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In this study, fatigue properties of EN-AW 6082 aluminum alloy were altered using T6 heat
treatment and deep rolling application. At first, artificial aging schedules were investigated
and most optimal schedule for subsequent deep rolling was determined as 480min-180°C
artificial aging preceded by 90min-550°C solution heat treatment and water quench. After
artificial aging, axisymmetric specimens were subjected to deep rolling. This treatment
allows one to induce compressive residual stresses in surface region of components. Effects
of tensile loads during loading cycles can be reduced because of these compressive residual
stresses. Deep rolling forces of 125 N, 250 N and 500 N were used with feed rates of 0.1,
0.2 and 0.3 mm/pass. Deep rolling was employed in two different directions. These
directions were tangential rolling and longitudinal rolling. Conventional direction for deep
rolling is tangential rolling in which rolling direction is tangent to turning direction and feed
direction is in the direction of longitudinal axis of component. However, compressive
residual stresses due to deep rolling are expected to be different in different directions as
shown in literature. Therefore, a direction change in rolling is expected to change fatigue
strength enhancement after deep rolling considerably. Surface states; namely: Roughness,
hardness and residual stresses were measured for Un-treated, tangentially rolled and

longitudinally rolled specimens. In addition, stress-controlled fatigue tests were conducted



to determine the effects of DR on fatigue behavior. It was shown that DR resulted in much
lower roughness values than Un-treated for both rolling directions. However, increase of
deep rolling feed rate affected roughness improvement adversely. Hardness values were
shown to increase around surface after deep rolling for both rolling directions. This was
especially true for 250 N and 500 N deep rolling forces. Up to 10% increase in hardness was
obtained after deep rolling. Compressive residual stresses were shown to develop around the
surface. Higher deep rolling forces resulted in higher maximum compressive stresses (more
negative stresses) and depths at which maximum compressive stresses occur were shifted
toward deeper into specimen. Different residual stress profiles for rolling and feed directions
were observed. Higher compressive stress values near surface were detected in rolling
direction after deep rolling. Fatigue tests showed that both tangential and longitudinal rolling
increased fatigue strengths substantially compared to untreated specimens. However, fatigue
strength increases were found to be higher for longitudinally rolled specimens than
tangentially rolled ones. Fatigue strength increase of 26% could be achieved using
longitudinal rolling procedure. In longitudinally rolled specimens, fatigue loading direction
and rolling direction is the same. These results can be attributed to higher observed
compressive residual stresses near the surface in rolling direction compared to feed direction.
As a conclusion, it can be said that longitudinal rolling is an attractive option to improve

fatigue properties of components in industrial applications.
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OZET

EN-AW 6082 ALUMINYUM ALASIMININ YORULMA DAYANIMI
OZELLIKLERININ DERIN OVALAMA VASITASI iLE
IYILESTIRILMESI

Berkay YUKSEL

Yiksek Lisans, Makine Miihendisligi Boliimii
Tez Damsmani: Dr. Ogr. Uyesi Mehmet Okan GORTAN
Mayis 2022, 47 Sayfa

Bu calismada, EN-AW 6082 aliiminyum alasimindan iiretilmis parcalarin yorulma
dayanimlar1 T6 temperi ve derin ovalama kullanilarak degistirilmistir. Ik olarak, farkli
yapay yaslandirma takvimleri kullanilarak malzemenin mekanik 6zelliklerinin yapay
yaslandirma parametrelerine bagimliligr incelenmistir. Bu incelemeler sonucunda optimum
olarak 90 dk-550°C siiper-doygun soliisyon olusturma ve su verme iglemi sonrasinda yapilan
480 dk-180°C yapay yaslandirma segilmistir. Yapay yaslandirma sonrasi, eksenel simetrik
parcalar derin ovalama iglemine tabi tutulmuslardir. Bu islem vasitasi ile yiizeyde baski artik
gerilmeler olugmas1 hedeflenmektedir. Olusan baski artik gerilmeler parka lizerindeki ¢gekme
yoniindeki kuvvetleri azaltic1 etki yaptigindan dolayr yorulma dayaniminda olumlu etki
ederler. Derin ovalama kuvveti olarak 125 N, 250 N ve 500 N; ilerleme hiz1 olarak da 0,1
mm/paso, 0,2 mm/paso ve 0,3 mm/paso uygulanmistir. Derin ovalama islemi, tegetsel
ovalama ve boylamasina ovalama olmak iizere iki farkli yonde uygulanmistir. Derin
ovalama eksenel simetrik parcalar iizerinde geleneksel olarak tegetsel yonde yapilmakta ve
ilerleme yonii de parganin boyuna ekseni olarak se¢ilmektedir. Fakat, derin ovalama sonrasi
olusan artik gerilmelerin her yonde ayni1 olmadig literatiirde gosterilmistir. Bundan dolay1

derin ovalama yoniiniin degistirilmesinin yorulma dayanimi iizerinde belirgin bir etkisi



olacag diisliniilmektedir. Derin ovalama sonrasi pargalarin yiizey durumlari, piiriizliiliik,
sertlik ve artik gerilme Olgtimleri vasitasi ile belirlenmistir. Yapilan tim o6lgtmler;
ovalanmamis, tegetsel ovalanmig ve boylamasina ovalanmis numuneler {izerinde
yapilmistir. Bu 6l¢limler sonrasinda malzemelerin yorulma egrileri ve dayanimlar1 yapilan
gerilme-kontrollii yorulma testleri vasitasi ile belirlenmistir. Numuneler tzerinde yapilan
parazlulik olgtmleri, her iki yonde yapilan derin ovalama sonrasi elde edilen piiriizliiliik
degerlerinin ovalanmamis numunelere kiyasla oldukea diisiik oldugu belirlenmistir. Fakat,
ilerleme hizinin piiriizlilikteki iyilestirmeyi azaltici etkisi gozlenmistir. Derin ovalama
sonrasinda yiizeye yakin bolgelerde sertlik artis1 gézlenmistir. Bu durum 6zellikle 250 N ve
500 N ile yapilan ovalamalarda belirgin bir almaktadir ve yiizeyde %10’a varan sertlik
artiglar1 elde edilebilmistir. Derin ovalamaya bagli baski artik gerilmeleri her kuvvet i¢in
gozelenebilmistir. Yiiksek ovalama kuvvetleri baski artik gerilmelerin ulastigi maksimum
degerleri (daha negative degerler) arttirmig ve daha derinde olmalarina sebep olmustur.
Ovalama ve ilerleme yonlerindeki baski artik gerilmelerin farkli oldugu ve ovalama yoniinde
ylizey civarinda daha yiiksek baski gerilmeler oldugu gézlenmistir. Yapilan yorulma testleri
sonucunda hem tegetsel hem de boylamasinda ovalama yorulma dayanimlarini ovalanmamis
numunelere kiyasla kayda deger miktarda iyilestirmistir. Fakat, boylamasina ovalamanin
yorulma dayaniminda olan olumlu etkilerinin daha belirgin oldugu gozlenmis ve %26’ya
varan yorulma dayanimi artislar1 rapor edilmistir. Boylamasina ovalamada, ovalama yonii
yorulma testlerindeki ylkleme yo6nii ile ayn1 yondedir. Ovalama yoniinde ylizey civarinda
elde edilen yiiksek baski artik gerilmeler dikkate alindiginda; artik gerilme Olgiimleri ile
yorulma davraniglart birbirini destekler niteliktedir. Elde edilen bulgular, boylamasina
ovalamanin  endiistriyel uygulamalarda yorulma dayanimmi iyilestirmek igin

kullanilabilecegini gdstermistir.
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ACKNOWLEDGEMENTS

I would like to thank to my valued supervisor Asst. Prof. Dr. Mehmet Okan Gortan for his

patience, guidance and tireless assistance during the preparation of this thesis;

I also thank The Scientific and Technological Research Council of Turkey (TUBITAK) for
financially supporting this study under the project number 217M962.

I would also like to thank my fiancée Sena Gizem Bodur for her supports during my studies.
Finally, I thank my precious family who always encouraged and supported me throughout

my life and during preparation of this study with their endless love and patience. Without

their encouragements, preparation of this thesis would not be possible.

Berkay Yuksel
May 2022, Ankara



CONTENTS

ABSTRACT ettt etttk ettt e s h e et e e b ettt nne et e e nneeenne e I
()74 = 1SRRI iii
ACKNOWLEDGEMENTS ...ttt ne e v
LIST OF FIGURES. . ... oot viil
LIST OF TABLES ...ttt ettt st be et X
1. INTRODUCTION ..ottt sttt be e 1
2. STATE OF THE ART .ottt bbbt 3
2.1, Heat TreatMeNnt ........cccoiiiiiiiiiiii s 3
2.2, FatiQue BENAVION........ccieieiieeie ettt sttt 3
2.3, Surface Treatment MethOdS. ..........ccciiiiiiriiiiiiee e 5
2.3.1. SNOtPEENING....cciiitiiieiee ettt sre e 5
2.3.2.  Laser SNOCK PEENING ......ccviiiiieiice et 6
2.3.3. DeeP ROIING ..o 7

3. NOVEL APPROACH.... ..ottt sttt neas 11
4. METHODS AND PRELIMINARY INVESTIGATIONS ..., 12
4.1.  Mechanical Behavior INVEStIQatioNS ...........cccooeiiiirenininisieee s 12
4.2.  Preliminary Heat Treatment INVestigations..........c.coceviiiriiinicienenc e 14
4.2.1. Effect of Solution Heat Treatment TeMperature ...........ccccoeeveneiesenesnnnenns 14
4.2.2. Effect of Artificial Aging Schedule on Mechanical Behavior ...................... 16
4.2.3. Effect of Artificial Aging Schedule on Precipitate Formation .............c.cc.ce...... 20
4.2.4. Selection of T6 Treatment PrOCEAUIE ..........ooeieirerieiiesieeee s 22

4.3.  Manufacturing of Deep Rolling SPeCIMENS .........ccovveviiiiiiiicce e 23
4.4,  Roughness MEASUIEMENTS .........ciuiiiiieiieeiie st ese e e e ste e e e sae e sreeene e 26
4.5.  Residual Stress MEaSUrEMENTS ..........eiveiriiieieiesre st 27
5. RESULTS Lttt ettt b e sae e e e reeenne e 30

Vi



5.1, ROUGNNESS RESUILS ....c.vviviiiiiciieiteee ettt 30

5.2, HArdness RESUILS .........oiiiiiieieicie e 31
5.3.  ReSIdual SIreSS RESUILS ......c.eeviiiiiiiiiiieeee s 32
5.4, Fatigue TeSt RESUIS......coiiii i 33
6. CONCLUSIONS AND QUTLOOK ...ttt 43
REFERENGES ... .ot ne e 45
CURRICULUM VITAE ...t 49

vii



LIST OF FIGURES

Figure 1 Typical Stress Controlled Fatigue Cycles (a) Fully Reversed (b) With Mean Stress

() Irregular Stress CYCIE [24]....cvo e 4
Figure 2 Fatigue Life Stages [27]...ccoveeiieiieie ettt 5
Figure 3 Schematic Representation of Shot Peening [31]........ccoviiiiiiiiiiiiieieieeeee 6
Figure 4 Schematic Representation of Laser Shock Peening [11] .......c.cccovveienineniennnnnn. 6
Figure 5 Deep Rolling Using Hydraulically Supported Balls [34] ......c.ccccevveveiverececene, 7
Figure 6 Deep Rolling Using Mechanically Supported Roller [38]........ccccoovevvivevviiecienn. 8

Figure 7 Residual Stress Measurements in Different Directions for Different Feeds [38]... 9
Figure 8 Different Applications and Fatigue Life Data for 7075 Aluminum Alloy [47].... 10
Figure 9 Deep Rolling Directions (a) Tangential Rolling (b) Longitudinal Rolling .......... 11
Figure 10 Test Specimens (a) Tensile test specimen (b) Fatigue test specimen................. 13
Figure 11 DSC Results (a) DSC Curves of Specimens that were Solution Heat Treated at

Different Temperatures (b) Specific Enthalpy Changes Calculated for Peak

AIOUNG 250°%C ...ttt bbbttt bbb renre s 15
Figure 12 Schematic Representation of AA Schedule............ccooovveiiiii e, 16
Figure 13 Strength Values for AA treatments (a) Yield Strength (b) Tensile Strength...... 17
Figure 14 Relationship Between Hardness and Tensile Strength; Natural Aging (NA)

Specimens were also Presented ............cceiveieiiic i 18

Figure 15 Elongations for AA treatments (a) Uniform Elongation (b) Total Elongation... 19

Figure 16 Fatigue Properties of Selected AA Treatments..........coocevererinieieneneneseseeiens 20
Figure 17 TEM Images of 480min-180°C AA SPECIMEN .....ccerueririiriiiieieieie e 21
Figure 18 TEM Images of 240min-200°C AA SPECIMEN .......ccveveiueeiieeieieeire e 22
Figure 19 Deep Rolling Tool and Hex Head Screw to Load Spring within ...................... 23
Figure 20 Fixture Designed to Manufacture Flat Surface Specimen ...........cccccoocvenvnnnnns 24
Figure 21 Deep Rolling of Flat Specimen (a) Side-view (b) Front-view.............c.cccccovnene 24
Figure 22 Cylindrical Roughness Measurement Specimen; Dimensions in mm................ 25

Figure 23 Deep Rolling of Cylindrical Roughness Specimen (a) Tangential (b) Longitudinal

............................................................................................................................ 25
Figure 24 Deep Rolling of Fatigue Specimens (a) Tangential (b) Longitudinal ................ 26
Figure 25 Roughness Measurement Configuration (a) Front-view (b) Side-view.............. 26
Figure 26 Type-A 031-RE Strain Gage for HDM [ASTM E837-08] .......ccccvevvviivieiieinnns 27

viii



Figure 27 Strain Gage 0N SPECIMEN ......oiuiiiiiiiiieeie ettt sbe et sre e nnes 28

Figure 28 Residual Stress Measurement SYSeM.........coveeiirrieeieiie e 29
Figure 29 Roughness Values for TR SPECIMENS .........cccveiiiieiieeie e 30
Figure 30 Roughness Values for LR SPECIMENS.........cccvevviieiiiie i 31
Figure 31 Hardness Measurements after DR with 0.1 mm/pass Feed (a) 125 N (b) 250 N (c)

BO0 N oottt ettt bbbt neerenr e re e 32
Figure 32 Residual Stress Profiles of Flat DR Specimens (a) Rolling Direction (b) Feed

DIFECLION ..ttt bbbt bbbt e 33
Figure 33 Wohler Curves after Fatigue Test for 0.1 mm/pass Feed (a) TR (b) LR ............ 34
Figure 34 Comparison of Wohler Curves for TR and LR (a) 125 N (b) 250 N (c) 500 N.. 35
Figure 35 Lower Bounds fOr UT Set.......cccccoiiiiiiii i 36
Figure 36 Lower Bounds for 125 N-0.1 mm/pass DR Set .........cccccccevveviiieiecic e 36
Figure 37 Lower Bounds for 250 N-0.1 mm/pass DR Set .........c.ccoovveiinenineniniseeee, 37
Figure 38 Lower Bounds for 500 N-0.1 mm/pass DR Set ..........ccccccoviriiiinincinincennn, 38

Figure 39 Fatigue Test Results at 180 MPa Stress Amplitude for Different Feed Rates.... 39
Figure 40 SEM Images of UT Specimen Fractured under 62 = 160 MPa (a) General view (b)
Crack Initiation Zone (c) Fatigue Striations Close to Crack Initiation Zone (d)
SUAAEN FraCture ZONE .......ccuveiieieieiesieesie ettt nnes 40
Figure 41 SEM Images of TR-250N-0.1mm/pass Specimen Fractured under ca = 160 MPa
(@) General view (b) Crack Initiation Zone (c) Fatigue Striations Close to Crack
Initiation Zone (d) Sudden Fracture ZOone ..........ccocvveeeeienenene e, 41
Figure 42 SEM Images of LR-250N-0.1mm/pass Specimen Fractured under o = 160 MPa;
(@) General view (b) Crack Initiation Zone (c) Fatigue Striations Close to Crack

Initiation Zone (d) Sudden Fracture Zone ..........ccccoevvevvevieciese e 42



LIST OF TABLES

Table 1 Chemical Composition of EN-AW 6082 Aluminum Alloy [wt.%].........c.ccccueee.. 12
Table 2 Strength Values for Different SHT Temperatures after 480min-180°C AA ......... 16
Table 3 Size Measurements Of PreCIpItates. ..........cooviiriiiieiiiene s 21
Table 4 Fatigue Strength Values at 10° Cycles for 0.1 mm/pass Specimens...................... 34

Table 5 Lower Bound Fatigue Strengths at 10° cycles for 0.1 mm/pass DR Specimens.... 38



1. INTRODUCTION

Regulations on greenhouse gases and emission standards are becoming tighter for
automotive industry [1]. Therefore, automotive manufacturers should produce lightweight
vehicles without compromising safety in order to reduce fuel consumption. For this reason;
usage of lightweight materials and/or less material usage became prominent. Usage of
aluminum alloys as an alternative to steels for manufacturing of dynamically loaded
components has been increasing in automotive industry as stated in [2]. Heat-treatable EN-
AW 6xxx series aluminum alloys are especially used for manufacturing of dynamically

loaded parts such as wheel suspension arms.

Since the cause of mechanical failures in modern machinery is predominantly fatigue [3], it
is important to improve fatigue properties of dynamically loaded components. Initiation of
fatigue cracks usually occurs in surface region due to defects at surface [4]. Reducing surface
roughness is known to be beneficial for fatigue strength as stated in the work of Kirkhope et
al. [5], since reduced roughness decreases notch effect and impedes crack initiation.
Introducing compressive residual stress layer at surface region also allows for improvement
in fatigue strength [6]. Because, fatigue failure requires tensile loads and compressive
residual stresses reduces the applied tensile loads on components so that crack initiation and
propagation can be hindered. Mechanical surface treatments which enhances these surface
properties of components can be used to increase fatigue strength. Main mechanical surface
treatment methods are; shot peening (SP), laser shock peening (LSP) and deep rolling (DR)
as designated in reference book on the subject [7]. Since deformation on component is not
homogenous after these treatments, compressive residual stresses can be obtained near-

surface region if appropriate process parameters are used.

Shot peening process is applied using high velocity shots made of steel or ceramic to peen
the material surface for a predetermined time and intensity [8]. In the work of Maio et al.
[9], fatigue strength of 2024 aluminum alloy specimens were increased up to 28% after shot
peening treatment. However, shot peening generally affects surface topography negatively,
since peening occurs randomly and as a result some deep valley may form after treatment
[10]. Laser shock peening process relies on short laser pulses of some nanoseconds to peen

material surface [11]. This process provides an opportunity for peening of surface in a more



controlled manner compared to shot peening. Deeper compressive residual stresses were
observed for laser shock peening than shot peening [12]. In addition to that, surface
roughness increase after laser shock peening was shown to be less than it was after shot
peening [13]. Deep rolling is applied on components using ball or roller shaped apparatus.
Application of load may be ensured employing either hydraulic or mechanical (by use of
springs) principles [7]. Compared to shot peening and laser shock peening, deep rolling
results in deeper compressive residual stresses up to 1 mm depth compared to 0.2 mm for
shot peening and 0.8 mm for laser shock peening as reported in [14]. Substantial hardness
increase in surface region was observed by Richards et al. [15] up to 1.3 mm depth after deep
rolling. Apart from these effects, deep rolling reduces surface roughness; which in turn
reduces notch effect at surface and hinder crack initiation [16]. Reduction of roughness is a

distinctive advantage of deep rolling over shot peening and laser shock peening.

Because of the effects explained above, mechanical surface treatments are viable options to
improve fatigue strength properties. Shot peening is the oldest and most traditional method
and allows for complex shapes to be processed. However, reduction in surface quality after
shot peening possess a significant problem in terms of fatigue strength properties. Laser
shock peening requires a significant capital investment in the order of million-dollar-plus as
indicated by a manufacturer [17]. On the other hand, deep rolling tools are cheap; and rolling
operation can be performed on already existing conventional or CNC lathes. The fact that
roughness is reduced and deep compressive residual stresses form after deep rolling;
combined with economical advantage, allows for significant improvement of fatigue
strength for industry. In this work, EN-AW 6082 aluminum alloy was used in T6 condition.
This alloy is commonly used in automotive industry for manufacturing of dynamically
loaded components such as wheel suspension arms. Firstly, a preliminary study was
performed to investigate effects of T6 heat treatment parameters on mechanical properties,
since there was no standard procedure on the subject. After that, deep rolling was applied on
manufactured specimens. Surface state alterations and fatigue strength enhancements after
deep rolling were compared to study the effect of deep rolling parameters on fatigue strength

properties of EN-AW 6082 aluminum alloy.



2. STATE OF THE ART

2.1. Heat Treatment

EN-AW 6xxx series aluminum alloys; sometimes referred as Al-Mg-Si alloys, are heat-
treatable and commonly used in T6 condition [18]. T6 heat treatment consists of solution
heat treatment above 500°C, rapid quenching and subsequently artificially aging (AA) at
temperatures above 130°C for a pre-determined time to obtain precipitation hardening
response; thus increasing strength [19-21]. Precipitates responsible for hardening has a
complex forming sequence which was well explained by [22-23]. In essence, a
supersaturated solid solution (SSSS) is obtained after solution heat treating and quenching.
Obtained solid solution consists of quenched-in vacancies and dislocations that allows for
nucleation and growth of meta-stable needle shaped B" precipitates during artificial aging.
This precipitate is the main hardening phase for precipitation hardening of 6xxx alloys. An
increased delay after quenching reduce effectiveness of subsequent artificial aging;
therefore, time between quenching and artificial aging should be minimized to obtain highest
performance from heat treatment [19]. Because, clusters containing Mg and Si forms in
SSSS at room temperature and these clusters occupies quenched in vacancies, which are
normally needed for B" nucleation. Therefore, precipitate nucleation becomes less likely or
even impossible. Apart from this, excessive artificial aging time was shown to cause over-
aging, which reduces strength as aging progresses. This effect is more pronounced and
significantly faster in high temperature applications than lower temperature ones [21].
Reason for this is transformation of B” to B’ precipitate. Because of these reasons, it can be

said that peak-age condition for AA is a strong function of both temperature and time.

2.2. Fatigue Behavior

Fatigue failure of metals has been noticed since 1830s. Metal components that were loaded
well below the strength required to fracture in a fluctuating manner were observed to fail
[24]. Since fatigue failures usually occurs without external warning, it possesses a severe
risk for economic losses, injuries and deaths. Therefore, investigation of fatigue strength
behavior is critical. First systematic investigation on fatigue was conducted by August
Wohler [25] in 1870 who at the time worked as railway engineer. His study on fatigue of
railway axles is an example of stress-controlled fatigue testing in which load on specimen is

held constant throughout fluctuating loadings until fracture. Other method for fatigue testing



is strain-controlled test as shown in [26] in which strain on specimen held constant
throughout test until fracture. Generally, high cycle fatigue (HCF) behavior where life until
fracture is above 10* cycles are determined using stress-controlled tests whereas low cycle
fatigue (LCF) behavior for fracture below 10* cycles is determined strain-controlled tests
[24]. Fatigue tests can be done without mean stress/strain (fully reversed), with mean

stress/strain or in an irregular manner as shown in Figure 1.
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<\/'

1 Cycles —

(e)
Figure 1 Typical Stress Controlled Fatigue Cycles (a) Fully Reversed (b) With Mean Stress
(c) Irregular Stress Cycle [24]

Fatigue of metals can be divided into 4 segments: Crack nucleation, micro-crack
propagation, macro-crack propagation and final fracture as shown in Figure 2 [27]. Initial
nucleation of fatigue crack happens on high shear stress planes where plastic strain
accumulates and results in persistent slip bands (PSB) as fluctuation continues [28]. In
micro-crack propagation or Stage-I crack growth; high shear stress planes of persistent slip
bands deepen and form a micro-crack [29]. After a critical crack length, crack growth
direction changes to be perpendicular to applied maximum tensile load, which is called
macro-crack propagation or Stage Il crack growth. After macro-crack propagation, a
sufficiently long crack causes material to fail catastrophically under last loading cycle since
not enough material is left to resist loading. Generally, most of the life is spent on Stage-II
crack growth in LCF whereas most of the life is spent on Stage-I growth for HCF [24].



. Macrocrack
. Propagation |
E
_'j Microcrack
Sé Propagation
) : :
Crack Final
Nucleation Fracture
>
0 N, Fatigue Life N,

Figure 2 Fatigue Life Stages [27].

2.3. Surface Treatment Methods

Mechanical surface treatments can be applied on components to improve surface-region
properties, since fatigue properties are prone to surface-region state of a material. Three
mechanical surface treatment methods, namely; shot peening, laser shock peening and deep

rolling were discussed in this section.

2.3.1. Shot Peening
Shot peening process involves accelerated shot of high hardness made of steel, ceramic or
glass to peen material surface [8]. During collision between shot and workpiece, a portion
of kinetic energy of the shot results in a local plastic deformation at workpiece surface and
purely elastic deformation under a critical length. When the shot leaves the surface,
elastically deformed section cannot recover completely because of the plastically deformed
layer at surface and generates residual compressive stress state at surface [30]. By peening
the whole surface thoroughly, a uniform compressive residual stress state can be achieved.
Maio et al. [9] reported compressive stresses reaching to 0.5 mm in cast iron specimens after
shot peening. As a result, they achieved 31% fatigue strength improvement. However, shot
peening inherently increases surface roughness, which is unfavorable for fatigue strength. In
addition, selection of inappropriate process parameters may result in crack-like defects as

shown by Bagherifard et al. [10].
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Figure 3 Schematic Representation of Shot Peening [31]

2.3.2. Laser Shock Peening
Laser shock peening employs laser pulses instead of shots. In order to apply LSP, surface to
be peened is painted and a water layer is used as a transparent overlay. When the laser pulse
interacts with the paint, paint transforms into plasma by expanding and creating a high-
pressure shock. This shock stage lasts some nanoseconds and causes workpiece surface to
deform plastically, which results in compressive residual stress state at surface [11].

Schematic representation of LSP can be seen in Figure 4.

Laser pulse ﬁ'gﬁ"i

v
Interaction o0 Transparent
X : overlay
region .
Black paint
7 1 A
Material

Figure 4 Schematic Representation of Laser Shock Peening [11]

Laser shock peening has been generally applied in aviation industry [32-33]. Dane et al. [32]
applied LSP on Inconel 718 and obtained compressive residual stresses reaching up to 1 mm

compared to 0.5 mm for SP. This alloy commonly used for manufacturing of turbine blades



of jet engines. Nalla et al. [33] applied LSP on Ti-6Al-4V and obtained considerable fatigue

strength improvement. However, this improvement was less than it was for deep rolling.

2.3.3. Deep Rolling
Deep rolling is applied on workpiece surface using hydraulically or mechanically supported
ball or roller with a predetermined force, feed rate and rolling speed [34]. An example of the
process can be seen in Figure 5. Deep rolling force (p), feed (f;) and rolling speed (vr) were
shown on the figure. Deep rolling is expected to result in three main enhancements: hardness
increase at surface, decrease in roughness and compressive residual stress layer near surface.
Alterations at surface are usually determined using either experimental of numerical
methods. Sufficiently accurate analytical methods to predict residual stresses could not be

derived; due to complex 3-dimensional nature of the process [7].

_ fatigue
Sl specimen

A

R IR

Figure 5 Deep Rolling Using Hydraulically Supported Balls [34]

Hardness increase due to work-hardening in surface-region is known to be beneficial for
fatigue strength [6]. Increased hardness means higher resistance to plastic deformation.
Therefore, higher hardness is expected to hinder crack initiation by reducing plastic strain
accumulation. Abrao et al. [36] reported 37% hardness increase at surface after deep rolling

for a carbon steel. Similarly, Abdulstaar et al. [37] reported 21% hardness increase at surface



for 6082 aluminum alloy. In the same study, it was shown that hardness increase at surface
was higher for DR than it was for SP.

Deep rolling reduces surface roughness by deforming the ridges at surface and flattening
them. Beghini et al. [38] reported reduction of average roughness (Ra) from 0.65 um to 0.28
um. They also showed that roughness obtained after deep rolling was a strong function of
roughness value before deep rolling. As a result of reduction in roughness, fatigue strength
increases because of reduced notch effect [6]. If rolling force exceeds a certain level, surface
roughness improvement can be reduced. Therefore, care should be practiced to determine
rolling force [7].

Cylindrical
specimen

Figure 6 Deep Rolling Using Mechanically Supported Roller [38]

Compressive residual stresses formed after deep rolling is the most important effect after
deep rolling. Sticchi et al. [39] reported 5 times deeper compressive residual stresses were
formed after DR compared to SP. Compressive residual stresses which can reach up to 1 mm

depth were reported by several research groups [37-39].

Due to reasons listed above, fatigue strength improvements in the range of 20% and 300%
were reported in literature [37, 40-41]. DR can be applied in a controlled and homogenous



manner; therefore, can be used in manufacturing of components of high-added value such as
turbine blades of jet engines [42].
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Figure 7 Residual Stress Measurements in Different Directions for Different Feeds [38]

Recent studies showed that residual stresses formed after deep rolling were not same in every
direction after DR. DR on 7075 aluminum alloy resulted in higher compressive residual
stresses at surface in feed direction than rolling direction in the work of Beghini et al. [38].
Their deep rolling geometry and residual stress measurement results were shown in Figure
6 and 7, respectively. In Figure 7, or and or are residual stresses in rolling and feed direction,
respectively. Residual stresses in feed direction were almost twice as much as residual
stresses in rolling direction. Similarly, Wong et al. [35] showed different residual stresses in
different directions for Ti-6Al-4V alloy after DR. Coules et al. [43] investigated 3-
dimensional residual stresses after DR and showed that residual stresses after DR were in
fact dependent on direction. All of these works were conducted on flat-surface specimens.
However, components in industry are generally either axisymmetric or involving some radii.
DR on axisymmetric components was conventionally applied in such manner that rolling
direction is tangential to turning direction and feed direction is in the direction of
longitudinal axis of workpiece [7]. However, residual stress profiles are expected to be
different in these two directions after deep rolling. Therefore, changing DR direction is
expected to influence fatigue behavior considerably for axisymmetric parts. Longitudinal
rolling, in which the rolling direction is in the longitudinal axis direction of component was

not reported in literature before.



Fig. 8 shows fatigue lives of EN-AW 7075 aluminum alloy for different conditions. For 130
MPa stress amplitude, deep rolling (regarded as roll-peening in the figure) yielded best
results whether rolling force was low or high. Approximately 1,500,000 cycles were reached
for high-force roll-peening compared to 200,000 cycles for fretting fatigue and 650,000
cycles for shot-peened samples. As stress amplitudes increased, shot peened samples became
better in terms of fatigue life. For example, at 280 MPa stress amplitude shot-peened samples
exhibited approximately 200,000 cycles compared to 100,000 for roll-peened samples. This
is the result of more stable work-hardened layer after shot peening than deep rolling as was
suggested in [7]. In order to improve stability of deep-rolled surface, deep rolling can be
done with multiple passes to saturate the surface state. Nevertheless, deep rolling was still

found to be attractive for low-stress high-cycle applications.
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Figure 8 Different Applications and Fatigue Life Data for 7075 Aluminum Alloy [47]
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3. NOVEL APPROACH

Literature survey showed that for asymmetric parts, deep rolling in tangential directions as
shown in Figure 9(a) is conventional application of DR. Longitudinal rolling direction was
not reported for deep rolling in literature before. However, different residual stresses form
after deep rolling when roller type tool is used. Therefore, effect of deep rolling direction on
fatigue strength of axisymmetric parts was investigated in this study using un-treated (UT),

tangentially rolled (TR) and longitudinally rolled (LR) specimens.

Figure 9 Deep Rolling Directions (a) Tangential Rolling (b) Longitudinal Rolling
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4. METHODS AND PRELIMINARY INVESTIGATIONS

This section is dedicated to explain experimental and analytical methods used in this work.
In addition to that, preliminary investigation regarding the T6 heat treatment of EN-AW

6082 Aluminum Alloy was also presented.

EN-AW 6082 aluminum alloy bars of 15 mm diameter and 1 m length were supplied.
Chemical analysis results supplied by manufacturer was presented in Table 1. In order to
manufacture specimens, 1 m bars were cut into 120 mm long pieces and all test specimens

were produced using these pieces.

Table 1 Chemical Composition of EN-AW 6082 Aluminum Alloy [wt.%]
Si Fe Cu Mn Mg Cr Zn Ti Al
0.93 0.295 | 0.015 0.53 1.00 0.0055 | 0.083 | 0.012 97.2

4.1. Mechanical Behavior Investigations

In order to determine mechanical behavior, tensile tests were carried out in accordance with
DIN50125:2009-07 standard. Tests were done using type-A specimens with 8 mm gage
diameter and 40 mm gage length (DIN 50125 — A 8 x 40). Tensile test specimen geometry
can be seen in Figure 10(a). Tests were conducted on a servo-mechanical UTEST testing
machine at room temperature. Strain rate was 1x10° [mm/mm]. For every tensile test
condition, 3 specimens were tested and results were averaged. For hardness measurements,
specimens were ground using successive grit-papers of 240-400-1000-2500 um followed by
polishing with 6 pm and 1 pm diamond solutions. Hardness tests were conducted using
Future-Tech FM-700e Vickers Hardness tester. 1ISO 6507-1 standard was used as a reference
for hardness tests. When hardness of bulk of the material interior was to be measured, 500 g
load was used. However, when hardness measurements of surface regions were needed, 10
g load was used to capture more spatial resolution with hardness tests. In all of the cases 15

s dwell time was employed.

Fatigue properties were investigated using stress-controlled fully reversed (R=-1) cycles in
high cycle fatigue region. ASTM E466-07 standard was used as reference for conducting
fatigue tests. Fatigue test specimen geometry can be seen in Figure 10(b). Tests were done

using servo-hydraulic BESMAK axial fatigue test machine at 5 Hz. For stress-controlled
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fatigue investigation; different stress amplitudes are applied on specimens in a fluctuating
manner for fully reversed stresses until specimen fracture. After each specimen failure,
fatigue life of corresponding specimen is recorded. Recorded fatigue life is dependent
variable. After all of the test has finished, recorded fatigue lives are plotted together with
stress-amplitudes. Wohler curves (S-N diagrams) in the form of equation (1) are to be
derived. In equation (1), Sa is stress amplitude selected, Nt is fatigue life until failure, S; is
fatigue strength coefficient and b is the fatigue strength exponent. Constants S; and b are
derived using least squares regression method and Wohler curves are formed. These curves
show how much life can be expected for a given stress amplitude for components.

S, = SHNp” @)

Since fatigue behavior exhibits significant scatter, other statistical methods were employed
to derive lower bounds for Wohler curves. These methods were lower 3-sigma and Owen
one-sided tolerance limits. Procedure for calculation of these lower bounds explained in [44].
Both of these methods relies on calculation of standard error of experimental data set around
Wohler curve. Afterwards, this standard error is multiplied with some constant number and
subtracted from Wohler curve. For lower 3-sigma, aforementioned constant is taken as 3.
However, for Owen one-sided tolerance limit, this constant is a function of sample size,
desired reliability and confidence interval. Determined constants can be found on some
reference studies [45]. In the current study, 90% reliability and 90% confidence interval was

used for Owen one-sided tolerance limits.
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Figure 10 Test Specimens (a) Tensile test specimen (b) Fatigue test specimen
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4.2. Preliminary Heat Treatment Investigations

Heat treatment procedure to obtain T6 condition in EN-AW 6082 aluminum alloy was
investigated and presented in this section. T6 heat treatment starts with solution heat
treatment (SHT) generally above 500°C followed by rapid quenching to obtain
supersaturated solid solution (SSSS). After quenching, artificial aging (AA) is applied to
obtain meta-stable " precipitates. This precipitate is the main hardening precipitate and

therefore desirable. General precipitation sequence was suggested as [22]:

SSSS — solute clusters — small spherical precipitates— needle-shaped " — ' —

Effects of SHT temperature, AA temperature and time were investigated to reveal the

dependency of mechanical properties on T6 temper parameters.

4.2.1. Effect of Solution Heat Treatment Temperature
In order to investigate the effect of solution heat treatment temperature on precipitation
behavior, three SHT temperatures; 500°C, 525°C and 550°C were applied on specimens for
90 minutes and specimens were quenched subsequently. Afterwards samples with 4 mm
diameter and approximately 24 mg mass were prepared using standard metallographic
procedures for every SHT condition. DSC analyses were performed on prepared samples
using Hitachi DSC 7020 machine between room temperature and 350°C with heating rate of
10°C/min. Apart from DSC analyses, tensile tests for artificially aged specimens for every

SHT condition were performed. AA was applied 480min-180°C for this investigation.
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Figure 11 DSC Results (a) DSC Curves of Specimens that were Solution Heat Treated at
Different Temperatures (b) Specific Enthalpy Changes Calculated for Peak
around 250°C

Figure 11(a) shows that as SHT temperature increased, starting point of exothermic peak
around 250°C shifted towards lower temperatures and peak intensity has increased. This
peak is associated with formation of " precipitate [46]. This shows that higher SHT
temperatures results in more favorable SSSS condition for B precipitate to nucleate. In
addition, specific enthalpy changes corresponding to exothermic peak around 250°C has
increased in magnitude as can be seen in Figure 11(b); meaning more precipitate could
nucleate. Tensile test results after 480min-180°C AA were shown in Table 2 for different
SHT conditions. Yield strength (oy) and ultimate tensile strength (cuts) values seen in Table
2 confirms the DSC results. As SHT temperature increased, obtained yield strength values
increased from 287.8 MPa to 298 MPa for 500°C and 550°C, respectively. Similar trend was
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also observed for ultimate tensile strengths. In addition, standard deviations shown in Table
2 also decreased for higher temperature SHT, hence increasing reliability. Therefore, 550°C

temperature was found to be an appropriate temperature to carry out SHT and used as SHT
temperature throughout the current study.

Table 2 Strength Values for Different SHT Temperatures after 480min-180°C AA

500°C 525°C 550°C
oy[MPa] | 287.8£22.7 | 284823 | 2981541
cuts[MPa] | 305.4%22.5 | 304.1#5.0 | 318.95.2

4.2.2. Effect of Artificial Aging Schedule on Mechanical Behavior
Effects of artificial aging temperature and time on mechanical properties of EN-AW 6082
aluminum alloy was investigated using temperatures between 180°C-230°C and aging times
of 60-120-240-480 minutes. In order to investigate temperature dependence, 10°C

increments were used in AA schedules. Schematic representation of investigated AA
schedules can be seen in Figure 12.
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Figure 12 Schematic Representation of AA Schedule

Figure 13 shows strength values obtained from tensile tests after AA treatments. It can be
seen in Figure that peak-age time reduced as AA temperatures increased. For example, peak-
age yield strength of 315 MPa was found for 240min-200°C AA compared to 306 MPa yield
strength found for 60min-220°C AA. It is important to note that real peak-age conditions
can be in between data points. Nevertheless, effect of temperature on age-hardening response

can be realized with ease. In all of tested temperatures, peak-age yield strength values were
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in a small range between 298 MPa and 315 MPa. Therefore, it can be said that peak-age
yield strength value is not affected significantly by AA temperature; rather time to get peak-
age response is affected by it. For temperatures T > 200°C, over-aging observed where
strength values decrease after peak-age point as AA continues. For example, yield strength
was reduced from 310 MPa to 289 MPa from 240min to 480 min AA at 210°C. Tensile
strength results show parallelism to yield strength behavior and peak-age conditions

followed by over-aging were observed on tensile strengths as well.
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Figure 13 Strength Values for AA treatments (a) Yield Strength (b) Tensile Strength

Hardness values obtained for each AA condition were presented with corresponding tensile
strength values in Figure 14. As can be seen, a linear relationship with a sufficient efficiency
can be established. Correlation coefficient of R? = 0.96 was found. This value indicates
scatter of data was minimal and proposed linear relationship was accurate. Slope of the line

was found to be approximately 2.3.
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Figure 14 Relationship between Hardness and Tensile Strength; Natural Aging (NA)

Specimens were also presented

Figure 15 shows elongation behavior for different AA treatments. Elongations reduced as
artificial-aging progressed up to peak-age condition as expected. Uniform elongation of 5%
and total elongation of 15% were satisfied at peak-age condition for every AA procedure.
However, elongation increase during over-aging was not at the level that was expected.
Over-aged specimens showed both lower elongation and strength values than under-age
and/or peak-age specimens. For example, 240min-230°C AA vyielded lower yield strength
than 60min-190°C AA as seen in Figure 14. However total elongation for 240min-230°C
AA was 20% whereas it was 26% for 60min-190°C. These results are compatible with results
of [21] who reported lower fracture toughness values for over-aged samples than under-aged
ones for same strength level. Therefore, it can be said that over-aging has a negative effect

on ductility of 6082 aluminum alloy.
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Figure 15 Elongations for AA treatments (a) Uniform Elongation (b) Total Elongation

Fatigue properties were investigated for two AA conditions. 480min-180°C AA is acommon
practice in industry and 240min-200°C AA had highest yield strength of 315 MPa in the
current study. As can be seen in figure 16, application of 240min-200°C AA instead of
480min-180°C had no adverse effect on high cycle fatigue behavior. In fact, there was a
slight improvement in fatigue strength by applying 240min-200°C. This is not surprising
since tensile strength of 240min-200°C AA was higher than 480min-180°C AA. Fatigue
strength at 10° cycles were 162 MPa and 159 MPa for 240min-200°C and 480min-180°C,
respectively.
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Figure 16 Fatigue Properties of Selected AA Treatments

4.2.3. Effect of Artificial Aging Schedule on Precipitate Formation
Precipitates formed during aging were investigated using transmission electron microscopy.
Specimens of 8 mm x 8 mm squares were prepared with a thickness of 300 um. Afterwards,
3 mm diameter disks were punched from these specimens and thinned using twin-jet
electropolishing with nitric acid solution. Examinations of TEM were made using JEOL

JEM-2100 electron microscope.

Figure 17 and 18 show TEM micrographs of 480min-180°C AA and 240min-200°C,
respectively. Both cases exhibited both spherical precipitates and needle-shaped B”
precipitates. Average sizes of precipitates and corresponding standard deviations were
presented in Table 3. Both precipitate types were larger for 240min-200°C than 480min-
180°C. Measured " length for 480min-180°C AA was consistent with the study of Cuniberti
et al. [19] who measured 17.6 nm length for B” for 240min-180°C. In the same work, 30
minutes of AA at 180°C resulted in 14 nm length for B" precipitates. This shows that there
was only 3.6 nm (25%) increase in length from 30 minutes to 240 minutes AA. Therefore,
for the current study, 17.2 nm length of " precipitates for 480min-180°C are not expected
to increase considerably with further AA. On the other hand, 240min-180°C AA resulted in
21.3 nm length for B". This suggests that AA temperature has a significant effect on final B”

precipitate length at peak-age condition.
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Table 3 Size Measurements of Precipitates

Diameter (Spherical) or Length (B") [nm]
180°C-480 min 200°C-240 min
Spherical 11.0+0.8 144 +£2.7
B” 17.2+2.1 21.3+24

oy J ‘ £ % 3 % AL
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Figure 17 TEM Images of 480min-180°C AA specimen

21



Figure 18 TEM Images of 240min-200°C AA specimen

4.2.4. Selection of T6 Treatment Procedure
Figures 13 and 14 show that 480min-180°C AA resulted in ultimate tensile strength higher
than 300 MPa (319 MPa) and exhibited a sufficient uniform elongation of 8%. Uniform
elongation is critical for deep rolling since surface of the specimen is stretched in deep rolling
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and some degree of ductility is needed. Therefore, 480min-180°C AA was used in

subsequent investigations.

4.3. Manufacturing of Deep Rolling Specimens

Several types of specimens were manufactured to investigate the effects of deep rolling on
specimens. Deep rolling was performed using Yamato SKUV20-2.5R-A80 model deep
rolling tool. It has 85 mm roller disk diameter and 2.5 mm tip radius. Load application of
DR tool is provided by spring within the tool. This spring is loaded using hex key for a
predetermined amount. Hex key screw on deep rolling tool was shown in Figure 19. For
investigations, three forces were applied for deep rolling; 125 N, 250 N and 500 N. Rolling
speed was selected as 10 mm/s for all applications. Feed rates of 0.1 mm/pass, 0.2 mm/pass

and 0.3 mm/pass were employed.

Figure 19 Deep Rolling Tool and Hex Head Screw to Load Spring within

In order to manufacture a flat surfaced specimen using a milling machine out of 15 mm
diameter bar, a fixture was designed to hold the bar as can be seen in Figure 20. Fixture was
subjected to grinding to obtain the net final shape accurately. Using this fixture, flat

specimens were manufactured in a standardized manner.
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Figure 20 Fixture Designed to Manufacture Flat Surface Specimen

Deep rolling of Flat surface was shown in Figure 20. Flat specimens with a width of 11.6
mm were manufactured and subjected to deep rolling for roughness and residual stress

measurements. Rolling and feed directions were shown in Figure 20.

Figure 21 Deep Rolling of Flat Specimen (a) Side-view (b) Front-view
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Figure 22 Cylindrical Roughness Measurement Specimen; Dimensions in mm.

Geometry of cylindrical specimens for roughness measurements were shown in Figure 22.
These specimens were subjected to deep rolling in tangential and longitudinal direction as
shown in Figure 23(a) and 23(b), respectively. Likewise, application of deep rolling on
fatigue specimen was shown in Figure 24. Geometry of fatigue specimens was already
shown in Figure 10(b) under the section 3.1. 45 mm radius corner were used in order to be
able to conduct longitudinal rolling in gage section completely, since deep rolling tool has

42.5 mm roller radius.

Figure 23 Deep Rolling of Cylindrical Roughness Specimen (a) Tangential (b) Longitudinal
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Figure 24 Deep Rolling of Fatigue Specimens (a) Tangential (b) Longitudinal

4.4. Roughness Measurements

Roughness measurements of specimens were conducted in accordance with 1SO 4287-1997
standard. Both Ra (average roughness) and Rz (ten-point maximum roughness)
Measurements were measured. Measurements were done using Mitutoyo SJ-210 skidded
stylus roughness device. All the measurements were done in the direction of longitudinal
axis of specimens. Measurements in tangential direction for cylindrical specimens were not
possible, because the measuring device was skidded. Roughness measurements of curved
surfaces can be done using skidless stylus instruments. At least 10 measurements were done
for each case and roughness values were averaged. Roughness measurement configuration

was shown in Figure 25.

Figure 25 Roughness Measurement Configuration (a) Front-view (b) Side-view
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4.5. Residual Stress Measurements

Residual measurements were done using hole drilling method (HDM) according to ASTM
E837-08 standard. Measurements were done on flat specimens since curved specimens yield
erroneous results with this method. In this method, a hole is drilled with successive steps
onto specimen and strains were recorded using strain gages for each step. Schematic
representation of a strain gage type was shown in Figure 26.

Figure 26 Type-A 031-RE Strain Gage for HDM [ASTM E837-08]

In this study, x-direction of strain gage shown in Figure 26 was aligned with specimens’
longitudinal directions as shown in Figure 27. Diameter of the hole to be drilled was 1 mm.
Maximum measurable depth is 0.5 mm for this case. In practice however, after 0.4 mm
measurement results became unreasonable. Therefore, measurements were done up to 0.4
mm depth using 6 measurement steps. Drill bit turning speed was 15000 rev/min and feed
rate was 1 um/s. In order to be able to drill the hole in correct position, two perpendicular
cameras were employed and positioning was done using these cameras. Measurement

system can be seen in Figure 28.
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Figure 27 Strain Gage on Specimen

Using the strain recordings after each step, corresponding strain vectors can be obtained as

below;
p;=(es+ E1)1,/2 2
q; = (&3~ 81)j/2 3
= (e3+ £1- 262) /2 4)

Using ajx and bjk constants supplied in ASTM E837-08, below equations can be solved in

matrix form. Bold characters represent vector or matrix quantities;

aP=—p 5)
bQ=Eq (6)
bT=Et (7)

Cartesian stress components can be calculated using obtained vectors as follows;

(6. =P;-Q (8)
(0,) =P+ Q (©)
(ty) =T, (10)
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Figure 28 Residual Stress Measurement System

29



5. RESULTS

Experimental results of this work were presented under this section. Roughness, hardness,

residual stress and fatigue property alterations were all discussed under separate sections.

5.1. Roughness Results

Roughness values of tangentially rolled (TR) 8 mm diameter cylindrical specimens were
presented in Figure 29 for different DR forces and feeds. Results of untreated (UT) specimen
were presented as well. For every DR parameter, both Ra and Rz values were decreased
compared to UT specimen and there was no adverse effect. Feed rate had a significant effect
on roughness values. In contrast, dependence of Ra and Rz on DR force was small for the
same feed rate. For example, at 0.1 mm/pass feed rate, 125 N force resulted in 0.08 pm Ra
compared to 0.1 um for 500 N. Difference between them was negligible since UT specimen
Ra was 0.72 pm and significant improvement was made after DR. A similar trend was

observed for Rz as well.
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Figure 29 Roughness Values for TR Specimens

Figure 30 shows roughness values of longitudinally rolled (LR) specimen set. Similar to TR
set, for all DR conditions, roughness values were improved compared to UT specimen. Feed
rate had more influence over Ra and Rz values than force as it was in TR. However, force
had more pronounced effect for LR than for TR. For example, at 0.1 mm/pass feed rate, Ra
value for 125 N was approximately 3 times of the value for 500 N; 0.202 um for 125 N
compared to 0.064 um for 500 N. Similar trend was observed for Rz.
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Figure 30 Roughness Values for LR Specimens

5.2. Hardness Results

Hardness measurements to investigate work-hardening at surface region were done for 8 mm
diameter 0.1 mm/pass specimens. Figure 31 shows hardness measurements of specimens
with DR forces 125 N, 250 N and 500 N were shown. Black lines represents bulk material
hardness of 123.1 HV. According to Figure 31(a), hardness distribution of 125 N resulted a
minor change in hardness, only limited to close proximity of surface. For 250 N and 500 N,

hardness increases were more pronounced.

For 250 N DR, TR and LR did not result in any significant difference in hardness
distributions and for both cases; hardness increase reached approximately 0.8 mm depth.

Approximately 10% increase in hardness values were obtained close to surface for 250 N.

For 500 N DR, there was an observable hardness behavior difference between TR and LR.
TR resulted in more pronounced hardness increase than LR. In TR, contact area is smaller
than LR. Because of this, higher stresses develop in surface region and more plastic
deformation occurs than LR; hence more work-hardening. Hardness increase reached

approximately 1 mm depth.

These results showed that considerable work-hardening was obtained using DR whether it
was TR or LR. Especially for 250 N and 500 N DR, work-hardened surface layer was
achieved. This is beneficial for fatigue strength since hardness increase is expected to hinder

fatigue crack initiation.
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5.3. Residual Stress Results

Residual stress profiles for flat surface DR specimens were shown in Figure 32. 0.1 mm/pass
feed rate was used for all forces. For every DR force, compressive residual stresses were
observed near-surface region. Residual stresses showed a decreasing trend toward a
minimum value at first, and then increased afterwards. Minimum residual stress (maximum

compressive) location got deeper as DR forces increased. For 500 N DR, residual stress trend
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toward the surface shows that residual stress values were higher (more tensile) at surface.
This affect fatigue strength negatively, since fatigue cracks generally initiates at surface.
Residual stresses at depths more than 0.4 mm could not be measured. Compressive residual
stresses near surface should be balanced by tensile stresses at interior. Because of this, higher
tensile residual stresses are expected in deeper regions for higher DR forces, since
compressive residual stresses near surface reduced as DR forces increased. This can result
in crack initiation at maximum tensile residual stress locations and increased crack

propagation speed at these locations for existing cracks.
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5.4. Fatigue Test Results

Fatigue tests were conducted using at least 10 specimens for each case. Figure 33 shows
Wohler curves obtained after DR using 0.1 mm/pass feed together with UT specimens.
Experimental data points were not presented because of the clarity of the figure. Both TR

and LR resulted in considerable fatigue strength increase compared to UT. This is the
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combined result of reduced roughness, increased hardness and compressive residual stresses

at surface for deep rolled specimens compared to un-treated ones.
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Figure 33 Wohler Curves after Fatigue Test for 0.1 mm/pass Feed (a) TR (b) LR

Fatigue strength at 10° cycles is commonly used to quantify fatigue properties of materials.
Table 4 shows the median fatigue strength values at 10° cycles for each case. It can be seen
that up to 26% increase in fatigue strength could be achieved using deep rolling for 6082
aluminum alloy. Maximum increase in fatigue strength was obtained after 125 N LR with
172 MPa fatigue strength compared to 136 MPa for UT. In general, LR resulted in higher
fatigue strength values compared to TR. This behavior can also be seen in Figure 34.

Table 4 Fatigue Strength Values at 108 Cycles for 0.1 mm/pass Specimens

TR LR
125N | 250N [ 500N | 125N [ 250N | 500N
Fatigue Strength [MPa] 136| 168 | 145 | 159 | 172 | 167 | 167
Fatigue Strength Increase [%] | - 24 7 17 26 23 23

uT
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Figure 34 Comparison of Woéhler Curves for TR and LR (a) 125 N (b) 250 N (c) 500 N
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Fatigue tests are prone to scatter and uncertainties. Therefore, statistical methods were used
to quantify the effects of scatter. This procedure was explained under Section 4.1. Significant
scatter can be observed in Figure 35 for UT specimen set. Therefore, lower bounds were
considerably lower than median curve. Fatigue strengths of 87 MPa and 68 MPa were found
at 108 cycles for R90C90 (90% reliability and 90% confidence interval) and lower 3-sigma,

respectively. Median curve exhibited 136 MPa fatigue strength. This scatter can be attributed



to surface state of UT specimens, which were in as-turned state and significant irregularities

were present at surface.
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Figure 35 Lower Bounds for UT Set

Figures 36, 37 and 38 show lower bound curves together with median curves for 125 N, 250

N and 500 N DR sets with 0.1 mm/pass feed rate, respectively.
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Figure 36 Lower Bounds for 125 N-0.1 mm/pass DR Set
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From the figures, it can be seen that deep rolling resulted in less scatter compared to un-
treated specimen set in general. Deep rolling results in reduced roughness and a regular
surface, together with hardness increase and compressive residual stresses at surface.
Therefore, probability of crack initiation decrease and both fatigue strength improvement

and reduced uncertainties can be attained.
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Figure 38 Lower Bounds for 500 N-0.1 mm/pass DR Set

Fatigue strength improvements became even more pronounced when lower bounds were

considered. In component design, lower bounds are used since safety is a primary concern.

Therefore, effect of DR on fatigue strength is crucial and significant improvement can be

obtained in fatigue strength using it as seen in Table 5. Highest fatigue strengths for lower

bounds were obtained using 125 N deep rolling. For example, for lower 3-sigma bound,

132% increase was calculated for 125 N LR compared to UT.

Table 5 Lower Bound Fatigue Strengths at 10° cycles for 0.1 mm/pass DR Specimens

TR LR
T 125N | 250N | 500N | 125N | 250N | 500N
Owen Fatigue Strength [MPa] 87| 160 | 107 | 147 | 163 | 150 | 154
Owen Fatigue Strength Increase [%] | - | 84 23 69 87 72 77
3-Sigma Fatigue Strength [MPa] 68| 158 | 93 | 142 | 160 | 144 | 150
3-Sigma Fatigue Strength Increase[%] | - | 132 | 37 | 109 | 135 | 112 | 121
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Above results suggest that for each of the deep rolling forces, longitudinal rolling yielded
better results compared to tangential rolling. This aspect of the current study shows that, for
axisymmetric parts, changing the direction of deep rolling can affect the fatigue strengths
positively. In industrial applications, increased fatigue life gives opportunity to use less

material and reduce weight of already existing structures.
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Figure 39 Fatigue Test Results at 180 MPa Stress Amplitude for Different Feed Rates

In industry, application speed is a crucial parameter for feasibility of the process within the
production chain. Feed rate is the main limiting factor for speed of deep rolling operation.
Because of this, fatigue tests were conducted with different feed rates using stress amplitude
of 180 MPa for at least 3 specimens for each case. Results can be seen in Figure 39.
Horizontal black line represents mean UT specimen life of 219025 cycles. Feed rate increase
for DR with 125 N force resulted in reduction in life and significant increase in scatter.
Therefore, higher feeds tan 0.1 mm/pass were found to be not feasible for 125 N DR.
However, for higher forces, higher feed rates can be used to improve fatigue life. Reason for
this is the higher plastic deformations and bigger deformation area under high forces
compared to low force applications. For example, 500 N TR with 0.2 mm/pass feed resulted
in 428009 cycles life with acceptable scatter. For LR, both 250 N and 500 N rolling with 0.2
mm/pass feed can be used to increase fatigue life. Especially 500 N LR with 0.2 mm/pass
exhibited almost no scatter and was a favorable option to apply deep rolling. However, care
should be taken to analyze the results in Figure 39, as Wohler curves were not completely
derived. More tests should be done at different stress amplitudes and Wahler curves should

be obtained to get useful and safe data.
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Figure 40 SEM Images of UT Specimen Fractured under 62 = 160 MPa (a) General view (b)
Crack Initiation Zone (c) Fatigue Striations Close to Crack Initiation Zone (d)

Sudden Fracture Zone

SEM images of UT, TR and LR specimens were presented in Figures 40, 41 and 42. TR and
LR specimens had DR force of 250 N and feed of 0.1 mm/pass. Crack initiation at surface
can be seen in Figure 40(b) for UT specimen. This was expected, since fatigue cracks usually
starts at free surface where irregularities and defects are present. After initiation, propagation
of crack took place. This can be seen in Fig 40(c). After reaching a critical length, remaining
material could not resist the load and specimen failed catastrophically. Sudden fracture zone

can be seen in Fig 40(d).
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Figure 41 SEM Images of TR-250N-0.1mm/pass Specimen Fractured under ca = 160 MPa
(@) General view (b) Crack Initiation Zone (c) Fatigue Striations Close to Crack

Initiation Zone (d) Sudden Fracture Zone

Contrary to UT specimen, both TR and LR specimens exhibited somewhat sub-surface crack
initiation as shown in Figure 41(b) and 42(b). TR specimen crack initiation was found to be
at approximately 0.2 mm depth compared to 0.4 mm for LR one. Around the crack initiation
sites, there was a wave-like texture. This kind of texture was not observed in UT specimen.
This texture is believed to be result of shear deformation pile-ups and persistent slip band
deepening. The fact that these textures formed and crack initiated at sub-surface region
indicates that crack initiation was delayed for a considerable amount of time. Since Stage-I
crack growth behavior usually takes most of the time of fatigue life for high-cycle fatigue

[24], fatigue life improvement was mainly attributed to this phenomenon.
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Figure 42 SEM Images of LR-250N-0.1mm/pass Specimen Fractured under 6 = 160 MPa;
(@) General view (b) Crack Initiation Zone (c) Fatigue Striations Close to Crack

Initiation Zone (d) Sudden Fracture Zone
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6. CONCLUSIONS AND OUTLOOK

In this study, fatigue improvement by means of deep rolling of EN-AW 6082 aluminum
alloy was investigated for asymmetrical specimens. Firstly, T6 heat-treatment of 6082
aluminum alloy was studied. Solution heat treatment temperature was found to be critical
for strength after artificial aging and higher SHT temperatures resulted in higher strengths.
Therefore 550°C for 90 minutes was selected for SHT procedure. During artificial aging,
strength increases were faster for higher AA temperatures and times as low as 1 hour can be
employed to obtain 300 MPa vyield strength at temperatures higher than 200°C. Highest
strength values were achieved using 240min-200°C AA. Notwithstanding, 480min-180°C
AA was used throughout the study as this AA schedule resulted in optimal strength and
ductility properties.

Deep rolling was employed using spring loaded, roller type deep rolling tool. 125 N, 250 N
and 500 N rolling forces were used for different feed rates. For roughness, hardness and
fatigue measurements, 8 mm diameter specimens were used. However, residual stress
measurements were done on flat specimens since hole drilling method can only be accurately
used on flat surfaces to measure residual stresses. It was found that deep rolling resulted in
significant roughness decrease, which is beneficial for fatigue life. Dependency of roughness
on feed rate was found to be significantly higher than rolling force. For tangential rolling,
roughness was mainly controlled by feed rate. However, for longitudinal rolling; effect of
rolling force was more pronounced since LR procedure was discrete in nature. Hardness
measurements indicated that near-surface region of deep rolled specimens were plastically
deformed sufficiently and work-hardened for 250 N and 500 N forces with 0.1 mm/pass
feed. Approximately 10% hardness was reported at surface. Residual stress measurements
were done on flat surface and up to 0.4 mm depth for 0.1 mm/pass feed specimens for every
force. It was shown that, all DR applications resulted in compressive residual stresses in the
vicinity of surface. Minimum residual stress (maximum compressive) was formed after some
depth for each case. As deep rolling forces increased, residual stresses became more negative
(more compressive) and depth of minimum residual stresses were increased. These

compressive residual stresses are known to be beneficial for fatigue strength.
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Fatigue tests were conducted on UT, TR and LR specimens for 0.1 mm/pass feed rate for
each force at first. After Wohler curves of these specimen sets were formed, investigations
were done using higher feed rates. It was shown that both TR and LR increased fatigue
strength compared to UT. For each force, LR resulted in higher fatigue strengths at 10° cycles
than TR. These results confirm the measurements of compressive residual stresses shown in
Figure 32. In LR, rolling direction is the direction of longitudinal axis of specimen. This
direction was fatigue-loading direction. Therefore higher compressive residual stresses in
rolling direction as shown in Figure 32(a) are expected to increase fatigue strength by
diminishing the effects of tensile loadings. Up to 26% increase in fatigue strength could be
achieved using 125 N 0.1 mm/pass LR. Therefore, it can be said that, LR is a beneficial and
promising method to employ on axisymmetric industrial components. Statistical lower
bound curves indicated that fatigue strength improvements were even more obvious after
DR compared to UT specimen set when lower bounds were used. This is because of much
lower scatters of fatigue data after DR compared to UT specimen set. For high force DR
applications, higher feed rates may be used to improve fatigue strength. This would be
beneficial since it would reduce time needed to manufacture components. This was
especially true for LR where both 250 N and 500 N LR at 0.2 mm/pass improved fatigue

properties considerably.

Scanning electron microscopy images showed that fatigue cracks form at surface for UT
specimens. In contrast, crack initiation was shifted toward sub-surface regions for both TR
and LR. This phenomenon was shown for 250 N 0.1 mm/pass DR specimens. Since fatigue
crack initiation was shifted toward interior, it can be said that crack initiation phase was

delayed.

Above results show that, LR can be used to improve fatigue properties of industrial
components instead of TR. In future works, Wohler curves of higher feed rate DR
applications are to be determined. In addition, LR application of different materials can be

studied and validation of LR as a new approach of DR can be made.
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