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ABSTRACT KEYWORDS
This paper presents the results of series of isothermal fatigue (ITF) and Thermomechanical fatigue;
thermomechanical fatigue (TMF) tests of both unburnished and burnished 7075-T6Al;
7075-T6 Al specimens. A designed roller burnishing tool was employed to Fatiguelifetime;
improve the strength of the surface layer of the fatigue specimens. The Burnishing;
fatigue stresses were developed in the specimens by combining constant Fracture.

amplitude rotating bending stresses along with constant temperature varia-
tion. Both isothermal (ITF) and TMF tests were conducted on a rotary
bending fatigue testing machine. The ITF tests were carried out at two
different constant temperatures namely 523 and 623 K, whilethe TM F tests
were carried out at the temperature range between 523 and 623 K. All these
tests were conducted at a constant operating speed of 1200 rpm. These
investigations were performed in order to gain more understanding of the
effect of interaction between mechanical and thermal stresses on fatigue
resistance and fracture behavior of burnished 7075-T6 Al specimens. The
present results revealed that roller burnishing processes have played a
significant role in increasing the fatigue lifetimes for both ITF and TMF
specimens. The enhanced fatigue strength of the burnished specimens
was attributed to the overall increase in the surface layer strength which
may delay fatigue crack growth from the surface. Two distinct fatigue frac-
ture regionswere observed: region | and region Il. Inregion |, the fracture
surface is associated with the formation of fatigue striations. In region I,
the fracture surface is covered with surface dimples. This indicates that
local strain softening mechanism has dominated the final stage of fatigue
failure. Extensive effort has been paid at investigating the fracture surface
of ITFand TMF specimens. © 2012 Trade Sciencelnc. - INDIA

INTRODUCTION cessesin machine components and devices exposed

to mechanical and thermal influencesin the power,

Thermomechanical fatigue (TMF) isoneof im-  chemica and metallurgical industries, inaviationand
portant phenomenadeciding upon thecracking pro-  transport™™2. In many applications, mechanical com-
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ponents are constrained and not free to extend and
contract in response to variationsin mechanica and
thermal stresses. Thesetypesof componentsaremore
likely to endure variable amplitude or randomly fluc-
tuating cyclicloading and temperature, whilst in ser-
vice®*4, The evolution of microstructure and micro-
mechanisms of degradation differ from that encoun-
tered in monotonic deformation or inisothermal fa-
tigue (ITF)®. Under operating conditions, component
lifetime may not belimited by strength asthe primary
design parameter, but lifetimemay belimited by vari-
ous damage mechanisms such as fatigue, creep or
oxidation, which can act indecently in combination!®.
Fatigue damage, for example, isgenerated by cyclic
loadings and the processis primarily timeindepen-
dent. When these damage mechanisms act in condi-
tion, acreep-fatigue-oxidation interaction exists”.
Consequently, the component undergoing such con-
ditionsmost possesseshighly mechanical and thermal
propertiesparticularly at el evated temperaturesaswell
asambient temperatures.

Burnishing processes of mechanical partsisasur-
face enhancement meansin which plastic deforma-
tion of surfaceirregularities occursby exerting pres-
surethrough avery hard and smooth roller or ball on
asurfaceto generate auniform and work-hardened
surface layer!®. Thistechnique overcomesthe com-
plications associ ated with the machined surfaces pro-
duced by conventional machining processes such as
turningand milling that haveinherent irregularitiesand
defectsliketool marksand scratcheswhich cause
energy dissipation and surface damage'®. Besides
producing agood surface finish, burnishing has ad-
ditiona advantages over other surface enhancement
techniques, such as securing increase in hardness,
corrosion resistance and fatigue lifetime dueto the
generated compressiveresidual stressin the surface
layer. The devel oped residual stresses are probably
the most important aspect in assessing surfaceinteg-
rity because of their direct impact on the performance
of the mechanical partsin service’®l, Furthermore,
roller burnishing has been found to improvethe sur-
face roundness and dimensions stability(*?,

Fatiguelifetimeand fractureof themechanicd com-
ponents depends primarily onloads, materia, geometry
and environmentd effects. Itsevolutionisgenerdly based
ontestsof threeformsof fatigueloadings: isothermal
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strain-controlled low cyclefatigue (LCF) tests, TMF
testson specimensand components, and thermal shock
testg™3l. Extensive research efforts have been devoted
onidentification of fatigueof 7075Al aloy under iso-
therma conditionswhich have contributed significantly
to knowledge of the general features of fatiguefailure
under high temperatures®°*4. Thisalloy hasbeenthe
focusof anumber of experimentd studiesduetoitstech-
nologica importancd®!?, Thesestudiesare of great im-
portancefromtechnica point of view, Sncethismaterid
iswidely used in gpplicationsat intermediatetempera:
ture. Onthebasisof this, not only measuring theelevated
temperature | TF behavior isessentid, but also astudy
of TMF behavior isnecessary. Although alarge number
of studieshavededt with TMF behavior under tenson-
tendon and teng on-compressonfor other materidsfrom
mechanica and microstructura point of view®*2, there
isalack of systematic studieson thefatigue behavior of
7075-T6 Al dloy, especialy under thermomechanical
rotating bending fatigueconditions.

Thisinvestigation amsto study thermomechanica
fatigue-(TMF) behavior of both burnished and
unburnished 7075-T6 Al specimens. For comparison,
basic dataof (ITF) of thealoy used will be measured
at 523 K and 623 K. Attempts were made to study
thefracture behavior of TMF specimensusing SEM
with referenceto I TF behavior.

EXPERIMENTAL PROCEDURES

Materialsand test specimens

Thematerial usedinthe present investigation was
extruded cylindrical bars 7075-T6 aluminum aloy
(7075-T6Al) withadiameter of 12 mm. Thechemica
compositionof thisaloyisgiveninTABLE 1. Themain
mechanica propertiesof thealloy arec , =540 MPa
and c,= 480 MPa. Cylindrical test specimenswere
machined from the asreceived barswithidentical di-
mensions, shownin Figures1(aand b). Burnished and
unburnished specimenswerefatiguetested under ITF
and TMF conditions.

Burnishing Process
A roller burnishing tool was designed and fabri-

TABLE 1: Chemical composition of 7075-T6Al alloy used

Zn Mg Cu Fe Cr Mn Al
55 25 15 025 020 0.2 Baance

e, P aterioly Seience

Element
Weight (%)

Hn Tndéan g%wumé



436

Thermomechanical fatigue behavior of burnished 7075-T6 aluminum alloy

MSAIJ, 8(11) 2012

Full Poper

(a)
_—_____8__‘—___]'2
— 25 —p——— ) —————— 75—
i SD .

- Not to Scale - Dumnensions m mim

NS AL T R

A S LS EEEEE

Figurel: (a) Schematic drawing of fatigue test specimen
and (b) someof bur nished specimens

cated from ahigh strength Nickel-Chromium super
alloy. Theroller, asshown in Figure2.a, consists of
two different sections, with atota length of 7 mm,; the
first hasaconica outside surface with acone angle of
about 78% and the other hasanormal cylindrical sur-
face. Thetool isdesigned in such away to burnishthe
surfacein two stages. Theformer isto deform avery
thin surfacelayer and thelater istoiron the deformed
layer. Theroller issupported by asufficient pressure
to keep its depth constant and isfreeto roll on the
surface of the specimeni®®. Figure 2.b showsaphoto
of the burnishingtool whichisfirmly clamped ona
generd lathemachine. Theroller isawaysinmechanica
contact with the surface to be burnished. So that, with
theroller lateral motion, the surfaceiscoveredwitha
series of overlap passes to achieve maximum com-
pression with minimum cold working. Theburnishing
parameters are listed in TABLE 2[*%1, A single bur-
nishing pass process was applied to thefatigue speci-
mens. More detailsregarding the burnishing process
arefound el sewherel*14, Suitable minera oil was
used for cooling and improving thetribological be-
havior during the process. Surface roughness of bur-
ni shed sampleswas measured by using aSurftest-402
system. The average surface roughness of the speci-

mens, before and after burnishing, wasfound to be
~2.25 pymand ~1.14 um, Ra, respectively.
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Figure 2 : (a) Schematic drawing of the roller of the
burnishing and (b) a photo of the burnishing set-up on a
general lathe machine before starting the burnishing
process

TABLE 2: Burnishing parametersused in the burnishing
process

Burnishing Burnishing Burnishing  Max. Roller

Feed, Contact
Force, N Speed,rpm ey width(mm)
235 523 0.1 ~7

Fatigue testing and fracture surface investiga-
tion

ITF and TMF tests were conducted in an open
furnaceusing aRotating Bending Fatigue Testing Ma-
chine (Model H7), Shimadzu Co., Kyoto, Japan,
shown in Figure 3.a. A separate unit was connected
with the furnace controller to adapt the temperature
variation for developing TMFtests. Three setsof fa-
tiguetestswere designed for fatiguetesting under con-
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stant amplitudefatigue stressesranged from ~ 120to
~ 350 MPa. Two of them are ITF tests at tempera-
turesof 523 K and 623 K (+2K) and the third one is
TMFtestsat cyclic temperature between 523 and 623
K withatrapezoida waveform, Figure 3.b. A thermal
loading, with trapezoidal waveform, with heating and
cooling ratesof +1.11 K.s* and high-and low-tem-
perature holding times of 60 sec., wasapplied. The
wholethermal cycletakes~5 minutes. All fatiguetests
were conducted at aconstant speed, 1200 rpm. Some
pointson S-N curves represent the average value of
at least three data points.

Thefatigue curveswere determined by measuring
thenumber of cyclestofallure, N, at each constant bend-
ing fatigue stress, S. The bending fatigue stresswas
cal cul ated according to the applied bending moment,
M, and diameter of the gaugelength of the specimen,
d, assumingthat the specimen staysin dastic condition
through itsfatiguelifetime. Itisexpressed as.
S=(M.r)/I )
where; r =(d/2), and | = (n.r¥/4)

Fracture surfaces of somebroken specimenswere
examined us ng scanning € ectron microscopy (SEM),
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Figure 3 : (a) The fatigue testing machine used and (b)
schematicdrawing of TMF load history
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Hitachi SU-70 UHR FE-SEM. Theseinvestigations
weremadein order to gain more understanding of the
fracture mechanismthat governs TMF behavior of the
present dloy.

RESULTSAND DISCUSSION

I TFand TMF behaviors

Figure 4 showsthe S-N curves of unburnished
7075-T6 Al specimens, on semi-logarithm scale, for
three sets of fatigue datawherethefatigue stressis
plotted agai nst number of cyclestofailure. Thefigure
presents the results of two sets of I TF data obtained
at 523 K and 623 K and that of one set of TMF data
tested at temperature aternated between 523 and 623
K. FormITFresults, itisobviousthat therearesmall
differences between thefatiguelifetimes of the speci-
menstested at 523 K and those tested at 623K, and
at all fatigue stresses applied, thefatiguelifetimefor
specimens tested at 623 K are lower. It appeared
fromtheseresultsthat thisaloy kegpsitsgood strength
at thesehigh temperatures. However, for TMFinFig-
ure4, it clearly indicated that thefatiguelifetime de-
ceased significantly compared with that of ITF condi-
tions. For example, at fatigue stressequal to 200 MPa,
thefatiguelifetimefor ITF specimenstested g 623K
decreased from ~2.2x10 cyclesto be~1x10 cycles
for TMF specimens. Thisdecreaseinfatiguelifetime
may beattributed to theincreasein materia’s brittle-
ness that may be developed due to the interaction
between therma and mechanica loadingswhich even-
tually makes the material loses some of its tough-
ness*4, Inthissituation, temperature variationswill
produce damaging thermal stressesand strainsacross
the specimeninacomplex way whichlimit thelifetime
of the specimens.

Figure5 showsthe S-N curvesfor burnished speci-
mensunder sametesting conditionsof unburnished ones.
By comparison between Figure 4 and Figure 5, itis
obviousthat the burnished specimenshaveasimilar
trend of unburnished oneswith areasonableincrease
inthefatiguestrength. Theseresultsreveal that roller
burnishing processhasgenerdly improved thefatigue
strength for all studied cases. For example, for fatigue
lifetime of 1x10°cycles, thefatigue strength increased
from ~195 M Pafor unburnished TMF specimensto
be ~220 MPafor burnished TMF specimens. Also,
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for TMF specimenstested at 225 MPa, thefatiguelife-
timeincreasesfrom~7.5x10 cyclesfor unburnished
specimens to be ~9.5x10 cycles for the burnished
gpecimens. Thisincreaseinfatiguelifetimeisattributed
totheincreaseinfatigue strength of thesurfacelayer as
aresult of the application of burnishing process®9. |t
isbelieved that gpplication of roller burnishing processes
on 7075-T6AI specimenshaveintroduced asignificant
amount of compressiveresidua stressinto asurface
layer of about 0.4 mm. The presenceof residual stress
inthesurfacelayersmay beagood reason for thisim-
provement. Thedevel opment of compressiveresidual
stresseswill partialy or completely compensatethein-
duced tenslestressesthat smultaneoudy exist inrotat-

ing bending fati gue specimeng®4],
m T r T1T171r1 1 1 7 71T 10711
Pty e 17075-T6 AL 1
s h.l:l' i L Unburnished |}
300 2P . -
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Figure4: ITFand TMF lifetimesvsbending fatigue stresses
for unbur nished specimens

Therelationship betweenfatiguestress, S, and fa
tiguelifetime, N, for all cases, was obtained by apply-
ing the power fitting method onthefatiguedata, asfol-
lows
S=A.N°® )
WhereA and B are constants depending on the mate-
rial and testing conditions. Thevaluesof A and B were
estimated from power fitting of the S-N data curves
andthey arelistedin TABLE 3.

Fractographicobservations

The fracture surfaces of 7075-T6 Al specimens
have been examined using SEM. Figures6 and 7 show

TN | | 1 T 1T 579
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1H+S
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Figure5: Fatiguelifetimesvsbending fatigue stressesfor
bur nished specimens

TABLE 3: ConstantsA and B of Eq. 2 that obtained from
power fitting of fatiguedata

Unbur nished Burnished Fatigue
Fatigue Specimens Specimens
ITF ITF TMF ITF ITF TMF

(523K) (623K) (523-623K) (523K) (623K) (523-623K)
A 8742 8868 933 8449 828 8115

B -0.276 -0.293 -0.352 -0.242 -0.234 -0.237

SEM fractographsfor burnished ITFand TMF speci-
mens, respectively. Both of thesetwo specimenswere
tested under ~225 M Pa. Asshownin Figure 6.a, the
fatiguefracture exhibited two distinct regions: region|
andregionIl. Region | representsthe crack initiation
and propagation stage. Inthisregion asshowninFig-
ures. 6.b and 6.c, thefracture surfaceisassociated with
theformation of fatigue striations. Thesestriationswere
formed asthe crack propagates through the specimen
crasssection during opening and dosingthecrack whilst
the specimen rotates. Fatigue striations arethe most
common featureof fatiguefracture of 7075-T6 Al and
they can only be seen on amicroscopic scale. Thesize
and density of these striationsindicate the amount of
pladticity that have undergonethrough thecrack growth.
It hasbeen established that each striation isassociated
with the crack growth during one complete loading
cycle. Thecrack propagation directionisgeneraly nor-
mal to striationslines™™. Inregion |1, asshowninFig-
ures6.d and 6.e, the specimen wasfractured in adif-
ferent manner from that of region I, where the cross
section was no longer able to withstand the applied
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Fegion I, Crack
mnitiation and
propagation region

Figure6: SEM fractographsof burnished 7075-T6 Al I TF specimen tested under ~225M Paat 623K (a) Overview of fatigue
fracturesurface, 5X, (b) and (c) region |, fatiguestriations, arrowspoint to crack propagation direction and (d) and (€) region

I1, final fatiguefracture.

stress. Thefracture surfaceis covered with deep and
thick walled dimples. Thefeaturesof thesedimplesin-
dicatethat |ocal strain softening mechanism hasdomi-
nated thefina stage of fatiguefailure.

Thefracture characteristicsof aburnished TMF

specimen tested at 225 MPaareshowninFigure7. &
e. Itisobviousin Figure7.athat thefractureof TMF
specimen hasanirregular surfacein comparison with
that of ITF specimen. Fatigue striations have been
formed in theouter ring on thefracture surfacerepre-
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Region I, Crack b
propagation ’
region

N Region IL,
Final fracture

Figure7: Typical fatiguefracture surfacesof burnished TM F specimen failed under stress~225 M Pa, (a) Over view of
fracturesurface, 5X, (b) and (c) region |, fatiguestriations, arr owspoint to crack propagation dir ection and (d) and (€) region

I1, final fatiguefracture

senting the crack growth region, region |, asshownin
Figure7.band 7.c. Another common feature associ-
ated withtheformation of fatiguestriationsistheexist-
ence of secondary cracks on the fracture surface,
pointed by arrowsin Figure 7.a. Thedirection of main

crack propagation depend on the nature of applied
loading and microstructurefeaturesthrough which the
crack isadvancing and thiscausesthedtriationsto ater
orientation locally. Although, thetemperaturevariaion
of TMF was not very large, 100 K, TMF tests have
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led to moredangerousfatiguefracturethanthat of ITF
test oecimens. The brittle character of thefracture sur-
face appearance can be easily recognized by thetypi-
cal cleavagefacetspresented on thefracture surface of
gpecimen. Thisfindingissupported by thenature of the
surface dimplesthat wereformed infina stageof frac-
ture (region11). These dimplesare shallow and have
finewall thicknessindicating that they wereformedin
thevery latestage of fatiguelifetime. Thissituation cor-
respondsto the situation in which thematerial issub-
jected to periodically cregp-fatigueinteraction™. Itis
believed that crack initiation and further propagation
tended to behavein atransgranular manner. These mi-
crostructural observationsindicateal so that failure of
TMF specimens is dominated by fatigue damaging
mechanismwhatever thetemperature situation.

Itiswell established that fatiguefractureisparticu-
larly insidious becauseit occurswithout any obvious
warning. Thiscan be seeninthefractographswhere
the appearance of the fracture surface revealed a
transgranular featureswith very limited plastic defor-
mation. For bending fatigueloading, the maximum nor-
mal stressisparallel to the specimen axisand keeps
varying from atensile value on one surfaceto zero at
the center to acompression value on the other surface.
Inthissituation, the main crack occurson aplane nor-
mal to the axis of the specimen and proceedsfrom the
tensilesidetothe oppositeside. Thisisvery clear in
Figures 6 and 7, where fatigue striations have been
formed on the outer ring of the fracture surface and
propagated across until separation occurred inthein-
terior section of the specimeng 418,

It isevident based on thesefindingsthat thefrac-
ture mechanism was characterized with acrack initia-
tion and propagation regionfollowed by atransgranular
final region. In crack propagation region, many stria-
tionswerefound asshownin Figures6.b, 6.c, 7.b and
7.c, indicating that the crack propagation, inthisstage
of fatigue life, occurred by fatigue fracture. In the
transgranular region, no striationswere observed but
surface dimples, dueto cavity nucleation and growth,
Figures6.d, 6.e, 7.d and 7.e. These surface dimples
indicatethat local strain softening hasdominated the
fina stageof fatigue. Theexistence of strain softening
caused ratcheting strain and the accumul ated ratcheting
strain can then produce additional damage™. Ashas
mentioned in section 2.2, the average surface rough-
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ness has been improved dueto the application of bur-
nishing processto become~1.14 um. Themainroleof
the burnishing processwasto decreasethe surfaceir-
regularitieswhichminimizethepotentid sourcesof crack
initiation and consequently delaysthe crack initiation
stage. Thisprocess has affected only thefatiguelife-
timeand itseffect on thefatigue fracture mechanism
haslessimportance. Additional dataon fatigue behav-
ior of 7075-T6AI should beobtained in order to cover
widerangeof TMF parameters, including the experi-
ments of high and low cyclefatigueaswell asawide
range of temperatureintervals.

CONCLUSIONS

Theexperimenta resultsand their discussionsfor
burnished and unburnished 7075-T6 Al specimens
tested under ITFand TMF haveled to thefollowing
conclusons
1. Roller burnishing processeshaveintroduced asig-

nificantimprovementinfatiguestrengthfor both I TF

and TMF specimens. Theenhanced fatiguesirength
of the burnished specimens over the unburnished
specimenswas attributed to the overal increasein
the surfacelayer strength which may delay fatigue
crack growth from the surface. Therelationship
between fatiguestress, S, and lifetime, N, under

ITFand TMF conditions can beexpressed using

an empirical equation;S=A.N8B, whereA and B

arecongtants. Itisfound that the existence of both

thermal and mechanical fatigueresultedinasgnifi-
cant decreasein fatiguestrength of TMF specimens
compared to ITF specimens. Small differencein
thefatiguelifetimewas obtained between thetwo

kindsof ITFtestesat 523 K and 623 K.

2. Thefracturesurfaceischaracterized, for ITFand
TMF cases, withtwo distinct regions: region | and
region|l. Thefracturesurfaceintheformer region
isassociated with theformation of fatiguestriations
that wereformed asthe crack propagatesthrough
the specimen cross sectionwhilst the specimenro-
tates. Inthelater region, fracture surfaceiscov-
eredwith surfacedimplesindicating that locd strain
softening mechanism hasdominated thefina stage
of fatiguefalure,

3. ltisbdievedthat crack initiation and further propa
gation tended to behavein atransgranular manner.
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For TMF specimens, fatigue crackswere observed
onthefracturesurfaceand find failuretendsto be
brittle. Microcrackswere al so observed and many
of them werelarger than thoseinthecaseof ITF
specimens. Although, thetemperature variation of
TMF was not very large, 100 K, the TMF tests
haveled to moredangerousfatiguefracture com-
paredto ITFtests. Thesemicrostructural observa-
tionsindicateadsothat failureof TMF specimensis
dominated by fatigue damaging mechanism.
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