitudinal direction, vibratory peening reduced R, and reached a stable value after
certain processing time. This stable value decreased with the decrease of Almen intensity
and it ranged from 0.08 to 0.13 pum. Along the transverse direction, the R, evolution de-
pended mainly on machine parameters. The vibratory peening process generated a significant
compressive residual stresses beneath the surface of the treated E16NCD13 specimens. The
increase of the vibratory peening Almen intensity produced deeper and larger compressive
residual stresses. The rise of the processing time generated higher depth of maximum com-
pressive residual stresses. Higher media height above the part revealed larger compressive
residual stresses. A slight increase of the surface microhardness was generated by vibratory
peening only at an Almen intensity of 0.2 mmA. All the other peening conditions have no

effect on the microhardness.
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A comparative study with the shot peening process was made in terms of surface rough-
ness, compressive residual stresses and microhardness under the intensities 0.1, 0.15 and
0.2 mmA. Along the longitudinal direction, vibratory peening provided better surface finish
than shot peening for all the tested intensities and process conditions. However, along the
transverse direction, certain conditions did not lead to a reduction of the surface roughness
as for [28 cm - 17.5 Hz] where the frequency was too low that the process was not effective.
Vibratory peening provided deeper compressive residual stresses. However, higher magni-
tude was generated by shot peening. Vibratory peening led to a rise of microhardness, when

compared to shot peening.

To conclude, vibratory peening is able to reach intensities values between 0.047 and
0.2 mmA. This process allows to get better surface finish, except for some conditions, deeper
layer of compressive residual stresses, which will delay the crack initiation and propagation,
and higher surface microhardness, when compared to shot peening. This interpretation sug-
gests that vibratory peening could provide similar fatigue behaviour as shot peening. Also,
this study showed that vibratory peening can replace the shot peening and vibratory fin-
ishing processes, which can reveal a considerable enhancement in maintenance costs and an
improvement of the industrial productivity. However, fatigue testing are required to validate

these hypotheses.

6.2 Future research

This research project, which is a part from a big industrial project in collaboration between
Polytechnique Montréal and Safran Tech France, displayed that vibratory peening is able to
improve the surface integrity properties of the cemented steel EIGNCD13 in terms of surface
roughness, residual stresses and microhardness, which probably could lead to good fatigue
life improvement. A further work is required to investigate the fatigue life at low cycle fa-
tigue and high cycle fatigue regimes of vibratory peened E1I6NCD13 specimens and compare

it with shot peened specimens.

The microstructure observations could be a good perspective to identify the grain sizes re-
finement, morphological modifications and influence depth induced by vibratory peening and

investigate its relationship with the material properties changes.
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APPENDIX A CONVERSION COEFFICIENT CALCULATION
BETWEEN ALMEN INTENSITY TYPE A AND ALMEN INTENSITY
TYPE N

The DOE tests were all performed using Almen N strips. To get the conversion from Almen
intensity type N to Almen intensity type A, some additional tests were performed using

Almen A strips, as detailed in Table A.1. The conversion coefficient was calcualated as:

Almen intensity (mmA)

Cujn = (A1)

Almen intensity (mmN)

Ca/n was equal to 0.51, 0.53, and 0.48, repsctively for AIS03, AIS06 and AIS13. Cy/n was

then considered equal to 0.5.

Table A.1 Conversion coefficient from Almen intensity type N to Almen intensity type A.
Three repetitions were performed for AIS03, AIS06 and AIS13 conditions with Almen inten-
sity type N and type A, respectively.

Case number AISO3 AIS06 AIS13

Measured Almen intensity (mmN) 0.281, 0.284, 0.279 0.159, 0.167, 0.160 0.390, 0.386, 0.387
Mean Almen intensity (mmN) 0.281 0.162 0.388

Measured Almen intensity (mmA) 0.146, 0.142, 0.141 0.082, 0.090, 0.086 0.189, 0.185, 0.184
Mean Almen intensity (mmA) 0.143 0.086 0.186
Can 0.51 0.53 0.48
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