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Abstract 
The sliding wear behavior of cryo treated hybrid aluminium matrix composite of Al6061 and its reinforcement 

with 2.5% SiC + 5% TiO2  is carried out to ascertain which constituent and parameter is having more influence 

on the wear resistance of the metal matrix composites. The cryogenic treatment on metals and nonferrous 

metals gives a new born crystal structure of uniformly dispersed molecules at micro level. This favors for longer 

wear and durability of material. The hybrid composite material is prepared by stir casting process. The wear 

and frictional properties of hybrid metal matrix composite are studied by performing dry sliding wear test using 

a pin on disc wear tester. The experiments are conducted at a constant sliding velocity of 1.04 m/s and a sliding 

distance of 628 m over a various loads of 3, 4 and 5 kg. The result shows that, the reinforcement SiC and TiO2 

has improved the wear resisting property of Al6061 alloy composite. Influence of cryo treated hybrid composite 

shows improved wear resistance property compared with untreated cryo samples. The coefficient of friction 

decreases with the increasing load and particle reinforcement. The microstructure analysis reveals that SiC and 

TiO2 particulate are uniformly distributed in the matrix. The wear surfaces are examined by Scanning Electron 
Microscope which indicates an abrasive wear mechanism due to hard ceramic particles exposed on the worn 

surface. 
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I. Introduction 
 The hybrid metal matrix composite is the reinforcement with two or more different type of substances 

to get the improved property of the combination favoring the desired application. This gives high degree of 

freedom in material design[1]. The advantage of increased performance of light weight material in the 

automoyive, aerospace, nuclear energy and structural application made the researches to concentrate on hybrid 

metal matrix composite, also the conventional metals has some limitation in mechanical properties like specific 

strength, stiffness, and wear rate[2-5]. The wear resistance is influenced by the addition of hard reinforcement 

particles like Al2O3, SiC, TiO2etc in the metal matrix composite shown to reduce the wear loss compared to base 

alloy[6]. The wear resistance increases with the increase in addition of hard phase as reinforcement and the 

particle size of the hard phase[7]. The experimental study[8] also proves as wear loss decreases as two-fold 

when the reinforcement particle size of Al2O3 reinforcement increases from 5 to 142µm at the same volume 
fraction. The wear rate also decreases with increase in reinforcement hardness as is evident by low wear rate of 

SiC (2600 VHN) than Al2O3 (1800 VHN ) with the same base alloy composition[8]. 

 The addition of nonmetallic phase in composite, a change in wear mechanism from purely adhesive to 

a mixed mode of oxidative-abrasive has been reported[8].This results in the wear of the disc surface due to the 

hard non metallic phase.  The experimental work [9] has been made to access the factors that influence dry 

sliding wear behavior such as slide speed, reinforcement coefficient using Aluminium/Fly ash/Graphite hybrid 

metal matrix composite. The finding of the research work indicate that load was the more influencing factor on 

wear rate of hybrid metal matrix composite followed by sliding speed and reinforcement content. 

 The comparative work was done by the researchers between binary and hybrid composite of Aluminum 

alloy reinforcing with silicon carbide and Aluminium alloy reinforcing with silicon carbide and graphite. The 
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composites were made using powder metallurgy technique. The results shows that the hybrid composite 

possesses significant level of tribological characteristics with blackish and smooth  worn surfaces[10]. than the 

binary composite. The metal matrix composite is prepared using the stir casting tehniques for its advantages of 
simplicity, flexibility and applicability to a large quantity production. Its attractive principle allows for the 

conventional   metal processing route to be used and reduces the final cost of the product. The liquid metallurgy 

technique is the economical of all the metal matrix composites manufacturing[11] and allows for the very small 

size components to be fabricated. 

 The quality of the liquid metallurgy technique depends upon the solidification of the melt that contains 

suspended dispersoids. This is achieved under selected condition that could ensure desired distributing of the 

dispersed phase in the cast matrix. These selective parameter  conditions are obtained by resorting to stir casting 

in which considerable attention is paid to achieving a uniform distribution of the reinforcement material, 

ensuring wettability between the two main substances. Thus optimum properties of metal matrix composite 

could be achieved through uniform distributing reinforce material and optimum wet ability or bonding between 

these substances. The aluminum metal matrix composite having particles of discontinuous phase has desirable 
properties like low density, high specific strength, stiffness, controlled coefficient of thermal expansion, 

increased fatigue resistance and excellent dimensional stability at the elevated temperature etc [12,13]. The 

sliding wear behavior is characterized by the factors such as volume fraction, particle size of the reinforcement 

its hardness and strength of matrix alloy, applied load and environmental temperature etc. This wear characters 

is investigated in aluminum MMCs with reinforcement  such as SiC, Al2O3,TiC, TIB2 and graphite in [14-18]. 

The hybrid aluminium matrix composite shows improved mechanical properties than the single reinforcement 

and increases with the increasing reinforcement percentage [18]. 

 

Cryogenic processing 

 The cryogenic treatment is basically carried out using a cryogen (liquid nitrogen, liquid helium etc.) in 

cryostat, followed by holding it for a programmed time (i.e. freezing/soaking time) and then progressively 

leading it back to the room temperature. As one of the common arts to improve the hardness and wear resistance 
of metal products: i.e. motor racing parts, gun barrels, surgical and dental instruments[20-22], the mechanism 

has been reported as transformation of unstable phase (austenite) to stable phase (martensite), precipitation of 

fine dispersed carbides[21, 23, 24] and changes of the residual stress state[25]. These decades, the mechanical 

properties of some polymers such as PI, PEI, PTFE, PC, PU and epoxy resin were investigated at low 

temperature conditions [26-31]. In addition, the property changing of high performance fiber reinforced 

composites under cryogenic temperature condition was also investigated by scholars [32-34]. 

 On the other hand, cryogenic treatment, also known as subzero treatment, is a very old process that has 

been used widely for high precision parts and objects and especially for the ferrous materials mentioned earlier 

[35]. Subjecting materials to extreme cold hardens and strengthens; this method has been used for centuries 

[36]. Now cryogenic treatment is widely used in the automotive, aerospace, electronic and mechanical 

engineering industries to improve mechanical strength and the dimensional stability of various components [37]. 
For the past few years, in order to improve properties, a cryogenic treatment for nonferrous metals such as 

aluminium and magnesium alloys has been used [38]. 

 The mechanical properties and microstructure of metals and alloys in cryogenic treatment have drawn 

the attention of researchers. [39] and Jiang et al. [40] showed the beneficial effects of cryogenic treatment on 

nonferrous metal aluminium. When considering the wear performance of copper alloy, cryogenic treatment 

yields the least significant changes [41]. However, Woodcraft and Adam [42] showed a significant improvement 

in the mechanical properties of the strength, hardness, and toughness of aluminium alloy when subjected to 

cryogenic treatment. This has led to the idea of analyzing individual alloys' properties when MMCs undergo 

cryogenic treatment. This field is rapidly growing and is being used by many manufacturers. The present work 

provides a way for the researchers to construct a facility to research the process and results of cryogenic 

treatment in order to create standards for both processing and testing, which are currently unavailable. Hence it 

is important that mechanical properties of MMCs being developed are evaluated at cryogenic temperatures. The 
crogenic processed hybrid composite has improved  hardness and mechanical property compared with alloy and 

similar hybrid composite Jeyachandran et al.[43] 

 The aim of the present investigation is to evaluate the dry sliding metal- metal wear behavior of Al6061 

alloy, discontinuously reinforced with unequal volume fraction (SiC 2.5% & TiO2 5%). With cryogenic 

treatment and without cryogenic treatment.The stir casting method is chosen for the manufacturing of hybrid 

metal matrix composite. The effect of unequal volume fraction of the reinforcement and the applied load on the 

dry sliding metal-metal wear behavior of composite was investigated using a pin on disc wear tester.  The 

microstructure was studied for the particle distribution and worn surfaces were examined by scanning electron 

microscope. 
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Manufacturing of hybrid composite material  

  The stir casting method is used for preparing hybrid composite material Al6061+( SiC 2.5% & TiO2 

5%) Under this method particle reinforcement is added into liquid alminium melt and the mixture is allowed to 
solidify. Preheated reinforcement is added to the vortex created by a rotating impeller in the molten alloy. The 

process ensures a good wettability between the particle reinforcement and the molten liquid aluminium alloy. 

The industries prefer this method as it is quite flexible and yields a product with homogenously suspended 

reinforcement besides allowing moving solid liquid interface while solidification[44,45]. 

 The induction type of electric furnace is used for melting aluminium Al6061alloy in a crucible. The 

temperature was maintained  at 850°C. The power operated stirrer was introduced into the aluminum melt. The 

stirrer was coated with alumina material and immersed to about two third of the aluminum melt. The stirring 

speed was kept at 400 to 500 rpm to form a vortex in the molten metal for the addition of reinforcement. The 

other parameters like pouring temperature, preheating of reinforcement particles were suitably chosen. The 

average diameters of the reinforcement particles were 25µm and 50µm. They were preheated to 300°C and 

added inside the vortex formed by vigorous stirring.  
The molten composite material after complete adding of reinforcement particles was tilt poured into the 

preheated 250°C permanent steel mould and allowed to solidify in atmospheric temperature. Billets of unequal 

volume fraction of reinforcement material of the hybrid Al60615 composite were thus produced and wear test 

specimen were machined from them. The nominal chemical composition of Al6061 alloy is given in Table 1. 

 

Table 1 Nominal chemical composition of Al6061 alloy 

Elements Cu Si Mg Mn Fe Ti Ni Zn Sn Al 

Percentage 0.17 0.8 1.2 0.15 0.15 0.13 0.006 0.06 <0.001 Balance 

 

Cryogenic treatment 

 The Al6061 hybrid metal composite prepared by stir casting method is subjected to cryogenic 

processing Cryogenic treatment of samples is performed by placing Al6061/SiC-TiO2 specimen in a cryogenic 

chamber. The cryogenic treatment is done in nitrogen reservoir. The sample temperature is monitored by a K 

type thermocouple which was used to operate a stepper motor which lowered the sample and maintained a 

temperature decline at the rate of 1°C/min. The temperature is lowered to - 196°C the time taken to reach is 

nearly 4 hours. 

The pain stacking method is very slow microprocessor controlled process which eliminates the 
probability of thermal shock and micro-cracking..Specimen were held at -196°C for time duration such as 20 

hours and slowly brought up to approximately +25°C. The cryogenic processing is followed as per Kaveh 

Meshinchi et al [30]. After the completion of cryogenic processing the specimen is prepared for microstructure 

analyzes according to ASTM E3 standards. The samples were subjected grinding and polishing followed by 

etching by nital. The optical microscope was taken using metallurgical microscope and then the specimen is 

washed with acetone and dried thoroughly for the dry sliding wear test. 

 

Experimental procedure 

 A pin on disc wear testing machine (Wear and Friction monitor TR-201) was used to conduct the 

sliding experiments at room temperature. A dead weight loading system kept the pins 8mm diameter and 20mm 

length with the flat ends on the disc. The disc test piece size was 100mm diameter and 10mm thick they slide by 
a diameter of 50mm on the disc made by hardened steel HV 698. The sample specimen Al6061+( SiC 2.5% & 

TiO2 5%) of cryogenic treated, uncryo treated composite samples and unreinforced Al6061 alloy were tested 

separately under varying applied loads of 29.43N (3Kgf), 39.24N (4Kgf), 49.05N (5Kgf) for a total sliding 

distance of 628m at constant sliding speed of 1.04m/sec for all samples. Test were conducted at atmospheric 

conditions of 50% relative humidity and 25°C. The entire test was conducted for 10 minutes at a constant disc 

speed of 400 rpm. 

 The vertical height of the specimen was continuously measured to note the vertical displacement of the 

specimen during the test this was taken as the wear of the specimen. Linear variable differential transformer 

(LVDT) was used for this purpose.  The photographic view of the pin on disk wear tester used in this 

investigation is shown in Fig 1. An experimental graph showing the height loss or wear in µm against sliding 

time in seconds obtained from wear testing is shown in fig 2. The hardness of the composite material and 
Al6061 alloy specimen at room temperature was measured using Vickers hardness testing machine. 
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Fig. 1 Photograhic view of pin on disk wear testing machine 

 

The sliding speed and the sliding distance travelled by the test specimen on complete travel of the experiment or 

in a particular interval of time  is calculated by substituting in the equation below, 

  Sliding speed in m/sec =         

  Sliding distance in meters =         
 Where D = Diameter of wear track 

  N= Disc speed in rpm 

  T= Test duration in seconds 

 

 
(a) 

 

 
(b) 

Fig. 2 Typical graphical result from pin on disk type wear testing machine (a) wear in µm and (b) Frictional 

force in N 
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II. Results and Discussion 
 The hybrid composite material prepared is subjected to dry sliding wear and their response to the wear 

and other function was analyzed.  

Influence of cryogenic treatment and its effect of load, sliding distance and particulate SiC and TiO2 

percentage on wear rate 

 The wear performance graph depicts the wear of hybrid composite material of cryogenic processed and 

uncryo processes  (Al6061+2.5%SiC &5%TiO2) and unreinforced Al6061 alloy specimen under dry sliding 

condition are presented in the  Fig.3. When the load applied is 29.43N (3Kgf) in Fig.3 (a) the variation of the 

wear rate with sliding distance for different cryogenic processed samples of hybrid composite material is shown. 

The graph shows two region which is “running in” and “steady state” periods The “running in” period is the 

time of start that is initial stage in the wear testing the wear rate is more due to the adhesive nature of the sample 

to the sliding disc[48]. During “steady state” period the wear progressed at a slower rate and linearly with 
increasing sliding distance. The hybrid composite specimen subjected to cryogenic processing shows decrease 

in wear rate as seen in graph. This is due to the high wear resistance of the particulate TiO2 incorporated in the 

hybrid composite mixture. The results also explains that increase of sliding distance reduces the wear rate, due 

to the smoothening of the composite material after 100m which in turn reduces the wear rate. Fig. 3 (b) show the 

variation of wear rate with respect to sliding distance at a load of 39.24 N. The result obtained is almost same as 

the result obtained before, but the increase of load increases the wear rate in composite material. Fig. 3 (c) for 

49.05N shows the same trend as observed for 29. 43 N load and 39.24 N load. The results of the above graph 

tell that increase of load increase the wear rate in hybrid composite material. The increase of volume fraction of 

TiO2 in hybrid reinforcement decreases the wear rate of hybrid composite material due to the lubricating 

property of the TiO2 particulate [46]. The cryogenic processed specimen shows enhanced wear resisting 

property compared to the uncryotreated composite specimen. This shows that materials microstructure at the 
molecular level is improved and evenly dispersed to have improved wear resistance of the hybrid composite.   

 
 (a) 29.43N  
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(b) 39.24N 

 
(c) 49.05N 
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(d) at the end of maximum sliding distance(628 m) 

Fig.  3 Wear rate of unreinforced alloy and composites at applied loads of (a) 29.43N (b) 39.24N (c) 49.05N as a 

function of sliding distance (d) at the end of maximum sliding distance(628 m) as a function of volume 

percentage of reinforcement. 
 

 Fig. 3 (d) shows wear rate with respect to load and volume reinforcement for the hybrid composite 

material. The results are taken for the maximum of 628m specimen travel in the disc. The results clearly tell as 

the load increases the wear rate increases. The maximum wear rate is seen in the unreinforced alloy. The 

influence of the reinforcement in the matrix Al6061 alloy and the TiO2 volume percentage along with cryogenic 

processing  has the marked effect in the wear resistance property. It has been ascertained that increases of 

volume fraction of TiO2 in a particular volume fraction say 3/4th in a 7% reinforcement shows good wear 

resisting property. As expected, the wear rate of the composite specimen with a fixed volume percentage of 

reinforcement increases with increasing applied load and is depicted in Fig.3 (d). At the constant applied load 

the hybrid composite shows lower wear rate than the unreinforced Al6061 alloy. The Fig.4 the photographic 

view of the wear surface of the reinforced alloy specimen at the end of the maximum sliding distance for the 
subzero treated and untreated hybrid metal matrix composite. The width of the scratches decreases with 

increases in reinforcement and harder particulate reinforcement and increases with the increase in applied load. 

 

Reinforcement in volume % 
Load 

3kg 4kg 5kg 

2.5% SiC+5% TiO2  

Uncryo treated sample 

 
1”x1.26” 

 
1”x1.26” 

 
1”x1.26” 

2.5% SiC+5% TiO2 

Cryogenic treated sample 

 
1”x1.26” 

 
1”x1.26” 

 
1”x1.26” 

Fig.  4 The photograph of the wear surfaces of the reinforced Al6061 alloy composites specimen at the end of 

the maximum sliding distance 
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4.5 Microstructural studies 

 The optical micrographs of unreinforced Al6061 alloy and its composite with (SiC 2.5% & TiO2 5%), 

subjected to cryogenic processed and untreated sample is shown in Fig. 5 The figure proves that the 
reinforcement is uniformly distributed in the matrix alloy. The porosity of the composite specimen increases 

with increase in volume fraction of the reinforcement material. The impact of cryogenic processing has 

significant changes in the microstructure of MMCs and led to the transformation of α-Al to β (Mg17Al12) 

phase. In the Al6061 alloy the β phase exhibited irregular morphologies (eutectic β phase) and tiny laminar 

shaped morphologies. The β phase has main strengthening effect on Al-Mg based alloys at room temperature 

proved by Mehta et al. [49]. The lower mechanical properties at elevated temperature is due to the low melting 

point of these alloy Kaveh meshinchi et al. [30]. 

 

               
 

                                                                
Fig. 5 Optical micrograph of (a) unreinforced alloy, (b) uncryotreated Al6061+ ( SiC 2.5% & TiO2 5%), (c) 

cryotreated Al6061+ (SiC 2.5% & TiO2 5%) 

 

The examination of the worn surfaces in Fig.6 and Fig.7 reveals that composite material has much 

coarse surface than the unreinforced alloy. The cavities and large groove regions are seen in the surface 

subjected to testing. The samples when subjected to 5Kg load the width of the grooves and size of the dimples is 
larger than on the 3kg load. The change from mild to severe wear with increase in load due to the greater plastic 

flow in sliding surface of the specimen at the higher loads[46]. In composite material the Fig.8 (b) is subjected 

to severe wear and Fig.8 (c) is subjected to mild wear due to cryogenic processed and also high TiO2 particulate 

volume fraction having high hardness and resisting the delaminating process. The dimples are formed due to the 

removal of material. The particle  pull out due to the poor particle/matrix bonding [46]. The abrasive wear 

mechanism is exhibited in the experimental investigation and the wear resistance is more in case of composite 

material and further increases with cryo treated composite. 
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(a)                                                                             (b) 

(c) 

Fig. 6  SEM photographs of the wear track in 5mm (a) unreinforced alloy and composites with (b) 

Al6061+2.5%SiC & 5% TiO2 uncryo treated (c) 2.5%SiC & 5% TiO2 cryotreated cryogenic processed vol. 

fraction after complete sliding distance with maximum load of 5kg. 
 

 
(a)                                                                                              (b) 

 
(c) 

Fig. 7  SEM photographs of the worn surfaces in 50µm (a) unreinforced alloy and composites with (b) Al6061+2.5% SiC & 
5% TiO2 uncryo treated (c) Al6061+ 2.5% SiC & 5% TiO2 cryotreated vol. fraction after complete sliding distance with 

maximum load of 5kg. 
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III. Conclusion 
 The experimental investigation on the effect of SiC and TiO2 reinforced with and without cryogenic 

processing of unequal percentage content on the wear behavior of Al6061 alloy hybrid composite led to the 

following conclusion: 

1. In general wear rate decreases with increasing volume content of the reinforcement, the increase in 

TiO2 percentage by 3/4th in a 7%  volume fraction of (SiC & TiO2) the wear rate decreases compared with 

unreinforced aluminium alloy and also due to increased percentage of TiO2. This depicts the influence of TiO2 

having lubricating property and formation of mechanical mixed layer of the reinforcement particulate as the 

temperature increases while sliding[46]. The wear resistance increases in TiO2 dominating volume percentage 

reinforcement due to the lubricating property of the TiO2 while incorporating highly in the hybrid composite 

material. 

2. The results of this unequal volume percentage of hybrid composite subjected to cryogenic processing 
also have enhanced wear resistance property compared with untreated cryogenic samples of hybrid composite. 

This also creates an quantity factor of the reinforcement particle  regards to property while developing an hybrid 

composite  

3. The results reveals that wear resistance is also influenced by lubricating property compared with harder 

property of reinforcement. 

4. As load is increased, the change from mild to severe wear takes place much faster in alloy than 

composites. 

5. The wear rate of the hybrid composite are less when compared with the matrix alloy and the binary 

composite. 

6. The results of the scanning electron microscope show that composite material has much coarse surface 

than the unreinforced alloy. This indicates the abrasive wear mechanism which is due to hard ceramic particles 
on the worn surfaces. 

 

Acknowledgment 
The work research is not funded by any funding agencies. The authors also declare that there is no conflict of 

interest. 

 

References 
[1]. Essam R.I. Mahmoud, Makoto Takahashi, Toshiya Shibayanagi, Kenji Ikeuchi 2010 “ Wear characteristics of surfaces- hybrid- 

MMCs layer fabricated on aluminium plate by friction stir processing” Int Journal of Wear 268, pp 1111 – 1121. 

[2]. S. Suresh, A. Mortensen, Fracture of functionally graded materials 1997 Int. Mater. Rev.  42 (3)) 85. 

[3]. S. Schicker, D.E Garcia, J. Bruhn, R. Janssen, N. Claussen, (1998)  Acta Met. Mater. 46   (7)  [3] 2485. 

[4]. P.C. Maity, P.N Chakraborthy,S.C. Panigrahi, (1996)  J. Mater.Sci. 31 6377. 

[5]. F.M. Hosking, F.P Folger, R. Wunderlin, R. Meharbian, (1982)  J. Mater Sci. 17 477. 

[6]. Umanath .K, Selvamani .S T, Palanikumar.K July 2011 “ Friction and wear behavior of Al6061(SiCp+Al2O3p) Hybrid composites” 

IJEST- Vol .3  

[7]. J.J. StepheNS, J.P. Lucas, F.M Hoskins, (1988) Scr.Metal.22 1307. 

[8]. V.V. Bhanuprasad, M.A. Staley, P. Ramakrishnan, Y.R. Mahajan, 1995 Metal matrix Composite, in: G.M. Newaz, H. Neber-

Aeschbacher, F.H Wohlbier (Eds), Key Engineering Materials , Vol. 104-107, Transtech Publication Inc., Switzerland, 495pp. 

[9]. S.Venkatprasad, R. Subramanian et al. “ Influence of Parameters on the dry sliding wear behavior of aluminium/Flyash/Graphite 

hybrid metal matrix composite” European journal of scientific research Vol. 53 No.2(2011), PP. 280-290. 

[10]. M.Asif, K. Chandra, P.S Misra 2011 “ Development of aluminium based hybrid metal matrix composites for heavy duty 

applications” jmmce,Vol.10,No.14,pp.1337-1344. 

[11]. Manoj Singla, D. Deepak Dwivedi, Lakhvir Singh,Vikas Chawla 2000 “ Development of aluminium based silicon carbide 

particulate metal matrix composite” Journal of minerals and materials characterization and engineering,Vol. 8, No.6,pp 455-467.  

[12]. Ibrahim, I. A., Mohamed, F. A., Lavernia, E. J., 1991, “Metal matrix composite” A Review Journal of material science, Vol.26, pp. 

1137-1157. 

[13]. Sinclair, I., Gregson, P.J., 1997, “structural performance of discontinuous metal matrix composite” Material science and 

technology,Vol.3,pp. 709-725. 

[14]. Yang,J.B., Lin,C.B., Wang,T.C., and Chu.H.J., 2004 “The  tribological characteristics of A356.2Al alloy/Gr_p_Composite,” Wear, 

257 , pp 941-952. 

[15]. Yilmaz,O., and Butoz.S., 2001 “Abrasive wear of Al2O3-reinforced aluminium-based MMCs” Compos. Sci. Techno., 61, pp 2381-

2392. 

[16]. Caracostas.C.A., Chiou,W.A., Fine.M.E., and Cheng,H.S., 2001 “Tribological properties of aluminum alloy matrix TiB2 composite 

Prepared by In-Situ Processing,” Metall. Mater. Trans., 1997,28A,pp 491-502. 

[17]. Tjong.S.C., and Lau.K.C., 2000 “Dry sliding wear of TiB2 Particle reinforced aluminium alloy composite,” Mater. Sci. Techno., 16, 

pp 99-102. 

[18]. Ma.Z.Y., Liang.Y.N., Zhang.Y.Z., Lu. Y.X., and Bi.J. , 1996 “Sliding wear behavior of SiC Particle  reinforced 2024 aluminium 

alloy,” Mater. Sci. Technol., , 12,pp751-756. 

[19]. S. Dhandapani et al. Synthesis and Characterization of Dual Particle (MWCT +B4C) Reinforced Sintered Hybrid Aluminium 

Matrix Composites, Particulate Science and Technology: An International Journal Jul 2015 

[20]. M. R. Vinothkumar TS, Lakshminarayananan L, "Influence of deep dry cryogenic treatment on cutting efficiency and wear 

resistance of nickel-titanium rotary endodontic instruments," Journal of Endodontics, vol. 33, pp. 1355–1358, 2007. 



Sliding Wear of Cryogenic Treated Al6061Aluminium Hybrid Metal Matrix Composite 

DOI: 10.9790/1684-1801030111                                 www.iosrjournals.org                                             11 | Page 

[21]. R. A. Zhirafar S, Pugh M, "Effect of cryogenic treatment on the mechanical properties of 4340 steel," Journal of Materials 

Processing Technology, vol. 186, pp. 298–303, 2007. 

[22]. B. Podgornik, I. Paulin, B. Zajec, S. Jacobson, and V. Leskovsek, "Peep cryogenic treatment of tool steels," Journal of Materials 

Processing Technology, vol. 229, pp. 398-406, Mar 2016. 

[23]. F. S. da Silva FJ, Machado AR, Ezugwu EO, "Antonio Souza Jr M. Performance of cryogenically treated HSS tools," Wear, vol. 

261, pp. 674–85, 2006. 

[24]. Z. L. Liu, X. Q. Liu, Z. G. Hou, S. S. Zhou, and Q. C. Tian, "Microstructure Evaluation and Mechanical Properties of Low Alloy 

Cryogenic Steel Processed by Normalizing Treatment," Journal of Materials Engineering and Performance, vol. 25, pp. 3811-3821, 

Sep 2016. 

[25]. V. S. Bensely A, Mohan Lal D, Nagarajan G, Rajadurai A, Junik K, "Effect of cryogenic treatment on distribution of residual stress 

in case carburized En353 steel," Materials Science & Engineering A, vol. 479, pp. 229–235, 2008. 

[26]. L. H. M. a. M. E. K. H. H. Trieu, "Investigation of Cryogenic Treatment of UHMWPE," ed. Biloxi, MS, USA: IEEE, 1997, pp. 90-

91. 

[27]. J. Indumathi, J. Bijwe, A. K. Ghosh, M. Fahim, and N. Krishnaraj, "Wear of cryo-treated engineering polymers and composites," 

Wear, vol. 225-229, pp. 343-353, 1999. 

[28]. K. N. Pande, D. R. Peshwe, and A. Kumar, "Effect of the cryogenic treatment on polyamide and optimization of its parameters for 

the enhancement of wear performance," Transactions of the Indian Institute of Metals, vol. 65, pp. 313-319, 2012. 

[29]. M. Esposito, S. Buontempo, A. Petriccione, M. Zarrelli, G. Breglio, A. Saccomanno, et al., "Fiber Bragg Grating sensors to measure 

the coefficient of thermal expansion of polymers at cryogenic temperatures," Sensors & Actuators A Physical, vol. 189, pp. 195-

203, 2013. 

[30]. A. Haglund, M. Koehler, D. Catoor, E. P. George, and V. Keppens, "Polycrystalline elastic moduli of a high-entropy alloy at 

cryogenic temperatures," Intermetallics, vol. 58, pp. 62-64, 2015. 

[31]. Z. Jia, D. Hui, G. Yuan, J. Lair, K.-t. Lau, and F. Xu, "Mechanical properties of an epoxy-based adhesive under high strain rate 

loadings at low temperature environment," Composites Part B: Engineering, vol. 105, pp. 132-137, 11/15/ 2016. 

[32]. H. L. Ma, Z. Jia, K. T. Lau, J. Leng, and D. Hui, "Impact properties of glass fiber/epoxycomposites at cryogenic environment," 

Composites Part B: Engineering, vol. 92, pp. 210-217, 2016. 

[33]. T. Takeda, F. Narita, Y. Shindo, and K. Sanada, "Cryogenic through-thickness tensilecharacterization of plain woven glass/epoxy 

composite laminates using cross specimens: Experimental test and finite element analysis," Composites Part B: Engineering, vol. 

78, pp. 42-49, 2015. 

[34]. X. J. Shen, L. X. Meng, Z. Y. Yan, C. J. Sun, Y. H. Ji, H. M. Xiao, et al., "Improved cryogenic interlaminar shear strength of glass 

fabric/epoxy composites by graphene oxide," Composites Part B: Engineering, vol. 73, pp. 126-131, 2015. 

[35]. Sendooran S, Raja P (2011), Metallurgical investigation on cryogenic treated HSS tool. International Journal of Engineering 

Science and Technology 3(5):3992-3996. 

[36]. Bensely A, Senthilkumar D, Mohan LD, Nagarajan G, Rajadurai A (2007), Effect of cryogenic treatment on tensile behavior of case 

carburized steel- 815M1. Materials Characterization 58(5):485-491. 

[37]. Zhirafar S, Rezaeian A, Pugh M (2007), Effect of cryogenic treatment on the mechanical properties of 4340 steel. Journal of 

Materials Processing Technology 186(1-3):298-303. 

[38]. Kaveh MA, Alireza T, Farzad K (2009), Effect of deep cryogenic treatment on microstructure, creep and wear behaviors of AZ91 

magnesium alloy. Materials Science and Engineering A 523:27-31. 

[39]. Lulay KE, Khan K, Chaaya D (2002), The Effect of Cryogenic Treatments on 7075 Aluminum alloy. Journal of Materials 

Engineering and Performance 11(5):479-480. 

[40]. Jiang XQ, Ning Li, Hong He, Zhang XJ, Hao Y (2009), Effect of cryogenic treatment on mechanical properties and microstructure 

of 3102 Al alloy. Materials Science Forum 546-49(2):845- 848. 

[41]. Guozhi Ma, Ding C, Zhenhua C, Wei Li (2010), Effect of cryogenic treatment on microstructure and mechanical behaviors of the 

Cu-based bulk metallic glass matrix composite. Journal of Alloys and Compounds 505(1):319-323. 

[42]. Woodcraft, Adam L (2005), Recommended values for the thermal conductivity of aluminium of different purities in the cryogenic 

to room temperature range and a comparison with copper. Cryogenics 45(9):626-636. 

[43]. Jeyachandran et al. (2018), “Effect of Cryogenic Treatment on Microstrucutre and Tribological Properties of Al6061 Hybrid Metal 

Matrix Composite”, International Journal of Engineering Research & Technology (IJERT) ISSN: 2278-0181 Vol. 7 Issue 05, May-

2018 

[44]. M.K Surappa Feb/April 2003 “Aluminium matrix composite: Challenges and opportunities sadhana vol.28, parts 1&2, Feb/April 

2003, pp 319-334. 

[45]. Naher.S., Babazon., Loonay.L., 2003 “Simuation of stir casting process,” Material Processing Technology,30,pp 76-95. 

[46]. S.K Chaudhury,A.K. Singh, C.S Sivaramakrishnan,S.C Panigrahi. (2005) “ Wear and friction behavior of spray formed and stir cast 

Al-2Mg-11TiO2 composites”Wear 258 pp 759-767. 

[47]. Elango G.et al, Sliding wear of LM25 aluminium alloy with 7.5% SiC + 2.5% TiO2 and 2.5% SiC + 7.5% TiO2 hybrid composites, 

2013 DOI:10.1177/0021998313496592 

[48]. S.K. Chaudry, Ph.D. Thesis, 2001, Department of Metallurgical and Materials Engineering, I.I.T-Kharagpur, India. 

[49]. Mehta D.S., Masood S.H., Song W.Q., (2004) Investigation of wear properties of magnesium and aluminum alloys for automotive 

applications, Journal of Materials Processing Technology, :155-156: 1526- 1531 

A. Jeyachandran, et. al. “Sliding Wear of Cryogenic Treated Al6061Aluminium Hybrid Metal 

Matrix Composite.” IOSR Journal of Mechanical and Civil Engineering (IOSR-JMCE), 18(1), 

2021, pp. 01-11. 


