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Abstract
In this paper, deep rolling treatment (DRT) is performed to improve the fatigue resistance ofAl–SiC
nanocomposite samples. The samples are fabricatedusingmechanicalmilling, coldpressing, andhot
extrusion techniques.Relative densitymeasurement,micro-hardness and tensile tests alongwith
microstructural examinationsof the specimens are used to investigate thenanocomposite behavior. The
results exhibit enhancement inmicro-hardness and tensile strength and reduction in relative density as the
reinforcement content increases. Themainpurposeof this paper is to study the effects ofDRTon fatigue
life of nanocomposite samples. Theoptimized values ofDRTparameters such as the rollingdepth,
rotational speed, feed rate, andpasses number are initially determinedbymeasuring the surface roughness
assuming that the parameters value leading to theminimumroughnessmayhave thebest effects on the
fatigue behavior.ConductingDRTwith itsmost effective parameters improved the fatigue life near 290%
fornon-reinforced aluminum (stress level of 230MPa), 220% forAl-1.5 vol%SiCnanocomposite (stress
level of 280MPa), and170%forAl-3 vol%SiCnanocomposite (stress level of 280MPa).

1. Introduction

Aluminummatrix composites (AMCs) are a group of advanced engineeringmaterials that have unique
characteristics compared to other conventional alloys.With development of new productionmethods,
application of AMCs in awide range of industries has attractedmore attentions. Themajor applications of these
materials are in aerospace and automobile industries due to their high strength-to-weight ratio [1, 2]. The
combination ofmetal and ceramic in aluminumbased composites leads tomore sophisticated properties.
Carbides, nitrides and oxides are always used as the reinforcing phase inAMCs. Themost conventional
reinforcements are SiC, Al2O3, and B4C [3, 4]. Ultrafine grained (UFG)materials are producedwith two
approaches: (a) top-down [5, 6], and (b) bottom-up [7–9]. In top-town approach, nanometric grains are
achieved bymechanical working on the coarse grain structures (micrometers and upper). But in bottom-up
approach, the bulkmaterial ismade up by the arrangement of nano-scaled constituents. There are several
methods to fabricate aluminummatrix nanocomposites like powdermetallurgy (PM) [10–13], stir casting [14],
and compo-casting [15]. PM is a promising technique to fabricatemetalmatrix composites (MMCs) due to
possibility of uniformdistribution of the reinforcing phase.Mechanicalmilling is one of themain stages of PM
techniques that assist to suitablemixing and also structure refinement. In general, there are threemain
mechanisms for particlemorphology changes inmechanicalmilling process including (a)plastic deformation
mechanism, (b) coldweldingmechanism, and (c) fracturemechanism [16, 17].

The structural applicationsof theMMCsoften include fatigue loading and therefore, investigating the fatigue
behavior ofMMCs is a severe requirement fordesign, durability evaluation, and life predictionof engineering
components [18–21].Different studies are conductedby researchers and show that inhigh cycle fatigue (HCF)
loadings (low levels of stress), fatigue life of reinforced composites ismore thannon-reinforcedmaterials.Whereas, in
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lowcycle fatigue (LCF) loadings (high levels of stress), this difference is smaller and fatigueproperties of non-reinforced
materials areusually superior to reinforced composites [22–25]. The stress-life data ofPark et al [26] showed that
Al6061–Al2O3 composites fabricatedbyPMtechniqueshadhigher fatigue life comparedwithnon-reinforcedmatrix
underHCF.This study also showed that theparticle sizehadnotmeaningful effects on the stress-life behavior of the
composite and the fatigue strength improvement cannotdirectly beoccurredby increasing the content of
reinforcementphase. Senthilkumar et al [18]performeda comparative studyonLCFbehaviorofnanoandmicro
Al2O3 reinforcedAA2014particulatehybrid composites and showed thatnano reinforcements could enhance the
mechanical properties aswell as failure cyclesmore thanmicro reinforcements.GhasemiYazdabadi et al [22]obtained
the tensile-compression fatigue responseofAl–SiC samples fabricatedbyPMtechniques. BothLCFandHCF loadings
were investigatedby these researchers and itwasobtained that the fatigue endurance limit at 107 cycles has improvedby
nanoparticles.Kaynak andBoylu [19] also compared the fatiguebehavior of anAl–SiCparticulate reinforced
compositewith thematrix aluminumalloy containing12 wt%Si.They reported that SiCparticulates improved fatigue
resistancemainlyby acting asbarriers to cracks and/ordeflecting the growthplaneof cracks resulting indecreased
crackpropagation rates.Other researchers likeMahadevan et al [27], Srivatsan et al [28], andLuk et al [29] also
investigated the fatiguebehavior ofAMCs. In addition, someother researchers suchasHruby et al [30] andLi et al [31]
studied the effects of SiCparticles on fatigue crack growthof someAMCs.

Recently, investigating the role of residual stress on fatigue response of thematerials has attractedmore attentions.
Usually, if surface compressive residual stresses apply to industrial components, their corrosion resistance, strength,
and fatigue lifewill be improved considerably [32, 33]. Residual stressesmaybe induced intentionally or of course,
canbe createdunwanted indifferent components.Unwanted residual stresses aremainly induceddue to
manufacturingprocesses such as forging, rolling,welding, andmachiningoperations that cause thermal gradient
within theparts.On theother hand, intentionalmethods tomake residual stresswhich are usually to improve the
material strength fall into somecategories such asmechanical, thermal, andplatingwith their ownadvantages and
disadvantages [34]. Themechanical treatments to create desired surface compressive residual stress and also to
improve the fatigue resistance are shot peening [35], deep rolling treatment (DRT) [36–41], laser shockpeening [42],
andultrasonic rolling process [43].DRT (ball or roller burnishing [44, 45]) can induce surface compressive residual
stress bypressing the cylindrical specimen surface using aball or roller tool. This treatment causesmechanicalwork
on theouter surface of the specimen.Themagnitude anddistributionof residual stresses dependon theDRT
parameters such as penetrationdepth, rotation speed, number of passes, etc.DRT is usually performedwith twoways
of translational forflat surface, and rotational for rounded surface. This process usually improvesboth fatigue
strength and surface characteristics concurrently. Among the advantages of the rollingmethod, less surface roughness
obtainedbyDRTcompared to othermechanical operations such as shot peening is remarkable [37, 46]. Prabhu et al
[38, 39] investigated the influenceof important parameters ofDRTsuch as rolling force, initial roughness, ball
diameter, andnumberof passes onAISI 4140 steel specimens. They indicated that rolling force andnumberof passes
has themost influenceonhardness and surface roughness, respectively.They also reported that ball diameter, feed
rate, and lubrication in rollingprocess hadnegligible effects.Muñoz-Cubillos et al [47] andBlason et al [48] studied
thedeep rolling influenceson the fatiguebehavior of some steel alloys aswell.Nalla et al [40] studied the fatigue life of
Ti–6Al–4Valloyunder various surface treatments and reported thatDRT ismore effective than laser shockpeening
to improve the fatigue resistance.Majzoobi et al [41] investigated also the effects of shot peening andDRTon fretting
fatigue life ofAl7075–T6.They appliedDRTunder two states of low force andhigh force regimes and concluded that
DRTcan enhance the fatigue life by about 700% inHCF loading.They alsoobtained that inLCF loading, shot
peeningprocedure ismore effective thanDRTandcould successfully increase the fatigue life by about 300%.

AlthoughDRT is applied on PMparts in few studies such as one done byNusskern et al [49], the authors
could notfind any studies about performingDRTonmetalmatrix nanocomposites (MMNCs) fabricated by PM
techniques. In this regard and due towide applications ofMMNCs in aerospace and automobile industries, this
study is focused on investigation ofmechanical properties ofMMNCs and application ofDRT to improve the
fatigue life. To this end, Al–SiC samples are fabricated usingmechanicalmilling, cold pressing, and hot
extrusion techniques at first. Then, the effects of volume fraction of nano particles on the relative density,micro-
hardness, tensile strength, andmicrostructural behavior of the samples are investigated. At the end, the effects of
DRTon surface roughness, surface hardness, and fatigue behavior are discussed and some useful conclusions are
presented at the end of the paper.

2. Experiments

2.1.Materials
Pure aluminum (99.6%purity, average particle size of about 100 μm, irregularmorphology)was used as the
matrix and SiCnano powder (average particle size of near 50 nm, sphericalmorphology)was also used as the
reinforcement.Morphology of thematrix and reinforcement particles is presented in figure 1.
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In order to prevent clustering of nano particles aftermixing, themanuallymixed powder of Al and SiCwas
suspended in ethanol and then, ultrasonic vibrationwas applied for 30 min. After drying,mechanicalmilling
was performed by an attritionmilling device equippedwithwater cooling system. Themillingwas carried out
under Argon atmosphere in order to prevent oxidation. Table 1 shows the effective factors inmilling process.
Aftermilling, the powders were degassed at 400 °C for 120 min in order to removemoisture. The value of
milling parameters were selected in away to obtain propermixing of the powders and also grain refinement of
aluminumphase and increase its brittleness in order to have both phases with similar structures [50].

2.2. Fabrication process
After themilling process, themixture powderwas placed into aluminum foils and uniaxially pressed under
pressure of about 400MPa at room temperature. After performing a preliminary study to reach the high quality
samplewith high relative density level, time duration for applying pressure on the powderwas estimated by
about 5 min. The cold pressed disk-shaped samples were then hot extruded by a 100 tones hydraulic press
machine. The temperature of hot extrusion process was adjusted on 500 °Cunder heating rate of 10 °Cper
minute. The sample was left under adopted temperature of 500 °C for about 30 min to have enough time to be
warmed up completely and then, the extrusion process was carried out. Extrusion ratio and extrusion speed for
all experiments was selected to 8.5:1 and 5 mm s−1, respectively. In order to lubricate the die walls, graphite base
fireproof grease (Molykote)was used.More details about the fabrication process can be found in our other
paper [50].

2.3.Deep rolling treatment (DRT)
DRT can be performedwith differentmechanisms [51]. Figure 2(a) illustrates a schematic view ofDRT [52].
Figure 2(b) depicts the roller toolfixed on the lathemachine for performingDRTon the nanocomposite samples
and also the drawing of designed roller tool in the current study. Interested readers can findmore information
about ourDRT setup and tools at [50].

2.4. Nanocomposite characterization
In order to evaluate the grain size, x-ray diffraction (XRD)patterns of the samples were recorded using a
PHILIPSX’PERTPW3040 diffractometer (40 k V/30 mA)withCuKα radiation (λ=0.154 059 nm). To
estimate the density and porosity of the samples, Archimedesmethod based onASTMC373-88 standard [50]
was used. Vickersmicro-hardness test was also done applying 100 g force to the specimen for 15 s using a

Figure 1.Morphology of (a)Al and (b) SiC nano particles.

Table 1.Mechanicalmilling condition.

Factors Value

Ball-to-powdermass ratio (BPR) 10

Rotational speed (rpm) 360

Time (h) 12

Ballmaterial Stainless steel

Process control agent (PCA) Stearic acid, 1 wt%
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tetragonal indenter (according toASTME384 [50, 53]). Themicro-hardness test was performed for about 3
points of each sample. To determine tensile strength, extruded samples were preparedwith the diameter of
9 mmand gage length of 45 mm (according toASTME8 [50]). The tensile test was then performed at room
temperature and loading rate of 3 mmmin−1 (strain rate of about 1×10−3 s−1). Specimens for rotary bending
fatigue test were prepared according toASTME466 [23, 26]. To plot the stress–life (S–N) curve, fully reversed
tensile-compressive fatigue loadingwith theminimum tomaximum stress ratio of−1 (R=−1)was performed
under stress control with a frequency of 50 Hz. Fatigue tests were conducted at four different stress levels of 230,
280, 310 and 320MPa for Al; 280, 350, 400 and 410MPa for Al-1.5 vol% SiC; and 280, 350, 440 and 450MPa for
Al-3 vol%SiC. At each stress level, three specimens were tested and the average valuewas reported. In order to
measure roughness, portable digital roughnessmeasuring device TR200model was used.

3. Results and discussion

3.1.Nanocomposite powder characteristics
TheXRDpatterns of nanocomposite powder and extruded samples with different amounts of nano phase
reinforcement are shown infigure 3.

As it is clear, aftermilling for about 12 h, peaks becomewider thatmay be due to grain refinement. Grain
refinement occurs because of repeated collisions of particles with balls andmilling chamber. Thismay lead to
dislocations lock andwork hardening of particles and as a result, the secondary boundaries are formed.
Formation of secondary boundaries leads to grain refinement. However, the transformation of particles
continues with lower rate than in the early hours of themilling process [17]. The grain size and lattice strain can
bemeasured usingWilliamson–Hall approach according to equation (1) [54]:

D
cos

0.9
2 sin , 1b q

l
e q= + ( )

whereβ is the diffraction peakwidth at halfmaximum intensity, θ is the Bragg diffraction angle, l is the
wavelength of the used radiation,D is the average crystallite size, and ε is the average lattice strain. Table 2 gives
themeasured crystallite size of theAlmatrix for both 12 hmechanicallymilled powdermixture and hot extruded

Figure 2. (a) Schematic view of general DRT [52], (b)DRT in current work.
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samples. As shown in table 2, thematrix crystallite size is reducedwith increasing the volume fraction of SiC
nano particles. This trend is similar towhat reported by other researchers [26, 54, 55]. Applying 12 hmilling
process could decrease thematrix crystallite size from about 75 nm (crystallite size of un-milled Al) to about
49 nm.Adding nano reinforcement also decreased crystallite size (from49 to 33 nm). Grain refinement of
aluminummatrix can be attributed to the increase of dislocation density which is a result of severe plastic
deformation inAl powder particles and also to the difference in coefficient of thermal expansion ofmatrix and
reinforcement [55]. It is notable that appropriatemilling time (12 h) as well as hot extrusion process has caused
uniformdistribution of SiC nanoparticles in Almatrix. The SEMmicrograph of Al–SiC nanocomposite after
milling and hot extrusion processes are presented infigure 4. Supplementary information is provided in [12, 50].

3.2.Density
Density is one of themost important parameters tomeasure the quality of consolidation of powdermaterials,
because thefinal properties of extruded samples are directly related to the relative density [50, 53]. Asfigure 5
demonstrates, the samples’ density was obtained close to the theoretical density. These results show absence of
porosities and high levels densification. As amatter of fact, porosities and voids around the reinforcing phase
reduce effective load carrying capabilities of thematerial due to lack of full load transfer conditions from the
matrix to the reinforcement phase [56]. This problem is less reported for the composites reinforcedwith small
amounts of the second phase (like 3 vol% SiCnano reinforcement) because of almost uniformdistribution of
the reinforcing particles in thematrix. In addition, high levels of pressure and temperature applied concurrently

Figure 3.XRDpattern of (a)Al–SiC nanocomposite powder after 12 hmilling and (b) hot extruded Al–SiC nanocomposite samples.

Table 2.Measuredmatrix crystallite size usingWilliamson–Hall approach.

Process Al

Al-1.5 vol-

%SiC

Al-3 vol-

%SiC

12 hmilled powders 49 nm 37 nm 33 nm

Hot extrusion

samples

99 nm 82 nm 73 nm
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during the hot extrusion process are known as other reasons to reach high densities [50]. Variation of relative
density versus volume fraction of SiC nano particles is depicted infigure 5. Although all the samples have high
relative densities (more than 99%), increasing the amount of reinforcing phase has decreased the relative density
slightly.

The reduction of relative densitymay be associated to agglomeration of SiC particles during the sintering
and also to the presence of hard ceramic particles and reduction of the press-ability of thematerial. Same results
were also reported by El-Kady et al [57] andAtrian et al [54, 58].

Figure 4.X-raymap of Si particles: (a), (b) after 12 hmilling and (c), (d) after hot extrusion process.

Figure 5.Variations of relative densities versus SiC content.
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3.3.Micro-hardness
Figure 6 shows themicro-hardness variation of Al–SiC nanocomposites with different contents of SiC nano
particles.

Micro-hardness ofMMCs, fabricated by PMmethod, is usually influenced by two factors. First one is the
hardness ofmatrix phase due tomilling and the second is the role of SiC particles as the reinforcement [50].
Adamiak et al [59] reported that adding Ti3Al nano particles to AA6061 alloy bymilling process can increase
micro-hardness and strengthmore thanmicro particles reinforcement. As illustrated infigure 6,micro-
hardness of the reinforced nanocomposite samples is enhanced after reinforcement because of the presence of
hard ceramic SiC nano particles. This enhancement can be approved by the rule ofmixtures as follows [57]:

H H f H f , 2c m m r r= + ( )

whereHc,Hm, andHr are the hardness of composite,matrix and reinforcement, respectively. fm and fr are also
the volume fraction ofmatrix and reinforcement, respectively. It should be noted that theHall–Petch theory
[52, 54] is also responsible formicro-hardness variations. According to equation (3) [55, 57], it is expected that
after grain refinement, the hardness will increase.

H H KD . 30
1 2= + - ( )

In this equation,H andHo are the hardness of composite and annealed coarse-grained sample, respectively.
K is a constant andD is the grain size.

3.4. Tensile properties
Tensile properties of the nanocomposite samples including the yield strength (YS), ultimate tensile strength
(UTS), and elongation (ε) are expressed infigure 7.

As thefigure suggests, samples having 3 vol% SiCnano particles have themost tensile strength and the least
elongation. In other words, by increasing the volume fraction of SiC nano particles, the YS andUTS have
increased and the elongation has decreased significantly. The improvement of tensile strengths is attributed to
some strengtheningmechanisms due to incorporation of ceramic nano particles. The reason for the effect of
nano particles on strength of the Al composite has been the subject of a number of investigations over the past
several years. Thesemechanisms include strengthening from grain size refinement (Hall–Petch theory)
[54, 55, 57, 60], Orowan strengtheningmechanism, strengthening arisen from enhanced dislocation density of
thematrix (thermalmismatch), shear lag, and load-bearing effects [54, 55, 61]. El-Kady et al [57] reported the
main reasons of strengthening for their Al–SiC nanocomposite fabricated by hot extrusion technique are the
Hall–Petch andOrowanmechanisms. Recently, amodel for predicting the YS inMMCs is reported byZhang
et al [62]. Thismodel involves the effects of thermalmismatch,Orowan, and load-bearingmechanisms and is
expressed as follows [62]:

f f f1 1 1 , 4yc ym l d Orowans s= + + +( )( )( ) ( )

f V0.5 , 5l p= ( )
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Figure 6.Variations of Vickersmicro-hardness of extruded samples versus SiC content.
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where ycs is the YS of reinforcedMMC, yms is thematrix YS under the same processing conditions, fl is the
improvement factor of load-bearing effect, fd is the improvement factor associatedwith the enhanced dislocation
density in thematrix induced by thermalmismatch between thematrix and reinforcement particles, fOrowan is
the improvement factor ofOrowan strengthening effect. The parameters used in these equations are defined in
table 3 based on data reported in [20, 22, 62]. The calculated strength for current research from each
strengtheningmechanism is given in table 4. It is evident that fd and fOrowan has themost contribution in the
material strengthening. As table 4 suggests, the predicted YSs agrees well with the experimental result.

3.5. Fatigue behavior
Figure 8 indicates the S–N data for untreated samples under four levels of stress. Fatigue life is defined as the
number of cycles required to fracture the sample.

As shown infigure 8, fatigue life increases under high cycle loadings and samples fail in higher number of
cycles with increasing volume fraction of nanoparticles. Generally, adding reinforcement phase to thematrix
leads to improvement of fatigue strength inHCFdue to enhancement of strength [22, 23, 26]. However, ceramic
reinforcement usually increases the crack growth rate and reduces the LCF life ofMMCs [63, 64]. In themetallic
materials, the fatigue crack initiation sites consist of intrinsic and extrinsic crack initiation regions. In the Al
alloy, themajor intrinsic crack initiation sites are the persistent slip bands (PSBs), and in the Almatrix
composite, they are the PSBs as well as the fractured reinforcing particles. Normally, in theHCF regime, few
fatigue cracks initiate at the PSBswhen the extrinsic crack initiation sites exist. Therefore, this type of crack
initiation site is negligible. Regarding to the fracture of reinforcing particles, the intrinsic crack initiation site is

Figure 7.Variations of yield strength, ultimate tensile strength, and elongation of extruded samples.

Table 3.Definitions and values of the parameters used in equations (4)–(7) [20, 22, 62].

Parameter Definition

Value (in current
research)

Gm Shearmodulus ofmatrix 25.9 GPa

b Burgers vector of dislocations inmatrix 0.286 nm

T T Tprocess testD = - Temperature difference (processing temperature − test temperature) 475 °C

m pa a aD = - Thermal expansion coefficient difference (coefficient of thermal expansion of

matrix-coefficient of thermal expansion of reinforcement)
18.3×10−6 (°C)−1

Vp Volume fraction of SiC particles 0–0.06

dp Particle size 100 nm

Table 4.The calculated yield strength of Al–SiC nanocomposite.

Nanocomposite fl fd fOrowan ycs (MPa) ys (MPa) (experiment) Error (%)

Al-1.5 vol% SiC 0.000 75 0.292 0.094 333.8 344 2.9

Al-3 vol% SiC 0.015 0.416 0.135 385 402 4.2
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dependent on the size of the reinforcing particles [20, 26].Wallin et al [65] has proposed that the probability of
reinforcement particles fracture should be increasingwith the particle size, which is described by the following
equations:

p
d

d
ffr 1 exp . , 8

3

s= - -⎜ ⎟
⎧⎨⎩

⎛
⎝

⎞
⎠

⎫⎬⎭{ } ¯ ( ) ( )

f
d

d
. , 9

N

m

m

3
flow
matrix

min
matrix

1

s
s s

s
=

-⎛
⎝⎜

⎞
⎠⎟( )

¯ { } ( )

where p fr{ }denotes the fracture probability, d is the particle size, d is the average particle size, f s( ) denotes a
stress parameter, and s denotes the tensile stress acting on the particle. dN is a normalization constant, flow

matrixs
denotes thematrix flow stress, min

matrixs denotes thematrix stress corresponding to theminimumparticle fracture
stress, 1s denotes a constant, andm is theWeibull in-homogeneity factor. Therefore, the finer size of the
reinforcing particles signifies the smaller probability of the fracture in the reinforcement particles. After 12 h of
mechanicalmilling, themixed powders are changed tofine grain size in different volume fractions. Therefore,
SiC particles are less probably fractured during the fatigue testing, whichmay not be themajor cause for the
initiation of the intrinsic crack. In this work, the fatigue life of the Al–SiC nanocomposite ismuch higher than
the unreinforced alloy. The improvement of the fatigue life for the composite is attributed to the following
factors: (i) the higher elasticmodulus, (ii) thefiner grains (the dependence of the fatigue limit stress FLs( ) on the
grain sizewas proposed in the formof theHall–Petch equation: K dFL 0FL FL

1 2s s= + - where FLs denotes the
fatigue limit; 0FLs is the original fatigue limit; KFL is a constant; d is the average grain size. Therefore, the fatigue
limit should increase with the reducing average grain size), and (iii) the submicron particles around the
inclusions [20].

3.6. Effects ofDRTon the surface roughness and hardness
Themajor parameter to describe the surface quality is the surface roughness. This parameter has considerable
influence on properties ofmaterials such as fatigue life andwear resistance [38, 39]. The destructive cracks
during cyclic loadings initiate usually from the surface scratches. Therefore, lower surface roughness (higher
surface quality and less scratched surface) leads to delay in the cracks initiation and in turn, to improve the
fatigue life. By applyingDRTon samplesmade fromdifferentmaterials such as steels and aluminum, surface
roughness and hardness improve at the same time [38, 39, 66]. In order to achieve a desired sample surfacewith
optimized values (minimum surface roughness andmaximumhardness) in this study, effectiveDRTparameters
such as penetration depth, rotational speed, feed rate, and the number of passesmust be determined. In this
regard, DRTwith different parameters values was applied on 3 vol% SiC nano particles reinforced samples and
the variations of surface roughness and hardness weremonitored. The results showed that for the parameter
values depicted in table 5, themost decrease in the surface roughness and themost increase in the surface
hardness were achieved. By applyingDRTwith these values, the surface roughness decreased from0.716 to
0.214 μmand themicro-hardness increased from245 to 260 HV.More details about the parameters
optimization and the effects ofDRTon the surface roughness and hardness of Al–SiC nanocomposite can be
found in [50]. Similar observations have already been reported by Prabhu et al [38, 39], Abrao et al [37, 51], and
Rodríguez et al [46]. Finally, to evaluate the effects ofDRTon fatigue behavior, these effective parameters are
considered for themain tests.

Figure 8. S–N data of untreated samples under rotary bending loadingwithR=−1.
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Table 5.The effectiveDRTparameters considered for themain tests.

Parameter Sample diameter (mm) Ball diameter (mm) Ball type Lubricant type Penetration depth (μm) Rotational speed (rpm) Feed rate (mm s−1) Number of passes

Value 12 6 Hardened bearing steel Z1 oil 100 180 0.08 3
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3.7. Effects ofDRTon fatigue behavior
DRT is a surfacemechanical treatment that uses ball or roller tools for inducing compressive residual stresses
and plastic strain in the layers near the surfacewhichmay cause to delay crack initiation during fatigue loading.
Crack propagation rate and direction is controlled by local stresses andmaterial structure [47, 67]. Therefore,
managing the stressfiled through the sample by inducing compressive residual stressesmay retard the surface
crack initiations and improve the useful life. In this regard, it is necessary to reduce surfaces scratches and
irregularities asmuch as possible. So, the samples were hand polished tomirror finish. The prepared sample and
theDRT zone is shown infigure 9.

Figure 9. (a)Drawing of the fatigue specimen (dimensions are inmm) and, (b) the prepared specimen and the deep rolled zone.

Figure 10. S–N curve for (a)Al, (b)Al-1.5 vol% SiC, and (c)Al-3 vol% SiCnanocomposite samples before and afterDRT.
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Generally,mechanical surface treatments cause some effects on the specimen such as: (a) surface roughness
or smoothness, (b)work hardening, and (c) surface compressive residual stress. It is known that increasing the
surface roughness accelerates the surface cracks initiation however it does not affect the crack growth.On the
other hand, work hardeningwhich retards the cracks initiation increases the crack growth rate. Compressive
residual stresses have also little effect on cracks initiation but reduce the crack growth rate significantly [34, 68].
This shows that a set of events control the useful life of components. All these effects and their interactions play
an important role in thematerial response and therefore, having a precise study is a demand from engineering
point of view.DRT improves the surface features and the fatigue resistance simultaneously. This process causes
compressive residual stresses near the surface, leading to considerable improvement of the fatigue life
[34, 41, 45, 46]. In this regard, Juijerm et al [69] reported that work hardening of subsurface layers is themost
important reason for increasing the fatigue life of aluminumalloys. Figures 10 and 11 illustrate the stress–life
curves for all treated and untreated samples.

As can be observed infigures 10 and 11, applyingDRTon the samples increases the fatigue life. For example,
for Al under stress level of 230MPa, life is increased after DRTby about 290%,while for the reinforced samples
with 1.5 and 3 vol%of SiC nano particles under stress level of 280MPa, the fatigue life is increased afterDRTby
about 220%and 170%, respectively. Effects ofDRTdepend on the applied stress level [41]. Asfigure 10 suggests,
in high stress levels (LCF) the fatigue life improvement is less pronounced than in lower stress levels (HCF). This
result is also in accordance towhat obtained byAltenberger et al [33] andMajzoobi et al [41, 68]. It is believed
that the high level stresses during LCF loading destroy the distribution of compressive residual stress induced by
DRT in the sample surface layers. Therefore, crack initiatesmuch earlier in LCF comparedwithHCF [68].

Figure 11. Fatigue life comparison of treated and untreated samples in different stress levels; (a)Al, (b)Al-15 vol% SiC, (c)Al-3 vol%
SiC.
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3.8. Fractography
Figure 12 shows the SEM images of the fatigue fractured sections. Amixture of brittle and ductile fracturemodes
can be observed for both non-reinforced and reinforced aluminummatrix, as similarly observed byGhasemi
Yazdabadi et al [22]. Non-homogenous plastic deformation can be seen in the fractured sections. In addition,
macroscopic cracks are visible that are essentially traversed along the grain boundaries (see figures 12(f) and (i)).
It is also obvious that the fatigue cracks are initiated from the surface defects. Dimple size decreases by increasing
the SiC volume fractionwhich can be attributed to interaction between SiCnanoparticles and themicro-void
coalescences. The reduction of dimple size with increasing the SiC contents implies that the fracturemode has
becomemore brittle. Hard inclusions can serve as sites formicro-void nucleation (due to de-cohesion of the
particles from thematrix) as well as inhibit the crack growth by deflection. So,finer dimples are formed in
samples wither higher contents of ceramic reinforcement. In addition to occurrence of crack nucleation at the
matrix-reinforcement interface, crack nucleationwas observed at the outside defects (at the surface of the
specimens) aswell. It appears that interfaces are not themain sites of nucleation because of the spherical
morphology (no sharp corners to cause stress concentration) and good interface bonding caused by PMandhot
extrusion technique [22, 23].

4. Concluding remarks

The following conclusionsmay be drawn from the investigations presented in this paper:

• Severe plastic deformation of powder particles duringmechanicalmilling can lead toAlmatrix grain
refinement to nanometric scale.Matrix crystallite size was calculated byWilliamson–Hallmethod after
milling and it was obtained 49 nm for non-reinforced samples, 37 nm for Al-1.5 vol% SiC, and 33 nm for
Al-3 vol% SiC.

• Relative density of the samples was decreased from99.98% (for non-reinforced aluminum) to 99.02% (for
Al-3 vol% SiC nanocomposite). As the volume fraction of SiC nano particles increased, themicro-hardness
enhanced from170 to 245 HV (44% improvement).Moreover, UTS increased from320MPa for

Figure 12. Fracture surface of the specimens: (a)–(c)Al, (d)–(f)Al-1.5 vol% SiC, and (g)–(i)Al-3 vol% SiC.
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non-reinforced aluminum to near 450MPa for Al-3 vol% SiC. The rule ofmixtures andHall–Petch theories
are responsible for these increasing behaviors.

• With increasing the volume fraction of nano particles, fatigue strength increased especially in low stress levels
(HCF). In stress level of 280MPa, the number of cycles to failure increased from8709 for non-reinforced
samples to 93 325 for Al-1.5 vol% SiC.

• DRT could improve the surface characteristics of nanocomposite samples. The initial surface roughness
decreased from0.706 μmto about 0.214 μm,which showed the surface quality improvement about 230%.
Micro-hardness also increased from245 to 260 HV.

• ApplyingDRT could improve the fatigue life significantlymainly under LCF regimes. Life of fabricated
samples was increased about 290% in the stress level of 230MPa for non-reinforced aluminum, about 220%
in the stress level of 280MPa for Al-1.5 vol% SiC, and about 170% in the same stress level of 280MPa for Al-
3 vol%SiC.

ORCID iDs

Amir Atrian https://orcid.org/0000-0001-5431-1013

References

[1] KhademSA,Nategh S andYoozbashizadehH2011 Structural andmorphological evaluation of Al-5 vol% SiCnanocomposite powder
produced bymechanicalmilling J. Alloys Compd. 509 2221–6

[2] AtrianA,MajzoobiG, EnayatiM andBakhtiari H 2014Mechanical andmicrostructural characterization of Al7075/SiC
nanocomposites fabricated by dynamic compaction Int. J.Miner.,Metall.,Mater. 21 295–303

[3] AtrianA,MajzoobiG,Nourbakhsh S, Galehdari S andNejad RM2016 Evaluation of tensile strength of Al7075–SiC nanocomposite
compacted by gas gun using spherical indentation test and neural networksAdv. Powder Technol. 27 1821–7

[4] EzatpourHR, Sajjadi S A, SabzevarMHandHuangY 2014 Investigation ofmicrostructure andmechanical properties of Al6061-
nanocomposite fabricated by stir castingMater. Des. 55 921–8

[5] Jamaati R, ToroghinejadMR,Amirkhanlou S and EdrisH 2015Microstructural evolution of nanostructured steel-based composite
fabricated by accumulative roll bondingMater. Sci. Eng.A 639 298–306

[6] Mashhadi A, Atrian A andGhalandari L 2017Mechanical andmicrostructural investigation of Zn/Snmultilayered composites
fabricated by accumulative roll bonding (ARB) process J. Alloys Compd. 727 1314–23

[7] MajzoobiG, AtrianA and PipelzadehM2015 Effect of densification rate on consolidation and properties of Al7075–B4C composite
powderPowderMetall. 58 281–8

[8] MajzoobiG, AtrianA and EnayatiM2015Tribological properties of Al7075–SiC nanocomposite prepared by hot dynamic compaction
Compos. Interfaces 22 579–93

[9] AtrianA andNourbakhsh SH2017Mechanical behavior of Al–SiCnp nanocomposite fabricated by hot extrusion technique Int. J. Adv.
Des.Manuf. Technol.AcceptedManuscript

[10] Azimi A, Shokuhfar A andNejadseyfiO2015Mechanically alloyedAl7075–TiCnanocomposite: powder processing, consolidation and
mechanical strengthMater. Des. 66 137–41 Part A

[11] Feng J, SunH, Li X, Zhang J, FangWand FangW2016Microstructures andmechanical properties of the ultrafine-grainedMg–3Al–Zn
alloys fabricated by powdermetallurgyAdv. Powder Technol. 27 550–6

[12] Sattari S, JahaniMandAtrian A 2017Effect of volume fraction of reinforcement andmilling time on physical andmechanical
properties of Al7075–SiC composites fabricated by powdermetallurgymethod PowderMetall.Met. Ceram. 56 283–92

[13] Sattari S and JahaniM2017An investigation of parameters involved and defects in the fabrication of Al–SiC nanocomposite using hot
extrusion techniqueTrans. Indian Inst.Met. 70 2361–70

[14] Sajjadi S A, EzatpourHR andBeygiH 2011Microstructure andmechanical properties of Al–Al2O3micro andnano composites
fabricated by stir castingMater. Sci. Eng.A 528 8765–71

[15] Sajjadi S A, EzatpourHR andTorabi PariziM2012Comparison ofmicrostructure andmechanical properties of A356 aluminum
alloy/Al2O3 composites fabricated by stir and compo-casting processesMater. Des. 34 106–11

[16] SuryanarayanaC, Ivanov E andBoldyrevVV2001The science and technology ofmechanical alloyingMater. Sci. Eng.A 304–306
151–8

[17] ZhangDL 2004 Processing of advancedmaterials using high-energymechanicalmilling Prog.Mater. Sci. 49 537–60
[18] Senthilkumar R, ArunkumarN andManzoorHussianM , 2015A comparative study on low cycle fatigue behaviour of nano andmicro

Al2O3 reinforcedAA2014 particulate hybrid compositesResults Phys. 5 273–80
[19] KaynakC andBoylu S 2006 Effects of SiC particulates on the fatigue behaviour of anAl-alloymatrix compositeMater. Des. 27 776–82
[20] MaY,Chen Z,WangM,ChenD,MaNandWangH2015High cycle fatigue behavior of the in situTiB2/7050 compositeMater. Sci.

Eng.A 640 350–6
[21] DingHZ, BiermannHandHartmannO2003 Low cycle fatigue crack growth and life prediction of short-fibre reinforced aluminium

matrix composites Int. J. Fatigue 25 209–20
[22] Ghasemi YazdabadiH, EkramiA, KimHS and Simchi A 2013An Investigation on the fatigue fracture of P/MAl–SiCNanocomposites

Metall.Mater. Trans.A 44 2662–71
[23] SimchiH and Simchi A 2009Tensile and fatigue fracture of nanometric alumina reinforced copperwith bimodal grain size distribution

Mater. Sci. Eng.A 507 200–6
[24] HanlonT, KwonYN and Suresh S 2003Grain size effects on the fatigue response of nanocrystallinemetals Scr.Mater. 49 675–80
[25] HöppelHW,KautzM, XuC,MurashkinM, LangdonTG,Valiev RZ andMughrabiH 2006Anoverview: fatigue behaviour of

ultrafine-grainedmetals and alloys Int. J. Fatigue 28 1001–10

14

Mater. Res. Express 5 (2018) 015052 S Sattari andAAtrian

https://orcid.org/0000-0001-5431-1013
https://orcid.org/0000-0001-5431-1013
https://orcid.org/0000-0001-5431-1013
https://orcid.org/0000-0001-5431-1013
https://doi.org/10.1016/j.jallcom.2010.10.188
https://doi.org/10.1016/j.jallcom.2010.10.188
https://doi.org/10.1016/j.jallcom.2010.10.188
https://doi.org/10.1007/s12613-014-0908-7
https://doi.org/10.1007/s12613-014-0908-7
https://doi.org/10.1007/s12613-014-0908-7
https://doi.org/10.1016/j.apt.2016.06.015
https://doi.org/10.1016/j.apt.2016.06.015
https://doi.org/10.1016/j.apt.2016.06.015
https://doi.org/10.1016/j.matdes.2013.10.060
https://doi.org/10.1016/j.matdes.2013.10.060
https://doi.org/10.1016/j.matdes.2013.10.060
https://doi.org/10.1016/j.msea.2015.05.025
https://doi.org/10.1016/j.msea.2015.05.025
https://doi.org/10.1016/j.msea.2015.05.025
https://doi.org/10.1016/j.jallcom.2017.08.241
https://doi.org/10.1016/j.jallcom.2017.08.241
https://doi.org/10.1016/j.jallcom.2017.08.241
https://doi.org/10.1179/1743290115Y.0000000008
https://doi.org/10.1179/1743290115Y.0000000008
https://doi.org/10.1179/1743290115Y.0000000008
https://doi.org/10.1080/09276440.2015.1055955
https://doi.org/10.1080/09276440.2015.1055955
https://doi.org/10.1080/09276440.2015.1055955
https://doi.org/10.1016/j.matdes.2014.10.046
https://doi.org/10.1016/j.matdes.2014.10.046
https://doi.org/10.1016/j.matdes.2014.10.046
https://doi.org/10.1016/j.apt.2016.02.008
https://doi.org/10.1016/j.apt.2016.02.008
https://doi.org/10.1016/j.apt.2016.02.008
https://doi.org/10.1007/s11106-017-9896-2
https://doi.org/10.1007/s11106-017-9896-2
https://doi.org/10.1007/s11106-017-9896-2
https://doi.org/10.1007/s12666-017-1097-7
https://doi.org/10.1007/s12666-017-1097-7
https://doi.org/10.1007/s12666-017-1097-7
https://doi.org/10.1016/j.msea.2011.08.052
https://doi.org/10.1016/j.msea.2011.08.052
https://doi.org/10.1016/j.msea.2011.08.052
https://doi.org/10.1016/j.matdes.2011.07.037
https://doi.org/10.1016/j.matdes.2011.07.037
https://doi.org/10.1016/j.matdes.2011.07.037
https://doi.org/10.1016/S0921-5093(00)01465-9
https://doi.org/10.1016/S0921-5093(00)01465-9
https://doi.org/10.1016/S0921-5093(00)01465-9
https://doi.org/10.1016/S0921-5093(00)01465-9
https://doi.org/10.1016/S0921-5093(00)01465-9
https://doi.org/10.1016/S0921-5093(00)01465-9
https://doi.org/10.1016/S0079-6425(03)00034-3
https://doi.org/10.1016/S0079-6425(03)00034-3
https://doi.org/10.1016/S0079-6425(03)00034-3
https://doi.org/10.1016/j.rinp.2015.09.004
https://doi.org/10.1016/j.rinp.2015.09.004
https://doi.org/10.1016/j.rinp.2015.09.004
https://doi.org/10.1016/j.matdes.2005.01.009
https://doi.org/10.1016/j.matdes.2005.01.009
https://doi.org/10.1016/j.matdes.2005.01.009
https://doi.org/10.1016/j.msea.2015.06.023
https://doi.org/10.1016/j.msea.2015.06.023
https://doi.org/10.1016/j.msea.2015.06.023
https://doi.org/10.1016/S0142-1123(02)00114-7
https://doi.org/10.1016/S0142-1123(02)00114-7
https://doi.org/10.1016/S0142-1123(02)00114-7
https://doi.org/10.1007/s11661-013-1620-3
https://doi.org/10.1007/s11661-013-1620-3
https://doi.org/10.1007/s11661-013-1620-3
https://doi.org/10.1016/j.msea.2009.01.037
https://doi.org/10.1016/j.msea.2009.01.037
https://doi.org/10.1016/j.msea.2009.01.037
https://doi.org/10.1016/S1359-6462(03)00393-2
https://doi.org/10.1016/S1359-6462(03)00393-2
https://doi.org/10.1016/S1359-6462(03)00393-2
https://doi.org/10.1016/j.ijfatigue.2005.08.014
https://doi.org/10.1016/j.ijfatigue.2005.08.014
https://doi.org/10.1016/j.ijfatigue.2005.08.014


[26] Park BG, Crosky AG andHellier AK2008High cycle fatigue behaviour ofmicrosphere Al2O3–Al particulatemetalmatrix composites
CompositesB 39 1257–69

[27] MahadevanK, RaghukandanK, Senthilvelan T, Pai BC and Pillai UT S 2006 Investigations on the high cycle fatigue behaviour of stir
cast AA 6061-SiCp composites J.Mater. Sci. 41 5548–55

[28] SrivatsanT S, Al-HajriM, PetraroliM,Hotton B and LamPC2002 Influence of silicon carbide particulate reinforcement on quasi
static and cyclic fatigue fracture behavior of 6061 aluminumalloy compositesMater. Sci. Eng.A 325 202–14

[29] LukM J,Mirza F A,ChenDL,NiDR, Xiao B L andMaZY 2015 Low cycle fatigue of SiCp reinforced AA2009 compositesMater. Des.
66 274–83

[30] Hruby P, Singh S S,Williams J J, XiaoX,DeCarlo F andChawlaN2014 Fatigue crack growth in SiC particle reinforced Al alloymatrix
composites at high and lowR-ratios by in situ x-ray synchrotron tomography Int. J. Fatigue 68 136–43

[31] LiW, LiangH,Chen J, Zhu SQ andChen YL 2014 Effect of SiC particles on fatigue crack growth behavior of SiC particulate-reinforced
Al–Si Alloy composites produced by spray forming Proc.Mater. Sci. 3 1694–9

[32] JuijermP andAltenberger I 2006 Fatigue behavior of deep rolledAl–Mg–Si–Cu alloy at elevated temperature Scr.Mater. 55 943–6
[33] Altenberger I, Nalla RK, Sano Y,Wagner L andRitchie RO2012On the effect of deep-rolling and laser-peening on the stress-

controlled low- and high-cycle fatigue behavior of Ti–6Al–4V at elevated temperatures up to 550 °C Int. J. Fatigue 44 292–302
[34] Altenberger I 2005Deep rolling—the past, the present and the futureProc. 9th Int. Conf. on Shot Peening pp 6–9
[35] MajzoobiGH,Nemati J, Novin RoozA J and Farrahi GH2009Modification of fretting fatigue behavior of AL7075–T6 alloy by the

application of titanium coating using IBED technique and shot peeningTribol. Int. 42 121–9
[36] BeghiniM, Bertini L,Monelli BD, Santus C andBandiniM2014Experimental parameter sensitivity analysis of residual stresses

induced by deep rolling on 7075-T6 aluminiumalloy Surf. Coat. Technol. 254 175–86
[37] AbrãoAM,Denkena B, Köhler J, Breidenstein B,Mörke T andRodrigues PCM2014The influence of heat treatment and deep rolling

on themechanical properties and integrity of AISI 1060 steel J.Mater. Process. Technol. 214 3020–30
[38] PrabhuP, Kulkarni S and Sharma S 2011An experimental investigation on the effect of deep cold rolling parameters on surface

roughness and hardness of AISI 4140 steelWorld Acad. Sci. Eng. Technol. 60 1594–8
[39] PrabhuPR, Kulkarni SM, Sharma S S, JagannathK andBhat Chandrashekhar 2012Deep cold rolling process onAISI 4140 steel and

optimization of surface roughness by response surfacemethodology International Conference onMechanical, Production andMaterials
Engineering (ICMPME’2012) (Bangkok, June 16–17, 2012)

[40] Nalla RK, Altenberger I, Noster U, LiuGY, Scholtes B andRitchie RO2003On the influence ofmechanical surface treatments—deep
rolling and laser shock peening—on the fatigue behavior of Ti–6Al–4V at ambient and elevated temperaturesMater. Sci. Eng.A 355
216–30

[41] MajzoobiGH,AzadikhahK andNemati J 2009The effects of deep rolling and shot peening on fretting fatigue resistance of aluminum-
7075–T6Mater. Sci. Eng.A 516 235–47

[42] EbrahimiM,Amini S andMahdavi SM2016The investigation of laser shock peening effects on corrosion and hardness properties of
ANSI 316L stainless steel Int. J. Adv.Manuf. Technol. 88 1557–65

[43] MinglongC,DeyuanZ,Huawei C,WeiQ and Jinsheng L 2016 Surface nanocrystallization and its effect on fatigue performance of
high-strengthmaterials treated by ultrasonic rolling process Int. J. Adv.Manuf. Technol. 83 123–31

[44] Sequera A, FuCH,GuoYB andWeiXT 2014 Surface integrity of inconel 718 by ball burnishing J.Mater. Eng. Perform. 23 3347–53
[45] Avilés R, Albizuri J, Rodríguez A and López de Lacalle LN 2013 Influence of low-plasticity ball burnishing on the high-cycle fatigue

strength ofmedium carbonAISI 1045 steel Int. J. Fatigue 55 230–44
[46] Rodríguez A, López de Lacalle LN,Celaya A, Lamikiz A andAlbizuri J 2012 Surface improvement of shafts by the deep ball-burnishing

technique Surf. Coat. Technol. 206 2817–24
[47] Muñoz-Cubillos J, Coronado J J andRodríguez SA 2017Deep rolling effect on fatigue behavior of austenitic stainless steels Int. J.

Fatigue 95 120–31
[48] Blasón S, Rodríguez C, Belzunce J and Suárez C 2017 Fatigue behaviour improvement on notched specimens of two different steels

through deep rolling, a surface cold treatmentTheor. Appl. Fract.Mech. 92 223–8
[49] Nusskern P,Hoffmeister J and Schulze V 2014 Powdermetallurgical components: improvement of surface integrity by deep rolling and

case hardening Proc. CIRP 13 192–7
[50] Sattari S andAtrian A 2017 Effects of the deep rolling process on the surface roughness and properties of anAl-3vol% SiCnanoparticle

nanocomposite fabricated bymechanicalmilling and hot extrusion Int. J.Miner.Metall.Mater. 24 814–25
[51] AbrãoAM,Denkena B, Breidenstein B andMörke T 2014 Surface and subsurface alterations induced by deep rolling of hardenedAISI

1060 steelProd. Eng. 8 551–8
[52] Sartkulvanich P, Altan T, Jasso F andRodriguez C 2007 Finite elementmodeling of hard roller burnishing: an analysis on the effects of

process parameters upon surfacefinish and residual stresses J.Manuf. Sci. Eng. 129 705–16
[53] MajzoobiG, Bakhtiari H, Atrian A, PipelzadehMandHardy S 2015Warmdynamic compaction of Al6061/SiC nanocomposite

powdersProc. Inst.Mech. Eng. L 230 375–87
[54] AtrianA,MajzoobiGH, EnayatiMHandBakhtiari H 2015A comparative study on hot dynamic compaction and quasi-static hot

pressing of Al7075/SiCnp nanocompositeAdv. Powder Technol. 26 73–82
[55] Abdollahi A, Alizadeh A andBaharvandiHR 2014Dry sliding tribological behavior andmechanical properties of Al2024–5wt%B4C

nanocomposite produced bymechanicalmilling and hot extrusionMater. Des. 55 471–81
[56] EzatpourHR, Sajjadi S A, SabzevarMHandHuangYZ 2014An investigation of the tensile and compressive properties of Al6061 and

its nanocomposites in as-cast state and in extruded conditionMater. Sci. Eng.A 607 589–95
[57] El-KadyO and FathyA 2014 Effect of SiC particle size on the physical andmechanical properties of extruded Almatrix nanocomposites

Mater. Des. 54 348–53
[58] MajzoobiGH, Rahmani K andAtrian A 2014Temperature effect onmechanical and tribological characterization ofMg–SiC

nanocomposite fabricated by high rate compactionMater. Res. Express 5 015046
[59] AdamiakM, Fogagnolo J B, Ruiz-Navas EM,Dobrzañski L A andTorralba JM2004Mechanicallymilled AA6061/(Ti3Al)PMMC

reinforcedwith intermetallics—the structure and properties J.Mater. Process. Technol. 155–156 2002–6
[60] MeyersMA,Mishra A andBensonD J 2006Mechanical properties of nanocrystallinematerials Prog.Mater. Sci. 51 427–556
[61] Zhang Z andChenDL 2006Consideration ofOrowan strengthening effect in particulate-reinforcedmetalmatrix nanocomposites: a

model for predicting their yield strength Scr.Mater. 54 1321–6
[62] Zhang Z andChenDL 2007 Prediction of fracture strength inAl2O3/SiCp ceramicmatrix nanocomposites Sci. Technol. Adv.Mater. 8 5
[63] ChenZZ andTokaji K 2004 Effects of particle size on fatigue crack initiation and small crack growth in SiC particulate-reinforced

aluminium alloy compositesMater. Lett. 58 2314–21

15

Mater. Res. Express 5 (2018) 015052 S Sattari andAAtrian

https://doi.org/10.1016/j.compositesb.2008.01.006
https://doi.org/10.1016/j.compositesb.2008.01.006
https://doi.org/10.1016/j.compositesb.2008.01.006
https://doi.org/10.1007/s10853-006-0335-x
https://doi.org/10.1007/s10853-006-0335-x
https://doi.org/10.1007/s10853-006-0335-x
https://doi.org/10.1016/S0921-5093(01)01444-7
https://doi.org/10.1016/S0921-5093(01)01444-7
https://doi.org/10.1016/S0921-5093(01)01444-7
https://doi.org/10.1016/j.matdes.2014.10.070
https://doi.org/10.1016/j.matdes.2014.10.070
https://doi.org/10.1016/j.matdes.2014.10.070
https://doi.org/10.1016/j.ijfatigue.2014.05.010
https://doi.org/10.1016/j.ijfatigue.2014.05.010
https://doi.org/10.1016/j.ijfatigue.2014.05.010
https://doi.org/10.1016/j.mspro.2014.06.273
https://doi.org/10.1016/j.mspro.2014.06.273
https://doi.org/10.1016/j.mspro.2014.06.273
https://doi.org/10.1016/j.scriptamat.2006.07.030
https://doi.org/10.1016/j.scriptamat.2006.07.030
https://doi.org/10.1016/j.scriptamat.2006.07.030
https://doi.org/10.1016/j.ijfatigue.2012.03.008
https://doi.org/10.1016/j.ijfatigue.2012.03.008
https://doi.org/10.1016/j.ijfatigue.2012.03.008
https://doi.org/10.1016/j.triboint.2008.05.006
https://doi.org/10.1016/j.triboint.2008.05.006
https://doi.org/10.1016/j.triboint.2008.05.006
https://doi.org/10.1016/j.surfcoat.2014.06.008
https://doi.org/10.1016/j.surfcoat.2014.06.008
https://doi.org/10.1016/j.surfcoat.2014.06.008
https://doi.org/10.1016/j.jmatprotec.2014.07.013
https://doi.org/10.1016/j.jmatprotec.2014.07.013
https://doi.org/10.1016/j.jmatprotec.2014.07.013
https://doi.org/10.1016/S0921-5093(03)00069-8
https://doi.org/10.1016/S0921-5093(03)00069-8
https://doi.org/10.1016/S0921-5093(03)00069-8
https://doi.org/10.1016/S0921-5093(03)00069-8
https://doi.org/10.1016/j.msea.2009.03.020
https://doi.org/10.1016/j.msea.2009.03.020
https://doi.org/10.1016/j.msea.2009.03.020
https://doi.org/10.1007/s00170-016-8873-0
https://doi.org/10.1007/s00170-016-8873-0
https://doi.org/10.1007/s00170-016-8873-0
https://doi.org/10.1007/s00170-015-7485-4
https://doi.org/10.1007/s00170-015-7485-4
https://doi.org/10.1007/s00170-015-7485-4
https://doi.org/10.1007/s11665-014-1093-6
https://doi.org/10.1007/s11665-014-1093-6
https://doi.org/10.1007/s11665-014-1093-6
https://doi.org/10.1016/j.ijfatigue.2013.06.024
https://doi.org/10.1016/j.ijfatigue.2013.06.024
https://doi.org/10.1016/j.ijfatigue.2013.06.024
https://doi.org/10.1016/j.surfcoat.2011.11.045
https://doi.org/10.1016/j.surfcoat.2011.11.045
https://doi.org/10.1016/j.surfcoat.2011.11.045
https://doi.org/10.1016/j.ijfatigue.2016.10.008
https://doi.org/10.1016/j.ijfatigue.2016.10.008
https://doi.org/10.1016/j.ijfatigue.2016.10.008
https://doi.org/10.1016/j.tafmec.2017.08.003
https://doi.org/10.1016/j.tafmec.2017.08.003
https://doi.org/10.1016/j.tafmec.2017.08.003
https://doi.org/10.1016/j.procir.2014.04.033
https://doi.org/10.1016/j.procir.2014.04.033
https://doi.org/10.1016/j.procir.2014.04.033
https://doi.org/10.1007/s12613-017-1465-7
https://doi.org/10.1007/s12613-017-1465-7
https://doi.org/10.1007/s12613-017-1465-7
https://doi.org/10.1007/s11740-014-0539-x
https://doi.org/10.1007/s11740-014-0539-x
https://doi.org/10.1007/s11740-014-0539-x
https://doi.org/10.1115/1.2738121
https://doi.org/10.1115/1.2738121
https://doi.org/10.1115/1.2738121
https://doi.org/10.1177/1464420714566628
https://doi.org/10.1177/1464420714566628
https://doi.org/10.1177/1464420714566628
https://doi.org/10.1016/j.apt.2014.08.007
https://doi.org/10.1016/j.apt.2014.08.007
https://doi.org/10.1016/j.apt.2014.08.007
https://doi.org/10.1016/j.matdes.2013.09.024
https://doi.org/10.1016/j.matdes.2013.09.024
https://doi.org/10.1016/j.matdes.2013.09.024
https://doi.org/10.1016/j.msea.2014.04.036
https://doi.org/10.1016/j.msea.2014.04.036
https://doi.org/10.1016/j.msea.2014.04.036
https://doi.org/10.1016/j.matdes.2013.08.049
https://doi.org/10.1016/j.matdes.2013.08.049
https://doi.org/10.1016/j.matdes.2013.08.049
https://doi.org/10.1088/2053-1591/aaa4e5
https://doi.org/10.1016/j.jmatprotec.2004.04.202
https://doi.org/10.1016/j.jmatprotec.2004.04.202
https://doi.org/10.1016/j.jmatprotec.2004.04.202
https://doi.org/10.1016/j.jmatprotec.2004.04.202
https://doi.org/10.1016/j.jmatprotec.2004.04.202
https://doi.org/10.1016/j.pmatsci.2005.08.003
https://doi.org/10.1016/j.pmatsci.2005.08.003
https://doi.org/10.1016/j.pmatsci.2005.08.003
https://doi.org/10.1016/j.scriptamat.2005.12.017
https://doi.org/10.1016/j.scriptamat.2005.12.017
https://doi.org/10.1016/j.scriptamat.2005.12.017
https://doi.org/10.1016/j.stam.2007.01.001
https://doi.org/10.1016/j.matlet.2004.02.034
https://doi.org/10.1016/j.matlet.2004.02.034
https://doi.org/10.1016/j.matlet.2004.02.034


[64] HanNL,Wang ZG,WangWL, ZhangGD and Shi CX 1999 Low-cycle fatigue behavior of a particulate SiC/2024Al composite at
ambient and elevated temperatureCompos. Sci. Technol. 59 147–55

[65] WallinK, Saario T andTörrönenK 1986 Fracture of brittle particles in a ductilematrix Int. J. Fract. 32 201–9
[66] Mombeini D andAtrian A 2018 Investigation of deep cold rolling effects on the bending fatigue of brass C38500 Latin Am. J. Solids

Struct.Accepted paper
[67] AbrãoAM,Denkena B, Köhler J, Breidenstein B andMörke T 2015The inducement of residual stress through deep rolling of AISI

1060 steel and its subsequent relaxation under cyclic loading Int. J. Adv.Manuf. Technol. 79 1939–47
[68] MajzoobiGH, Zare Jouneghani F andKhademi E 2016 Experimental and numerical studies on the effect of deep rolling on bending

fretting fatigue resistance of Al7075 Int. J. Adv.Manuf. Technol. 82 2137–48
[69] JuijermP andAltenberger I 2007 Effective boundary of deep-rolling treatment and its correlationwith residual stress stability of Al–

Mg–MnandAl–Mg–Si–Cu alloys Scr.Mater. 56 745–8

16

Mater. Res. Express 5 (2018) 015052 S Sattari andAAtrian

https://doi.org/10.1016/S0266-3538(97)00118-8
https://doi.org/10.1016/S0266-3538(97)00118-8
https://doi.org/10.1016/S0266-3538(97)00118-8
https://doi.org/10.1007/BF00018353
https://doi.org/10.1007/BF00018353
https://doi.org/10.1007/BF00018353
https://doi.org/10.1007/s00170-015-6946-0
https://doi.org/10.1007/s00170-015-6946-0
https://doi.org/10.1007/s00170-015-6946-0
https://doi.org/10.1007/s00170-015-7542-z
https://doi.org/10.1007/s00170-015-7542-z
https://doi.org/10.1007/s00170-015-7542-z
https://doi.org/10.1016/j.scriptamat.2007.01.021
https://doi.org/10.1016/j.scriptamat.2007.01.021
https://doi.org/10.1016/j.scriptamat.2007.01.021

	1. Introduction
	2. Experiments
	2.1. Materials
	2.2. Fabrication process
	2.3. Deep rolling treatment (DRT)
	2.4. Nanocomposite characterization

	3. Results and discussion
	3.1. Nanocomposite powder characteristics
	3.2. Density
	3.3. Micro-hardness
	3.4. Tensile properties
	3.5. Fatigue behavior
	3.6. Effects of DRT on the surface roughness and hardness
	3.7. Effects of DRT on fatigue behavior
	3.8. Fractography

	4. Concluding remarks
	References



