
MICROSTRUCTURE AND MECHANICAL 

PROPERTIES OF CAST ALUMINIUM-

ZINC-MAGNESIUM ALLOYS PROCESSED 

BY EQUAL CHANNEL ANGULAR 

PRESSING  
 

Thesis 

Submitted in partial fulfilment of the requirements for the degree of  

DOCTOR OF PHILOSOPHY    

by 

MANJUNATH G. K. 

 

 

DEPARTMENT OF METALLURGICAL AND MATERIALS 

ENGINEERING  

NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA, 

SURATHKAL, MANGALORE – 575025 

April, 2019  



  
 

D E C L A R A T I O N  

 

 
I hereby declare that the Research Thesis entitled “MICROSTRUCTURE  

AND MECHANICAL PROPERTIES OF CAST ALUMINIUM-ZINC-

MAGNESIUM ALLOYS PROCESSED BY EQUAL CHANNEL 

ANGULAR PRESSING” which is being submitted to the National Institute  

of Technology Karnataka, Surathkal in partial fulfilment of the requirements 

for the award of the Degree of Doctor of Philosophy in Department of 

Metallurgical and Materials Engineering is a bonafide report of the research 

work carried out by me. The material contained in this Research Thesis has not 

been submitted to any University or Institution for the award of any degree.  

 

 

MANJUNATH G. K. 

Reg. No. 138020MT13F04 

Department of Metallurgical and Materials Engineering 

 

 

Place: NITK Surathkal, Mangalore  

Date: 

 

  



  
 

C E R T I F I C A T E  

 

This is to certify that Research Thesis entitled “MICROSTRUCTURE       

AND MECHANICAL PROPERTIES OF CAST ALUMINIUM-ZINC-

MAGNESIUM ALLOYS PROCESSED BY EQUAL CHANNEL 

ANGULAR PRESSING” submitted by Mr. Manjunath G. K. (Register 

Number: 138020MT13F04) as the record of the research work carried out by 

him, is accepted as the Research Thesis submission in partial fulfilment of the 

requirements for the award of degree of Doctor of Philosophy.  

 

Research Guides 

 

Dr. Preetham Kumar G. V.                                                   Dr. Udaya Bhat K.  

      Assistant Professor                                                                        Professor 

 
Department of Metallurgical and Materials Engineering 

NITK Surathkal, Mangalore  

 

 

Chairman – DRPC 

 

 

 

  



 

 

 

 

 

 

Dedicated to  

my beloved parents 

V. Varalakshmi and G. J. Krishnaiah  

and 

respected teachers  



ACKNOWLEDGEMENTS  

My sincere gratitude to my guide Dr. Preetham Kumar G. V., Assistant Professor, 

Department of Metallurgical and Materials Engineering, NITK Surathkal for selecting 

me as student and guiding me in the right direction by providing valuable inputs        

at all stages of the research. I appreciate his support, motivation and cooperation 

throughout the work. His knowledge and comments helped me a lot in improving    

my skills and discussions with him always been educative at every stage of the 

research.    

My utmost gratitude to my guide Dr. Udaya Bhat K., Professor, Department of 

Metallurgical and Materials Engineering, NITK Surathkal for guiding, encouraging 

and leading me through this research work. His suggestions in the research field have 

always been priceless, which alone has made my research work fruitful. I appreciate 

his constant source of energy, ideas and enthusiasm. It makes my Ph.D. worth 

remembering a life time. I am very glad to have him as my guide and it has been an 

honour to me for working under his supervision. His professional attitude and human 

qualities serve as a benchmark to me.  

I take this opportunity to express my heartfelt thanks to Dr. Ramesh M. R., Associate 

Professor, Department of Mechanical Engineering, NITK Surathkal for providing the 

wear test facility for the research work.  

I thank Dr. Narayan Prabhu K., Professor and former head, Dr. Jagannath Nayak, 

Professor and former head, Dr. Udaya Bhat K., Professor and ex-head, for providing 

excellent laboratory facilities necessary funding for the research work. I also thank 

Dr. Anandhan Srinivasan, Professor and present head, Department of Metallurgical 

and Materials Engineering, NITK Surathkal for his support and help in submitting the 

thesis.  

I am also grateful to my research progress assessment committee members              

Dr. Subray R. Hegde, Assistant Professor, Department of Metallurgical and   

Materials Engineering and Dr. Airody Vasudeva Adhikari, Professor, Department of 

Chemistry for their valuable suggestions and comments during the research work.  



I am grateful to NITK for providing an opportunity to carry out my doctoral study in 

the Department of Metallurgical and Materials Engineering. I thank all faculty 

members of the department who taught and helped me.    

I specially thank to our technical staff Mr. Dinesha for assisting in casting process, 

Mr. Sathish for turning the samples, Mr. Yashwanth for fixing electrical related 

problems, and Mr. Ramachandra and Mr. Ismail for helping in specimen preparation 

for microstructural analysis. I extend my gratitude to Ms. Rashmi Banjan for helping 

in taking SEM micrographs.    

I express sincere thanks Mrs. Sharmila Dinesh for helping in necessary 

documentations and for plagiarism check of the papers and thesis. I also thank to    

our office staff Mrs. Vinaya Shettigar, Mr. Vasanth, Mr. Sundara Shettigar and       

Mr. Lokesh Naik for their kind support related to work in the department.  

My heartfelt thanks to my friends Mr. Prashant Huilgol and Mr. Nandana M.S. for 

helping in taking TEM micrographs, Mr. Baskaran T. for helping in testing XRD 

samples, Mr. Palaksha P. A. and Mr. Sangamesh for helping in tensile testing,               

Mr. Vignesh Nayak U. for helping in microhardness testing, Mr. Veeresh Nayak C.   

for helping in wear test experiments, and Mrs. Jayalakshmi M. and Mr. Pranesh       

Rao K. M. for technical discussions and valuable suggestions.  

A special thanks to my family. Words cannot express how grateful I am to my parents 

for all the sacrifices they made on my behalf. Their wishes gave me the endurance to 

sustain this far. I also acknowledge my relatives and well-wishers for whole hearted 

encouragement and support.    

Above all, I thank almighty god, for giving me the strength and intellect to achieve 

something in life.   

Finally, I thank all those who directly or indirectly helped me to complete the research 

work. 

 

 

              MANJUNATH G. K.  



ABSTRACT    

Equal channel angular pressing (ECAP) is one of the severe plastic deformation 

(SPD) techniques used to develop ultrafine-grained (UFG) materials. In this 

technique, large amount of shear strain is introduced in the material, without any 

change in the cross sectional dimensions. Al-Zn-Mg alloys are promising light weight 

high strength materials, wherein precipitation strengthening will be possible. In this 

investigation ECAP is used to enhance the strengthening in the Al-Zn-Mg alloys.    

The alloys studied in the present work were prepared by gravity casting method. 

ECAP processing was carried out in a die having an internal angle between two 

channels (Φ) of 120º and outer arc curvature (Ψ) of 30º. The processing was 

attempted at lowest possible temperature in route BC. Techniques, like optical 

microscopy, scanning electron microscopy, transmission electron microscopy and    

X-ray diffractometer were used to characterize and analyse the microstructures before 

and after ECAP processing. To assess the mechanical properties, microhardness 

measurement and tensile tests were conducted. Fracture mode and fracture surface 

morphologies of the tensile test samples of the processed and unprocessed materials 

were studied. Wear properties were evaluated before and after ECAP processing. 

Wear mechanisms involved in the samples were studied.    

Microstructural study reveals that, in as-cast condition, alloys were composed of 

dendritic structure. Also, with increase in the zinc content in the alloy, volume of 

precipitates was increased. After ECAP processing, considerable decrease in the grain 

size of the alloys was noted. Also, after ECAP processing, high density dislocation 

structures with high fraction of high angle grain boundaries were observed. It was also 

noticed that, ECAP processing leads to enhance the precipitation kinetics of the alloy. 

In all three alloys, after ECAP processing, fine size spherical shaped precipitates were 

noticed and these precipitates were uniformly distributed in the alloy.   

After ECAP processing, significant improvement in the mechanical properties of the 

alloys was perceived. Microhardness and strength were increased with increase in the 

zinc content in the alloy. At the same time, elongation to failure of the alloy decreased 

with increase in the zinc content. Optimum mechanical properties were perceived 



when the alloys were processed at lowest possible temperature. Compared to           

as-cast alloys, microhardness increases by 109% for Al-5Zn-2Mg alloy, 67% for     

Al-10Zn-2Mg alloy and 58% for Al-15Zn-2Mg alloy, processed at 200 °C. Compared 

to as-cast alloys, ultimate tensile strength (UTS) increases by 122% for Al-5Zn-2Mg 

alloy, 153% for Al-10Zn-2Mg alloy and 139% for Al-15Zn-2Mg alloy, processed     

at 200 °C. Brittle fracture mode was observed during tensile test of as-cast and 

homogenized samples. The fracture mode was changed to shear fracture after ECAP 

processing. Large sized dendrites were observed in the fracture surfaces of the as-cast 

condition tensile test samples. While, narrow and shallow dimples were noticed in the 

fracture surfaces of the ECAP processed samples.     

ECAP processing leads to considerable improvement in the wear resistance of the 

alloys. Wear resistance of the alloys increased with increase in the zinc content. 

Coefficient of friction of the alloy decreased after ECAP processing. Also, coefficient 

of friction of the alloy decreased with increase in the zinc content. Irrespective of the 

applied load, abrasive wear mechanism was reported in the as-cast and homogenized 

condition samples. In the ECAP processed samples, wear mechanism shifts from 

adhesive to abrasive wear with increase in the applied load. Also, in the ECAP 

processed samples, at lower load; transfer of iron particles from the disc surface to the 

sample surface was noticed. Compared to the Al-5Zn-2Mg and Al-10Zn-2Mg alloys 

better wear properties were observed in Al-15Zn-2Mg alloy.  

Keywords: Al-Zn-Mg alloy, ECAP, Microstructure, Grain refinement, Mechanical 

properties, Wear and wear mechanisms.    
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CHAPTER 1      

INTRODUCTION 

Grain size of a material plays a very significant role in the mechanical properties. 

According to Hall-Petch equation, the strength of the material increases with decrease 

in the grain size. In Fig. 1.1 the effect of decrease in the grain size on several 

properties could be observed (Hertzberg 1989). This leads to an increase in the 

interest in developing materials with extremely small grain sizes. Due to a number of 

benefits, interest is towards the development of new techniques to produce     

ultrafine-grained (UFG) materials (grain size < 1 μm). Since, conventional processing 

techniques possess limitations in decreasing the grain size of the materials to the   

order of a few micrometers, UFG is accomplished either by bottom-up approach or 

top-down approach (Valiev and Langdon 2006).    

In the bottom-up approach, individual atoms or molecules are consolidated into bulk 

material, like in inert gas consolidation, electro-deposition, hot isostatic pressing, etc. 

Whereas, in top-down approach, solid materials, usually having coarse grain (CG) 

structure are refined into fine grain structures (Valiev and Langdon 2006). Top-down 

approach could be accomplished by conventional processing and severe plastic 

deformation (SPD) techniques. Conventional processing techniques, like cold rolling 

results in grain refinement. However, structures formed from conventional processing 

techniques are usually having low angle grain boundaries. SPD techniques results in 

high degree of grain refinement along with the formation of high angle grain 

boundaries. It also leads to the accumulation of high plastic strain in the           

material (Valiev et al. 2000). The presence of a high fraction of high angle grain 

boundaries is very important to achieve significant improvement in the mechanical         

properties (Valiev and Ruslan 2004).   

SPD is a metal forming technique in which very high plastic strain is imposed on the 

material without any significant change in the overall dimensions. Numerous 

techniques are established for SPD processing of materials. These include high 
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pressure torsion (HPT) (Smirnova et al. 1986), equal channel angular extrusion or 

pressing (ECAE or ECAP) (Segal et al. 1981), cyclic extrusion and compression 

(CEC) (Richert and Richert 1986), accumulative roll bonding (ARB) (Saito et al. 

1998), repetitive corrugation and straightening (RCS) (Huang et al. 2001), constrained 

groove pressing (CGP) (Shin et al. 2002) and multi-directional forging (MDF) 

(Salishchev et al. 1993). Among these techniques, the ECAP technique is very 

effective because of its simplicity. The strain space is virtually unlimited in ECAP 

processing, but other conventional techniques generally require a shape change or 

dimension reduction during processing for achieving large values of plastic strain. So 

the ECAP processed materials exhibit high dislocation densities which lead to much 

higher hardness and strength than the materials processed by other conventional 

techniques. Also, ECAP processing results in high degree of grain refinement along 

with the formation of high angle grain boundaries.   

 

Figure 1.1 A schematic showing the effect of decrease in the grain size on several 
material properties (Hertzberg 1989)  

Even though the strength of the material can be improved by various techniques like 

heat treatment, adding alloying and rare-earth elements, and coating techniques, these 

processes have various limitations. For instance not all properties of all materials will 

be improved in heat treatment process, or adding alloying and rare-earth elements into 

the material changes composition and phases of the alloy system, also only surface 

properties could be improved in coating techniques. Compared to these techniques 

strengthening via grain refinement through SPD techniques is more attractive because 
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of a number of benefits, like simplicity in operation, cost effectiveness, and 

development of homogenous structure and properties throughout the material.   

Aluminium and its alloys are considered as the reliable materials in the field of 

engineering applications. The Al-Zn-Mg alloys are identified as the strongest and 

hardest alloys among the aluminium alloy families (Kutz 2006). The Al-Zn-Mg alloys 

possess high strength and toughness characteristics. The Al-Zn-Mg alloys have a wide 

acceptance in the fabrication of engineering equipments where high strength to weight 

ratio is an important criterion. The important applications of these alloys are in 

aerospace, military equipments and light weight structures (Zhao et al. 2004).          

Al-Zn-Mg alloys possess good tensile properties, dimensional stability, machinability 

and are recommended for service at elevated temperatures. However, low strength 

and poor ductility of Al-Zn-Mg alloy in the cast condition limits their application in 

engineering applications. This could be improved by strengthening the material 

through various SPD techniques (Gopala Krishna et al. 2011).  

UFG materials processed by SPD techniques possess high strength and good ductility. 

Also they have much higher hardness than their coarse grained counter parts. They are 

expected to have good wear resistance to find applications in wear resistant structural 

parts. However, despite of extensive studies on their mechanical behaviour, wear 

properties of the UFG materials have not received much attention. From the limited 

available literature survey on SPD processed materials, both favourable and 

unfavourable effects were observed. So it is necessary to study the effect of ECAP on 

the wear properties of Al-Zn-Mg alloys. Some works have been reported to analyse 

the effect of ECAP processing on Al-Zn-Mg alloys, mainly to study the 

microstructure and other properties. But, no systematic study has been carried out to 

understand the effect of varying the zinc content in Al-Zn-Mg alloys, processed using 

ECAP technique with a focus on mechanical properties and wear behaviour.      

1.1 Scope of the present work    

From the literature it is found that it is possible to alter the material properties by 

changing the grain size through ECAP processing. But, the role of ECAP processing 

on the Al-Zn-Mg alloys with variable zinc content is still completely not clear. 
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Therefore it is necessary to study the effect of ECAP processing on the Al-Zn-Mg 

alloys, with variable zinc content. In addition, wear study of the material is relevant to 

understand the wear properties before and after ECAP processing.       

1.2 Objectives of the present work  

Based on the literature gap identified in the literature survey and considering the 

scope of the present work, the following objectives are framed in the present work.   

1) To characterize the Al-Zn-Mg alloys with varying zinc content (5, 10 and 15%) 

using OM, SEM, TEM and XRD at each stage of processing.  

2) To evaluate the mechanical properties of the Al-Zn-Mg alloys with varying zinc 

content (5, 10 and 15%) before and after ECAP processing.  

3) To study the wear properties of the Al-Zn-Mg alloys with varying zinc content (5, 

10 and 15%) before and after ECAP processing.   

4) To correlate processing, microstructure to mechanical and wear properties of the 

Al-Zn-Mg alloys.   

The objectives are framed in a manner that the results obtained from these objectives 

will provide detail information regarding the effect of varying the zinc content in    

Al-Zn-Mg alloys, processed using ECAP technique with a focus on mechanical 

properties and wear behaviour. The detailed information regarding the experiments 

carried out to achieve these objectives is presented in chapter 3.          

1.3 Structure of the thesis 

The thesis is presented in different chapters. A brief chapter-wise description of the 

thesis is as follows: 

Chapter 1 gives brief introduction to the process and the material studied. It also 

includes the scope and objectives of the research work undertaken through the 

literature gap. 

Chapter 2 provides the critical review on SPD, ECAP, principle of ECAP, 

parameters influencing the ECAP process, features of metals and alloys processed by 
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ECAP, Al-Zn-Mg alloys, wear and wear mechanisms and, wear behaviour of SPD 

processed materials. The gap existing in the areas of on-going research are also noted.  

Chapter 3 provides the details of sample preparation by casting method, setup for 

ECAP process and procedure for ECAP processing. Details of characterization 

techniques and equipments used to analyse the processed samples were provided. 

Also, details of wear test equipment and wear parameters are provided.  

Chapter 4 reports the results of the experiments carried out and inferences drawn 

from the results obtained through microstructural characterization, mechanical and 

wear studies on the Al-Zn-Mg alloys, before and after ECAP processing.   

Chapter 5 describes the detailed analysis and elaborated discussion on the results 

obtained to draw the conclusions of the work. The effect of ECAP processing, zinc 

content and processing temperature on the microstructure, mechanical and wear 

properties were analyzed. Also, effect of different wear parameters on the wear 

properties was discussed.   

Chapter 6 provides the summary and conclusions drawn from the present work.  

Also, includes suggestions for future work.       
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CHAPTER 2 

REVIEW OF LITERATURE  

This chapter contains a comprehensive review of the literature with a special 

reference to SPD, ECAP and parameters involved in ECAP processing. The 

importance of Al-Zn-Mg alloys and detailed review of SPD processed Al-Zn-Mg 

alloys is discussed. The importance of wear, wear mechanisms and wear behaviour of 

SPD processed materials are also discussed. At the end of this chapter, after critical 

analysis, the gap existing in the on-going research domain is presented.    

2.1 Severe plastic deformation 

In recent years, interest in the production of UFG materials through SPD techniques 

has attracted the interest of many researchers. Grain size having 0.1 to 1 µm comes 

under UFG microstructure category (Valiev et al. 2006). Conventional metal forming 

processes result in changes in the dimension of the worked material and it limits the 

amount of strain that can be produced in the material. Hence, there exists a lower limit 

of grain size that can be achieved by these processes (Valiev et al. 2000). Also, the 

strain produced is often inhomogeneous in these processes. SPD techniques do not 

change the dimensions of the material. Thus, the limitation due to dimensional change 

for producing large strains is avoided. Compared to conventional metal forming 

processes the mechanical properties obtained by SPD techniques are homogenous and 

can be superior (Valiev 2004).   

Severe plastic deformation (SPD) refers to the experimental procedures of metal 

forming operations that are used to impose very high strains on the materials leading 

to exceptional grain refinement. A unique feature of SPD processing is that high strain 

is imposed without any significant change in the overall dimensions of the work piece 

(Zehetbauer and Zhu 2009). The materials processed by SPD will have high angle 

grain boundaries generated due to very large strain under high pressure at relatively 

low temperature and without much significant change in overall dimensions of the 
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product. SPD techniques have several advantages compared to other bottom-up 

approach techniques (Valiev and Langdon 2006). In particular, SPD techniques result 

in overcoming a number of difficulties connected with porosity, in compacted 

samples and impurities from consolidation of ball milled materials. Development of 

bulk nanostructured materials using SPD techniques is an alternative to the existing 

techniques of nano powder compacting. Among various SPD techniques, ECAP is 

attractive for various reasons, like simplicity in operation, adaptable to large samples 

and homogeneity in the processed materials (Valiev and Langdon 2006).   

2.2 Equal channel angular pressing  

  

Figure 2.1 Principle of ECAP process (a) die with ψ = 0° and (b) die with ψ > 0° 

Segal and co-workers were the first to develop the equal channel angular pressing 

(ECAP) in 1972 (Segal 1999). This process has now become the most widely used 

experimental technique compared to other SPD techniques. ECAP is an innovative 

process of severe plastic deformation capable of producing large plastic strain in 

polycrystalline materials. The terms ECAP and ECAE (equal channel angular 

extrusion) are used interchangeably in the scientific literature. However, in this 

process, there is no reduction in the cross-sectional area of the billets, so the term 

ECAP is adopted in this report. Fig. 2.1 illustrates the principle involved in the ECAP 
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process, where ‘Φ’ is the channel angle and ‘ψ’ represents the outer arc of curvature 

where two parts of the channel intersect (Zehetbauer and Zhu 2009).  

2.2.1 Principle of ECAP 

In the ECAP process, the deformation takes place by pure shear. The setup consists   

of a die having channels of equal cross-section which intersect at an angle. A sample 

of uniform cross-section (may be of circular or square cross-section) is pressed 

through these channels. Large amount of shear strain are induced in the sample as it 

passes the plane of intersection of the two channels which in turn causes      

significant reduction in the grain size. The significant feature of ECAP is that the 

dimension of the sample is unchanged during deformation; therefore the same 

material could be processed repetitively to induce very high stains and to produce 

UFG structure (Zehetbauer and Zhu 2009).   

2.3 Fundamental parameters in ECAP   

ECAP is characterized by several fundamental parameters which uniquely define the 

nature of the operation and all these parameters play a critical role in determining the 

nature of the UFG structure obtained by ECAP. 

2.3.1 The strain imposed in ECAP 

A large strain is imposed on the sample when it is passed through the die. The 

magnitude of the strain can be evaluated by analytical approach and the strain value 

evaluated is based on the assumption that no friction effect is present between the die 

and the sample. The assumption becomes more realistic under the condition of 

application of proper lubrication. Iwahashi et al. (1996) have given the expression for 

the equivalent strain (εN) considering, N number of passes. εN may be expressed in a 

general form by the relationship    

εN=  
√

2cot + + ψcosec +                   (Eq. 2.1) 

If the outer curvature angle ψ is neglected (ψ = 0), then the equivalent strain after N 

passes was estimated by Segal (1995) as 
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εN=  
√

 cot Φ                          (Eq. 2.2) 

The angle at the outer arc of curvature, ψ, has relatively less effect on the strain 

imposed on the sample when the angle Φ (Fig. 2.1) is more than 90°. Furuno et al. 

(2004) deduced that, to impose high strain it is desirable to construct a die with very 

low values of Φ and ψ.   

2.3.2 The processing routes in ECAP 

 

Figure 2.2 The four fundamental processing routes traditionally followed in 
ECAP (Segal 1995), (Nakashima et al. 2000)  

Different processing routes have been developed based on the rotation of the 

specimen about the axis in between successive passes (Nakashima et al. 2000). 

Basically there are four processing routes in ECAP processing; these routes activate 

different slip systems during processing, so that significant differences in 

microstructure are developed. Each processing route is defined by the combination of 

shear planes that undergo deformation during processing. The different processing 

routes traditionally followed in ECAP are presented in Fig. 2.2. 

Route A: The sample is pressed repetitively without rotation between consecutive 

passes.  

Route BA: The sample is rotated through 90° in the alternate directions between 

consecutive passes. 
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Route BC: The sample is rotated by 90° in the same sense (either clockwise or 

counterclockwise) between each consecutive passes. 

Route C: The sample is rotated by 180° between consecutive passes.  

The effectiveness of the ECAP routes, in grain refinement is more in route BC 

followed by route C, A and BA. It is observed that, route A cannot result in a uniform 

effective strain distribution because of its inherent feature of non-uniform deformation 

distribution. Route BC and route C can result in uniform effective strain distribution, 

but route BC can result in better distribution and uniformity of the effective strain in 

the sample compared to route C (Furukawa et al. 1998). 

2.3.3 Slip systems associated with different processing routes 

 

Figure 2.3 Slip systems on different planes for consecutive passes with different 
processing routes (Minora et al. 1998)  

The different slip systems associated with various processing routes are shown in         

Fig. 2.3. Slip involved in each pass is numbered for different passes in each 

processing route. In route C, shearing is repeated on the same plane in each 

consecutive pass but it is reversed in opposite direction on each pass. Thus, the route 

C is termed as a redundant strain process and the strain is restored after every even 
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number of passes. Route BC is also a redundant strain process, because slip in the first 

pass is cancelled by slip in the third pass and slip in the second pass is cancelled by 

slip in the fourth pass. Route A and route BA are not redundant strain processes. In 

route A, there are two separate shearing planes intersecting at an angle of 90°. In route 

BA, four distinct shearing planes intersecting at angles of 120°. In route A and route 

BA, there is a cumulative build-up of additional strain on each separate pass through 

the die (Nemoto et al. 1998).     

 

Figure 2.4 Shearing characteristics associated with different processing       
routes (Furukawa et al. 1998)   

Figure 2.4 illustrates the implication of these shearing systems and the macroscopic 

distortions introduced in a cubic element observed on the X, Y and Z planes. It is 

apparent from the Fig. 2.4 that, the cubic element is restored in every 2 passes using 

route C and every 4 passes using route BC. Whereas, the distortions becomes more 

acute in the routes A and BA. Also, there is no deformation of the cubic element on 

the Z plane in route A and route C. It should be noted that, route BC induces 

deformation on all three orthogonal planes (Furukawa et al. 1998).  



13 
 

2.3.4 Shearing patterns associated with different processing routes  

Furukawa et al. (2002) studied the shearing patterns associated with different 

processing routes in both 90º and 120º die. It was deduced that, to develop an 

optimum microstructure with uniform and equiaxed grains separated by high-angle 

grain boundaries, these conditions should be fulfilled. (i) Development of slip traces 

over large angular ranges on each of the three orthogonal planes. (ii) A regular and 

periodic restoration of the equiaxed structure during each consecutive passes. (iii) The 

occurrence of deformation on all three orthogonal planes. This criterion is fulfilled in 

using route BC in 90° die. While in 120° die, the effectiveness of route BC is less 

compared to route A. Even though, the route BC is considered as the optimum 

procedure (Furukawa et al. (2002).  

2.4 Experimental factors influencing the ECAP  

ECAP is characterized by various experimental factors which influence the 

workability and microstructural characteristics of the processed material. These 

factors play a vital role in obtaining homogeneity in the microstructure, grain 

misorientation, crystallographic textures and enhancement in the properties in the 

processed material.  

2.4.1 Influence of the channel angle, Φ  

The channel angle, Φ, is very important experimental factor as it decides the strain 

introduced in each pass, which is clearly mentioned in equation (2.1). Nakashima et 

al. (1998) deduced that, large amount of ultrafine equiaxed grains and grain structure 

with high fraction of high angle grain boundaries is achieved easily, when the sample 

is subjected to a very intense plastic strain using a die with a channel angle of 90°. 

When the die angle is increased, the grain structure will have high fraction of low 

angle grain boundaries. It should be noted that, experimentally it is easier to press 

samples in dies having an angle larger than 90°, particularly for hard materials and 

materials with low ductility. The important factor reported by Nakashima et al. (1998) 

is that the microstructure developed is independent of  total cumulative strain and 

suggested to ensure a very high strain rate on each separate pass to induce high 
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fraction of high angle grain boundaries and to produce more refined grains. Furuno et 

al. (2004) reported that, it is possible to produce excellent microstructures using a die 

with Φ = 60° and the average grain size produced will be slightly smaller than with 

the die having Φ = 90°.  

2.4.2 Influence of the angle of curvature, ψ 

The angle of curvature, ψ, denotes the outer arc where the two parts of the channel 

intersect within the die. Furuno et al. (2004) reported that, this angle plays only a 

minor role in determining the strain imposed on the sample and has relatively less 

effect on the strain imposed on the sample when the angle Φ is more than 90°. 

However, it is important to understand the influence of this angle in the production of 

UFG materials. Wu and Baker (1997) and Shan et al. (1999) reported that the sample 

no longer remains in contact with the die walls at the outer corner because of the 

development of the corner gap or dead zone which is formed at the outer corner when 

the sample pass through the die. Kim et al. (2000) reported that the angle subtended 

by the corner gap depends upon the rate of strain hardening in the material. Luis Pérez 

(2004) deduced that, it is also possible to introduce a corner angle on the inner surface 

where the two parts of the channel intersect, but it is not recommendable because of 

practical difficulties. It is reasonable to construct a die with an outer angle of 

curvature of ψ = 20° to 30º to achieve optimum processing conditions.   

2.4.3 Influence of the pressing speed 

Pressing speed is one of the variable parameters in the ECAP process. The reported 

data demonstrates that the pressing speed has no significant influence on the 

equilibrium size of the ultrafine grains formed by ECAP, but recovery occurs more 

easily when pressing is done at lower speeds. Berbon et al. (1999) deduced that, 

processing at lower speeds develops more equilibrated microstructures. Yamaguchi et 

al. (1999) reported that, there is an abrupt heating of the samples when processed with 

a higher speed.  
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2.4.4 Influence of the processing temperature 

The processing temperature plays an important role in ECAP process by directly 

affecting grain size achieved in ECAP. Various studies have been conducted to 

understand the effect of processing temperature on ECAP process. Yamashita et al. 

(2000) reported that, fraction of low-angle grain boundaries increases with increasing 

processing temperature, due to the faster rate of recovery which lead to increase in the 

annihilation of dislocations within the grains and a consequent decrease in the 

quantity of dislocations developed in the sub-grains. Chen et al. (2003) reported that, 

optimum UFG microstructures will be attained when the processing is performed at 

the lowest possible temperature, where the processing could be performed without the 

introduction of any significant cracking in the samples. Goloborodko et al. (2004) 

reported that higher strengths are obtained if processing is carried out at lower 

temperatures and as the processing temperature is increased the strength decreases. 

Kim et al. (2003) deduced that by maintaining low processing temperature, both the 

smallest possible grain size and the highest fraction of high-angle boundaries could be 

achieved.  

2.4.5 The role of internal heating during ECAP 

There will be additional heat generation (ΔT) in the specimen during processing of the 

material. Few works have been covered to measure the magnitude of ΔT. Yamaguchi 

et al. (1999) reported that there will be abrupt increase in the temperature within the 

sample at the point where it passes through the shearing plane, but the temperature is 

subsequently decreased within a very short period of time. Pei et al. (2003) carried out 

the FEM analysis to predict the temperature rise in the ECAP processing; the results 

show excellent agreement with the experimental data. Kim (2001) reported that, 

internal heating during ECAP becomes more important while processing of stronger 

materials. The temperature rise increases with increase in strength of the material and 

with increase in pressing speed.   
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2.4.6 Influence of the back pressure  

   
Figure 2.5 Principle of ECAP with back pressure (Valiev and Langdon 2006) 

Back pressure refers to reverse pressure applied on the work piece at the exit side of 

the die after it exits the shear plane. Figure 2.5 illustrates the principle of ECAP with 

back pressure. Stolyarov et al. (2003) reported that back pressure during ECAP 

increases the workability of the processing material remarkably. Stolyarov and 

Lapovok (2004) deduced that applying back pressure retards cracking in the 

intermetallics, promotes improvement in the workability and enhancement of the 

ductility of the processed material. Another important advantage of back pressure is 

the visibility of the metal flow during ECAP. Lapovok (2005) reported that, frictional 

effects, like dead zone formation, deformation zone shape change are reduced by 

applying back pressure during processing.  

Application of back pressure will also have considerable effect in grain refinement. 

Back pressure could be imposed in different ways. An improved and more controlled 

method is to use secondary punch in the output channel as shown in Fig. 2.5. The 

simplest one is to increase the level of friction in the exit channel or to make use of a 

viscous-ductile medium (Valiev and Langdon 2006).   

2.5 Characteristic features of the materials processed by ECAP  

The major feature of ECAP processing is the capability to accomplish significant and 

uniform grain refinement with grain sizes lying within the sub-micrometer range. 

However, the characteristics of the ECAP processed materials are influenced by 

different processing parameters, crystal structure and the stacking-fault energy of the 
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material. All these factors play an important role in achieving optimum 

microstructural and specific features in the material.   

2.5.1 Microstructure of the ECAP processed materials 

Processing by ECAP leads to significant distortions of the large grains present in the 

unprocessed material. Evolution of microstructure during ECAP has been evaluated 

by numerous investigators. But, very few literatures are available on ECAP 

processing of single crystal materials. Fukuda et al. (2004) reported that, the major 

advantage of processing single crystal materials through ECAP is that, it provides an 

opportunity to select the orientation of the crystal with respect to the pressing 

direction and the theoretical shear plane. Numerous literatures were available on 

ECAP processing of polycrystalline materials. Iwahashi et al. (1998) observed that, 

after first pass, the microstructure consists of bands of sub-grains and these bands are 

approximately parallel to the processing direction and grain boundaries are separated 

with low angles of misorientation.  While after four passes, the microstructure was 

composed of an array of equiaxed ultrafine grains with reasonably high angles of 

misorientation. It was also deduced that, the equilibrium grain size is determined by 

the width of the elongated cell or sub-grains which is formed on the first pass through 

the die. 

Furukawa et al. (2005) observed that, through ECAP processing different 

misorientation distributions could be achieved. Also, there will be a high fraction of 

low angle grain boundaries after initial passes and fraction of low angle boundaries 

decreases with increase in the number of passes. Even though, grain refinement could 

be achieved in ECAP processing, the grain size and type of microstructure achieved 

after ECAP processing depends entirely on the type of material being processed. 

Neishi et al. (2002) reported that, reduction in the grain size and development of the 

equilibrium grain size after ECAP processing depends on the stacking fault energy of 

the material. Stolyarov et al. (2002) reported that, it is easier to deform pure metals in 

ECAP compared to the multi-phase alloys. Generally, higher die angle and higher 

processing temperature along with the application of back pressure is preferred for the 
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processing of less ductile and hard to deform materials. Ko et al. (2003) deduced that, 

it is difficult to process lamellar structured materials through ECAP.   

2.5.2 Influence of ECAP on the precipitates 

Basically, processing by ECAP leads to grain refinement and introduces high density 

dislocations. Along with that ECAP also affects the precipitates existing in the 

processing material. High pressure involved in the ECAP processing causes breaking 

and fragmentation of precipitates present in the processing material (Xu et al. 2005). 

Also, depending upon the processing condition and the nature of the processing 

material, ECAP processing may also lead to dissolution or formation of precipitates 

and coarsening of precipitates. Gubicza et al. (2007) reported that, ECAP process 

promotes precipitation kinetics. Allen and Vander Sande (1980) reported that, high 

density of dislocations formed during ECAP will provide potential nucleation sites for 

the precipitation growth. Lee et al. (2002) deduced that, thermal stability of the 

materials processed by ECAP depends on the nature of the microstructure. At 

elevated temperatures, grain growth rate is less in grains with uniform distribution of 

fine precipitates. While in pure metals and solid solution alloys, grain growth rate is 

higher at elevated temperatures because of the absence of precipitates in the matrix.  

2.5.3 Effect of ECAP on the texture of the materials  

The crystallographic texture has a significant effect on many structure sensitive 

properties. So it is essential to understand the evolution of texture during ECAP, to 

identify the mechanisms responsible for the evolution of phase transformations and 

plastic straining. In the literature, few works have been reported on the texture 

analysis of ECAP processed materials. Texture strengthening was observed by 

Chowdhury et al. (2008) in ECAP processed samples Al 7034 alloy. Skrotzki et al. 

(2007) studied the texture evolution during ECAP of annealed pure copper and 

reported that the texture is inhomogeneous from top to bottom of the billet. It also 

reported that, the inhomogeneity decreases with increase in the number of passes and 

deduced that, the texture gradient is due to the change in material flow characteristics 

from top to bottom.  



19 
 

2.6 Mechanical properties of the materials processed by ECAP 

Smaller grain size and high dislocation densities formed in the materials processed by 

ECAP lead to much higher strength and hardness compared to the coarse grained 

materials. But, ECAP processed materials generally possess low ductility.  Horita et 

al. (2000a) reported that, compared to conventional metal forming process, decrease 

in ductility in the ECAP processed samples is comparatively less. Literatures stating 

increase in both the strength and the ductility of the material after ECAP processing 

are also available. Simultaneous increase in both the strength and the ductility was 

observed in copper processed upto sixteen passes (Valiev et al. 2002). Similar 

observations were reported by Krasilnikov et al. (2005) in nickel and Valiev et al. 

(2002) in titanium. It has been suggested that, it is attributed to the increase in the 

fraction of high angle grain boundaries with increase in strain. Also, consequent 

change in the deformation mechanisms due to ECAP is attributed to increase in the 

tendency towards the occurrence of grain boundary sliding and grain rotation. 

Enhancement in the strength and ductility was also reported by Wang et al. (2002) in 

nanostructured copper obtained through ECAP followed by subsequent rolling 

process. Horita et al. (2005) deduced that, introduction of ageing treatment after 

ECAP has a noticeable effect on the strength and the ductility of the material. It could 

be concluded that, grain refinement through ECAP leads to development of an 

exclusive combination of the strength and the ductility.   

Vinogradov et al. (2001) reported a significant improvement in the fatigue limit in 

titanium after ECAP processing. Horita et al. (2005) reported that, the significant 

feature of ECAP is the possibility of obtaining improved fatigue properties along with 

the combination of high strength and good ductility. Superplastic behaviour is an 

essential property in the materials used in superplastic forming operations. Horita et 

al. (2000b) reported that, superplastic behaviour in tensile testing could be achieved in 

the materials having small and stable grain size. Komura et al. (2001) reported that, 

ECAP processing is an attractive technique to develop superplastic properties at 

higher temperature. 
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2.7 Advantages and disadvantages of ECAP  

ECAP has a number of important technological characteristics, peculiarities and 

advantages in comparison with the traditional metal working processes. 

2.7.1 Advantages of ECAP 

1) Reasonably homogeneous structure and properties are developed throughout the 

worked materials.   

2) A large equivalent strain per pass and an extremely large total effective strain 

after multiple passing is possible without any appreciable change in the initial 

cross-section of the specimen (Segal 2002).  

3) It is possible to develop required structures and textures by ensuring strict control 

over the direction of shear, ensuring homogenous stress-strain state, by 

approximately modifying the shear plane and direction during multiple pressing 

sequence. 

4) Stimulation of specific mechanisms of structure formation and phase 

transformation are possible under this procedure. This facilitates in getting 

required properties (Segal 1999). 

5) The process is not difficult to realize via standard metal forming equipments 

fitted with inexpensive devices and tools.  

6) The process could be applied to different metals and alloys, including high 

strength and difficult to deform materials under cold, warm or hot working 

conditions.  

7) ECAP could be applied to materials with different crystal structures and to many 

materials ranging from precipitation hardened alloys to intermetallics and metal 

matrix composites. 

8) The process could be scaled-up for the pressing of relatively large samples and 

relatively, low pressures and loads are sufficient for pressing (Segal 2004).  
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2.7.2 Disadvantages of ECAP 

1) ECAP is a batch process i.e., limited by the length of the material it can handle. 

2) Designing and construction of suitable die to process a variety of engineering 

components has been identified as a major bottle neck in commercialization of 

the process.  

2.8 Al-Zn-Mg alloy      

Being a lighter metallic material, aluminium has gained massive industrial attention in 

the past decades. However, compared to steel and other high strength materials, 

aluminium possess less strength in pure form. A properly designed aluminium alloy 

may possess a strength level equivalent to that of low carbon steel (Dennis 1963). 

Aluminium can be strengthened by adding suitable alloying elements. Addition of 

zinc to the aluminium increases the strength and toughness properties. The Al-Zn 

alloy phase diagram is shown in Fig. 2.6. The presence of zinc in aluminium increases 

its solution potential, making its application in protective cladding and in sacrificial 

anodes (ASM Handbook Vol 2 2001). The Al-Zn alloys satisfy the significant 

demand of industries in the development of lightweight materials having high strength 

and toughness characteristics (Ahmed 2014). Al-Zn alloys have been known for many 

years, but hot cracking in the cast condition and the susceptibility to stress-corrosion 

cracking in the wrought condition reduces its industrial applications. Efforts to 

overcome the aforementioned limitations have been successful by various methods, 

and these Al-Zn alloys are being used commercially to an increasing extent. Al-Zn 

alloys containing other elements offer the highest combination of tensile properties.  

Magnesium is the major alloying element in the Al-Mg series of alloys. Its maximum 

solid solubility in aluminium is 17.4% (weight %). For optimum mechanical 

properties the magnesium content should not be more than 4% (ASM Handbook    

Vol 2 2001). The Al-Mg phase diagram is shown in Fig. 2.7. Magnesium precipitates 

preferentially at grain boundaries as a highly anodic phase (Mg5Al3 or Mg5Al8), 

which increases susceptibility to intergranular cracking and to stress corrosion. 

Wrought alloys containing up to 4% magnesium, properly fabricated are stable under 
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Figure 2.6 Al-Zn phase diagram (ASM Handbook Vol 3 2004)  

 

Figure 2.7 Al-Mg phase diagram (ASM Handbook Vol 3 2004) 
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normal usage. The addition of magnesium noticeably increases the strength of the 

aluminium without decrease in the ductility (ASM Handbook Vol 2 2001).  

The addition of magnesium to the Al-Zn alloys increases the strength potential of this 

alloy system. Magnesium and zinc form MgZn2, which produces a greater response to 

heat treatment than in the binary aluminium-zinc system. The strength of Al-Zn alloys 

can be substantially improved by the addition of magnesium. Al-Zn-Mg alloys are 

naturally age hardenable, achieving full strength by 20 to 30 days at room temperature 

after casting. This strengthening process could be accelerated by artificial aging 

(Gopala Krishna et al. 2012). These alloys have moderate to good tensile properties in 

the cast condition. With annealing, good dimensional stability could be developed. 

Also, these alloys have good machinability (Kutz 2006).    

 

Fig. 2.8 Al-Zn-Mg isothermal section at 20 °C (ASM Handbook Vol 3 2004) 

The Al-Zn-Mg alloys form precipitates following the sequence leading from the solid 

solution to Guinier-Preston (GP) zones (over temperature range extending from room 

temperature up to 120 °C), followed by metastable precipitate η' and by the 

equilibrium phase η (Zhao et al. 2004). The equilibrium phase η has the hexagonal 
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Figure 2.9 Al-Zn-Mg solidus projection (ASM Handbook Vol 3 2004) 

 

Figure 2.10 Al-Zn-Mg solvus projection (ASM Handbook Vol 3 2004) 
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structure, MgZn2, (a = 0.5221 nm, b = 0.8567 nm). Two types of GP zones will 

appear during ageing, one is the spherical morphology GP(I) zone and the another is 

plate-like morphology GP(II) zone. The η' phase is the main hardening precipitate. 

The η phase has nine different orientations with respect to the matrix. The 

characteristics of ternary Al-Zn-Mg alloys are influenced by the high solid solubility 

of both zinc and magnesium as shown in Fig. 2.8, 2.9 and 2.10, respectively. In the 

present work, from the phase diagram of the Al-Zn-Mg system, the zinc and 

magnesium ratios are chosen such that the alloy is susceptible to precipitate MgZn2 

precipitates.  

The addition of copper to the Al-Zn-Mg system, together with small amounts of 

chromium and manganese, results in the highest strength within the commercially 

available aluminium base alloys. In Al-Zn-Mg-Cu alloy system, zinc and magnesium 

control the aging process. The effect of copper is to increase the aging rate by 

increasing the degree of supersaturation and likely through nucleation of the 

CuMgAl2 phase. Copper also increases quench sensitivity upon heat treatment. In 

general, copper reduces the resistance to general corrosion of Al-Zn-Mg alloys, but 

increases the resistance to stress corrosion. The minor alloy additions, such as 

chromium and zirconium, also have a marked effect on mechanical properties and 

corrosion resistance.  

2.9 SPD study on the Al-Zn-Mg alloys     

Numerous literatures exist that report on the effect of SPD processing on wrought   

Al-Zn-Mg alloys. But, very few literatures were report on the examine the importance 

of SPD and other metal forming process on cast alloys composed of only aluminium, 

zinc and magnesium. In this section, works carried out on the Al-Zn-Mg alloys are 

reviewed.  

Horita et al. (2001) studied the effect of ECAP processing in improving the 

mechanical properties of Al-5.7Zn-2.2Mg-1.2Cu alloy. It was deduced that, strength 

of the material increases with increase in number of ECAP passes while elongation to 

failure decreases with the same. Also, it was found out that, maximum load required 
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for the ECAP processing is determined by the sample strength not by the size of the 

sample being processed.  

Zheng et al. (2002) studied the microstructure, strength and ductility characteristics 

developed through ECAP processing combined with heat treatment. ECAP processing 

was carried out via route A, BC and C. From the experimental results, it was observed 

that, the route BC yields more reduction in grain size. After ECAP processing the 

strength of the material is increased with a slight decrease in the elongation of the 

material. Also, the precipitate size became finer.  

Xu et al. (2003) studied the potential for using ECAP processing to achieve high 

strain rate superplasticity at elevated temperatures, in Al-11.5Zn-2.5Mg-0.9Cu-0.2Zr 

alloy. Results showed that, a maximum elongation of 1000% was obtained in ECAP 

processed sample at a temperature of 400 °C, confirming that through ECAP 

processing superplasticity (at higher temperature) could be achieved.  

Goloborodko et al. (2004) investigated the effect of processing temperature on the 

microstructural development during ECAP of Al-6.04Zn-2.46Mg-1.77Cu-0.16Zr 

alloy. It was reported that, an increase in the processing temperature leads to an 

increase in the grain size of the processed material and microstructural evolution 

clearly depends on the deformation temperature. Also, kinetics of the formation of 

high angle grain boundaries increases with decrease in processing temperature.  

Mazilkin et al. (2005) studied the microstructure formation during HPT of cast        

Al-5Zn-2Mg and Al-10Zn-4Mg alloy. It was reported that, HPT processing lead         

to develop nano-sized grains in the alloys. It was also mentioned that, HPT    

processing results in the formation of a phase structure which is closer to the 

equilibrium state due to deformation induced disordering and deformation   

accelerated diffusion.  

Xu et al. (2005) reported the influence of ECAP processing on the precipitates in Al-

11.5Zn-2.5Mg-0.9Cu-0.2Zr alloy. The result showed that there was a significant 

fragmentation of the precipitates in the first pass and the fragmentation continued in 

subsequent passes. Also, it was mentioned that, ECAP processed samples exhibit less 
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yield strength due to the partial dissolution of the metastable hardening η' phase 

during ECAP at higher temperature.   

Xu et al. (2008) evaluated plastic anisotropy development in ECAP processing of   

Al-11.5Zn-2.5Mg-0.9Cu-0.2Zr alloy. It was reported that, plastic anisotropy was not 

observed in the material after processing by ECAP. Both the yield strength and the 

rate of strain hardening are identical for all three orthogonal orientations. Also, there 

was no tension-compression asymmetry in the material after ECAP processing.  

Gopala Krishna et al. (2011) studied the tensile characteristics of UFG Al-4Zn-2Mg 

alloy developed by cryorolling. It was reported that, improvement in the strength and 

ductility was observed after cryorolling, which is attributed to the combination of 

cryorolling and heat treatment.  

Gopala Krishna et al. (2012) studied the microstructure evolution and aging behaviour 

of Al–4Zn–2Mg alloy subjected to cryorolling. The cryorolled samples were 

subjected to aging treatment. The results show that, cryorolling results in development 

of UFG structure followed by enhancing the precipitation kinetics. Also, aging 

treatment after cryorolling leads to increase in the hardness of the alloy. In the 

cryorolled and aged samples, large number of uniformly distributed, finer size 

strengthening precipitates was observed.  

Yang et al. (2012) investigated the fatigue properties of the Al-5Zn-2Mg alloy 

subjected to rolling process. The results show that, the grains of the alloy are 

elongated after rolling in the rolling direction. Also, the average propagation rate of 

fatigue crack during fatigue testing is reported and fatigue surface morphologies were 

studied.  

Gopala Krishna et al. (2012) studied the corrosion behaviour of the Al-4Zn-2Mg alloy 

deformed by cryorolling. It was reported that, cryorolled samples exhibited increase 

in the corrosion potential and decrease in the corrosion current density. Also, the 

cryorolled samples possess lower weight loss compared to the unprocessed samples. It 

was mentioned that, improvement in the corrosion resistance of the cryorolled 

samples is mainly attributed to the presence of UFG grains and finer size precipitates.  



28 
 

Kogtenkova et al. (2013) studied phase transformations during HPT and subsequent 

heating of the cast Al-5Zn-2Mg and Al-10Zn-4Mg alloy. It was observed that, HPT 

process results in refining the grains. Also, HPT processing results in dissolution of 

the secondary particles. While, growth of the secondary particles were noticed during 

heating of the HPT processed samples. 

Shaeri et al. (2013) studied the microstructure and the texture development in          

Al-5.7Zn-1.9Mg-1.5Cu alloy during the ECAP. It was perceived that, texture 

evolution during ECAP strongly depends on processing route and number of passes. 

Also, texture strengthening was observed after the first pass and texture weakened 

after four passes.  

Sabbaghianrad and Langdon (2014) studied the processing of Al-5.7Zn-1.9Mg-1.5Cu 

alloy by combination of ECAP and HPT process. It was observed that, grain size was 

further reduced and ratio of formation of the high angle grain boundaries increased 

when ECAP processed samples were further processed through HPT. Also, increase 

in the hardness was observed when samples were processed in ECAP and HPT than 

the samples processed only through ECAP.  

Shaeri et al. (2016) investigated the effect of processing temperature on the 

microstructure evolution and mechanical properties of Al-5.7Zn-1.9Mg-1.5Cu alloy. 

It was deduced that optimum mechanical properties were attained while processing at 

120° C due to the formation of the small η' precipitates. At 180° C, mechanical 

properties were decreased due to the transformation of η' phase to the η phase.  

2.10 Wear 

Wear is progressive damage to a surface caused by relative motion with respect to 

another substance. Wear is damage and it is not limited to loss of material from a 

surface. Wear is related to interactions between surfaces and specifically the removal 

and deformation of the material on a surface as a result of mechanical action of the 

opposite surface. Wear is affected by various parameters including load, speed and 

temperature. Wear properties have significant effect on the durability and 

serviceability of engineering components. Wear is an important parameter to be 

considered in design and development of engineering components (Bayer 2004).  
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2.11 Wear mechanisms 

During sliding, materials may show different wear behaviour under different     

sliding conditions. In order to reduce wear, it is necessary to understand the 

underlying wear mechanism. However, the wear process involves one or a 

combination of wear mechanisms which includes abrasive, adhesive, erosive, 

oxidation and corrosive wear (Bayer 2004).  

2.11.1 Abrasive wear 

 
Figure 2.11 Schematic illustration of types of abrasive wear (a) two body and   
(b) three body (Bhushan 2002)  

Abrasive wear occurs when a hard rough surface slides across a softer surface. 

Basically, there are two types of abrasive wear, namely, two body wear and three 

body wear. Two body wear occurs when the hard particles removes the material from 

the opposite surface by cutting or ploughing operation, as shown in Fig. 2.11(a). In 

three body wear, hard particles separated from the softer surface get trapped between 

two sliding surfaces and causes abrading action on both the surfaces or only on the 

softer surface, as shown in Fig. 2.11(b). Generally, two body abrasion shows less 

wear rate as compared to three body abrasion. In abrasive wear, the material in the 

softer surface is generally removed by the combined effect of microploughing,   
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micro-cutting and micro-cracking, as shown in Fig. 2.12. As a result, the worn surface 

is generally composed of grooves and scratches. The wear debris generally will be in 

the form of micro-cutting chips (Bhushan 2002).  

 

Figure 2.12 Schematics of abrasive wear processes as a result of plastic 
deformation by three deformation modes (Bhushan 2002) 

2.11.2 Adhesive wear 

Adhesive type of wear mechanism occurs0when two0flat surfaces are0in0contact 

during sliding which0involves0detachment of the debris and attached to the counter 

surface. In microscopic scale, polished surfaces have few degree of roughness. When 

two such surfaces are brought into contact, the actual contact occurs only at some 

high asperities. At high pressure, these spots have a tendency to stick to each other. 

During sliding, a layer of the softer material is dragged away by the harder counter 

surface. As a result, intermetallic adhesion will occur which lead to form cold weld 
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junctions. The strength of this junction depends on the structure and the mutual 

solubility of the two contact materials (Archard 1953).  

2.11.3 Erosive wear  

Erosive wear is caused by the impact of wear debris to the surface of the sliding 

material with high0speed, resulting in severe damage and material0loss. The rate of 

erosive wear is dependent upon various parameters, like size and shape of the wear 

debris, hardness and impact velocity of the wear debris along with the properties of 

the surface being eroded (Prozhega et al. 2014).  

2.11.4 Oxidation and corrosive wear 

This type of wear occurs due to the chemical reaction between the sliding surfaces 

and also when the materials are sliding in the oxidizing or moisture environment. 

Generally, metal surfaces are normally covered with the oxide layers, preventing 

metal to metal contact. If the hardness of the metal underlying an oxide layer is less, 

or contact load between the mating surfaces is relatively high, during sliding, surface 

underlying an oxide layer will be plastically deformed leading to metal to metal 

contact. In this case, abrasion or adhesion will occur. If the underlying metal is hard 

enough to hold oxide layer during sliding and not allowing plastic deformation, a 

process known as oxidation wear will occur (Giourntas et al. 2015). 

2.12 Wear study of the SPD processed materials   

There have been only a few studies reported on the wear properties of ECAP and 

other SPD processed materials. In this section, wear and tribological behaviour of 

SPD processed alloys are reviewed.  

La et al. (2005) investigated the friction and wear behaviour of commercial pure (CP) 

titanium processed by ECAP. It was reported that, wear rate of the ECAP processed 

CP titanium was much less than that of the unprocessed (annealed) alloy. Also, 

coefficient of friction of the ECAP processed CP titanium is less than the unprocessed 

alloy. The wear mechanisms before and after ECAP processing were studied.  
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Wang et al. (2011) studied the wear behaviour of Al 1050 alloy processed by ECAP. 

It was observed that, coefficient of friction was unaltered after ECAP processing. But, 

the wear rate was decreased after ECAP processing. Also, mass loss increased with 

increase in the number of ECAP passes. It was mentioned that, the decrease in the 

wear resistance after ECAP is attributed to the grain refinement occurring during 

ECAP and lack of strain hardening capability.  

Aal et al. (2010) studied the effect of copper content and the ECAP processing on the 

wear behaviour of Al-Cu alloy. It was perceived that, microhardness of the alloy 

increased with increase in the ECAP passes. Microhardness of the alloy was also 

increased with increase in the copper content in the alloy. Remarkable improvement 

in the wear resistance of the alloy was observed with increase in the ECAP passes, 

due to increase in the microhardness via grain refinement. Wear resistance of the alloy 

was also increased with increase in the copper content in the alloy.    

Kucukomeroglu (2010) investigated the effect of ECAP processing on the tensile and 

wear properties of Al-12Si alloy. Results showed that, ECAP processing lead to 

substantial increase in both strength and hardness of the alloy. But, the wear 

resistance of the alloy decreased after ECAP processing, due to the tribochemical 

reaction leading to oxidative wear with the abrasive effect. The decrease in the wear 

rate after ECAP processing was analyzed and surface morphologies of the worn 

samples were studied.  

Gao and Cheng (2008) studied the effect of ECAP processing on the microstructure, 

mechanical and tribological properties of Cu-10Al-4Fe alloy. It was reported that, 

after ECAP processing the grain size decreased considerably and the strength and 

hardness of the alloy increased. Coefficient of friction of ECAP processed samples is 

lesser than the unprocessed samples. Wear resistance and load bearing capacity of the 

alloy was increased after ECAP processing, due to grain refinement after ECAP 

processing.  

Kim et al. (2009) studied the wear behaviour of Al 5052 alloy and Fe-0.15C steel 

subjected to SPD. It was reported that due to interface cracking at the interface 

between the martensite and the ferrite matrix, wear resistance was decreased in the 

ECAP processed Fe-0.15C steel. In spite of much higher hardness and strength after 
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accumulative roll bonding, wear resistance of the Al 5052 alloy was decreased due to 

low strain-hardening capability.  

Purcek et al. (2010) investigated the mechanical and wear properties of the ECAP 

processed Zn-40Al-2Cu-2Si alloy. It was perceived that, after ECAP, strength and 

ductility of the alloy increased. Also, ECAP processed samples showed better wear 

resistance, due to improved ductility and impact toughness. Also, Coefficient of 

friction of the ECAP processed samples is lesser than the as-cast samples.  

2.13 Brief summary of literature review  

In this chapter, SPD technique was discussed and its advantages compared to other 

conventional techniques were elaborated. ECAP process principle was discussed. 

Effect of various processing parameters on the resulting microstructure and 

mechanical properties was elaborated to get a complete understanding of the process. 

Advantages and the disadvantages of the ECAP process compared to other SPD and 

conventional techniques were discussed. A detailed discussion on experimental 

material was presented. Reports on various SPD study on the Al-Zn-Mg alloys were 

discussed. Importance of wear and wear mechanisms were discussed in detail. 

Reports on wear study of the SPD processed materials were also discussed. 

From the literature study, it is observed that, numerous research works have been 

carried out to examine the effect of SPD processing on wrought Al-Zn-Mg alloys. 

But, very few literatures were reported to examine the importance of SPD and other 

metal forming processes on the cast alloys composed of only aluminium, zinc and 

magnesium. But, no systematic study has been carried out to understand the effect of 

variation of zinc in Al-Zn-Mg alloys processed using ECAP technique with a focus on 

mechanical properties and wear behaviour. Also, contradictory reports (both 

favourable and unfavourable effects) were observed in the wear behaviour of the SPD 

processed materials. Until now no works have been carried out to study the wear 

properties of the ECAP processed cast Al-Zn-Mg alloys with varying zinc content. 

Therefore, these issues have been chosen for investigation in this thesis.  
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CHAPTER 3      

EXPERIMENTAL PROCEDURES     

In this chapter, the experimental procedures adopted in the present work to achieve 

the objectives are discussed. Material preparation and experimental details 

pertaining to ECAP processing of the Al-Zn-Mg alloys are explained. Microstructural 

characterization techniques and assessment of mechanical properties along with 

equipments used are discussed.  

3.1 Experimental material  

In the present work, in order to understand the effect of variation of zinc content in 

Al-Zn-Mg alloys processed by ECAP technique on improvement in the mechanical 

properties and wear resistance, three Al-Zn-Mg alloys with different compositions 

were selected. The nominal compositions of the alloys under study are presented       

in Table 3.1 

Table 3.1 Nominal composition of the alloy (in wt. %) 

Alloy Aluminium Zinc Magnesium 

Al-5Zn-2Mg 93 5 2 

Al-10Zn-2Mg 88 10 2 

Al-15Zn-2Mg 83 15 2 

 

3.1.1 Material preparation   

The alloys studied in the present work were prepared by gravity casting method. 

Casting was carried out in an electric resistance furnace having automatic temperature 

controller having an accuracy of ± 5 ºC. At first, silicon carbide crucible was placed 

inside the furnace and then the furnace was heated to 50 ºC above the melting 

temperature of the alloy. Once the required temperature was achieved, commercial 
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pure aluminium (99.7%) pieces of required quantity were charged into the crucible. 

After the aluminium charge was melted, pure zinc (99.9%) granules and pure 

magnesium (99.9%) granules packed in the aluminium foils were added to the melt 

and stirred using a graphite rod. Later, the melt was degassed with hexachloroethylene 

tablets. To avoid surface oxidation, ‘coverall’ covering flux was applied on the melt 

and the dross present on the surface was skimmed off. The melt was poured in to a 

metal die which was preheated to 400 ºC. In order to achieve homogenous 

composition, the solidified material was remelted again. Initially, the material was 

cast into cylindrical rods of 25 mm diameter and 100 mm length as shown in Fig. 3.1. 

The chemical composition of the alloys was confirmed by using SPECTRO MAXx 

LMF04 optical emission spectroscopy (OES). Table 3.2 shows the nominal 

composition of the alloys obtained through OES.   

Table 3.2 Chemical composition (in wt. %) of the alloys verified through OES 

Al-5Zn-2Mg alloy 

Al Zn Mg Fe Si Mn Cu Zr Ni 

92.4 5.09 2.07 0.21 0.13 0.072 0.019 0.003 0.001 

Ti Pb Cr 

0.002 0.001 0.002 
 

Al-10Zn-2Mg alloy 

Al Zn Mg Fe Si Mn Cu Zr Ni 

87.3 10.1 2.1 0.23 0.16 0.074 0.022 0.005 0.002 

Ti Pb Cr 

0.003 0.002 0.002 
 

Al-15Zn-2Mg alloy 

Al Zn Mg Fe Si Mn Cu Zr Ni 

82.3 15.08 2.2 0.19 0.14 0.068 0.012 0.004 0.002 

Ti Pb Cr 

0.002 0.001 0.001 
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Figure 3.1 Cast ingots Figure 3.2 Samples for ECAP 

processing 
 

After casting, homogenization of the cast ingots was carried at 480 ºC upto 20 hours. 

For ECAP processing, homogenized material was machined to a diameter of 15.9 mm 

and a length of 85 mm parallel to the ingot axis, as shown in Fig. 3.2.   

3.2 ECAP die 

 

Figure 3.3 Photograph of the two halves of the 120º ECAP die with plunger and 
the processed sample 

Figure 3.3 shows the ECAP die along with the plunger and processed sample used in 

the present work. Figure 3.4 shows the dimensions of the ECAP die in mm. The 
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Figure 3.4 Schematic diagram of the ECAP die   

ECAP die was fabricated in split type design (2 piece die) and align pins were 

provided for proper alignment. The ECAP die was machined with two channels of   

16 mm diameter intersecting at an internal angle (Φ) of 120º and outer arc of 

curvature (Ψ) of 30º. The equivalent strain imposed on the sample with these angular 

values in each pass is 0.667 and this could be estimated from the equation 2.1. The 

ECAP die and the punch were machined from H11 tool steel and heat treated to attain   

50 HRc hardness. Holes are provided in the ECAP die for placing heating coils to heat 

the die to the required processing temperature. 

3.2.1 ECAP processing  

Valiev and Langdon (2006) reported that it is feasible to carryout ECAP processing in 

conventional mechanical testing machines, since it provides an opportunity of 

selecting different pressing speeds over a very wide range. In the present work, ECAP 

processing was carried out in a 40 ton universal testing machine (UTM). Figure 3.5 

shows three dimensional exploded view of the ECAP die used in the present work. 
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Figure 3.5 Three dimensional exploded view of the ECAP die assembly used in 
the present work   

For ECAP processing the die blocks were held together and aligned with the help of 

align pins. Die blocks were then clamped with the help of three pair of flat clamps 

bolted with adequate pressure. In the present work, route BC was adopted. It results in 

uniform distribution of the strain in the material compared to other routes. Also,   

route BC provides optimum processing condition for attaining a homogeneous 

microstructure of equiaxed grains separated by high angle grain boundaries and hence 

isotropic mechanical properties are expected. Also, processing through route BC gives 

shearing over larger angular ranges by comparison with other processing routes 

(Furukawa et al. 2002). The ECAP process was carried out by pressing the sample at 

a constant speed of 0.5 mm/s. In order to reduce the friction between the die and the 

sample molybdenum disulphide (MoS2) was used as the lubricant. Prior to each pass, 

the die was heated upto the processing temperature and then the sample was inserted 

in to the die and kept for 15 min so that the equilibrium temperature was established 

in the sample and the die. While processing, the whole die setup was maintained at 

the processing temperature using an inbuilt heater. After processing, the sample is 

manually removed from the die.    
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3.3 Microstructural characterization    

In as-cast and homogenized samples, microstructural study was carried out 

perpendicular to the ingot axis. While in the ECAP processed samples, 

microstructural study was carried out perpendicular to the processed direction. To 

obtain optimal results, central portion of the sample was selected both in unprocessed 

and processed samples. Conventional metallographic techniques were used to prepare 

the samples for microstructure study. The samples were polished using a sequence of 

silicon carbide (SiC) abrasive papers and alumina paste on cloth. Finally, samples 

were etched using Keller’s reagent (2 ml of hydrofluoric acid + 3 ml of hydrochloric 

acid + 5 ml of nitric acid + 190 ml water).  

3.3.1 Optical microscopy 

Carl-Zeiss AX10 LAB A1 metallurgical microscope equipped with Axio Vision LE64 

release 4.9.1 software was used to observe the microstructure of the material before 

and after ECAP processing.  

3.3.2 Scanning electron microscopy  

A JEOL JSM-6380LA scanning electron microscope operating at 20 kV using the 

secondary electron and backscattered imaging modes was used to study the 

microstructure of the material before and after ECAP processing. Grain size 

measurements, before and after ECAP processing, was carried out by linear 

interception method using Image J software.  

3.3.3 Transmission electron microscopy 

A JEOL JEM-2100 transmission electron microscope operating at 200 kV was used to 

identify the grains and morphology of the precipitates present in the samples. For 

TEM study, both unprocessed and processed samples were thinned down to 80 μm 

thickness and the discs of 3 mm diameter were punched from the thinned samples. 

The punched disc was further thinned down to 40 μm thickness by disc polishing. The 

samples were then dimpled to 20 μm thickness using dimple grinder. Ion milling 

(Make: Gatan, Model: 691) of the dimpled sample was carried out at 4° beam angle 
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with beam energy of 4 keV till perforation was attained. The ion milled samples were 

studied under TEM and selected area electron diffraction (SAED) patterns were 

recorded. Also, energy dispersive spectroscopy (EDS) was carried out in TEM to 

analyse the chemical composition of the precipitates. 

3.3.4 X-ray diffraction analysis 

X-ray diffractometer (Make: JEOL, Model: JPX 8) was used to identify the phases 

present in the samples. XRD profiles were generated using a computer controlled 

diffractometer with nickel filter operating at 30 kV tube voltage and 20 mA current 

with Cu-Kα radiation of 1.54 Å and at a scanning speed of 1°/min. The 2θ range was 

selected between 18° to 90° (Zhao et al. 2004). This range is selected because from 

the literature it was found that major peaks of Al-Zn-Mg alloy system is expected 

within the above mentioned diffraction angle range.  

3.4 Mechanical properties evaluation 

To assess the mechanical properties of the alloys mechanical tests such as 

microhardness measurement, tensile test and wear test were conducted on the 

unprocessed and the processed samples.  

3.4.1 Microhardness measurement 

Microhardness of the samples was measured by using Shimadzu Vickers 

microhardness tester (model: HMV-G20 ST). The values of the Vickers 

microhardness, Hv, were determined by imposing a load of 50 gm for 15 sec 

according to ASTM E384 standard. In as-cast and homogenized samples, hardness 

was measured perpendicular to ingot axis. While in the ECAP processed samples, 

hardness was measured perpendicular to the processed direction. To achieve optimal 

results in hardness measurement, centre portion of the sample was selected both in 

unprocessed and processed samples. On each sample, 12 hardness measurements were 

carried out and the average value of microhardness was calculated by eliminating the 

highest and lowest values and averaging the remaining 10 measurements.  
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3.4.2 Tensile test  

 
Figure 3.6 Schematic diagram of the tensile test sample (Note: All dimensions   
are in mm) 

 

Figure 3.7 Photograph of the tensile test samples 

To evaluate the ultimate tensile strength (UTS) and the elongation to failure (ductility) 

of the unprocessed and processed samples, tensile tests were conducted at room 

temperature and at a constant cross head speed of 0.1 mm/min by using Shimadzu 

universal testing equipment (model: AG-X plusTM 100 kN). For tensile testing, 

unprocessed and processed samples were machined to tensile test samples as per the 

ASTM E8 standard as shown in Fig. 3.6. As-cast and homogenized samples were 

machined parallel to the ingot axis, while the ECAP processed samples were 

machined parallel to the processing direction. Figure 3.7 shows the photograph of the 

tensile test samples. In each condition, three samples were tested to confirm the 

repeatability of the results and average values were considered. The fracture modes of 

the tensile test samples were studied macroscopically (visual appearance) and fracture 

surface morphology of the tensile test samples were studied by using SEM.   
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3.4.3 Wear test  

Table 3.3 Chemical composition (in wt %) of the EN31 steel 

Element C Si Mn Cr P S Mo Fe 

Weight % 0.95 - 1.1 0.1 - 0.35 0.25 - 0.4 1.2-1.6 0.04 0.05 0.06 Balance 

 

Dry sliding wear test experiments were carried out by using a pin on disc type test 

setup according to ASTM G-99 standard. Wear tests were carried out in DUCOM pin 

on disc equipment (model: TR-20LE-PHM 400-CHM 600). The wear tests were 

carried out at room temperature and at a relative humidity of 55 ± 5%. Samples for 

the wear test were machined into cylindrical pins of 10 mm diameter and 28 mm in 

length. As-cast and homogenized samples were machined parallel to the ingot axis, 

while the ECAP processed samples were machined parallel to the processing 

direction. Prior to each test, sample surfaces were polished with 1200 grit size silicon 

carbide emery paper to approximately 0.3 µm roughness and cleaned with the 

acetone. Samples were made to slide against EN31 (E52100) steel disc having 

hardness of 62 HRc and surface roughness of 0.3 µm. The composition of the EN31 

steel is presented in Table 3.3.   

Table 3.4 Wear test conditions 

 Condition 1 Condition 2 Condition 3 Condition 4 

Load (N) 20 20 40 40 

Sliding speed (m/s) 1 2 1 2 

 

Prior to each test, disc surface was polished with SiC (600 grit) emery paper and 

cleaned with acetone. During wear test, sliding of the samples followed a circular path 

of 120 mm track diameter. To study the wear resistance capability of the alloys, wear 

tests were conducted at different loads and sliding speeds. These conditions were 

presented in Table 3.4. In all cases, wear test experiments were carried for a fixed 

distance of 1000 m. The wear resistance was measured by weight loss method using a 

microbalance having an accuracy of ± 0.01 mg. The coefficient of friction (µ = Ff/P) 
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values were calculated by using frictional force data recorded in the computer and the 

applied load. In each condition, three samples were tested to confirm the repeatability 

of the results and the average values were taken into consideration. The surface 

morphology of the worn surfaces were captured in SEM. Energy dispersive 

spectroscopy (EDS) analysis of the worn surfaces were carried out to identify the 

wear mechanisms and to find the elements present on the worn surfaces.     
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CHAPTER 4    

RESULTS   

In this chapter results are presented in different sections. The processing temperature, 

microstructure and precipitate evolution during ECAP, enhancement in the 

mechanical properties after ECAP, fracture modes and fracture surface morphologies 

of the tensile test samples, wear properties and surface morphology of the wear test 

samples are presented. 

4.1 ECAP processing    

Table 4.1 Condition of the samples after processing at different temperatures  

Processing 
Temperature 

 

Al-5Zn-2Mg 

 

Al-10Zn-2Mg 

 

Al-15Zn-2Mg 

Room 

temperature 

Sample failed in  

1 pass 

Sample failed in  

1 pass 

Sample failure in  

1 pass 
 

100 ºC 
Sample failure in  

1 pass 

Sample failure in  

1 pass 

Sample failure in  

1 pass 
 

125 ºC 
Sample failure in  

1 pass 

Sample failure in  

1 pass 

Sample failure in  

1 pass 
 

150 ºC 
Successful upto  

4 passes* 

Successful in 1 pass 

only 

Successful in 1 pass 

only 
 

175 ºC 
Successful upto  

4 passes 

Successful in 1 pass 

only 

Successful in 1 pass 

only 
 

200 ºC 
Successful upto  

4 passes* 

Successful upto  

4 passes* 

Successful upto  

4 passes* 

* Maximum number of ECAP passes attempted = 4 

The literature on the ECAP processing indicates that the optimum mechanical 

properties could be achieved by processing the material at lowest possible 
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temperature. In this regard, all three alloys were attempted to process at minimum 

possible temperature. Table 4.1 indicates the condition of the samples after processing 

at different temperatures. All three alloys were failed during the first pass at room 

temperature. Only at 200 ºC, all three alloys were successfully processed upto four 

passes in route BC, without failure. After four passes, processing was stopped, since in 

route BC deformation restores the equiaxed microstructure in all three planes after 

every four successive passes.  

4.2 Visual appearance  

4.2.1 Al-5Zn-2Mg alloy after ECAP 

  

 

Figure 4.1 Al-5Zn-2Mg alloy ECAP processed at (a) room temperature,            
(b) 100 ºC and (c) 125 ºC   

  

Figure 4.2 Al-5Zn-2Mg alloy ECAP processed at (a) 150 ºC and (b) 200 ºC 
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Figure 4.1 shows the macroviews of the Al-5Zn-2Mg alloy samples ECAP processed 

at room temperature, 100 ºC and 125 ºC, respectively. It is noticed that, at all three 

temperatures, samples were failed in the first pass itself. Figure 4.2 shows the 

macroviews of the Al-5Zn-2Mg alloy samples ECAP processed at 150 ºC and 200 ºC, 

respectively. It is noted that, at both temperatures, the Al-5Zn-2Mg alloy was 

successfully processed upto four passes in route BC, without failure. So, 150 ºC was 

the lowest temperature at which the Al-5Zn-2Mg alloy samples could be successfully 

ECAP processed upto four passes in route BC without cracking.  

4.2.2 Al-10Zn-2Mg alloy after ECAP 

  

 

Figure 4.3 Al-10Zn-2Mg alloy ECAP processed at (a) room temperature,          
(b) 100 ºC and (c) 125 ºC 

  

Figure 4.4 Al-10Zn-2Mg alloy ECAP processed at (a) 150 ºC and (b) 175 ºC 

Figure 4.3 shows the macroviews of the Al-10Zn-2Mg alloy samples ECAP processed 

at room temperature, 100 ºC and 125 ºC, respectively. It is noted that, at all three 

temperatures, samples failed in the first pass itself. Figure 4.4 shows the macroviews 
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of the Al-10Zn-2Mg alloy samples, ECAP processed at 150 ºC and 175 ºC, 

respectively. It is noticed that, at both temperatures, the Al-10Zn-2Mg alloy samples 

were successfully processed upto one pass and failed in the second pass.  

 

Figure 4.5 Al-10Zn-2Mg alloy ECAP processed at 200 ºC 

Figure 4.5 shows the macroviews of the Al-10Zn-2Mg alloy processed at 200 ºC. It is 

noted that, the Al-10Zn-2Mg alloy was successfully processed upto four passes in 

route BC, without failure. This was the lowest temperature at which the Al-10Zn-2Mg 

alloy samples could be successfully ECAP processed upto four passes in route BC, 

without cracking. 

4.2.3 Al-15Zn-2Mg alloy after ECAP 

Figure 4.6 shows the macroviews of the Al-15Zn-2Mg alloy samples ECAP processed 

at room temperature, 100 ºC and 125 ºC, respectively. It is noted that, at all three 

temperatures, samples failed in the first pass itself. Figure 4.7 shows the macroviews 

of the Al-15Zn-2Mg alloy samples, ECAP processed at 150 ºC and 175 ºC, 

respectively. It is noted that, at both temperatures, the Al-15Zn-2Mg alloy samples 

were successfully processed upto one pass and failed in the second pass.  
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Figure 4.6 Al-15Zn-2Mg alloy ECAP processed at (a) room temperature,          
(b) 100 ºC and (c) 125 ºC 

.   

Figure 4.7 Al-15Zn-2Mg alloy ECAP processed at (a) 150 ºC and (b) 175 ºC  

 

Figure 4.8 Al-15Zn-2Mg alloy ECAP processed at 200 ºC 
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Figure 4.8 shows the macroviews of the Al-15Zn-2Mg alloy processed at 200 ºC. It is 

noted that, the Al-15Zn-2Mg alloy was successfully processed upto four passes in 

route BC, without failure. This was the lowest temperature at which the Al-15Zn-2Mg 

alloy samples could be successfully ECAP processed upto four passes in route BC, 

without cracking. 

4.3 Microstructural characterization    

4.3.1 Al-5Zn-2Mg alloy 

  

Figure 4.9 OM micrographs of the Al-5Zn-2Mg alloy (a) as-cast and                  
(b) homogenized 

Figure 4.9 shows the OM micrographs of the Al-5Zn-2Mg alloy in as-cast and 

homogenized conditions. In as-cast condition, the alloy is composed of the dendritic 

morphology as shown in Fig. 4.9(a). After homogenization treatment, due to the 

recrystallization effect grain boundaries were developed as shown in Fig. 4.9(b).  

  
Figure 4.10 SEM micrographs of the Al-5Zn-2Mg alloy (a) as-cast and              
(b) homogenized  
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Figure 4.10 shows the SEM micrographs of the Al-5Zn-2Mg alloy in as-cast and 

homogenized conditions. Microstructure of the alloy in as-cast condition is shown in 

Fig. 4.10(a). In this condition the microstructure is compiled of dendrites of size     

200 ± 20 µm. Microstructural study of the alloy in this condition confirmed the 

presence of the dendrites with the precipitates (shown in arrows) in the α-Al matrix 

and inter-dendritic regions (Alvarez et al. 2005). Precipitates in α-Al matrix were 

identified as η' phase (MgZn2) precipitates (Zhang et al. 2010). After homogenization 

treatment, precipitates which were initially segregated along the inter-dendritic 

regions were almost dissolved in the aluminium matrix and grain boundaries were 

developed, as shown in Fig. 4.10(b). Dendritic structures present in the as-cast 

structure were completely disappeared after homogenization. In the homogenized 

condition, grains in the size of 180 ± 20 μm were observed.  

Figure 4.11 shows the TEM micrographs and associated SAED patterns of the        

Al-5Zn-2Mg alloy in as-cast and homogenized conditions. Figure 4.11(a) shows the 

TEM micrograph of the alloy in the as-cast condition. In this condition, dendritic 

structure with low density dislocations was observed. Also, precipitates were lying 

near the dendrites and in the inter-dendritic regions (shown in arrows). Figure 4.11(b) 

presents the TEM micrograph of the alloy in the homogenized condition. In            

this condition, an array of large sized grains with low dislocation density was 

observed  

Figure 4.12 shows the morphology and distribution of the precipitates in the            

Al-5Zn-2Mg alloy in as-cast and homogenized conditions. Figure 4.12(a) shows the 

morphology of the precipitates present in the as-cast condition. In this condition, high 

density of rod or flake shaped η' phase (MgZn2) precipitates were observed (shown in 

arrows). The presence of rod shaped η' (MgZn2) precipitates in cast condition is 

consistent with reported observations in Al 7034 cast alloy by Xu et al. (2003). The 

average length and width of the rod like precipitates were measured as 150 nm and   

25 nm, respectively. Since, after homogenization treatment, precipitates which were 

initially segregated along the inter-dendritic regions were almost dissolved in the 

aluminium matrix. Hence, secondary particles were not identified in the matrix as 

shown in Fig. 4.12(b).        
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Figure 4.11 TEM micrographs and associated SAED patterns of the Al-5Zn-2Mg 
alloy (a) as-cast and (b) homogenized (SAED patterns are indexed in          
Appendix 1, Fig. A1-1) 

  
Figure 4.12 TEM micrographs showing the morphology and distribution of the 
precipitates in the Al-5Zn-2Mg alloy (a) as-cast and (b) homogenized   

Figure 4.13 shows the OM micrographs of the Al-5Zn-2Mg alloy ECAP processed at 

150 ºC, under various conditions. Figure 4.13(a) shows the OM micrograph of the 

alloy after first pass. In this condition, grain structure was refined by the introduction 

of the sub-grains. Figure 4.13(b) shows the OM micrograph of the alloy after second 

pass. In this condition, due to the formation of new sub-grains, more refined grain 

structure was observed compared to first pass. After third and fourth passes, large 

volume of shear bands was observed, as shown in Fig. 4.13(c) and 4.13(d), 

respectively. The shear bands direction is nearly parallel to the processing direction. 

Similar type of grain refinement was reported by Cardoso et al. (2011) using OM 

observations in the Al 7050 alloy processed by ECAP in route BC.  
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Figure 4.13 OM micrographs of the Al-5Zn-2Mg alloy ECAP processed at        
150 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

Figure 4.14 shows the SEM micrographs of the Al-5Zn-2Mg alloy ECAP processed at 

150 ºC, under various conditions. It is observed that, ECAP processing leads to 

significant grain refinement in the alloy. After first pass, array of sub-grains were 

introduced within the grains and growth of the precipitates were observed near the 

grain boundaries. These precipitates were identified as GP zones and η' phase 

precipitates (Cardoso et al. 2011). After first pass, sub-grains of 25 ± 8 μm in size 

were perceived as shown in Fig. 4.14(a). After second pass, more volume fraction of 

sub-grains were developed inside the grains as shown in Fig. 4.14(b). At this stage, 

size of sub-grains was reduced to 15 ± 5 μm. After third pass, shear bands were 

identified inside the grains and sub-grains as shown in Fig. 4.14(c). The size of the 

shear bands measured at this stage is 6 ± 3 μm. After fourth pass, a large number of 

shear bands was observed, as shown in Fig. 4.14(d). The size of the shear bands 

measured at this stage is 3 ± 2 μm. Homogeneous and equiaxed microstructure was 

observed after third and fourth passes.   
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Figure 4.14 SEM micrographs of the Al-5Zn-2Mg alloy ECAP processed at     
150 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

Figure 4.15 shows the TEM micrographs and associated SAED patterns of the        

Al-5Zn-2Mg alloy ECAP processed at 150 ºC, under various conditions. TEM 

micrograph of the alloy after first pass is shown in Fig. 4.15(a). In this condition, the 

grain size has significantly decreased. The microstructure after first pass consists of 

deformation bands (shear bands) with increased dislocation density. These 

deformation bands were formed due to elongation of the grains. The grains were 

literally elongated in the processing direction and width of the elongated grains was 

approximately 800 nm. Similar type of shear bands was reported by Terhune et al. 

(2002) in pure aluminium after one ECAP pass. Figure 4.15(b) shows the TEM 

micrograph of the alloy after second pass. At this stage, deformation bands which 

were developed in the first pass were sliced by the deformation bands developed in 

the second pass. Considerable increase in the dislocation density was observed, 

compared to that developed in the first pass. TEM micrograph of the alloy after third 

pass is shown in Fig. 4.15(c). At this stage increase in the dislocation density was 

perceived compared to the previous passes. The SAED pattern after third pass 

suggests that most of the grains are separated by high angle grain boundaries. TEM 
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Figure 4.15 TEM micrographs and associated SAED patterns of the                  
Al-5Zn-2Mg alloy ECAP processed at 150 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and          
(d) 4 pass (SAED patterns are indexed in Appendix 1, Fig. A1-2)  

micrograph of the material after fourth pass is shown in Fig. 4.15(d.). At this stage, 

equiaxed grain structure (shown in arrows) has replaced the band like structure 

formed in the previous passes. High density of dislocations was observed after four 

passes and the SAED pattern suggests the presence of a large number of small grains 

with high angle of misorientation between them.  

Figure 4.16 shows the morphology and distribution of the precipitates in the            

Al-5Zn-2Mg alloy ECAP processed at 150 ºC, under various conditions. After first 

pass, spherical shaped precipitates in the size range of 20 nm to 40 nm was observed, 

as shown in Fig. 4.16(a). Also, there is substantial fragmentation of the precipitates 

(shown in arrows). The precipitates were identified as intermediate metastable           

η' phase precipitates (Xu et al. 2005). With increase in the number of passes, the 
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Figure 4.16 TEM micrographs showing the morphology and distribution of the 
precipitates in the Al-5Zn-2Mg alloy ECAP processed at 150 ºC (a) 1 pass,        
(b) 2 pass, (c) 3 pass and (d) 4 pass   

morphology of the precipitates was not changed. But, the size of the precipitates was 

reduced with increase in the number of passes. After second pass, the precipitate size 

was reduced to 20 nm to 30 nm, as shown in Fig. 4.16(b). After third pass, the 

precipitate size was reduced to 15 nm to 20 nm, as shown in Fig. 4.16(c). After fourth 

pass, the precipitate size was reduced to 10 nm to 20 nm, as shown in Fig. 4.16(d). 

These precipitates were identified as stable η phase precipitates (Kumar et al. 2012). 

Also, the precipitates observed in the alloy after fourth pass were homogeneously 

distributed in the grains and near the grain boundaries.  

Figure 4.17 shows the OM micrographs of the Al-5Zn-2Mg alloy ECAP processed at 

200 ºC, under various conditions. The microstructure perceived were identical to 

those observed in the same alloy ECAP processed at 150 ºC. After first and second 
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passes, sub-grains were observed inside the grains and also, a small numbers of 

elongated grains were observed in Fig. 4.17(a) and Fig. 4.17(b), respectively. OM 

micrographs of the alloy after third and fourth passes are shown in Fig. 4.17(c) and 

Fig. 4.17(d), respectively. In these conditions, large amount of shear bands were 

observed. After four passes, grain structure was refined to a great extent.  

  

  
Figure 4.17 OM micrographs of the Al-5Zn-2Mg alloy ECAP processed at        

200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

Figure 4.18 shows the SEM micrographs of the Al-5Zn-2Mg alloy ECAP processed at 

200 ºC under various conditions. The microstructure perceived were identical to those 

observed in the same alloy, ECAP processed at 150 ºC. After first pass, grain structure 

was significantly refined and sub-grain boundaries were developed inside the grains. 

Also, a few elongated grains were observed, as shown in Fig. 4.18(a). In this 

condition, grains of 30 ± 10 μm in size were observed, and the precipitates were 

developed near the grain boundaries. These precipitates were identified as GP zones 

and η' phase precipitates (Cardoso et al. 2011). Figure 4.18(b) shows the
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Figure 4.18 SEM micrographs of the Al-5Zn-2Mg alloy ECAP processed at     
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

microstructure of the alloy after second pass. The shape of the grains in this condition 

is similar to those observed in the alloy after the first pass, and a grain size of           

20 ± 8 μm was observed. After third pass, shear bands were observed (shown in 

arrows) within the grains and sub-grains, as shown in 4.18(c) and width of these shear 

bands was 10 ± 6 μm. Figure 4.18(d) shows the microstructure of the alloy after 

fourth pass. In this condition, more shear bands was perceived (shown in arrows) and 

lateral dimension (width) of these bands was 5 ± 3 μm.    

Figure 4.19 shows the TEM micrographs and associated SAED patterns of the        

Al-5Zn-2Mg alloy, ECAP processed at 200 ºC under various conditions. The 

microstructure perceived were identical to those observed in the same alloy, ECAP 

processed at 150 ºC. Figure 4.19(a) shows the TEM micrograph of the alloy after first 

pass. The width of the grains was reduced and deformation bands were observed. The 

grains were apparently elongated along the processing direction. The width of the 

deformation bands ranges from 1 µm to 1.2 µm. Also, a reasonable amount of 

dislocation densities were observed near the grain boundaries. Similar type of 

microstructure was observed by Li et al. (2014) in Al 7050 alloy after one ECAP pass.
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Figure 4.19 TEM micrographs and associated SAED patterns of the                  
Al-5Zn-2Mg alloy ECAP processed at 200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and          
(d) 4 pass (SAED patterns are indexed in Appendix 1, Fig. A1-3) 

Figure 4.19(b) shows the TEM micrograph of the alloy after second pass. In this 

condition, deformation bands which were developed in the first pass are sliced by the 

deformation bands developed in the second pass. Also, enhancement in the 

dislocation density was observed compared to the previous pass. Figure 4.19(c) shows 

the TEM micrograph of the alloy after third pass. In this condition, increase in the 

deformation bands causes formation of the sub-grain boundaries. Also, increase in the 

dislocation density was observed compared to earlier pass. Figure 4.19(d) shows the 

TEM micrograph of the alloy after fourth pass. At this stage, due to the introduction 

of new deformation bands equiaxed sub-grains or cells were formed. High density 

dislocations were observed near the cell boundaries. The circular pattern in the SAED 

states the presence of large volume fraction of grains separated by high angle grain 

boundaries.  
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Figure 4.20 TEM micrographs showing the morphology and distribution of the 
precipitates in the Al-5Zn-2Mg alloy ECAP processed at 200 ºC (a) 1 pass,        
(b) 2 pass, (c) 3 pass and (d) 4 pass    

Figure 4.20 shows the morphology and distribution of the precipitates in the            

Al-5Zn-2Mg alloy, ECAP processed at 200 ºC under various conditions. The 

morphology of the precipitates perceived were identical to those observed in the   

same alloy ECAP processed at 150 ºC. After first pass, spherical shaped precipitates 

in the size range of 20 nm to 30 nm were observed, as shown in Fig. 4.20(a). The 

precipitates were identified as intermediate metastable η' phase precipitates (Xu et    

al. 2005). Also, these precipitates were evenly distributed in the grains and near the 

grain boundaries. With increase in the number of passes, the morphology of the 

precipitates was not changed. But, the size of the precipitates was reduced with 

increase in the number of passes. After second pass, the precipitate size was reduced 

to 20 nm to 25 nm, as shown in Fig. 4.20(b). After third pass, the precipitate size was 

reduced to 15 nm to 20 nm, as shown in Fig. 4.20(c). After fourth pass, the precipitate 
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size was reduced to 10 nm to 15 nm, as shown in Fig. 4.20(d). These precipitates were 

identified as stable η phase precipitates (Kumar et al. 2012). Also, the precipitates 

observed in the alloy after fourth pass were homogeneously distributed within the 

grains and near the grain boundaries.  

4.3.2 Al-10Zn-2Mg alloy 

  
Figure 4.21 OM micrographs of the Al-10Zn-2Mg alloy (a) as-cast and               
(b) homogenized 

Figure 4.21 shows the OM micrographs of the Al-10Zn-2Mg alloy in as-cast and 

homogenized conditions. Figure 4.21(a) shows the OM micrograph of the alloy in   

as-cast condition; the microstructure is identical to the Al-5Zn-2Mg alloy in as-cast 

condition. The microstructure is compiled with dendrites. After homogenization 

treatment, grain boundaries were identified, as shown in Fig. 4.21(b).     

  
Figure 4.22 SEM micrographs of the Al-10Zn-2Mg alloy (a) as-cast and            
(b) homogenized 
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Figure 4.22 shows the SEM micrographs of the Al-10Zn-2Mg alloy in as-cast and 

homogenized conditions. Figure 4.22(a) shows the microstructure of the as-cast alloy. 

Similar to Al-5Zn-2Mg alloy, the microstructure of the Al-10Zn-2Mg alloy in as-cast 

condition is constructed with dendritic morphology and precipitates were located in 

the inter-dendritic regions (shown in arrows). But, a larger quantity of precipitates 

was observed in Al-10Zn-2Mg alloy. This is attributed to the increase in the zinc 

content from 5% to 10% in the alloy. These precipitates were identified as η' phase 

precipitates (Zhang et al. 2010). In this condition, dendrites in the size of 280 ± 40 μm 

were observed. After homogenization treatment, precipitates segregated along the 

inter-dendritic regions were almost dissolved in the aluminium matrix and grain 

boundaries were developed, as shown in Fig. 4.22(b). In the homogenized condition, 

grains in the size 260 ± 20 μm were observed.  

Figure 4.23 shows the TEM micrographs and associated SAED patterns of the        

Al-10Zn-2Mg alloy in as-cast and homogenized conditions. Figure 4.23(a) shows the 

TEM micrograph of the alloy in the as-cast condition, similar to Al-5Zn-2Mg alloy, 

large size precipitates lying near the dendrites and inter-dendritic regions were 

observed (shown in arrows). Also a very low density of intragranular dislocations was 

observed. Figure 4.23(b) shows the TEM micrograph of the alloy in homogenized 

condition. Owing to the recrystallization effect during homogenization treatment 

dendritic structure was replaced with large sized grains and precipitates present in the 

dendrites were almost dissolved in the matrix. In this condition, grains with low 

density dislocations were observed. 

Figure 4.24 shows the morphology and distribution of the precipitates in the            

Al-10Zn-2Mg alloy in as-cast and homogenized conditions. Figure 4.24(a) shows the 

morphology of the precipitates present in the as-cast condition. Similar to                

Al-5Zn-2Mg alloy, rod shaped η' phase precipitates were observed (shown in arrows). 

But the size of the precipitates observed is much bigger in size compared to             

Al-5Zn-2Mg alloy. The width of the precipitates ranges from 50 nm to 100 nm, the 

length of the precipitates ranges from 250 nm to 750 nm. The increase in size and 

shape of the precipitates is due to increase in the zinc content from 5% to 10%. The 

presence of rod shaped η' precipitates in cast condition is consistent with reported 
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Figure 4.23 TEM micrographs and associated SAED patterns of the                  
Al-10Zn-2Mg alloy (a) as-cast and (b) homogenized (SAED patterns are indexed in 
Appendix 1, Fig. A1-4) 

  

Figure 4.24 TEM micrographs showing the morphology and distribution of the 
precipitates in the Al-10Zn-2Mg alloy (a) as-cast and (b) homogenized 

observations in Al 7034 cast alloy by Xu et al. (2003). Since, after homogenization 

treatment, precipitates which were initially segregated along the inter-dendritic 

regions were almost dissolved in the aluminium matrix. Hence, secondary particles 

were not identified in the matrix as shown in Fig. 4.24(b).  

Figure 4.25 shows the OM and SEM micrographs of the Al-10Zn-2Mg alloy after one 

pass ECAP at 150 ºC. In this condition, by the introduction of the sub-grains the grain 

structure was refined. The grain size measured in this condition is 60 ± 10 μm. Also, 

precipitates were developed near the grain boundaries. These precipitates were 

identified as η' phase precipitates (Cardoso et al. 2011).  
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Figure 4.25 (a) OM micrograph and (b) SEM micrograph of the Al-10Zn-2Mg 
alloy after one pass ECAP at 150 ºC  

  
Figure 4.26 TEM micrographs of the Al-10Zn-2Mg alloy (a) after one pass 
ECAP at 150 ºC and (b) morphology and distribution of the precipitates after 
one pass ECAP at 150 ºC (SAED patterns are indexed in Appendix 1, Fig. A1-5) 

Figure 4.26(a) shows the TEM micrographs of the Al-10Zn-2Mg alloy after one 

ECAP pass at 150 ºC. The width of the grains was reduced and elongated in the 

processing direction. The width of the elongated grains measured in this condition 

ranges from 0.6 µm to 0.8 µm. Also, reasonable amount of dislocations were 

observed near the grain boundaries. Figure 4.26(b) shows the morphology and 

distribution of the precipitates in the Al-10Zn-2Mg alloy after one ECAP pass at    

150 ºC. Identical to   Al-5Zn-2Mg alloy, spherical shaped precipitates were observed 

in Al-10Zn-2Mg alloy after first pass. The size of the spherical shaped precipitates 

ranges from 20 nm to 30 nm. The precipitates were identified as intermediate 

metastable η' phase precipitates (Xu et al. 2005). Also, these precipitates were 

uniformly distributed in the grains and near the grain boundaries.  
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Figure 4.27 OM micrographs of the Al-10Zn-2Mg alloy ECAP processed at      
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

Figure 4.27 shows the OM micrographs of the Al-10Zn-2Mg alloy ECAP processed 

at 200 ºC, under various conditions. Similar to the Al-5Zn-2Mg alloy, after ECAP 

processing grain structure of the Al-10Zn-2Mg was refined to a large extent, as shown 

in Fig. 4.27(a) to 4.27(d). After first and second passes, sub-grain boundaries were 

observed inside the grains. After third and fourth passes, large amount of deformation 

bands (shear bands) were observed inside the grains.  

Figure 4.28 shows the SEM micrographs of the Al-10Zn-2Mg alloy ECAP processed 

at 200 ºC, under various conditions. Figure 4.28(a) shows the microstructure of the 

alloy after first pass. In this condition, sub-grain boundaries were developed inside the 

grains and a grain size of 75 ± 10 μm was observed. Also, precipitates were   

developed near the grain boundaries. These precipitates were identified as η' phase 

precipitates (Cardoso et al. 2011). Figure 4.28(b) shows the microstructure of the 

alloy after second pass. In this condition, grain size of 40 ± 8 μm was observed. After 
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Figure 4.28 SEM micrographs of the Al-10Zn-2Mg alloy ECAP processed at   
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass 

third pass, deformation bands (shown in arrows) were observed within the grains    

and sub-grains, as shown in Fig. 4.28(c) and width of these shear bands was             

20 ± 7 μm. After fourth pass, more number of deformation bands (shown in       

arrows) was perceived and width (lateral dimension) of these bands was 8 ± 5 μm, as 

shown in Fig. 4.28(d).  

Figure 4.29 shows the TEM micrographs and associated SAED patterns of the        

Al-10Zn-2Mg alloy ECAP processed at 200 ºC, under various conditions. Figure 

4.29(a) shows the TEM micrograph of the alloy after first pass. In this condition, 

elongated grains nearly parallel to the processing direction were observed. The width 

of the elongated grains measured in this condition was approximately 1 µm in size. 

Similar type of microstructure was reported by Zheng et al. (2006) using TEM 

observations of the Al 7050 alloy after one ECAP pass. Figure 4.29(b) shows the 

TEM micrograph of the alloy after second pass. In this condition, shear bands 

developed during second pass cuts the elongated grains which were formed during 

first pass. After third pass, few sub-grains with reasonable amount of dislocation 

density was observed, as shown in Fig. 4.29(c). TEM micrograph of the alloy after 
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Figure 4.29 TEM micrographs and associated SAED patterns of the                  
Al-10Zn-2Mg alloy ECAP processed at 200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass 
and (d) 4 pass (SAED patterns are indexed in Appendix 1, Fig. A1-6) 

fourth pass is shown in Fig. 4.29(d). In this condition, equiaxed cells were observed. 

The equiaxed cells were formed due to the introduction of shear bands from previous 

passes and during fourth pass. Also, after fourth pass high density dislocations were 

observed. SAED pattern included in the figure states that, after fourth pass,     

presence of a large volume fraction of grains with high angle of misorientation 

between them. 

Figure 4.30 shows the morphology and distribution of the precipitates in the            

Al-10Zn-2Mg alloy ECAP processed at 200 ºC under various conditions. Similar to 

Al-5Zn-2Mg alloy, spherical shaped precipitates were observed in Al-10Zn-2Mg 

alloy after first pass, as shown in Fig. 4.30(a). The size of the spherical shaped 

precipitates ranges from 30 nm to 40 nm. The precipitates were identified as 



68 
 

  

  
Figure 4.30 TEM micrographs showing the morphology and distribution of the 
precipitates in the Al-10Zn-2Mg alloy ECAP processed at 200 ºC (a) 1 pass,      
(b) 2 pass, (c) 3 pass and (d) 4 pass   

intermediate metastable η' phase precipitates (Xu et al. 2005). Also, there                   

is substantial fragmentation of the precipitates (shown in arrows). Similar to            

Al-5Zn-2Mg alloy, with increase in the number of passes, the morphology of the 

precipitates was not changed. But, the size of the precipitates was reduced with 

increase in the number of passes. After second pass, the precipitate size was reduced 

to 20 nm to 30 nm, as shown in Fig. 4.30(b). After third pass, the precipitate size was 

reduced to 15 nm to 25 nm, as shown in Fig. 4.30(c). After fourth pass, the precipitate 

size was reduced to 10 nm to 20 nm, as shown in Fig. 4.30(d). These precipitates were 

identified as stable η phase (MgZn2) precipitates (Kumar et al. 2012). Also, the 

precipitates observed in the alloy after fourth pass were homogeneously distributed in 

the grains and near the grain boundaries.    
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4.3.3 Al-15Zn-2Mg alloy 

  
Figure 4.31 OM micrographs of the Al-15Zn-2Mg alloy (a) as-cast and               
(b) homogenized 

Figure 4.31 shows the OM micrographs of the Al-15Zn-2Mg alloy in as-cast and 

homogenized conditions. Figure 4.31(a) shows the OM micrograph of the alloy in   

as-cast condition. The microstructure is identical to Al-5Zn-2Mg and Al-10Zn-2Mg 

alloy in as-cast condition. The microstructure is composed of dendritic           

structure. After homogenization treatment, grain boundaries were identified as   

shown in Fig. 4.31(b).    

  
Figure 4.32 SEM micrographs of the Al-15Zn-2Mg alloy (a) as-cast and            
(b) homogenized     

Figure 4.32 shows the SEM micrographs of the Al-15Zn-2Mg alloy in as-cast and 

homogenized conditions. Figure 4.32(a) shows the microstructure of the as-cast alloy. 

The microstructure is similar to those perceived in Al-5Zn-2Mg and Al-10Zn-2Mg 

alloys. The microstructure is built with dendritic structure, and precipitates were 
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located along the inter-dendritic regions (shown in arrows). But, more quantity of 

precipitates was observed in Al-15Zn-2Mg alloy compared to Al-5Zn-2Mg and      

Al-10Zn-2Mg alloy. This is attributed to the increase in the zinc content to 15% in the 

alloy. These precipitates were recognized as η' phase precipitates (Zhang et al. 2010). 

In this condition, dendrites were in the size range of 200 ± 20 μm. After 

homogenization, the precipitates which were initially segregated along the inter-

dendritic regions were almost dissolved in the aluminium matrix and grain boundaries 

were developed as shown in Fig. 4.32(b). In the homogenized condition, grains in the 

size 180 ± 18 μm were observed.  

  

Figure 4.33 TEM micrographs and associated SAED patterns of the                  
Al-15Zn-2Mg alloy (a) as-cast and (b) homogenized (SAED patterns are indexed in 
Appendix 1, Fig. A1-7) 

  

Figure 4.34 TEM micrographs showing the morphology and distribution of the 
precipitates in the Al-15Zn-2Mg alloy (a) as-cast and (b) homogenized  
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Figure 4.33 shows the TEM micrographs and associated SAED patterns of the        

Al-15Zn-2Mg alloy in as-cast and homogenized conditions. Figure 4.33(a) shows the 

TEM micrograph of the alloy in the as-cast condition, similar to Al-5Zn-2Mg and   

Al-10Zn-2Mg alloy, large size precipitates near the dendritic regions were observed 

(shown in arrows). Also, in this condition, and low density dislocations were 

observed. Figure 4.33(b) shows the TEM micrograph of the alloy in homogenized 

condition. Owing to the homogenization treatment, dendritic structure was removed 

and precipitates were almost dissolved in the matrix. Also, large size grains with low 

density dislocations were perceived.  

Figure 4.34 shows the morphology and distribution of the precipitates in the            

Al-15Zn-2Mg alloy in as-cast and homogenized conditions. Figure 4.34(a) shows the 

morphology and distribution of the precipitates in the as-cast condition. Similar to   

Al-5Zn-2Mg and Al-10Zn-2Mg alloys, rod shaped η' phase (MgZn2) precipitates   

were observed (shown in arrows). But the size of the precipitates observed is much 

bigger in size compared to Al-5Zn-2Mg and Al-10Zn-2Mg alloy. The width of the 

precipitates ranges from 100 nm to 150 nm and the length of the precipitates ranges 

from 300 nm to 600 nm. The increase in size and shape of the precipitates is attributed 

to increase in the zinc content to 15%. The presence of rod shaped η' precipitates in 

cast condition is consistent with reported observations in Al 7034 cast alloy by           

Xu et al. (2003). After homogenization, precipitates which were initially present      

the inter-dendritic regions were almost dissolved in the aluminium matrix as shown   

in Fig. 4.34(b).    

  
Figure 4.35 (a) OM micrograph and (b) SEM micrograph of the Al-15Zn-2Mg 
alloy after one pass ECAP at 150 ºC  
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Figure 4.35 shows the OM and SEM micrographs of the Al-15Zn-2Mg alloy after one 

pass ECAP at 150 ºC. In this condition, by the introduction of the sub-grains the grain 

structure was refined. The grain size measured in this condition is 40 ± 10 μm. Also, 

precipitates were developed near the grain boundaries. These precipitates were 

identified as η' phase precipitates (Cardoso et al. 2011).   

  
Figure 4.36 TEM micrographs of the Al-15Zn-2Mg alloy (a) after one pass 
ECAP at 150 ºC and (b) morphology and distribution of the precipitates after 
one pass ECAP at 150 ºC (SAED patterns are indexed in Appendix 1, Fig. A1-8) 

Figure 4.36(a) shows the TEM micrographs of the Al-15Zn-2Mg alloy after one 

ECAP pass at 150 ºC. Fine shear bands were observed (shown in arrows). The width 

of the shear bands measured in this condition ranges from 1 µm to 1.2 µm. Figure 

4.36(b) shows the morphology and distribution of the precipitates in the Al-15Zn-

2Mg alloy, after one ECAP pass at 150 ºC. Similar to Al-5Zn-2Mg and Al-10Zn-2Mg 

alloys, spherical shaped precipitates were observed in Al-15Zn-2Mg alloy after first 

pass. The size of the spherical shaped precipitates ranges from 20 nm to 35 nm. The 

precipitates were identified as intermediate metastable η' phase precipitates (Xu et al. 

2005). Also, these precipitates were uniformly fragmented in the grains (shown in 

arrows) and near the grain boundaries.  

Figure 4.37 shows the OM micrographs of the Al-15Zn-2Mg alloy, ECAP processed 

at 200 ºC under various conditions. Similar to Al-5Zn-2Mg and Al-10Zn-2Mg alloys, 

after ECAP processing grain structure of the Al-15Zn-2Mg alloy was refined to a 

great extent, as shown in Fig. 4.37(a) to 4.37(d).    



73 
 

  

  

Figure 4.37 OM micrographs of the Al-15Zn-2Mg alloy ECAP processed at      
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass 

Figure 4.38 shows the SEM micrographs of the Al-15Zn-2Mg alloy, ECAP processed 

at 200 ºC under various conditions. After first pass, grain structure was significantly 

refined as shown in Fig. 4.38(a). In this condition, sub-grain boundaries were 

developed inside the grains and grain size of 50 ± 15 μm was observed. Also, 

precipitates were developed near the grain boundaries. These precipitates were 

identified as η' phase precipitates (Cardoso et al. 2011). The microstructure of the 

alloy after the second pass is shown in Fig. 4.38(b). In this condition, grains are 

similar to those observed in the alloy after first pass; sub-grains in the size of            

25 ± 10 μm were perceived. After third pass, sub-grains in the size of 15 ± 5 μm were 

observed as shown in Fig. 4.38(c). The microstructure of the alloy after fourth pass   

is shown in Fig. 4.38(d). In this condition, the sub-grains in the size of 10 ± 5 μm 

were observed.  
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Figure 4.38 SEM micrographs of the Al-15Zn-2Mg alloy ECAP processed at   
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

Figure 4.39 shows the TEM micrographs and associated SAED patterns of the        

Al-15Zn-2Mg alloy, ECAP processed at 200 ºC under various conditions. After first 

pass, elongation of the grains in the shear direction causes to form band like structure, 

as shown in Fig. 4.39(a). The width of the elongated grains was approximately equal 

to 1 µm. Also, noticeable amount of dislocations were observed near the grain 

boundaries. After second pass, due to the introduction of new shear bands, wavy and 

ill-defined grain boundaries were perceived as shown in Fig. 4.39(b) and reasonable 

amount of dislocations were perceived near the grain boundaries. After third pass, 

increase in the shear bands causes development of sub-grain boundaries, as shown in 

Fig. 4.39(c) and a lot of dislocations; especially at sub-grain boundaries. After four 

passes, reasonably homogenous microstructure was observed and shape of the grains 

is fairly equiaxed as shown in Fig. 4.39(d). High density dislocations in the grains and 

near the grain boundaries were observed. The presence of rings in the SAED pattern 

of the fourth pass sample indicates that most of the grains are separated by high angle 

grain boundaries.  
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Figure 4.39 TEM micrographs and associated SAED patterns of the                  
Al-15Zn-2Mg alloy ECAP processed at 200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass 
and (d) 4 pass (SAED patterns are indexed in Appendix 1, Fig. A1-9) 

Figure 4.40 shows the morphology and distribution of precipitates in the                  

Al-15Zn-2Mg alloy ECAP processed at 200 ºC under various conditions. Similar to 

Al-5Zn-2Mg and Al-10Zn-2Mg alloys, spherical shaped precipitates were observed in 

Al-15Zn-2Mg alloy after first pass as shown in Fig. 4.40(a). The size of the 

precipitates ranges from 30 nm to 40 nm. The precipitates were identified as 

intermediate metastable η' phase precipitates (Xu et al. 2005). Also, these precipitates 

were uniformly distributed in the matrix. Similar to Al-5Zn-2Mg and Al-10Zn-2Mg 

alloy, with increase in the number of passes, the morphology of the precipitates was 

not changed. But, the size of the precipitates was reduced with increase in the number 

of passes. After second pass, the precipitate size was reduced to approximately 25 nm, 

as shown in Fig. 4.40(b). After third pass, the precipitate size was reduced to 

approximately 15 nm, as shown in Fig. 4.40(c). After fourth pass, the precipitate size 
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Figure 4.40 TEM micrographs showing the morphology and distribution of the 
precipitates in the Al-15Zn-2Mg alloy ECAP processed at 200 ºC (a) 1 pass,      
(b) 2 pass, (c) 3 pass and (d) 4 pass      

was approximately reduced to 10 nm, as shown in Fig. 4.40(d). These precipitates 

were identified as stable η phase (MgZn2) precipitates (Kumar et al. 2012). Also, the 

precipitates observed in the alloy after fourth pass were homogeneously distributed in 

the grains and near the grain boundaries.    

Table 4.2 Summary of the microstructure in as-cast and homogenized conditions    

 

 
Al-5Zn-2Mg Al-10Zn-2Mg Al-15Zn-2Mg 

As-cast 
200 ± 20 µm 

(Dendrites) 

280 ± 40 µm 

(Dendrites) 

200 ± 20 µm 

(Dendrites) 

homogenized 
180 ± 20 µm 

(Grains) 

260 ± 20 µm 

(Grains) 

180 ± 18 µm 

(Grains) 
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Table 4.3 Summary of the microstructure after processing at 150 °C    

 

 
Al-5Zn-2Mg Al-10Zn-2Mg Al-15Zn-2Mg 

First pass 
25 ± 8 µm 

(Sub-grains) 

60 ± 10 µm 

(Sub-grains) 

40 ± 10 µm 

(Sub-grains) 

Second pass 
15 ± 5 µm 

(Sub-grains) 
-- -- 

Third pass 
6 ± 3 µm 

(Shear bands) 
-- -- 

Fourth pass 
3 ± 2 µm 

(Shear bands) 
-- -- 

 

Table 4.4 Summary of the microstructure after processing at 200 °C    

 

 
Al-5Zn-2Mg Al-10Zn-2Mg Al-15Zn-2Mg 

First pass 
30 ± 10 µm 

(Sub-grains) 

75 ± 10 µm 

(Sub-grains) 

50 ± 15 µm 

(Sub-grains) 

Second pass 
20 ± 8 µm 

(Sub-grains) 

40 ± 8 µm 

(Sub-grains) 

25 ± 10 µm 

(Sub-grains) 

Third pass 
10 ± 6 µm 

(Shear bands) 

20 ± 7 µm 

(Shear bands) 

15 ± 5 µm 

(Sub-grains) 

Fourth pass 
5 ± 3 µm 

(Shear bands) 

8 ± 5 µm 

(Shear bands) 

10 ± 5 µm 

(Sub-grains) 

 

Summary of the microstructure observed in as-cast and homogenized conditions are 

presented in Table 4.2. Summary of the microstructure observed after processing at 

150 °C are presented in Table 4.3. Summary of the microstructure observed after 

processing at 200 °C are presented in Table 4.4.  
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4.4 X-ray diffraction analysis  

  
Figure 4.41 XRD patterns of the Al-5Zn-2Mg alloy (a) as-cast and                      
(b) homogenized   

Figure 4.41 shows the XRD plots of the Al-5Zn-2Mg alloy in as-cast and 

homogenized conditions. In as-cast condition, along with the aluminium peaks, other 

peaks corresponding to precipitates were also perceived, as shown in Fig. 4.41(a). 

Those peaks corresponds to η' phase (MgZn2) precipitates. The lattice parameter of 

these peaks is slightly bigger than η phase (Zhao et al. 2004). After homogenization, 

high intensity aluminium peaks were observed as shown in Fig. 4.41(b), and very 

small intensity peaks corresponding to precipitates were also observed. But the 

intensity of precipitate peaks in homogenized sample is very small compared to the 

as-cast sample. This could be confirmed from the peak intensities for precipitates in 

as-cast and homogenized conditions presented in Appendix 2 (Table A2-1 and       

A2-2, respectively). This confirms that after homogenization treatment precipitates 

segregated along the inter-dendritic regions were almost dissolved in the aluminium 

matrix. This is consistent with the SEM and TEM observations in the homogenized 

Al-5Zn-2Mg alloy sample presented in Figs. 4.10(b) and 4.12(b), respectively.  

Figure 4.42 shows the XRD plots of the Al-5Zn-2Mg alloy ECAP processed at 150 ºC 

under various conditions. It is noted that, after first pass along with the aluminium 

peaks, other peaks were also observed as shown in Fig. 4.42(a). These peaks 

corresponds to η' phase precipitates (Gubicza et al. 2007). Since, the dislocations 

generated during ECAP processing act as nucleation sites for the development of    
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the precipitates. Hence, after first pass precipitate growth was observed. This is   

consistent with the SEM and TEM observations in the first pass sample presented in 

Figs. 4.14(a) and 4.16(a), respectively. With increase in the number of passes the      

η' peaks move towards η phase indicating the transformation of η' phase to stable       

η phase (Gubicza et al. 2007).  

  

  
Figure 4.42 XRD patterns of the Al-5Zn-2Mg alloy ECAP processed at 150 ºC   
(a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

Figure 4.43 shows the XRD plots of the Al-5Zn-2Mg alloy ECAP processed at 200 ºC 

under various conditions. XRD plots perceived were identical to those observed in the 

same alloy ECAP processed at 150 ºC. Along with the aluminium peaks, small    

peaks related η' phase precipitates were perceived after first pass. This is consistent     

with the SEM and TEM observations in the first pass sample presented in             

Figs. 4.18(a) and 4.20(a), respectively. With increase in the number of passes the      

η' peaks move towards η phase indicating the transformation of η' phase to stable       

η phase (Gubicza et al. 2007).  
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Figure 4.43 XRD patterns of the Al-5Zn-2Mg alloy ECAP processed at 200 ºC (a) 
1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass    

Figure 4.44 shows the XRD plots of the Al-10Zn-2Mg alloy in as-cast and 

homogenized conditions. Similar to Al-5Zn-2Mg alloy, in as-cast condition, along 

with the aluminium reflections, peaks related to η' phase precipitates were perceived, 

as shown in Fig. 4.44(a). After homogenization, high intensity aluminium peaks were 

observed as shown in Fig. 4.44(b), and very small peaks corresponding to precipitates 

were also observed. But the intensity of precipitate peaks in homogenized sample is 

very small compared to the as-cast sample. This could be confirmed from the peak 

intensities for precipitates in as-cast and homogenized conditions presented in 

Appendix 2 (Table A2-1 and A2-2, respectively). This confirms that after 

homogenization, precipitates in the inter-dendritic regions were almost dissolved in 

the aluminium matrix. This is consistent with the SEM and TEM observations in the 

homogenized Al-10Zn-2Mg alloy sample presented in Figs. 4.22(b) and 4.24(b), 

respectively.  



81 
 

  
Figure 4.44 XRD patterns of the Al-10Zn-2Mg alloy (a) as-cast and                    
(b) homogenized   

 

Figure 4.45 XRD patterns of the Al-10Zn-2Mg alloy after one pass ECAP at    
150 ºC 

Figure 4.45 shows the XRD plots of the Al-10Zn-2Mg alloy after one pass ECAP at 

150 ºC. Along with the aluminium peaks, peaks related to η' phase precipitates were 

reflected. This confirms that after ECAP processing, precipitate growth was occurred 

in the alloy. This is consistent with the SEM and TEM observations in the first pass 

sample of Al-10Zn-2Mg alloy ECAP at 150 ºC sample presented in Figs. 4.25(b) and 

4.26(b), respectively.  

Figure 4.46 shows the XRD plots of the Al-10Zn-2Mg alloy ECAP processed at     

200 ºC under various conditions. Identical to Al-5Zn-2Mg alloy, after first pass, peaks 

corresponding to η' phase precipitates were noticed (Gubicza et al. 2007). This is 

consistent with the SEM and TEM observations in the first pass sample presented in 

Figs. 4.28(a) and 4.30(a), respectively. With increase in the number of passes the      
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η' peaks move towards η phase indicating the transformation of η' phase to stable       

η phase (Gubicza et al. 2007).  

  

  

Figure 4.46 XRD patterns of the Al-10Zn-2Mg alloy ECAP processed at 200 ºC 
(a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass 

Figure 4.47 shows the XRD plots of the Al-15Zn-2Mg alloy in as-cast and 

homogenized conditions. Similar to Al-5Zn-2Mg and Al-10Zn-2Mg alloy, in as-cast 

condition, along with the aluminium reflections, peaks related to η' phase precipitates 

were perceived as shown in Fig. 4.47(a). After homogenization, along with high 

intensity aluminium peaks tiny peaks corresponding to precipitates were also 

observed, as shown in Fig. 4.47(b). But the intensity of precipitate peaks in 

homogenized sample is very small compared to the as-cast sample. This could be 

confirmed from the peak intensities for precipitates in as-cast and homogenized 

conditions presented in Appendix 2 (Table A2-1 and A2-2, respectively). This 

confirms that after homogenization treatment precipitates segregated along the inter-

dendritic regions were almost dissolved in the aluminium matrix. This is consistent 
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with the SEM and TEM observations in the homogenized Al-15Zn-2Mg alloy sample 

presented in Figs. 4.32(b) and 4.34(b), respectively. 

  
Figure 4.47 XRD patterns of the Al-15Zn-2Mg alloy (a) as-cast and                    
(b) homogenized    

 

Figure 4.48 XRD patterns of the Al-15Zn-2Mg alloy after one pass ECAP at    
150 ºC 

Figure 4.48 shows the XRD plots of the Al-15Zn-2Mg alloy after one pass ECAP at 

150 ºC. In this condition, strong intensity of aluminium peaks was identified. Also, 

peaks related to η' phase precipitates were reflected. This confirms that after ECAP 

processing, precipitate growth was occurred in the alloy. This is consistent with the 

SEM and TEM observations in the first pass sample of Al-15Zn-2Mg alloy ECAP at 

150 ºC sample presented in Figs. 4.35(b) and 4.36(b), respectively. 

Figure 4.49 shows the XRD plots of the Al-15Zn-2Mg alloy ECAP processed at     

200 ºC under various conditions. Similar to Al-5Zn-2Mg and Al-10Zn-2Mg alloy, 
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Figure 4.49 XRD patterns of the Al-15Zn-2Mg alloy ECAP processed at 200 ºC 
(a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass   

after first pass, peaks corresponding to η' phase precipitates were noticed (Gubicza et 

al. 2007). This is consistent with the SEM and TEM observations in the first pass 

sample presented in Figs. 4.38(a) and 4.40(a), respectively. With increase in the 

number of passes the η' peaks move towards η phase indicating the transformation of 

η' phase to stable η phase (Gubicza et al. 2007).  
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4.5 Mechanical properties  

4.5.1 Microhardness  

 

Figure 4.50 Microhardness of the Al-5Zn-2Mg alloy in different conditions 

Figure 4.50 shows the microhardness of the Al-5Zn-2Mg alloy in different conditions. 

In as-cast condition, the microhardness of the alloy is 90 ± 8 Hv. After 

homogenization, microhardness is increased to 105 ± 6 Hv (17% more than the initial 

condition). Noticeable improvement in the microhardness of the alloy was observed 

after ECAP processing. After ECAP processing at 150 ºC, the microhardness of the 

alloy is increased to 168 ± 6 Hv and 192 ± 5 Hv in the first and the second passes, 

respectively. But it reduced to 188 ± 4 Hv after the third pass and it again increased to 

200 ± 4 Hv in the fourth pass. After the first and the second passes, microhardness is 

increased by 87% and 113% respectively, from the initial as-cast condition. Even 

though the microhardness of the alloy after third pass is decreased, but it is still 108% 

higher than the initial condition. After fourth pass, microhardness is increased by 

122%, from the initial condition. After ECAP processing at 200 ºC, the microhardness 

of the alloy is increased to 158 ± 6 Hv in the first pass, 175 ± 6 Hv in the second pass, 

184 ± 6 Hv in the third pass and 188 ± 4 Hv in the fourth pass, respectively. After 

first, second, third and fourth passes the microhardness is increased by 76%, 94%, 

104% and 109% respectively, from the initial condition.  
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Figure 4.51 Microhardness of the Al-10Zn-2Mg alloy in different conditions 

 

Figure 4.52 Microhardness of the Al-15Zn-2Mg alloy in different conditions 

Figure 4.51 shows the microhardness of the Al-10Zn-2Mg alloy in different 

conditions. In as-cast condition, the microhardness of the alloy is 144 ± 8 Hv. After 

homogenization, microhardness is increased to 155 ± 6 Hv (8% more than the initial 

condition). After one pass ECAP at 150 ºC, the microhardness of the alloy is 

increased to 216 ± 5 Hv (50% more than the initial condition). After ECAP 

processing at 200 ºC, the microhardness of the alloy is increased to 204 ± 6 Hv in the 

first pass, 223 ± 5 Hv in the second pass, 232 ± 5 Hv in the third pass and 240 ± 4 Hv 
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in the fourth pass, respectively. After first, second, third and fourth passes the 

microhardness is increased by 42%, 55%, 61% and 67% respectively, from the initial 

condition.  

Figure 4.52 shows the microhardness of the Al-15Zn-2Mg alloy in different 

conditions. In as-cast condition, the microhardness of the alloy is 173 ± 7 Hv. After 

homogenization, microhardness is increased to 189 ± 6 Hv (10% higher than the 

initial condition). After one pass ECAP at 150 ºC, the microhardness of the alloy is 

increased to 252 ± 7 Hv (46% more than the initial condition). After ECAP 

processing at 200 ºC, the microhardness of the alloy is increased to 239 ± 6 Hv and 

261 ± 6 Hv in the first and the second passes, respectively. After third pass, 

microhardness of the alloy is increased to 274 ± 5 Hv. After fourth pass, 

microhardness is not increased and remains constant. After first and second passes, 

microhardness is increased by 38% and 51% respectively, from the initial as-cast 

condition. After third pass, the microhardness of the alloy is increased by 58%. After 

fourth pass, the microhardness of the alloy was unchanged from that of the third    

pass sample.  

4.5.2 Ultimate tensile strength  

 

Figure 4.53 UTS of the Al-5Zn-2Mg alloy in different conditions 
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Figure 4.53 shows the UTS of the Al-5Zn-2Mg alloy in different conditions (The 

engineering stress-strain diagrams corresponding to this alloy are presented in 

Appendix 3, Fig. A3-1 and A3-2, respectively). In as-cast condition, the UTS of the 

alloy is 120 ± 12 MPa. After homogenization, UTS is increased to 132 ± 12 MPa 

(10% higher than the initial condition). ECAP processing leads to a drastic 

improvement in the strength of the material. After ECAP processing at 150 ºC, the 

UTS of the alloy is increased to 234 ± 10 MPa and 276 ± 10 MPa in the first and the 

second passes, respectively. But it reduced to 264 ± 6 MPa after the third pass and it 

again increased to 282 ± 8 MPa in the fourth pass. After first and the second passes, 

UTS is increased by 95% and 130%, respectively, from the initial as-cast condition. 

Even though the UTS of the alloy after third pass is decreased, but it is still 120% 

higher than the initial condition. After fourth pass, UTS is increased by 135%, from 

the initial condition. After ECAP processing at 200 ºC, the UTS of the alloy is 

increased to 218 ± 11 MPa in the first pass, 244 ± 9 MPa in the second pass,           

256 ± 7 MPa in the third pass and 266 ± 6 MPa in the fourth pass, respectively. After 

first, second, third and fourth passes the UTS is increased by 82%, 103%, 113% and 

122% respectively, from the initial condition 

Figure 4.54 shows the UTS of the Al-10Zn-2Mg alloy in different conditions (The 

engineering stress-strain diagrams corresponding to this alloy are presented in 

Appendix 3, Fig. A3-3 and A3-4, respectively). In as-cast condition, the UTS of the 

alloy is 140 ± 10 MPa. After homogenization, UTS is increased to 156 ± 10 MPa 

(12% higher than the initial condition). After one ECAP pass at 150 ºC, the UTS of 

the alloy is increased to 302 ± 8 MPa (116% more than the initial condition). After 

ECAP processing at 200 ºC, the UTS of the alloy is increased to 280 ± 9 MPa in the 

first pass, 318 ± 9 MPa in the second pass, 342 ± 8 MPa in the third pass and          

355 ± 6 MPa in the fourth pass, respectively. After first, second, third and fourth 

passes the UTS is increased by 100%, 127%, 144% and 153% respectively, from the 

initial condition.  

Figure 4.55 shows the UTS of the Al-15Zn-2Mg alloy in different conditions (The 

engineering stress-strain diagrams corresponding to this alloy are presented in 

Appendix 3, Fig. A3-5 and A3-6, respectively).  In as-cast condition, the UTS of the 
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Figure 4.54 UTS of the Al-10Zn-2Mg alloy in different conditions 

 

Figure 4.55 UTS of the Al-15Zn-2Mg alloy in different conditions 

alloy is 166 ± 12 MPa. After homogenization, UTS is increased to 180 ± 11 MPa (9% 

higher than the initial condition). After one ECAP pass at 150 ºC, the UTS of the 

alloy is increased to 362 ± 9 MPa (118% more than the initial condition). After ECAP 

processing at 200 ºC, the UTS of the alloy is increased to 340 ± 9 MPa in the first 

pass, 372 ± 7 MPa in the second pass, 392 ± 6 MPa in the third pass and 396 ± 6 MPa 

in the fourth pass, respectively. After first, second, third and fourth passes the UTS is 

increased by 105%, 125%, 136% and 139% respectively, from the initial condition. 
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4.5.3 Elongation to failure    

 

Figure 4.56 Elongation to failure of the Al-5Zn-2Mg alloy in different conditions 

 

Figure 4.57 Elongation to failure of the Al-10Zn-2Mg alloy in different 
conditions 

Figure 4.56 shows the elongation to failure of the Al-5Zn-2Mg alloy in different 

conditions. The elongation to failure of the alloy in the as-cast condition is 2.2%. 

After homogenization, elongation to failure of the alloy is increased to 2.8%. ECAP 

processing lead to a noticeable improvement in the ductility of the material. After 

ECAP processing at 150 ºC, elongation to failure of the alloy is increased to 8.1% in 
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the first pass, 9.8% in the second pass, 10.5% in the third pass and 11.2% in the fourth 

pass, respectively. After ECAP processing at 200 ºC, elongation to failure of the alloy 

is increased to 9.2% in the first pass, 10.7% in the second pass, 11.6% in the third 

pass and 12.1% in the fourth pass, respectively.  

Figure 4.57 shows the elongation to failure of the Al-10Zn-2Mg alloy in different 

conditions. The elongation to failure of the alloy in the as-cast condition is 1.8%. 

After homogenization, elongation to failure is increased to 2.4%. After one ECAP 

pass at 150 ºC, the elongation to failure of the alloy is increased to 6%. After ECAP 

processing at 200 ºC, elongation to failure of the alloy is increased to 6.8% in the first 

pass, 8.1% in the second pass, 8.8% in the third pass and 9.5% in the fourth pass, 

respectively.  

 

Figure 4.58 Elongation to failure of the Al-15Zn-2Mg alloy in different 
conditions 

Figure 4.58 shows the elongation to failure of the Al-15Zn-2Mg alloy in different 

conditions. The elongation to failure of the alloy in the as-cast condition is 1.3%. 

After homogenization, elongation to failure is increased to 1.8%. After one ECAP 

pass at 150 ºC, the elongation to failure of the alloy is increased to 4.2%. After ECAP 

processing at 200 ºC, elongation to failure of the alloy is increased to 4.8% in the first 

pass, 6.2% in the second pass, 7.5% in the third pass and 7.8% in the fourth pass, 

respectively. 
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4.5.4 Fracture mode and fracture surface morphology   

 

 

 

 
Figure 4.59 Fracture mode of the tensile test samples and SEM micrographs of 
the fracture surfaces of the tensile test samples of the Al-5Zn-2Mg alloy             
(a) as-cast and (b) homogenized   

Figure 4.59 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test samples of the Al-5Zn-2Mg 

alloy in as-cast and homogenized conditions. In as-cast condition, fracture occurred 

normal to the axis of the sample. The fracture mode perceived in the as-cast sample is 

brittle fracture. Also, fracture surface of the as-cast sample was composed with 

dendrites of size 20 μm and micro-porosities, as shown in Fig. 4.59(a). Similar to the 

as-cast condition, in the homogenized condition also fracture occurred normal to the 

axis of the sample. The fracture mode perceived in the homogenized specimen is 

brittle fracture. But, the fracture surface of the homogenized sample was compiled of 

large and deep dimples of size 5 µm, as shown in Fig. 4.59(b).  

Figure 4.60 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test samples of the Al-5Zn-2Mg 

alloy ECAP processed at 150 ºC under various conditions. In the first pass sample, 

fracture has occurred approximately 45º to the normal axis of the sample as shown in 

Fig. 4.60(a). It is deduced that, sample has failed in the shear fracture mode. Also, 

dimples in the fracture surface of the first pass sample were shallower than those 

perceived in the homogenized sample. In this case, dimples of 2 μm in size were 
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noticed. The shear fracture mode is continued to appear in second, third and fourth 

pass samples as shown in Fig 4.60(b), 4.60(c) and 4.60(d), respectively. With increase 

in the number of passes dimple size reduced gradually. The average size of the 

dimples in the fracture surfaces is reduced to 1 μm, 0.7 μm and 0.4 μm in the second 

pass, third pass and the fourth pass, respectively. 

 

 

 

 

 

 

 

 
Figure 4.60 Fracture mode of the tensile test samples and SEM micrographs of 
the fracture surfaces of the tensile test samples of the Al-5Zn-2Mg alloy ECAP 
processed at 150 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass   

Figure 4.61 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test samples of the Al-5Zn-2Mg 

alloy ECAP processed at 200 ºC under various conditions. The fracture modes and 

fracture surface morphologies perceived were identical to those observed in the same 
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Figure 4.61 Fracture mode of the tensile test samples and SEM micrographs of 
the fracture surfaces of the tensile test samples of the Al-5Zn-2Mg alloy ECAP 
processed at 200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass 

alloy, ECAP processed at 150 ºC. In all samples, the fracture angle was very close to 

45º with respect to the tensile axis as shown in Fig 4.61(a) to 4.61(d). In all samples, 

shear fracture mode is perceived. In the first pass sample, dimples of 2.5 μm in size 

observed. With increase in the number of passes, gradual decrease in the size of the 

dimples is noticed. The average size of the dimples in the fracture surfaces is reduced 

to 1.8 μm, 1.2 μm and 0.6 μm in the second pass, third pass and the fourth pass, 

respectively. It is observed that, large size dimples were perceived in the samples 

ECAP processed at 200 ºC compared to samples ECAP processed at 150 ºC. 
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Figure 4.62 Fracture mode of the tensile test samples and SEM micrographs of 
the fracture surfaces of the tensile test samples of the Al-10Zn-2Mg alloy           
(a) as-cast and (b) homogenized  

 

 
Figure 4.63 Fracture mode of the tensile test sample and SEM micrograph of the 
fracture surface of the tensile test sample of the Al-10Zn-2Mg alloy after one 
ECAP pass at 150 ºC   

Figure 4.62 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test samples of the Al-10Zn-2Mg 

alloy in as-cast and homogenized conditions. The fracture modes and fracture surface 

morphologies perceived were identical to those observed in the Al-5Zn-2Mg alloy, in 

as-cast and homogenized conditions. In both the samples, brittle fracture mode is 

appeared, as shown in Fig. 4.62(a) and Fig. 4.62(b). Fracture surface of the as-cast 

sample is composed with dendrites of size 25 μm and micro-porosities. While, the 
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fracture surface of the homogenized sample was composed of large and deep dimples 

of size 5 µm.   

Figure 4.63 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test sample of the Al-10Zn-2Mg 

alloy after one ECAP pass at 150 ºC. In this case, shear fracture mode is observed and 

fracture surface is composed of small and shallow dimples. The average dimple size 

measured in this condition is 2.5 µm. These dimples were homogeneously distributed 

throughout the fracture surface.   

 

 

 

 

 

 

 

 
Figure 4.64 Fracture mode of the tensile test samples and SEM micrographs of 
the fracture surfaces of the tensile test samples of the Al-10Zn-2Mg alloy ECAP 
processed at 200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass   
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Figure 4.64 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test samples of the Al-10Zn-2Mg 

alloy ECAP processed at 200 ºC under various conditions. In all samples, fracture 

happened nearly 45º to the major axis of the sample. Hence, it is presumed that, 

samples were failed in shear fracture mode. The fracture surfaces of the samples were 

composed of small and shallow dimples. Also, the size of the dimples was reduced 

with increase in the number of ECAP passes as shown in Fig. 4.64(a) to Fig. 4.64(d). 

In this case, the average size of the dimples measured is 3.2 µm, 2.2 µm, 1.6 µm and 

0.6 µm in the first pass, second pass, third pass and fourth pass, respectively. 

 

 

 

 
Figure 4.65 Fracture mode of the tensile test samples and SEM micrographs of 
the fracture surfaces of the tensile test samples of the Al-15Zn-2Mg alloy           
(a) as-cast and (b) homogenized  

Figure 4.65 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test samples of the Al-15Zn-2Mg 

alloy in as-cast and homogenized conditions. The fracture modes and fracture surface 

morphologies perceived were identical to those observed in the Al-5Zn-2Mg and    

Al-10Zn-2Mg alloy, in as-cast and the homogenized conditions. The fracture mode 

perceived in the as-cast and homogenized samples are brittle fracture. Fracture surface 

of the as-cast sample was compiled of dendrites of size 20 μm and micro-porosities. 

While, the fracture surface of the homogenized sample was compiled of fairly large 

and deep dimples of size 4 µm.  
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Figure 4.66 Fracture mode of the tensile test sample and SEM micrograph of the 
fracture surface of the tensile test sample of the Al-15Zn-2Mg alloy after one 
ECAP pass at 150 ºC 

Figure 4.66 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test sample of the Al-15Zn-2Mg 

alloy after one ECAP pass at 150 ºC. The fracture mode observed in this condition is 

shear fracture. Also, the fracture surface was composed of small and shallow dimples. 

The average dimple size measured in this condition is 2.5 µm and indicated a 

homogeneous distribution throughout the fracture surface. 

Figure 4.67 displays the fracture mode of the tensile test samples and SEM 

micrographs of the fracture surfaces of the tensile test samples of the Al-15Zn-2Mg 

alloy ECAP processed at 200 ºC under various conditions. In this condition, in all the 

samples, fracture occurred at close to 45º to the normal axis of the sample. Hence, it is 

deduced that, samples were failed in shear fracture mode. The fracture surfaces of the 

samples were composed of small and narrow dimples. Also, the size of the dimples 

was reduced with increase in the number of ECAP passes as shown in Fig. 4.67(a) to 

Fig. 4.67(d). In this case, the average size of the dimples measured is 2.8 µm, 1.6 µm, 

1 µm and 0.3 µm in the first pass, second pass, third pass and the fourth pass, 

respectively. 
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Figure 4.67 Fracture mode of the tensile test samples and SEM micrographs of 
the fracture surfaces of the tensile test samples of the Al-15Zn-2Mg alloy ECAP 
processed at 200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass    

4.6 Wear properties  

4.6.1 Wear mass loss   

Figure 4.68 shows the wear mass loss of Al-5Zn-2Mg alloy under various conditions 

(corresponding wear mass loss values are provided in Table A3-10, A3-11 and A3-12 

in Appendix 3). It is noticed that, for the same load and the sliding speed, ECAP 

processed samples exhibits higher wear resistance than the unprocessed sample. Wear 

resistance of the alloy increased with increase in the ECAP passes. Also, for the same 

condition, the mass loss is increased with increase in the applied load and the sliding 

speed. Compared to the increase in the sliding speed, increase in the load has more 
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Figure 4.68 Wear mass loss of the Al-5Zn-2Mg alloy in different conditions  

 

 

Figure 4.69 Wear mass loss of the Al-10Zn-2Mg alloy in different conditions  
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Figure 4.70 Wear mass loss of the Al-15Zn-2Mg alloy in different conditions   

pronounced effect on the mass loss of the material. The improvement in the wear 

resisting capability of the material after ECAP processing is consistent with earlier 

observations on cast Zn-40Al-2Cu-2Si alloy processed by ECAP (Purcek et al. 2010). 

It was observed that, processing by ECAP has positive effect on the wear properties. 

Amongst all cases, mass loss is highest in as-cast sample and lowest in four ECAP 

pass sample. It is noted that, samples ECAP processed at 150 ºC exhibits better wear 

resistance compared to samples ECAP processed at 200 ºC. 

Figure 4.69 and 4.70 shows the wear mass loss of Al-10Zn-2Mg and Al-15Zn-2Mg 

alloys, respectively under various conditions (corresponding wear mass loss       

values are provided in Table A3-13, A3-14, A3-15, A3-16, A3-17 and A3-18            

in Appendix 3). Similar to Al-5Zn-2Mg alloy, in both alloys, the behaviour of 

enhancement in the wear resistance with increase in the ECAP passes was perceived. 

Also, similar to Al-5Zn-2Mg alloy, both alloys exhibits better wear resistance after 

ECAP processing at 150 ºC compared to ECAP processing at 200 ºC. It is noted that 

for the same load and the sliding speed, Al-10Zn-2Mg alloy possess better wear 

resistance than Al-5Zn-2Mg alloy. Similarly, for the same load and the sliding speed, 
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Al-15Zn-2Mg alloy possess better wear resistance than Al-5Zn-2Mg and                 

Al-10Zn-2Mg alloys.      

4.6.2 Coefficient of friction   

Figure 4.71 shows the coefficient of friction (µ) of Al-5Zn-2Mg alloy under various 

conditions (corresponding coefficient of friction values are provided in Table A3-19, 

A3-20 and A3-21 in Appendix 3). It is noticed that, the coefficient of friction of 

ECAP processed samples is lower than the as-cast and homogenized samples. Also, 

coefficient of friction reduced with increase in the ECAP passes. For the same 

condition, the coefficient of friction is increased with increase in the applied load and 

the sliding speed. In all cases, the coefficient of friction is highest in as-cast sample 

and lowest in four ECAP pass sample. The decrease in the coefficient of friction with 

ECAP processing is consistent with earlier observations on Cu-10Al-4Fe alloy 

processed by ECAP (Gao and Cheng 2008). It is noted that, samples ECAP processed 

at 150 ºC exhibits slightly lesser coefficient of friction compared to samples ECAP 

processed at 200 ºC.   

 

Figure 4.71 Coefficient of friction of the Al-5Zn-2Mg alloy in different conditions   
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Figure 4.72 Coefficient of friction of the Al-10Zn-2Mg alloy in different 
conditions  

 

 

Figure 4.73 Coefficient of friction of the Al-15Zn-2Mg alloy in different 
conditions  
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Figure 4.72 and 4.73 shows the coefficient of friction of Al-10Zn-2Mg and              

Al-15Zn-2Mg alloy, respectively; under various conditions (corresponding coefficient 

of friction values are provided in Table A3-22, A3-23, A3-24, A3-25, A3-26 and   

A3-27 in Appendix 3). Similar to Al-5Zn-2Mg alloy, in both alloys, the behaviour of 

reduction in coefficient of friction with increase in the ECAP passes was observed. 

Also, similar to Al-5Zn-2Mg alloy, both the alloys exhibits slightly lesser coefficient 

of friction after ECAP processing at 150 ºC compared to ECAP processing at 200 ºC. 

It is noticed that, for the same load and the speed, Al-10Zn-2Mg alloy possess low 

coefficient of friction than Al-5Zn-2Mg alloy. Similarly, for the same load and the 

speed, Al-15Zn-2Mg alloy possess low coefficient of friction than Al-5Zn-2Mg and 

Al-10Zn-2Mg alloy. In all three alloys, thorough examination revealed that 

fluctuation in coefficient of friction is more in as-cast samples and fluctuation got 

reduced with increase in the number of ECAP passes. 

4.6.3 Morphology of worn surfaces and wear mechanisms  

Figure 4.74 shows the SEM micrographs of the worn surfaces after wear tests, carried 

out at 20 N load and at 1 m/s sliding speed for Al-5Zn-2Mg alloy in as-cast and 

homogenized conditions. Figure 4.74(a) shows the worn surface of the material in the 

as-cast condition; micrograph indicates brittle type of wear damage. In the sliding 

direction, scratches and micro-ploughing grooves were observed. Scratches and 

ploughing grooves on the worn surfaces are attributed to abrasive action of the hard 

secondary particles which are separated from the sample and got entrapped between 

the mating surfaces. The abrasive action is of three body abrasive wear. Similar to   

as-cast sample, scratches, delamination and ploughing in the sliding direction was 

perceived in the homogenized sample as shown in Fig. 4.74(b). Thus, it is deduced 

that the wear mechanism involved in as-cast and homogenized samples are      

abrasive wear.    

Figure 4.75 shows the EDS analysis of the worn surfaces after wear tests, carried out 

at 20 N load and at 1 m/s sliding speed, for Al-5Zn-2Mg alloy in as-cast and 

homogenized conditions. Figure 4.75(a) shows the EDS analysis of the as-cast 

sample, even though a small trace of oxygen was observed, its effect on the formation 
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Figure 4.74 SEM micrographs of the worn surfaces, after wear test with a load of 
20 N and at sliding speed of 1 m/s, for Al-5Zn-2Mg alloy (a) as-cast and            
(b) homogenized      

  
Figure 4.75 EDS analysis of the worn surfaces, after wear test with a load of      
20 N and at sliding speed of 1 m/s, for Al-5Zn-2Mg alloy (a) as-cast and             
(b) homogenized (EDS data is collected from the marked regions in Fig. 4.74) 

of any oxide layers was not observed in SEM micrograph. Figure 4.75(b) shows the 

EDS analysis of the homogenized sample, similar to as-cast sample, traces of oxygen 

was observed, but its effect on the formation of any oxide layers was not observed in 

SEM micrograph. Therefore, in as-cast and homogenized samples abrasive wear is the 

leading wear mechanism.   

Figure 4.76 shows the SEM micrographs of the worn surfaces after wear tests, carried 

out at 40 N load and at 2 m/s sliding speed, for Al-5Zn-2Mg alloy in as-cast and 

homogenized conditions. Increase in the load and the sliding speed lead to cause 

severe wear compared to the wear features observed at 20 N load and 1 m/s sliding 

speed. Worn surfaces exhibits high plastic deformation characterized by wide and 

deep ploughing grooves and delamination in the sliding direction was observed in 
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Figure 4.76 SEM micrographs of the worn surfaces, after wear test with a load of 
40 N and at sliding speed of 2 m/s, for Al-5Zn-2Mg alloy (a) as-cast and            
(b) homogenized   

  
Figure 4.77 EDS analysis of the worn surfaces, after wear test with a load of      
40 N and at sliding speed, of 2 m/s, for Al-5Zn-2Mg alloy (a) as-cast and           
(b) homogenized (EDS data is collected from the marked regions in Fig. 4.76)      

as-cast and homogenized samples as shown in Figs. 4.76(a) and 4.76(b), respectively. 

Thus, abrasive wear is the leading wear mechanism perceived in the as-cast and 

homogenized samples.  

Figure 4.77 shows the EDS analysis of the worn surfaces after wear tests, carried out 

at 40 N load and at 2 m/s sliding speed, for Al-5Zn-2Mg alloy in as-cast and 

homogenized conditions. Even though traces of oxygen was observed in the EDS 

analysis of the as-cast and homogenized samples as shown in Fig. 4.77(a) and 4.77(b), 

its effect on the oxide layer formation was not observed in SEM micrographs. So, it is 

deduced that, in this condition, abrasive wear is the prevailing mechanism observed in 

as-cast and homogenized samples. 
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Figure 4.78 shows the SEM micrographs of the worn surfaces after wear tests, carried 

out at 20 N load and at 1 m/s sliding speed, for Al-5Zn-2Mg alloy ECAP processed at 

150 ºC under various conditions. Figure 4.78(a) shows the worn surfaces of the alloy 

after first ECAP pass, along with scratches, delamination and ploughing in the sliding 

direction; smearing and adhering of the worn debris was also observed. The wear 

debris of the ECAP processed sample is adhered to the mating surfaces rather than 

separating from the mating surfaces. Therefore, both abrasive and adhesive wear 

mechanism was perceived in the first pass sample. With increase in the number of 

ECAP passes smearing and adhering of the worn debris to the surface of the sample 

increased, as shown in Figs. 4.78(b), 4.78(c) and 4.78(d), respectively. Consequently, 

scratches and delamination on the worn surfaces were reduced with increase in the 

ECAP passes. Thus, with increase in the ECAP passes abrasive wear mechanism has 

replaced with adhesive wear mechanism. It is noted that, the effectiveness of smearing 

and adhesion of wear debris is more in four pass sample compared to one pass, two 

pass and three pass samples.  

Figure 4.79 shows the EDS analysis of the worn surfaces after wear tests, carried out 

at 20 N load and at 1 m/s sliding speed, for Al-5Zn-2Mg alloy ECAP processed at    

150 ºC under various conditions. Figure 4.79(a) shows the EDS analysis of the worn 

surfaces of the first pass sample. In this condition, presence of oxygen was observed 

in the adhered debris. The presence of oxygen proves formation of the oxide layers on 

the worn surface. Hence, it is deduced that, along with abrasive and adhesive wear; 

oxidation wear is also involved in the first pass sample. Also in the EDS analysis, the 

presence of Fe was observed. The presence of Fe shows that the movement of the Fe 

particles from the disc to the sample surface. Figure 4.79(b), 4.79(c) and 4.79(d) show 

the EDS analysis of the worn surfaces of the second pass, third pass and four pass 

samples, respectively. Similar to first pass sample, presence of oxygen was observed 

in the adhered debris. Also, formation of the oxide layer on the worn surfaces 

increases with increase in the ECAP passes. Thus, oxidation wear mechanism is more 

in four pass sample compared to one pass, two pass and three pass samples. It may be 

noted that, movement of the Fe particles from the disc to the sample surface increases 

with increase in the ECAP passes. 
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Figure 4.78 SEM micrographs of the worn surfaces, after wear test with a load of 
20 N and at sliding speed of 1 m/s, for Al-5Zn-2Mg alloy ECAP processed at   
150 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass   

  

  
Figure 4.79 EDS analysis of the worn surfaces, after wear test with a load of      
20 N and at sliding speed of 1 m/s, for Al-5Zn-2Mg alloy ECAP processed at      
150 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass (EDS data is collected from 
the marked regions in Fig. 4.78)  
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Figure 4.80 SEM micrographs of the worn surfaces, after wear test with a load of 
40 N and at sliding speed of 2 m/s, for Al-5Zn-2Mg alloy ECAP processed at   
150 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

  

  

Figure 4.81 EDS analysis of the worn surfaces, after wear test with a load of      
40 N and at sliding speed of 2 m/s, for Al-5Zn-2Mg alloy ECAP processed at      
150 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass (EDS data is collected from 
the marked regions in Fig. 4.80) 
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Figure 4.80 shows the SEM micrographs of the worn surfaces, after wear tests carried 

out at 40 N load and at 2 m/s sliding speed, for Al-5Zn-2Mg alloy ECAP processed at 

150 ºC under various conditions. In ECAP processed samples, the severity of wear 

was reduced compared to unprocessed samples as shown in Figs. 4.80(a) to 4.80(d). 

In this condition, smearing and adhering of the worn debris was not observed in 

ECAP processed samples. At this load and sliding speed, abrasive wear is the leading 

wear mechanism observed in the ECAP processed samples.  

Figure 4.81 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 40 N load and at 2 m/s sliding speed, for Al-5Zn-2Mg alloy ECAP processed at    

150 ºC under various conditions. Figure 4.81(a) shows the EDS analysis of the worn 

surfaces of the first pass sample, traces of oxygen was also observed in the EDS 

analysis. But, its effect on the oxide layer formation was not observed in SEM 

micrographs. The traces of Fe observed is comparatively less in this condition when 

compared to 20 N load and 1 m/s sliding speed. Therefore, abrasive wear mechanism 

was observed in first pass sample. Figure 4.81(b), 4.81(c) and 4.81(d) shows the EDS 

analysis of the worn surfaces of the second pass, third pass and four pass samples, 

respectively. Similar to first pass sample, small traces of oxygen was observed in the 

EDS analysis. But, its effect on the oxide layer formation was not observed in SEM 

micrographs. Therefore, abrasive wear was observed in second pass, third pass and 

four pass samples, respectively.  

Figure 4.82 shows the SEM micrographs of the worn surfaces, after wear tests carried 

out at 20 N load and at 1 m/s sliding speed, for Al-5Zn-2Mg alloy ECAP processed at 

200 ºC under various conditions. The worn surfaces perceived were similar to those 

observed in the same alloy, ECAP processed at 150 ºC and wear tests carried out at   

20 N and at 1 m/s sliding speed. After first pass, scratches, delamination and micro-

ploughing in the sliding direction was observed. Smearing and adhering of the worn 

debris was also observed as shown in Fig, 4.82(a). Both abrasive and adhesive wear 

mechanism was observed in first pass sample. With increase in the ECAP passes 

smearing and adhering of the worn debris to the surface of the sample increased as 

shown in Figs. 4.82(b), 4.82(c) and 4.82(d), respectively. Subsequently, scratches and 

delamination of the worn surfaces were reduced with increase in the ECAP 
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Figure 4.82 SEM micrographs of the worn surfaces, after wear test with a load of 
20 N and at sliding speed of 1 m/s, for Al-5Zn-2Mg alloy ECAP processed at   
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass    

  

  

Figure 4.83 EDS analysis of the worn surfaces, after wear test with a load of      
20 N and at sliding speed of 1 m/s, for Al-5Zn-2Mg alloy ECAP processed at      
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass (EDS data is collected from 
the marked regions in Fig. 4.82) 
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passes. Thus, with increase in the ECAP passes wear mechanism has changed from 

abrasive wear to adhesive wear.  

Figure 4.83 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 20 N load and at 1 m/s sliding speed, for Al-5Zn-2Mg alloy ECAP processed at    

200 ºC under various conditions. The EDS analysis perceived were similar to those 

observed in the same alloy, ECAP processed at 150 ºC and wear tests carried out at   

20 N and at 1 m/s sliding speed. In all 4 samples, presence of oxygen was observed in 

adhered debris. The presence of oxygen proves formation of the oxide layers on the 

sample surface. Thus, along with the adhesive wear; oxidation wear is also involved 

in ECAP processed samples. The presence of Fe on the worn surfaces shows that the 

movement of the Fe particles from the disc to the sample surface. It may be noted 

that, movement of the Fe particles from the disc to the sample surface increases with 

increase in the ECAP passes. Also, formation of the oxide layer on the worn surfaces 

increases with increase in the ECAP passes. Thus, oxidation wear mechanism is more 

in four pass sample compared to one pass, two pass and three pass samples. 

Figure 4.84 shows the SEM micrographs of the worn surfaces, after wear tests carried 

out at 40 N load and at 2 m/s sliding speed, for Al-5Zn-2Mg alloy ECAP processed at 

200 ºC under various conditions. The worn surfaces perceived were similar to those 

observed in the same alloy, ECAP processed at 150 ºC and wear tests carried out at   

40 N and at 2 m/s sliding speed. In all 4 samples, delamination and micro-ploughing 

in the sliding direction was observed as shown in Fig. 4.84(a), 4.84(b), 4.84(c) and 

4.84(d), respectively. Smearing and adhering of the worn debris was not observed on 

the worn surfaces. Thus, abrasive wear is the leading wear mechanism observed in 

this condition.  

Figure 4.85 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 40 N load and at 2 m/s sliding speed, for Al-5Zn-2Mg alloy ECAP processed at    

200 ºC under various conditions. The EDS analysis perceived were similar to those 

observed in the same alloy ECAP processed at 150 ºC and wear tests carried out at   

40 N and at 2 m/s sliding speed. In all four samples, traces of oxygen were     

observed in the EDS analysis. But, its effect on the oxide layer formation was not 

observed in SEM micrographs. Also, traces of Fe observed is comparatively less 
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Figure 4.84 SEM micrographs of the worn surfaces, after wear test with a load of 
40 N and at sliding speed of 2 m/s, for Al-5Zn-2Mg alloy ECAP processed at   
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass    

  

  

Figure 4.85 EDS analysis of the worn surfaces after, wear test with a load of      
40 N and at sliding speed of 2 m/s, for Al-5Zn-2Mg alloy ECAP processed at      
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass (EDS data is collected from 
the marked regions in Fig. 4.84) 



114 
 

in this condition when compared to 20 N load and 1 m/s sliding speed. Thus, it is 

deduced that at this load and sliding speed, abrasive wear is the leading wear 

mechanism observed in ECAP processed samples.  

  
Figure 4.86 SEM micrographs of the worn surfaces, after wear test with a load of 
20 N and at sliding speed of 1 m/s, for Al-10Zn-2Mg alloy (a) as-cast and          
(b) homogenized   

  
Figure 4.87 EDS analysis of the worn surfaces, after wear test with a load of      
20 N and at sliding speed of 1 m/s, for Al-10Zn-2Mg alloy (a) as-cast and              
(b) homogenized (EDS data is collected from the marked regions in Fig. 4.86) 

Figure 4.86 shows the SEM micrographs of the worn surfaces, after wear tests carried 

out at 20 N load and at 1 m/s sliding speed, for Al-10Zn-2Mg alloy in as-cast and 

homogenized conditions. The worn surface consists of scratches and delamination 

areas which are formed due to spalling of sample material in the form of debris, 

resulting in abrasive wear as shown in Fig. 4.86(a) and 4.86(b), respectively. Thus, it 

is deduced that the wear mechanism involved in as-cast and homogenized samples as 

abrasive wear.  
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Figure 4.87 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 20 N load and at 1 m/s sliding speed, for Al-10Zn-2Mg alloy in as-cast and 

homogenized conditions. Negligible trace of Fe was observed in the EDS analysis of 

the as-cast and homogenized samples as shown in Fig. 4.87(a) and 4.87(b), 

respectively. Even though traces of oxygen was observed in the EDS analysis, but its 

effect on the oxide layer formation was not observed in SEM micrographs. Therefore, 

abrasive wear is the leading wear mechanism perceived in the as-cast and 

homogenized samples.  

  
Figure 4.88 SEM micrographs of the worn surfaces, after wear test with a load of 
40 N and at sliding speed of 2 m/s, for Al-10Zn-2Mg alloy (a) as-cast and          
(b) homogenized 

  
Figure 4.89 EDS analysis of the worn surfaces, after wear test with a load of      
40 N and at sliding speed of 2 m/s, for Al-10Zn-2Mg alloy (a) as-cast and              
(b) homogenized (EDS data is collected from the marked regions in Fig. 4.88) 

Figure 4.88 shows the SEM micrographs of the worn surfaces, after wear tests carried 

out at 40 N load and at 2 m/s sliding speed, for Al-10Zn-2Mg alloy in as-cast and 

homogenized conditions. Worn surfaces of the as-cast and homogenized condition 

samples were heavily damaged as shown in Figs. 4.88(a) and 4.88(b). Ploughing 
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grooves were extended longitudinally towards the sliding direction. The existence of 

continuous wear scars and scratch marks on the worn surfaces shows the presence of 

abrasive wear in as-cast and homogenized samples.  

Figure 4.89 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 40 N load and at 2 m/s sliding speed, for Al-10Zn-2Mg alloy in as-cast and 

homogenized conditions. In the EDS analysis of as-cast and homogenized samples 

large amount of aluminium and zinc traces were observed. Also, negligible traces of 

Fe and oxygen were observed. This observation is similar to those observed in the   

as-cast and homogenized samples of Al-5Zn-2Mg alloy (at 40 N load and 2 m/s 

speed). Abrasive wear is the major wear mechanism observed in as-cast and 

homogenized samples in this condition. 

  
Figure 4.90 SEM micrograph and EDS analysis of the worn surface, after wear 
test with a load of 20 N and at sliding speed of 1 m/s, for Al-10Zn-2Mg alloy after 
one pass ECAP at 150 ºC (EDS data is collected from the marked region)   

Figure 4.90 shows the SEM micrograph and EDS analysis of the worn surface, after 

wear test carried out at 20 N load and at 1 m/s sliding speed, for Al-10Zn-2Mg alloy 

after one pass ECAP at 150 ºC. In this condition, along with scratches, delamination 

and ploughing in the sliding direction; at few locations smearing and adhering of the 

worn debris was also observed. This observation is identical to those perceived in the 

Al-5Zn-2Mg alloy first pass ECAP processed at 150 ºC (wear test at 20 N load and    

1 m/s sliding speed). Both abrasive and adhesive wear mechanism was observed on 

the worn surface of the sample. In the EDS analysis, presence of oxygen was 

observed in the adhered debris. The presence of oxygen proves formation of the oxide 

layers on the worn surface. Thus, along with the abrasive and adhesive wear; 
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oxidation wear is also observed. The presence of Fe on the worn surfaces shows that 

the movement of the Fe particles from the disc to the sample surface. This observation 

is similar to those observed in the first pass of Al-5Zn-2Mg alloy ECAP processed at 

150 ºC (wear test at 20 N load and 1 m/s speed).  

  
Figure 4.91 SEM micrograph and EDS analysis of the worn surface, after wear 
test with a load of 40 N and at sliding speed of 2 m/s, for Al-10Zn-2Mg alloy after 
one ECAP pass at 150 ºC (EDS data is collected from the marked region) 

Figure 4.91 shows the SEM micrograph and EDS analysis of the worn surface, after 

wear test, carried out at 40 N load and at 2 m/s sliding speed, for Al-10Zn-2Mg alloy 

after one ECAP pass at 150 ºC. In this condition, the severity of wear was reduced 

compared to unprocessed samples (for the same load and sliding speed). The worn 

surface was composed of shallow and narrow grooves. Thus, wear mechanism 

witnessed in the sample could be concluded as abrasive wear. In the EDS analysis, 

traces of oxygen were observed. Also, traces of Fe were observed. This observation is 

similar to those observed in the first pass for Al-5Zn-2Mg alloy ECAP processed at 

150 ºC (wear test at 40 N load and 2 m/s speed). Thus, it is deduced that, in this 

condition, abrasive wear mechanism is perceived in the sample.  

Figure 4.92 shows the SEM micrographs of the worn surfaces, after wear tests carried 

out at 20 N load and at 1 m/s sliding speed, for Al-10Zn-2Mg alloy ECAP processed 

at 200 ºC under various conditions. Figure 4.92(a) shows the worn surfaces of the 

alloy after first ECAP pass. In this condition, scratches, delamination and micro-

ploughing in the sliding direction were observed. Smearing and adhering of the worn 

debris was also observed. Therefore, both abrasive and adhesive wear mechanism was 

observed in first ECAP pass sample. Figure 4.92(b), 4.92(c) and 4.92(d) shows the 
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Figure 4.92 SEM micrographs of the worn surfaces, after wear test with a load of 
20 N and at sliding speed of 1 m/s, for Al-10Zn-2Mg alloy ECAP processed at 
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass    

  

  

Figure 4.93 EDS analysis of the worn surfaces, after wear test with a load of      
20 N and at sliding speed of 1 m/s, for Al-10Zn-2Mg alloy ECAP processed at    
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass (EDS data is collected from 
the marked regions in Fig. 4.92) 
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worn surface of the alloy after second, third and four ECAP passes, respectively. It 

was observed that, with increase in the ECAP passes smearing and adhering of the 

worn debris to the surface of the sample increased. Subsequently, scratches and 

delamination on the worn surfaces were reduced with increase in the number of 

ECAP passes. Thus, the wear mechanism has changed from abrasive wear to adhesive 

wear with increase in the number of ECAP passes.  

Figure 4.93 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 20 N load and at 1 m/s sliding speed, for Al-10Zn-2Mg alloy ECAP processed at  

200 ºC under various conditions. In the EDS analysis, presence of oxygen and Fe was 

observed in the debris adhered to the sample surfaces. The presence of oxygen proves 

formation of the oxide layers on the sample surface. This observation is similar to 

those perceived in the case of Al-5Zn-2Mg alloy (for the same load and sliding 

speed). Therefore, both adhesive wear and oxidation wear are involved in ECAP 

processed samples. It may be noted that, similar to Al-5Zn-2Mg alloy (for the same 

load and sliding speed) the transfer of Fe from disc to the sample surface and 

formation of the oxide layer in the sample surface, both increases with increase in the 

number of ECAP passes.  

Figure 4.94 shows the SEM micrographs of the worn surfaces after, wear tests carried 

out at 40 N load and at 2 m/s sliding speed, for Al-10Zn-2Mg alloy ECAP processed 

at 200 ºC under various conditions. In first pass sample, comparatively shallow and 

narrow grooves were observed compared to unprocessed samples. Also, in some 

locations fairly smooth tracks were observed as shown in Fig. 4.94(a). With increase 

in the number of ECAP passes mild wear tracks with relatively smooth surface 

morphology was observed as shown in Figs. 4.94(b), 4.94(c) and 4.94(d), 

respectively. Abrasive wear is the main wear mechanism observed in ECAP 

processed samples. It may be noted that, compared to ECAP processed Al-5Zn-2Mg 

alloy the worn surfaces of ECAP processed Al-10Zn-2Mg alloy were less       

damaged (at 40 N load and 2 m/s sliding speed).  

Figure 4.95 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 40 N load and at 2 m/s sliding speed, for Al-10Zn-2Mg alloy ECAP processed at  

200 ºC under various conditions. In EDS analysis large amount of aluminium and 
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Figure 4.94 SEM micrographs of the worn surfaces, after wear test with a load of 
40 N and at sliding speed of 2 m/s, for Al-10Zn-2Mg alloy ECAP at processed 
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

  

  

Figure 4.95 EDS analysis of the worn surfaces, after wear test with a load of      
40 N and at sliding speed, of 2 m/s for Al-10Zn-2Mg alloy ECAP processed at    
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass (EDS data is collected from 
the marked regions in Fig. 4.94) 
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zinc traces were observed. Also, negligible traces of Fe and oxygen were observed. 

This observation is similar to those observed in the Al-5Zn-2Mg alloy (at 40 N load 

and 2 m/s speed). So, in this condition, abrasive wear is the major wear mechanism 

observed in all samples.   

  
Figure 4.96 SEM micrographs of the worn surfaces, after wear test with a load of 
20 N and at sliding speed of 1 m/s, for Al-15Zn-2Mg alloy (a) as-cast and           
(b) homogenized  

  
Figure 4.97 EDS analysis of the worn surfaces, after wear test with a load of      
20 N and at sliding speed of 1 m/s, for Al-15Zn-2Mg alloy (a) as-cast and                
(b) homogenized (EDS data is collected from the marked regions in Fig. 4.96) 

Figure 4.96 shows the SEM micrographs of the worn surfaces, after wear tests carried 

out at 20 N load and at 1 m/s sliding speed, for Al-15Zn-2Mg alloy in as-cast and 

homogenized conditions. In as-cast condition, the worn surface consists of 

delamination areas and ploughing grooves in the sliding direction. Since cast samples 

are brittle in nature, brittle wear fracture was observed as shown in Fig. 4.96(a). In 

homogenized sample similar wear behaviour was observed, but in few regions 

adhesion of wear debris is also observed as shown in Fig. 4.96(b). Both abrasive and 

adhesive wear mechanism were observed in the homogenized sample, but the effect 
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of abrasive wear is more compared to adhesive wear. This effect was not perceived in 

the homogenized samples of Al-5Zn-2Mg and Al-10Zn-2Mg alloys (at 20 N load and       

1 m/s speed).  

Figure 4.97 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 20 N load and at 1 m/s sliding speed, for Al-15Zn-2Mg alloy in as-cast and 

homogenized conditions. In as-cast condition, along with large traces of aluminium 

and zinc, negligible traces of Fe and oxygen were observed as shown in Fig. 4.97(a). 

But, effect of the oxygen on the formation of the oxide layers was not observed in 

SEM micrographs. Consequently in as-cast sample, the oxidation effect was not 

observed. The EDS analysis of the as-cast sample is similar to those observed in the 

as-cast samples of Al-5Zn-2Mg and Al-10Zn-2Mg alloy (at 20 N load and 1 m/s 

speed). Abrasive wear is the major wear mechanism observed in the as-cast sample. 

In the EDS analysis of the homogenized sample considerable amount of oxygen and 

Fe was observed in the worn debris adhered to the sample as shown in Fig. 4.97(b). 

The presence of the oxygen proves the formation of the oxide layers on the worn 

surface. Therefore, along with abrasive and adhesive wear; oxidation wear is also 

involved in the homogenized sample. Even though oxidation wear is observed in the 

homogenized sample, but the effect of the oxidation wear is very less compared to the 

ECAP processed samples.  

Figure 4.98 shows the SEM micrographs of the worn surfaces, after wear tests carried 

out at 40 N load and at 2 m/s sliding speed, for Al-15Zn-2Mg alloy in as-cast and 

homogenized conditions. The worn surface morphologies are almost similar to those 

observed in the as-cast and homogenized samples of Al-5Zn-2Mg and Al-10Zn-2Mg 

alloy (at 40 N load and 2 m/s speed). Scratches and delamination of material was 

observed in the worn surfaces of the as-cast and homogenized samples. This indicates 

the presence of abrasive wear in this condition.  

Figure 4.99 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 40 N load and at 2 m/s sliding speed, for Al-15Zn-2Mg alloy in the as-cast and 

homogenized conditions. The EDS analysis results are similar to those observed in 

Al-5Zn-2Mg and Al-10Zn-2Mg alloys (at 40 N load and 2 m/s speed). Along with 

large traces of aluminium and zinc, negligible traces of Fe and oxygen were observed 
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as shown in Fig. 4.99(a) and 4.99(b). Its effect on the oxide layer formation was not 

observed in SEM micrographs. So, abrasive wear is the major wear mechanism 

perceived in as-cast and homogenized samples.  

  
Figure 4.98 SEM micrographs of the worn surfaces, after wear test with a load of 
40 N and at sliding speed of 2 m/s, for Al-15Zn-2Mg alloy (a) as-cast and          
(b) homogenized 

  
Figure 4.99 EDS analysis of the worn surfaces, after wear test with a load of      
40 N and at sliding speed of 2 m/s, for Al-15Zn-2Mg alloy (a) as-cast and             
(b) homogenized (EDS data is collected from the marked regions in Fig. 4.98)  

Figure 4.100 shows the SEM micrograph and EDS analysis of the worn surface, after 

wear test carried out at 20 N load and at 1 m/s sliding speed, for Al-15Zn-2Mg alloy 

after one pass ECAP at 150 ºC. In this condition, scratches, delamination and 

ploughing in the sliding direction were observed. Also, smearing and adhering of the 

worn debris was also observed on the worn surface. Both abrasive and adhesive wear 

mechanism was observed on the worn surface of the sample. This observation is 

identical to those perceived in first ECAP pass for Al-5Zn-2Mg and Al-10Zn-2Mg 

alloys ECAP processed at 150 ºC (wear test at 20 N load and 1 m/s sliding speed). In 
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the EDS analysis, presence of the oxygen was observed in the adhered debris. The 

presence of the oxygen proves the formation of the oxide layers on the worn surface. 

  
Figure 4.100 SEM micrograph and EDS analysis of the worn surface, after wear 
test with a load of 20 N and at sliding speed of 1 m/s, for Al-15Zn-2Mg alloy after 
one pass ECAP at 150 ºC (EDS data is collected from the marked region) 

Thus, along with abrasive and adhesive wear; the oxidation wear is also observed. 

The presence of Fe on the worn surfaces shows that the transfer of the Fe particles 

from the disc to the sample surface. This observation is similar to those observed in 

the first pass of Al-5Zn-2Mg and Al-10Zn-2Mg alloys ECAP processed at 150 ºC 

(wear test at 20 N load and 1 m/s speed).  

  
Figure 4.101 SEM micrograph and EDS analysis of the worn surface, after wear 
test with a load of 40 N and at sliding speed of 2 m/s, for Al-15Zn-2Mg alloy after 
one pass ECAP at 150 ºC (EDS data is collected from the marked region)  

Figure 4.101 shows the SEM micrograph and EDS analysis of the worn surface, after 

wear test carried out at 40 N load and at 2 m/s sliding speed, for Al-15Zn-2Mg alloy 

after one pass ECAP at 150 ºC. In this condition, the intensity of wear was reduced 
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compared to unprocessed samples (for the same load and sliding speed). In the worn 

surfaces, few scratches and material delamination were observed. Thus, the wear 

mechanism perceived is abrasive wear. This observation is identical to those 

perceived in first ECAP pass for Al-5Zn-2Mg and Al-10Zn-2Mg alloys ECAP 

processed at 150 ºC (wear test at 40 N load and 2 m/s sliding speed). In the EDS 

analysis, traces of oxygen and Fe were observed. Its effect on the oxide layer 

formation was not observed in SEM micrograph. This observation is similar to those 

observed in the Al-5Zn-2Mg and Al-10Zn-2Mg alloys ECAP processed at 150 ºC 

(wear test at 40 N load and 2 m/s speed). Thus, it is deduced that, in this condition, 

abrasive wear mechanism is perceived in the sample.  

Figure 4.102 shows the SEM micrographs of the worn surfaces, after wear tests 

carried out at 20 N load and at 1 m/s sliding speed, for Al-15Zn-2Mg alloy ECAP 

processed at 200 ºC under various conditions. The worn morphologies are almost 

similar to those observed in the ECAP processed Al-5Zn-2Mg and Al-10Zn-2Mg 

alloys (at 20 N load and 1 m/s speed). With increase in the ECAP passes smearing 

and adhering of the worn debris to the surface of the sample increased as shown in       

Fig. 4.102(a) to 4.102(d). It is noted that, the effectiveness of smearing and adhesion 

of debris is highest in four ECAP pass sample and lowest in first ECAP pass sample. 

Consequently, material delamination and micro-ploughing grooves on the worn 

surfaces were reduced with increase in the number of ECAP passes. Hence, adhesive 

wear is the prevailing wear mechanism in ECAP processed samples.    

Figure 4.103 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 20 N load and at 1 m/s sliding speed, for Al-15Zn-2Mg alloy ECAP processed at  

200 ºC under various conditions. The EDS analysis results are similar to those 

observed in Al-5Zn-2Mg and Al-10Zn-2Mg alloys (at 20 N load and 1 m/s speed). In 

the EDS analysis of the ECAP processed samples, presence of oxygen and Fe was 

observed in wear debris adhered to the sample surfaces. Hence, both adhesive wear 

and oxidation wear mechanism is involved in ECAP processed samples. It is noted 

that similar to Al-5Zn-2Mg and Al-10Zn-2Mg alloys the transfer of Fe from disc to 

the sample surface and formation of the oxide layer in the sample surface, both 

increases with increase in the ECAP passes.  
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Figure 4.102 SEM micrographs of the worn surfaces, after wear test with a load 
of 20 N and at sliding speed of 1 m/s, for Al-15Zn-2Mg alloy ECAP processed at 
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

  

  

Figure 4.103 EDS analysis of the worn surfaces, after wear test with a load of    
20 N and at sliding speed of 1 m/s, for Al-15Zn-2Mg alloy ECAP processed at    
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass (EDS data is collected from 
the marked regions in Fig. 4.102) 
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Figure 4.104 SEM micrographs of the worn surfaces, after wear test with a load 
of 40 N and at sliding speed, for 2 m/s of Al-15Zn-2Mg alloy ECAP processed at 
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass   

  

  

Figure 4.105 EDS analysis of the worn surfaces, after wear test with a load of    
40 N and at sliding speed of 2 m/s, for Al-15Zn-2Mg alloy ECAP processed at    
200 ºC (a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass (EDS data is collected from 
the marked regions in Fig. 4.104)  
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Figure 4.104 shows the SEM micrographs of the worn surfaces, after wear tests 

carried out at 40 N load  and at 2 m/s sliding speed, for Al-15Zn-2Mg alloy ECAP 

processed at 200 ºC under various conditions. Even though the scratches and material 

delamination was perceived on the worn surface of the ECAP processed samples, the 

intensity of wear is less compared to the as-cast and homogenized samples. This 

observation is similar to those observed in Al-10Zn-2Mg alloy (at 40 N load and        

2 m/s speed). Wear crater was observed in some areas of the first ECAP pass sample as 

shown in Fig. 4.104(a). In four ECAP pass sample, relatively smooth surface 

morphology was observed as shown in Fig. 4.104(d). The intensity of the wear 

decreased with increase in the ECAP passes. Smearing and adhering of debris to the 

worn surfaces was not observed in any of the samples in this condition. This   

indicates that, all samples possess abrasive wear mechanism. It is noted that, 

compared to ECAP processed Al-5Zn-2Mg alloy the worn surfaces of ECAP 

processed Al-15Zn-2Mg alloy was less damaged (at 40 N load and 2 m/s speed).  

Figure 4.105 shows the EDS analysis of the worn surfaces, after wear tests carried out 

at 40 N load and at 2 m/s sliding speed, for Al-15Zn-2Mg alloy ECAP processed at  

200 ºC under various conditions. The EDS analysis results are similar to those 

observed in Al-5Zn-2Mg and Al-10Zn-2Mg alloys (at 40 N load and 2 m/s speed). In 

all four samples, traces of oxygen were observed in the EDS analysis. But, it’s effect 

on the oxide layer formation was not observed in SEM micrographs. Also, traces of 

Fe observed are comparatively less. Abrasive wear is the major wear mechanism 

perceived in all four samples in this condition.    
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CHAPTER 5   

DISCUSSION   

Equal channel angular pressing (ECAP) was carried out on Al-Zn-Mg alloys for 

grain refinement, to enhance precipitation kinetics and to enhance the mechanical 

properties. ECAP processed samples were characterized by different techniques at 

each stage of processing. Also, mechanical properties of the ECAP processed samples 

were assessed. These results were presented in the previous chapter.  

In this chapter, these results are analysed and discussed in detail. Mainly, effect of the 

zinc content on the microstructure and precipitate evolution is studied. Also, effect of 

ECAP processing on the microstructure evolution and effect of processing 

temperature on the microstructure evolution are studied. Effect of ECAP processing 

on precipitate evolution was studied. Effect of ECAP processing on the wear 

mechanisms was also studied.  

5.1 Alloy composition selection   

Generally, in wrought 7000 series aluminium alloys, along with zinc and magnesium, 

other elements (Cu & Zr) are present, which leads to the development of different sets 

of precipitates (like MgZn2, Al2Cu, Al3Zr). In a real engineering material, it is 

difficult to identify the effect of each precipitate on the strength of the alloy because 

of multiple alloying elements and mutual interaction between them. Also, it is very 

essential to recognize the effect of each precipitate on the strength of the alloy for 

better materials and processing design. In this regard, in the present work, alloys 

composed of only aluminium, zinc and magnesium was studied. In this combination 

only Mg-Zn based precipitate formation takes place. Formation of other types of 

precipitates, which are generally observed in commercial wrought alloys are 

eliminated. Also, very few literatures were reported to examine the importance of the 

SPD and other metal forming processes on cast alloys composed of only aluminium, 

zinc and magnesium. The present work is motivated by the realization that in previous 
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studies no efforts were made to study a cast alloy composed of only aluminium, zinc 

and magnesium and processed through ECAP technique.  

In the present work, Al-Zn-Mg alloys with variable zinc content were selected and 

ECAP processed to study the effect of the zinc content on the microstructure 

evolution, mechanical and wear properties. Generally, zinc content in the aluminium 

could be increased upto 40 wt%. This could be identified in Fig. 2.6. In literature it is 

reported that, increase in the zinc content above 20 wt% leads to decrease in the 

ductility of the material (Ning et al. 2010). The maximum solubility of magnesium in 

aluminium is 17.4 wt% (This could be identified in Fig. 2.7). For optimum 

mechanical properties the magnesium content should not be more than 4 wt% (ASM 

Handbook Vol 2 2001). In the present study, zinc content is limited to 5, 10 and       

15 wt% and magnesium content is limited to 2 wt%. The zinc and magnesium ratios 

are chosen such that it is amenable for the precipitation of MgZn2 precipitates. This 

could be identified in Fig. 2.8.  

5.2 Processing temperature  

From the literature on the ECAP processing, it is inferred that the optimum 

mechanical properties could be achieved by processing the material at lowest possible 

temperature. In this regard, all three alloys were attempted to process at minimum 

possible temperature. All three alloys were failed in the first pass itself at room 

temperature, 100 ºC and 125 ºC, respectively. At 150 ºC, Al-5Zn-2Mg alloy was 

successfully processed upto four passes in route BC without failure. But, in the case of 

Al-10Zn-2Mg and Al-15Zn-2Mg alloys, at 150 ºC, only one pass was possible and 

failed in the second pass in route BC. Only at 200 ºC, these two alloys were 

successfully processed upto four passes in route BC without failure. The failure of 

samples during processing at room temperature or lower temperature is attributed to 

following reasons.  

1. The strain hardening of the material is very high during deforming or processing 

at lower temperature. It will be very difficult to process the strain hardened 

material. This might be the reason for failure of the samples during processing at 

lower temperature, as these samples were more strain hardened at lower 
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temperature than the samples processed at higher temperature. Also, strain 

hardening in the material decreases with increase in the processing temperature 

due to dynamic recrystallization. This makes processing at higher temperature 

feasible. Also, at higher temperature flow of the material is easier than lower 

temperature (Dieter 1961).  

2. The alloys in the present work were prepared by casting process. Generally, in   

as-cast material there will be possibilities of presence of minor casting defects, 

like blow holes and voids (Purcek et al. 2009). Even though the as-cast material 

was given homogenization treatment after casting, there will be chances of 

presence of some of these casting defects even after homogenization treatment. 

Due to the presence of these casting defects, samples might be failed during 

processing at room temperature or lower temperature. While at higher 

temperature due to the dynamic recrystallization occurring in the processing 

material, the cast defects will be eliminated and samples could be processed 

without failure.  

3. Even though the as-cast material was given homogenization treatment after 

casting, the ductility of the alloys after homogenization was not improved 

significantly. This is identified from the tensile test results of the as-cast and 

homogenized samples of all three alloys (Fig. 4.56, 4.57 and 4.58) and brittle 

fracture mode was observed in all three alloys (Fig. 4.59, 4.62 and 4.65). Since 

deformability of the brittle material is very less at lower temperature, the samples 

were failed during processing at lower temperature.  

4. It is also noticed that, processing temperature of the alloy was increased with 

increase in the zinc content in the alloy. Increase in the zinc content in the alloy 

makes alloy more brittle. This could be identified from the tensile test results of 

the as-cast and homogenized samples of all three alloys (Fig. 4.56, 4.57 and 

4.58). Also, the hardness of the alloy increased with increase in the zinc content 

in the alloy (Fig. 4.50, 4.51 and 4.52). Increase in the zinc content in the alloy 

tends to increase the strain hardening capability of the alloy. Hence, it will be 

very difficult to process strain hardened material at lower temperature, 
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successfully. So processing temperature of the alloys is also increased with 

increase in the zinc content of the alloy.  

5.3 Microstructural analysis  

The Al-Zn-Mg alloy in as-cast condition exhibits a typical dendritic structure with 

precipitates in the inter-dendritic regions. This could be clearly observed in the OM 

micrographs (in Fig. 4.9(a), 4.21(a) and 4.31(a), respectively), SEM micrographs (in 

Fig. 4.10(a), 4.22(a) and 4.32(a), respectively) and in the TEM micrographs (in      

Fig. 4.11(a), 4.23(a) and 4.33(a), respectively). In all three alloys, large size dendrites 

were noticed. Similar type of microstructure was observed by Zhang et al. (2010) in 

cast Al-5Zn-1.6Mg alloy and by Suarez et al. (2009) in the cast Al-12Zn-6Mg alloy. 

They deduced that, precipitates in the inter-dendritic regions are metastable η' phase 

(MgZn2) precipitates. Since, as-cast material consists of dendrites and casting defects, 

they are brittle in nature and possess minimum ductility. Hence, they are not suitable 

for metal forming operations. To overcome this limitation, homogenization treatment 

was given to the as-cast samples at 480 ºC upto 20 hours. The homogenization 

temperature was selected by analysing the ternary phase diagram presented in        

Fig. 5.1. It is noticed that, the solvus temperature of all three alloys is less than       

475 ºC. Hence, the homogenization treatment was carried out at 480 ºC. At this 

temperature and time duration, dendritic structure was removed and precipitates in the 

inter-dendritic regions were almost dissolved in the aluminium matrix and grain 

boundaries were developed. Minor casting defects, like segregation were also 

avoided. In literature, similar type of homogenization treatment (temperature and 

time) was reported for different Al-Zn-Mg alloy compositions. Xu et al. (2003) 

reported that, homogenization treatment was carried out at 460 °C upto 16 hours for 

cast Al-11.5Zn-2.5Mg alloy. Nikulin et al. (2005) reported that, homogenization 

treatment was carried out at 410 °C upto 24 hours for cast Al-8.2Zn-2.1Mg alloy. In 

all three alloys, after homogenization treatment large size grains were developed. This 

could be clearly observed in the OM micrographs (in Fig. 4.9(b), 4.21(b) and 4.31(b), 

respectively), SEM micrographs (in Fig. 4.10(b), 4.22(b) and 4.32(b), respectively) 

and in the TEM micrographs (in Fig. 4.11(b), 4.23(b) and 4.33(b), respectively).  
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                    Al-5Zn-2Mg         Al-10Zn-2Mg     Al-15Zn-2Mg 

Figure 5.1 Al-Zn-Mg solvus line projection for identification of the 
homogenization temperature (ASM Handbook Vol 3 2004) 

5.3.1 Effect of zinc content on the microstructure and precipitates  

It is observed that, compared to Al-5Zn-2Mg alloy, quantity of precipitates developed 

is more in Al-10Zn-2Mg alloy. This is attributed to the increase in the zinc content 

from 5% to 10% in the alloy. Likewise, compared to Al-5Zn-2Mg and Al-10Zn-2Mg 

alloys the quantity of precipitates developed is more in Al-15Zn-2Mg alloy. This is 

owing to the increase in the zinc content to 15% in the alloy. The tendency for 

precipitate nucleation and growth was much more when the zinc content is increased 

in the alloy. Also, increase in the zinc content causes to increase the size of the 

precipitates. This could be clearly identified in TEM micrographs presented in       

Fig. 4.12(a), 4.24(a) and 4.34(a), respectively. From the XRD plots, it was perceived 

that, the intensity of MgZn2 peaks increased with increase in the zinc quantity in the 

alloy. This could be observed in Fig. 4.41(a), 4.44(a) and 4.47(a), respectively. The 

normalized intensity values for peaks corresponding to MgZn2 precipitates for all 

three alloys in as-cast condition are presented in Table A2-1 (Appendix – 2). This 
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confirms that when the zinc quantity in the alloy is increased, the amount of MgZn2 

precipitate in the alloy also increases. The effect of increase in the zinc content in the 

alloy could be observed even after ECAP processing. Mainly after ECAP processing, 

large quantity of precipitates could be observed.  

5.3.2 Effect of ECAP processing on the microstructural evolution 

 

Figure 5.2 Schematic of specimen rotation in route BC 

It is noticed that, in all three alloys, ECAP processing lead to significant grain 

refinement. In all three alloys, after first pass, elongated grains (also mentioned as 

shear bands or deformation bands) and few sub-grains were observed. After second 

pass, due to 90º rotation of the sample about its longitudinal axis (this could be 

identified in Fig. 5.2), shear bands developed in second pass slices the shear bands 

developed in the previous pass. This leads to form more sub-grains with increased 

dislocation density near the grain boundaries. The process of developing shear bands 

and sub grains were continued in the third and the fourth pass. They lead to 

development of more refined microstructure with a high density of dislocations and 

high angle of misorientation between the grains. Also, homogeneous and equiaxed 

microstructure was developed after third and fourth passes, which is attributed to the 

dynamic recrystallization occurred during ECAP at higher temperature and static 

recrystallization occurred during initial heating of the material. In the present work, 

route BC was employed. It may be noted that, in route BC deformation restores the 

equiaxed structure in each plane after every four consecutive passes and deformation 

will take place in all three planes (Furukawa et al. 2002). This could be identified in 

Fig. 2.4. Also, processing in route BC gives shearing over larger angular ranges by 

comparison with other processing routes (Furukawa et al. 2002). Also, route BC lead 

to formation of fine equiaxial grain structure which is attributed to different slip 
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planes activated with the sample rotation, producing a higher potential for the grain 

refinement (Terhune et al. 2002). This could be identified in Fig. 2.3.  

5.3.3 Effect of processing temperature on the microstructure evolution 

Kim et al. (2003) and Goloborodko et al. (2004) reported that optimal mechanical 

properties could be accomplished by processing the material at lowest possible 

temperature. In this regard, all three alloys were attempted to process at minimum 

possible temperature. As mentioned in the results, in the present work, Al-5Zn-2Mg 

alloy was successfully processed upto four passes in route BC without failure at      

150 ºC. But, only one pass was successful at 150 ºC in Al-10Zn-2Mg and                

Al-15Zn-2Mg alloy. At 200 ºC, all three alloys were successfully processed upto four 

passes in route BC without failure.  

From the OM, SEM and TEM micrographs, it is noted that, higher grain refinement 

was achieved in all three alloys when processed at 150 ºC compared to 200 ºC. In   

Al-5Zn-2Mg alloy, after four passes at 150 ºC, the grain size measured is 3 ± 2 μm. 

While, after four passes at 200 ºC, the grain size measured is 5 ± 3 μm. In                

Al-10Zn-2Mg alloy, after one pass at 150 ºC, the grain size measured is 60 ± 10 μm. 

While, after one pass at 200 ºC, the grain size measured is 75 ± 10 μm. In                

Al-15Zn-2Mg alloy, after one pass at 150 ºC, the grain size measured is 40 ± 10 μm. 

While, after one pass at 200 ºC, the grain size measured is 50 ± 15 μm. It is noticed 

that, in Al-5Zn-2Mg alloy, after four passes at 150 ºC, circles are more clear in the 

SAED pattern when compared to the SAED pattern after four passes at 200 ºC, 

indicating that, samples processed at 150 ºC possess more refined grains and higher 

fraction of high angle grain boundaries. This could be observed in Fig. 4.15(d) and 

4.19(d). Also, high density dislocations could be observed in the alloy processed at 

150 ºC compared to 200 ºC. So it is concluded that, in all three alloys, processing at 

150 ºC leads higher grain refinement followed by formation of large amount of 

dislocations and higher fraction of high angle grain boundaries. At higher 

temperature, recovery is faster. It leads to increasing annihilation of dislocations 

within the grains and a consequent decrease in the dislocation density. Hence, in the 

present work, in all three alloys, optimum microstructure was achieved at 150 ºC 



136 
 

compared to 200 ºC. It is noted that, even though, Al-10Zn-2Mg and Al-15Zn-2Mg 

alloys were possible to process only upto one pass at 150 ºC, the effect of increase in 

the processing temperature to 200 ºC on the microstructure could be observed.  

5.3.4 Precipitation in Al-Zn-Mg alloys 

The precipitation in the Al-Zn-Mg alloys is recognized to take place in the following 

sequence as  

Supersaturated solid solution (SSS) → Guinier-Preston (GP) zones → η' phase 

(intermediate metastable) → η phase (stable)    

GP zones normally forms in the temperature range from room temperature up to     

120 °C (Chinh et al. 2009) and they are coherent in nature. The intermediate 

metastable η' phase precipitates are semi-coherent in nature and they will form from 

the GP zones. The η' phase (MgZn2) is a metastable hexagonal structure                     

(a = 0.496 nm, c = 1.403 nm). The η phase precipitates are incoherent in nature and 

these will form from η' phase precipitates The equilibrium η phase (MgZn2), has the 

hexagonal structure (a = 0.5221 nm, c = 0.8567 nm); it is incoherent in nature (Chinh 

et al. 2009). It was also perceived that ECAP process promotes precipitation    

kinetics (Gubicza et al. 2007).  

5.3.5 Effect of ECAP processing on precipitate evolution 

It is mentioned in the results that, in all three alloys, in as-cast condition, rod or flake 

shaped precipitates were identified in the inter-dendritic regions (in Fig. 4.12(a), 

4.24(a) and 4.34(a), respectively). After homogenization, these precipitates were 

almost dissolved in the aluminium matrix (in Fig. 4.12(b), 4.24(b) and 4.34(b), 

respectively). It is noticed from the OM, SEM and TEM micrographs that, after 

ECAP processing precipitate growth were identified near the grain boundaries and 

grain interiors. It is noticed from the TEM micrographs that, ECAP processing lead to 

significant change in the morphology of the precipitates. In all three alloys, after 

ECAP processing, small spherical shaped precipitates were observed (in Fig. 4.16, 

4.20, 4.30 and 4.40, respectively). Also, the size of the precipitates was reduced with 

increase in the number of passes. Since, ECAP processing lead to development of 
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large amount of dislocations in the material and these dislocations acts as     

nucleation sites for precipitate formation (Zheng et al. 2002). Large amount of    

spherical shaped precipitation formation had taken place at this dislocation         

networks (Zheng et al. 2002).  

  

 
Figure 5.3 TEM micrographs showing the morphology and distribution of the 
precipitates in the Al-10Zn-2Mg alloy after four passes at 200 ºC (a) bright field 
micrograph, (b) dark field micrograph using g112 and (c) SAED pattern 
corresponding to MgZn2 precipitates   

Figure 5.3(a) shows the bright field TEM micrograph of the Al-10Zn-2Mg alloy after 

four passes at 200 ºC. It is noticed that, fine spherical shaped precipitates were present 

in the alloy. For the same condition, dark field TEM micrograph is presented in Fig. 

5.3(b). For this condition, SAED pattern is presented in Fig. 5.3(c). The SAED pattern 

suggests that the particles present in the alloy corresponds to MgZn2 precipitates.   

This confirms that, after four passes, presence of equilibrium η phase (MgZn2) 
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Figure 5.4 TEM-EDS analysis of the precipitates after four ECAP passes          
(a) Al-5Zn-2Mg alloy ECAP at 150 °C, (b) Al-5Zn-2Mg alloy ECAP at             
200 °C, (c) Al-10Zn-2Mg alloy ECAP at 200 °C and (d) Al-15Zn-2Mg             
alloy ECAP at 200 °C 
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precipitate in the alloy. Figure 5.4 shows the TEM-EDS analysis of the precipitates 

after four passes in Al-5Zn-2Mg, Al-10Zn-2Mg and Al-15Zn-2Mg alloys, 

respectively. EDS was carried out on both the matrix and the precipitates. It is 

presumed from the EDS examination that the matrix is composed of aluminium and 

precipitates present in the alloy is composed of zinc and magnesium. 

5.3.6 Effect of ECAP processing on XRD peak intensities     

In the XRD analysis, it is noticed that, as-cast and homogenized samples of all three 

alloys exhibited strong (111) peaks for aluminium (in Fig 4.41, 4.44 and 4.47, 

respectively). After first pass, the intensity of (111) peaks of aluminium was reduced 

(in Fig 4.42, 4.43, 4.46 and 4.49, respectively). This is owed to the grain refinement 

and change in the texture after the first pass. Even though the intensity of (111) peaks 

for aluminium increased after four passes, comparatively it is lesser than that in the       

as-cast condition. After ECAP processing, intensity of (200) peak for aluminium is 

bigger than remaining peaks of aluminium, thereby representing the occurrence of a 

strong texture in the aluminium matrix after ECAP processing. It is reported that, 

shear deformation occurring during the ECAP processing is expected to change the 

texture from the initial condition. Chowdhury et al. (2008) deduced that, after the first 

pass, the texture was deviated from the initial condition, and after six passes, texture 

gradually moves toward the initial condition. This may be the reason for change in the 

intensity of (111) and (200) peaks of aluminium during the course of ECAP 

processing. Gubicza et al. (2007) reported that changes in the texture occur due to 

changes in the dislocation density taking place during ECAP processing. Furukawa et 

al. (2002) reported that there is an interaction between the shear plane and the texture 

formed during ECAP.   

It is noticed that, in all three alloys, the intensity of the precipitate peaks increased 

with increase in the number of ECAP passes. This could be observed in Fig. 4.42, 

4.43, 4.46 and 4.49, respectively. Table A2-3, A2-4, A2-5 and A2-6 (Appendix 2) 

presents the normalized peak intensities for MgZn2 precipitates after ECAP 

processing in Al-5Zn-2Mg, Al-10Zn-2Mg and Al-15Zn-2Mg alloys, respectively. It is 

noticed that, the normalized intensity of the precipitate peaks is increased with 
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increase in the number of passes. This confirms that high density dislocations 

generated during ECAP processing acts as nucleation sites for precipitation. Large 

amount of precipitates developed at this locations lead to in increase the intensity of 

the precipitate peaks in the XRD plots.  

Compared to Al-5Zn-2Mg alloy high intensity precipitate peaks were observed in the 

Al-10Zn-2Mg alloy. Also, compared to Al-5Zn-2Mg and Al-10Zn-2Mg alloys high 

intensity precipitate peaks were observed in the Al-15Zn-2Mg alloy. This could be 

observed in the Table A2-3, A2-4, A2-5 and A2-6, respectively (Appendix 2). It is 

noticed that, the normalized intensity of the precipitate peaks increased with increase 

in the zinc content in the alloy. This suggests that, along with increase in the zinc 

content, ECAP processing lead to development of large amount of precipitates in the 

Al-15Zn-2Mg alloy compared to Al-5Zn-2Mg and Al-10Zn-2Mg alloys. This 

observation is confirmed through TEM micrographs of the alloys after four passes 

presented in Fig. 4.16(d), 4.20(d), 4.30(d) and 4.40(d), respectively.  

Processing temperature also has significant influence on the precipitate evolution 

during ECAP processing. It is noticed that, the intensity of the precipitate peaks are 

decreased with increase in the processing temperature from 150 ºC to 200 ºC. This 

could be observed in the XRD plots of the Al-5Zn-2Mg alloy presented in Fig. 4.42 

and 4.43. The normalized peak intensities for MgZn2 precipitates in Al-5Zn-2Mg 

alloy after ECAP processing at 150 ºC and 200 ºC is presented in Table A2-3 and   

A2-4, respectively (Appendix 2). It is noticed that, the normalized intensity of the 

precipitate peaks is decreased with increase in the processing temperature. This 

observation is confirmed through TEM micrographs of the alloys after four passes 

presented in Fig. 4.16(d) and 4.20(d), respectively.  

5.4 Effect of ECAP processing on the mechanical properties   

The results presented in the previous chapter shows that ECAP processing has 

positive effect on the mechanical properties of the material. In all three alloys, 

significant increase in the microhardness and strength was observed after ECAP 

processing. The increase in the microhardness and strength of the alloys after ECAP 

processing is attributed to different strengthening mechanisms. They are (i) grain 
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refinement strengthening (ii) strain or work hardening effect and (iii) precipitation 

strengthening. To understand the effect of each mechanism, these mechanisms are 

discussed here 

(i) Grain refinement strengthening: In this case, coarse grains are cut by 

different shear bands directly into fine grains and also by the formation of high 

angle grain boundaries. Formation of fine grains by the intersection of shear 

bands could be identified in the TEM micrographs presented in Fig. 4.15, 4.19, 

4.29 and 4.39. The SAED patterns included in the TEM micrographs indicates 

that, misorientations across the grain boundaries are increased with increase in 

the number of passes.  

(ii) Strain or work hardening effect: The major advantage of ECAP processing is 

the possibility of multiple passes, so the same level of strain can be accumulated 

in each pass through the die. During processing, shear deformation will takes 

place. Dislocation networks formed during shearing deformation improves the 

strength of the material. Since the moving dislocations are enforced to slice the 

regions of high dislocation density, with increase in the amount of strain, group 

of tangles gradually grows into sub-grain boundaries. With increase in the 

plastic strain, misorientation and sharpening of these sub-grains take place with 

respect to the neighbouring sub-grains (Zheng et al. 2002).  

(iii) Precipitation strengthening: Since, ECAP processing lead to development of 

large amount dislocations in the material and these dislocations acts as 

nucleation sites for precipitation (Zheng et al. 2002). Large amount of fine 

spherical shaped precipitation had taken place at these dislocation networks. 

Also, these precipitates are homogenously distributed in the alloy. This could be 

clearly identified in TEM micrographs shown in Fig. 4.16(d), 4.20(d), 4.30(d) 

and 4.40(d).  

In all three alloys, large improvement in the microhardness and strength was 

perceived in the first pass compared to later passes. Similar observation was perceived 

by Kim et al. (2008) in 7075 Al alloy, Zheng et al. (2006) in Al 7050 alloy and by 

Shaeri et al. (2016) in Al 7075 alloy. This is owing to the substantial grain refinement 
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occurred in the first pass compared to later passes. After first pass formation of large 

quantity of sub-grains and deformation bands within the large sized grains could be 

identified in the OM and TEM micrographs. Shaeri et al. (2014) reported that, 

maximum mechanical properties are achieved when the microstructure mainly 

consists of η' phase precipitates in Al 7075 alloy. The η' phase precipitates nucleates 

at the initial ECAP passes compared to subsequent ECAP passes. Due to this, increase 

in the strength and microhardness is much more during initial ECAP passes. Also, 

after the second pass there is no significant increase in the microhardness and strength   

was observed.  

In Al-5Zn-2Mg alloy ECAP processed at 150 ºC, after the third pass, decrease in the 

microhardness was observed. The decrease in the microhardness of the material after 

third pass is attributed to the reduction in the dislocation density of the material due to 

dynamic recrystallization occurred during ECAP processing at high temperature and 

static recrystallization occurred due to preliminary heating of the specimen. Large 

amount of defects generated and accumulated during first two passes, must have 

promoted some amount of static recrystallization during preliminary heating done for 

the third pass. The decrease in the hardness of the material is also attributed to the 

texture modification occurred during ECAP processing. Hardness and strength of the 

material could be increased by decreasing the grain size if the texture is not much 

affected. Changes in the texture of the material could be observed from the variation 

in the intensities of the XRD plots shown in Fig. 4.41 and 4.42. Changes in the 

relative intensities of different peaks for the aluminium in Al-5Zn-2Mg alloy before 

and after ECAP processing at 150 ºC is presented in Table A2-7 (Appendix 2). It is 

noticed that, as-cast and homogenized samples possess strong intensity of (111) peak 

of aluminium before ECAP processing. After ECAP processing the intensity (111) 

peak of aluminium was reduced. Also, intensity of (200) and (220) peaks of 

aluminium were increased after ECAP processing. So it could be deduced that, shear 

deformation happening during ECAP processing leads to modification in the texture 

of the material. Chowdhury et al. (2008) reported that deviation in the texture in 

ECAP processed Al 7034 alloy. Shaeri et al. (2014) reported that, maximum 

mechanical properties are achieved when the microstructure mainly consists of          

η' phase precipitates in Al 7075 alloy. Xu et al. (2005) reported that, dissolution of the 



143 
 

metastable η' phase during ECAP processing at higher temperature lead to decrease in 

the mechanical properties of the Al 7034 cast alloy. Results in the present study is 

consistent with the observations made in earlier reports from Shaeri et al. (2014) and 

Xu et al. (2005). From TEM and XRD analysis it is deduced that with increase in    

the number of passes η' phase transformed to η phase. This may also be the        

reason for reduction in the hardness of the alloy after third pass. Muralidhar et          

al. (2013) reported a decrease in the hardness after third pass in the ECAP processed 

AZ31 magnesium alloy. It is deduced that this is attributed to the softening of the 

material due to changes occurring in the texture of the material during ECAP 

processing. Gopi et al. (2016) reported a decrease in the hardness after third pass in 

the ECAP processed AM70 magnesium alloy. It is attributed to the dynamic 

recrystallization occurring during ECAP at higher temperature and obstruction of the 

new grains to strain-hardening.   

Also, in Al-5Zn-2Mg alloy ECAP processed at 150 ºC, after the third pass small 

decrease in the UTS was observed. Since, hardness is interdependent on the strength 

of the material, UTS of the material also decreased after third pass. A model was 

developed by Lukáč and Balík (1994) to estimate the extent to which the softening 

and hardening mechanisms are possible during plastic forming of the materials. 

According to the model, the hardening happens if dislocation density increases due to 

the generation of forest dislocations and obstacles. In contrast, softening happens if 

dislocations migrate due to the dislocation climb and cross slip. Also, increase in 

temperature may facilitate dislocation climb and cross slip.  

5.4.1 Effect of ECAP processing on the elongation to failure  

It is observed that, as-cast and homogenized samples of all three alloys showed very 

poor ductility. Fang et al. (2006) reported that, in as-cast condition, plastic 

deformation was difficult during tensile test. This is due to the presence of dendritic 

structure and defects such as micro-porosities (Purcek et al. 2009). Pourbahari et      

al. (2018) reported that, due to the presence of dendritic structure, defects such as 

inclusions and porosity lead to decrease in the tensile strength and ductility in AZ61 

and GZ61 magnesium alloy in as-cast condition. Also, in as-cast condition, due to 
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segregation of the precipitates in the inter-dendritic regions lead to decrease in the 

ductility of the alloy. On the contrary, in all three alloys, after ECAP processing, 

substantial increase in the elongation to failure of the material was perceived. Increase 

in the elongation to failure after ECAP processing is attained due to the development 

of homogeneous and refined microstructure. Also, increase in the elongation to failure 

with the ECAP passes was due to the transformation of the material from brittle 

nature to ductile nature. Purcek et al. (2009) deduced that, increase in the elongation 

to failure after ECAP processing is attained due to the development of homogeneous 

and refined microstructure; and due to the reduction of cast defects (micro-porosities). 

It could be noted that, after ECAP processing along with increase in the strength of 

the material, ductility of the alloys was also increased, which is also a required 

property for engineering materials. This observation is consistent with the earlier 

observations in cast Al-11Si alloy processed in rotary die ECAP (Ma et al. 2005) and 

cast Al-3Cu processed by ECAP (Aal 2011). Duan et al. (2010) reported that, increase 

in both the strength and ductility was also observed in Al-Zn-Mg alloys processed by 

ECAP upto four passes. Saray and Purcek (2009) reported that, ECAP processing lead 

to an increase in the strength and ductility in the cast Al–40Zn alloy.  

5.4.2 Effect of zinc content on the mechanical properties   

In all three alloys, microhardness and strength of the material increased with increase 

in the zinc content in the alloy. This is attributed to strengthening due to the increase 

in the formation of second phase in the material. Addition of more zinc to the alloy 

increased the dislocation density in the material; thereby strength of the alloy also 

increased. Chinh et al. (2017) reported that, the dislocation density increased with 

increase in the zinc concentration in the cast Al–Zn alloys, due to the pinning effect of 

zinc on dislocations. Chinh et al. (2017) also reported that, the strength of the alloy 

increased by increasing the zinc content in the cast Al–Zn alloy, when the zinc 

content in the alloy was up to 10–15%. But the strength of the alloy was decreased, 

when the zinc content in the alloy was increased to 30%. Similar type of observations 

was made by Mahallawy et al. (2009) in Al–Cu alloy, the strength of the material 

increased with increase in the copper content.  
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Figure 5.5 Variation in the microhardness with the ECAP passes for different 
alloy composition and processing temperature  

 

 
Figure 5.6 Variation in the UTS with the ECAP passes for different alloy 
composition and processing temperature  
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Figure 5.7 Variation in the elongation to failure with the ECAP passes for 
different alloy composition and processing temperature 

The elongation to failure of the alloy decreased with increase in the zinc content. This 

shows that ductility of the alloy decreased with increase in the zinc content. Since, 

increase in the zinc content in the alloy causes to increase in the dislocation density in 

the material, it lead to decrease in the ductility of the material (Chinh et al. 2017).  

Even after ECAP processing, the microhardness and strength of the Al-10Zn-2Mg 

alloy is more compared to Al-5Zn-2Mg alloy. This could be observed in Fig. 5.5 and 

5.6. This is attributed to the presence of more number of fine sized precipitates in     

Al-10Zn-2Mg alloy compared to Al-5Zn-2Mg alloy. Likewise, the microhardness and 

strength of the Al-15Zn-2Mg alloy is more compared to Al-5Zn-2Mg and                

Al-10Zn-2Mg alloy. This could be observed in Fig. 5.5 and 5.6. This is attributed to 

the presence of more number of fine sized precipitates in Al-15Zn-2Mg alloy 

compared to Al-5Zn-2Mg alloy. These differences could be observed in TEM 

micrographs presented in Fig. 4.20, 4.30 and 4.40.  

Even though, after ECAP processing elongation to failure of the material increased, it 

decreased with increase in the zinc content in the alloy, even after ECAP processing. 
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This could be observed in Fig. 5.7. As mentioned earlier, increase in the zinc content 

in the alloy causes to increase dislocation density in the material which leads to 

decrease in the ductility of the material. Hence, even after ECAP processing, 

elongation to failure of the material decreased with increase in the zinc content in the 

alloy.   

5.4.3 Effect of processing temperature on the mechanical properties 

The effect of increase in the processing temperature on the microhardness and 

strength could be clearly identified in Fig. 5.5 and 5.6. Even though, Al-10Zn-2Mg 

and Al-15Zn-2Mg alloys were possible to process only upto one pass at 150 ºC, the 

effect of processing at lowest temperature could be easily identified. It is observed 

that, in all three alloys higher mechanical properties was achieved when the alloys 

were processed at lowest temperature. This is attributed to the presence of finer    

grain size, large amount of dislocation density and higher fraction of high angle   

grain boundaries between the grains in the alloy when processed at 150 ºC compared 

to the 200 ºC.     

The effect of increase in the processing temperature on the elongation to failure of the 

alloy could be clearly identified in Fig. 5.7. It is observed that, elongation to failure of 

the alloy increased when the processing temperature was increased. Since, the alloy 

processed at 200 ºC possess larger grains with less dislocation density and less 

fraction of high degree of misorientations between the grains compared to the alloy 

processed at 150 ºC. Subsequently, the alloy having larger grains with less dislocation 

density and less fraction of high degree of misorientations between the grains possess 

higher ductility. Hence, higher level elongation to failure was perceived in the alloy 

processed at 200 ºC compared to the alloy processed at 150 ºC. Even though,          

Al-10Zn-2Mg and Al-15Zn-2Mg alloys were possible to process only upto one pass at 

150 ºC, the effect of increase in the processing temperature to 200 ºC on the 

elongation to failure could be observed.  
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5.4.4 Effect of ECAP processing on the fracture mode and fracture surface 

morphology of the tensile test samples   

In all three alloys, in the as-cast and homogenized tensile test samples, brittle fracture 

mode was perceived. The fracture could be explained by the distribution of the second 

phase particles. In as-cast condition, the second phase particles were distributed along 

the dendritic structures. These second phase particles obstructed the deformation of 

grains during the tensile test. The second phase particles while disengaging from the 

dendritic structures initiated micro-cracks, which grew continuously to initiate the 

macro-crack, leading to fracture. Therefore, the fracture has occurred normal to the 

loading direction (Fang et al. 2006). The schematic of brittle fracture mode could be 

seen in Fig. 5.8(a). The fracture surfaces of as-cast samples were composed of 

dendritic structure and micro-porosities. These dendrites are directly related to the 

dendritic structure observed in the microstructure of the as-cast samples. Also, the 

fracture surfaces of the homogenized samples were composed of large sized dimples. 

These large sized dimples are directly related to the large sized grains observed in the 

microstructure of the homogenized samples. 

 
Figure 5.8 Illustration of fracture modes (a) brittle fracture mode and               
(b) ductile fracture mode (Fang et al. 2006)      

After first pass, the fracture mode was transformed to shear mode with a fracture 

angle approximately equal to 45º with respect to the tensile axis. This was due to 

strong strain-hardening effect during ECAP processing (Fang et al. 2007). Since, with 
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the increase in the ECAP passes, degree of strain-hardening gradually increases, the 

fracture appearance continued to show the shear fracture mode. In the ECAP 

processed samples, due to intense shearing, the second phase particles will fragment 

in the shear plane. Normally, the plane containing second phase particles were 

weaker. Consequently, fracture would occur in the shear plane during tensile testing 

of ECAP processed samples (Fang et al. 2006). Hence, samples subjected to ECAP 

processing always failed in a shear fracture mode in tensile testing. The schematic of 

shear fracture mode could be seen in Fig. 5.8(b). After ECAP processing, the dimple 

size decreased and showed a homogeneous distribution across the fracture surfaces. 

The reduction in the dimple size was attributed to the reduction in the grain size. 

Similar observations were reported in the previous works carried on cast aluminium 

and cast Al–Cu alloy by Aal et al. (2010), and Al–Zn alloy by Saray and Purcek 

(2009). Vinogradov et al. (2005) stated that, the continuous reduction in dimple size 

could be related to grain refinement as well as strain hardening and the fragmentation 

of the second phase particles caused by ECAP.  

The processing temperature also has considerable effect on the size of the dimples on 

the fracture surfaces. It is noticed that, in all three alloys, smaller size dimples were 

perceived in the samples ECAP processed at 150 ºC compared to samples ECAP 

processed at 200 ºC. This could be clearly identified in SEM micrographs of the 

fracture surfaces. This is attributed to the finer size grains obtained in the alloy when 

processed at 150 ºC compared to the alloys processed at 200 ºC. Even though,         

Al-10Zn-2Mg and Al-15Zn-2Mg alloys were possible to process only upto one pass at 

150 ºC, the effect of increase in the processing temperature to 200 ºC on the dimple 

size could be clearly identified.  

5.5 Effect of ECAP processing on the wear properties   

In all three alloys, ECAP processed samples exhibits better wear resistance than the 

as-cast and homogenized samples. Also, wear resistance of the alloy increased with 

increase in the ECAP passes. Improvement in the wear resisting capability of the 

material after ECAP processing is attributed to the reduced grain size and 
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enhancement in the hardness of the material during ECAP processing. This is related 

to Archard’s relation (Archard 1953):  

         푉 = 퐾             (Eq. 5.1)   

Where, K is the wear coefficient, related to ductility of the material, L is the total 

sliding distance, F is the load applied, H is the hardness of the specimen and V is the 

wear loss in volume. According to Archard’s equation, for materials with sufficient 

ductility, wear is inversely proportional to the strength and hardness of the material. 

Generally, cast materials are brittle in nature and for brittle materials K value is higher 

leading to reduction in the wear resistance. It is noted that, for Al-5Zn-2Mg alloy 

ECAP processed at 150 ºC, the microhardness and strength of the alloy slightly 

decreased after third ECAP pass, but the wear resistance of the alloy was not 

decreased after third pass. According to Archard’s law, the major factor affecting the 

wear resistance is the ductility of the material. Since the ductility of the alloy was not 

decreased after third ECAP pass; the wear resistance was not decreased after the third 

ECAP pass.  

In all three alloys, amongst all cases of the load and sliding speed, wear mass loss is 

highest in as-cast condition and lowest in four ECAP pass sample. It is attributed to 

the smallest grain size observed after four ECAP passes. Purcek et al. (2014) deduced 

that, increase in the wear resistance of the alloy after ECAP processing is attributed to 

the grain boundary strengthening, refined grain size, high density dislocations and 

strain hardening in the ECAP processed material. Also, improvement in the wear 

resisting capability of the material could be attributed to the uniform fragmentation of 

η phase precipitates in the matrix during ECAP processing.  

In all three alloys, coefficient of friction of the ECAP processed samples is lower than 

the as-cast and homogenized samples. In all cases of the load and the sliding speed, 

the coefficient of friction is highest in as-cast condition and lowest in four ECAP pass 

samples. Decrease in the coefficient of friction after ECAP processing is owing to the 

decrease in the grain size and enhancement in the hardness of the material (Gao and 

Cheng 2008). In all three alloys, thorough examination revealed that fluctuation in 

coefficient of friction is more in as-cast samples and fluctuation got reduced with 
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increase in the number of ECAP passes. This could be attributed to nonhomogeneous 

as-cast structure initially, which got refined and became homogenous microstructure 

during ECAP processing.  

5.5.1 Effect of zinc content on the wear properties 

It is noted that, for the same load and the sliding speed, Al-10Zn-2Mg alloy possess 

better wear resistance than Al-5Zn-2Mg alloy. This could be identified in Fig. 5.9, 

5.10, 5.11 and 5.12. Similarly, for the same load and the sliding speed Al-15Zn-2Mg 

alloy possess better wear resistance than Al-5Zn-2Mg and Al-10Zn-2Mg alloy. This 

could be identified in Fig. 5.9, 5.10, 5.11 and 5.12. Increase in the wear resistance of 

Al-10Zn-2Mg alloy compared to Al-5Zn-2Mg alloy and increase in the wear 

resistance of Al-15Zn-2Mg alloy compared to Al-5Zn-2Mg and Al-10Zn-2Mg alloy is 

attributed to increased zinc content. Increase in the zinc content lead to increase in the 

quantity of MgZn2 precipitates in the material. When MgZn2 precipitate formation in 

the material is increased hardness of the material also increased, which lead to 

increase in the wear resistance of the alloy. Hence, it is deduced that, increase in      

the zinc quantity in the material increases wear resistance in Al-10Zn-2Mg and             

Al-15Zn-2Mg alloys.  

Even after ECAP processing, wear resistance of the Al-10Zn-2Mg alloy is more 

compared to Al-5Zn-2Mg alloy. This could be identified in Fig. 5.9, 5.10, 5.11 and 

5.12. This is attributed to the presence of more number of fine sized precipitates in 

Al-10Zn-2Mg alloy compared to Al-5Zn-2Mg alloy. Likewise, wear resistance of the 

Al-15Zn-2Mg alloy is more compared to Al-5Zn-2Mg and Al-10Zn-2Mg alloy. This 

could be identified in Fig. 5.9, 5.10, 5.11 and 5.12. This is attributed to the presence 

of more number of fine sized precipitates in Al-15Zn-2Mg alloy compared to          

Al-5Zn-2Mg alloy. Hence, it is deduced that, both increase in the zinc quantity in the 

material and ECAP processing contribute to the increased wear resistance in           

Al-15Zn-2Mg alloy. 

It is noticed that, for the same load and the speed, Al-10Zn-2Mg alloy possess low 

coefficient of friction than Al-5Zn-2Mg alloy. This is attributed to the highest 

hardness perceived in Al-10Zn-2Mg alloy compared to Al-5Zn-2Mg alloy. This could 
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Figure 5.9 Wear mass loss of the alloys at different conditions after wear tests 
carried out at 20 N load and at 1 m/s sliding speed 

 

Figure 5.10 Wear mass loss of the alloys at different conditions after wear tests 
carried out at 20 N load and at 2 m/s sliding speed 
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Figure 5.11 Wear mass loss of the alloys at different conditions after wear tests 
carried out at 40 N load and at 1 m/s sliding speed 

 

Figure 5.12 Wear mass loss of the alloys at different conditions after wear tests 
carried out at 40 N load and at 2 m/s sliding speed 
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Figure 5.13 Coefficient of friction of the alloys at different conditions after wear 
tests carried out at 20 N load and at 1 m/s sliding speed 

 

Figure 5.14 Coefficient of friction of the alloys at different conditions after wear 
tests carried out at 20 N load and at 2 m/s sliding speed 
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Figure 5.15 Coefficient of friction of the alloys at different conditions after wear 
tests carried out at 40 N load and at 1 m/s sliding speed 

 

Figure 5.16 Coefficient of friction of the alloys at different conditions after wear 
tests carried out at 40 N load and at 2 m/s sliding speed 
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be identified in Fig. 5.13, 5.14, 5.15 and 5.16. Similarly, for the same load and the 

speed, Al-15Zn-2Mg alloy possess low coefficient of friction than Al-5Zn-2Mg and 

Al-10Zn-2Mg alloys. This could be identified in Fig. 5.13, 5.14, 5.15 and 5.16. This is 

attributed to the highest hardness perceived in Al-15Zn-2Mg alloy compared to       

Al-5Zn-2Mg and Al-10Zn-2Mg alloy. Even after ECAP processing, in all cases, 

lowest coefficient of friction was observed in Al-15Zn-2Mg alloy compared to        

Al-5Zn-2Mg and Al-10Zn-2Mg alloys. This is attributed to the highest hardness 

perceived in Al-15Zn-2Mg alloy compared to Al-5Zn-2Mg and Al-10Zn-2Mg alloys 

after ECAP processing.  

5.5.2 Effect of processing temperature on the wear properties 

It is noted that, in all three alloys, samples ECAP processed at 150 ºC exhibits better 

wear resistance compared to samples ECAP processed at 200 ºC. This could be 

identified in Fig. 5.9, 5.10, 5.11 and 5.12. This is owing to the smallest grain size and 

highest hardness achieved during ECAP processing at 150 ºC compared to ECAP 

processing at 200 ºC. Also, samples ECAP processed at 150 ºC exhibits slightly lesser 

coefficient of friction compared to samples ECAP processed at 200 ºC. This could be 

identified in Fig. 5.13, 5.14, 5.15 and 5.16. This is owing to the smallest grain size 

and highest hardness achieved during ECAP processing at 150 ºC compared to ECAP 

processing at 200 ºC.   

5.3.3 Effect of ECAP processing on the wear mechanisms  

It is observed that, in the as-cast condition of all three alloys, abrasive wear 

mechanism was perceived both at lower and higher load conditions. In the 

homogenized conditions of the Al-5Zn-2Mg and Al-10Zn-2Mg alloys, abrasive wear 

mechanism was perceived both at lower and higher load conditions. But, in the 

homogenized sample of Al-15Zn-2Mg alloy, adhesive wear was noticed at lower 

load. Even though, adhesive wear was observed in the homogenized sample of        

Al-15Zn-2Mg alloy, the effect of abrasive wear is more compared to adhesive wear. 

This is attributed to the highest microhardness and strength in the homogenized 

condition of the Al-15Zn-2Mg alloy, compared to that in Al-5Zn-2Mg and              
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Al-10Zn-2Mg alloys, after homogenization. But, during higher load condition,   

similar to the Al-5Zn-2Mg and Al-10Zn-2Mg alloys, abrasive wear mechanism      

was perceived in the Al-15Zn-2Mg alloy, after homogenization.  

In the ECAP processed samples of all three alloys, at lower load and lower sliding 

speed condition, adhesive wear was observed. Purcek et al. (2010) reported that, the 

presence of adhesive wear in the ECAP processed samples is attributed to the 

enhancement in the deformability after ECAP processing. While, at higher load and 

higher sliding speed conditions, abrasive wear was observed in the ECAP processed 

samples of all three alloys. 

Since, aluminium possess high tendency towards oxidation. This character of 

aluminium plays a vital role in wear behaviour of the alloy. In the EDS analysis of the 

ECAP processed samples of all three alloys, at lower load and lower sliding speed 

conditions, presence of oxygen was observed in the adhered debris. The presence of 

oxygen proves the formation of the oxide layers on the worn surfaces. Since, the 

hardness of the alloy is increased after ECAP processing, the load applied is not 

sufficient to remove the oxide layer which causes decrease in the wear rate. 

Consequently wear rate is very less in the ECAP processed samples compared to     

the as-cast and the homogenised samples. Since the hardness of the ECAP processed 

samples increased with increase in the number of ECAP passes, the effect of 

oxidation wear also increased with increase in the number of ECAP passes.    

Decrease in wear rate due to the presence of oxidation wear in ECAP processed 

samples is consistent with earlier observations on ECAP processed AZ31 magnesium    

alloy (Xu et al. 2013).   

Also in the EDS analysis, the existence of Fe was observed. The existence of Fe 

shows that the movement of the Fe particles from the disc to the sample surface. The 

movement of the Fe particles from the disc to the sample is attributed to the 

enhancement in hardness of the sample after ECAP processing. The movement of the 

Fe particles from the disc to the sample is consistent with earlier observations on 

ECAP processed cast Al-Cu alloy (Ibrahim et al. 2010). Since the hardness of the 

ECAP processed samples increased with increase in the number of ECAP passes, the 
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amount of movement of the Fe particles from the disc to the sample surface also 

increased with increase in the number of ECAP passes.    

In the ECAP processed samples of all three alloys, at higher load and higher sliding 

speed conditions, only abrasive wear was observed. But, the severity of the wear was 

reduced compared to the as-cast and homogenized conditions. This is due to increase 

in the hardness after ECAP processing. Also, at higher load and higher sliding speed 

conditions, formation of oxide layer was not observed. Since, in this case, the load 

applied is more, it removes the oxide layer leading to metal to metal contact which 

causes increase in the wear rate. Also, at higher load and higher sliding speed worn 

debris might have left the sliding surfaces. The traces of Fe observed is also 

comparatively less. This may be due the fact that at higher load and at higher sliding 

speed; Fe particles might have left the sliding surface.   

It is noted that, at higher load and higher sliding speed, worn surfaces of ECAP 

processed Al-10Zn-2Mg alloy were less damaged compared to the ECAP processed 

Al-5Zn-2Mg alloy. This is credited to higher hardness and strength of the ECAP 

processed Al-10Zn-2Mg alloy compared to the ECAP processed Al-5Zn-2Mg alloy. 

Likewise, worn surfaces of the ECAP processed Al-15Zn-2Mg alloy were less 

damaged compared to the ECAP processed Al-5Zn-2Mg and Al-10Zn-2Mg alloys. 

This is credited to higher hardness and strength of the ECAP processed Al-15Zn-2Mg 

alloy compared to the ECAP processed Al-5Zn-2Mg and Al-10Zn-2Mg alloys.  

It should be noted that, in the as-cast and homogenized conditions of all three alloys, 

oxidation effect was not observed even at lower load and lower sliding speed 

conditions. Since, the microhardness of the as-cast and homogenized samples is less 

compared to ECAP processed samples, the load applied was sufficient to remove the 

oxide layer which leads to metal to metal contact, causing increase in the wear rate. 

Consequently in the as-cast and homogenized samples, the oxidation effect was not 

observed.  
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CHAPTER 6     

CONCLUSIONS  

In the present work, cast Al-5Zn-2Mg, Al-10Zn-2Mg and Al-15Zn-2Mg alloys were 

processed by ECAP in a die having an internal angle between two channels (Φ) of 

120º. The processing was carried out in route BC. All three alloys were attempted to 

process at minimum possible temperature. Microstructural characterization was 

carried out at each stage processing. Mechanical properties were assessed before and 

after ECAP processing. Fracture mode and fracture surface morphologies of the 

tensile test samples of the processed and unprocessed materials were studied. Wear 

properties were evaluated before and after ECAP processing. Wear mechanisms 

involved in the processed and unprocessed materials were investigated. Based on the 

experimental results obtained and the discussion presented the following conclusions 

are drawn:  

1) The Al-5Zn-2Mg alloy was successfully processed at 150 ºC upto four  passes, 

while the Al-10Zn-2Mg and Al-15Zn-2Mg alloys were processed only upto one 

pass at 150 ºC. All three alloys were successfully processed upto four passes at 

200 ºC.  

2) In as-cast condition, all three alloys were composed of dendrite structure      

with a dendritic spacing of 200 ± 20 μm, 280 ± 40 μm and 200 ± 20 μm in     

Al-5Zn-2Mg, Al-10Zn-2Mg and Al-15Zn-2Mg alloys, respectively. Also, in   

as-cast condition, rod shaped η' (MgZn2) precipitates were observed in all three 

alloys. With increase in the zinc content in the alloy, size and quantity of the 

precipitates also increased.  

3) After homogenization, large grains of size 180 ± 20 µm, 260 ± 20 µm and     

180 ± 18 µm was observed in Al-5Zn-2Mg, Al-10Zn-2Mg and Al-15Zn-2Mg 

alloys, respectively. Also, after homogenization, in all three alloys, precipitates 
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segregated along the inter-dendritic regions were almost dissolved in the 

aluminium matrix.  

4) After ECAP processing, significant grain refinement was observed in all three 

alloys. After four passes at 150 ºC, the grain size of the Al-5Zn-2Mg alloy    

was decreased to 3 ± 2 μm. After four passes at 200 ºC, the grain size of the   

Al-5Zn-2Mg alloy was decreased to 5 ± 3 μm. After one pass at 150 ºC, the 

grain size of the Al-10Zn-2Mg alloy was decreased to 60 ± 10 μm. After       

four passes at 200 ºC the grain size of the Al-10Zn-2Mg alloy was decreased    

to 8 ± 5 μm. After one pass at 150 ºC, the grain size of the Al-15Zn-2Mg alloy 

was decreased to 40 ± 10 μm. After four passes at 200 ºC the grain size of the 

Al-15Zn-2Mg alloy was decreased to 10 ± 5 μm.  

5) In all three alloys, after first pass, GP zones and metastable η' phases were 

observed. With increase in the number of passes, η' phase precipitates were 

transformed into stable η phase precipitates. After four passes, stable η phase 

precipitate was observed. Also, after four passes, high density dislocations with 

high fraction of high angle grain boundaries between the grains were observed. 

After ECAP processing, spherical shaped precipitates were observed.  

6) Microhardness and strength of the alloy increased with increase in the           

zinc content in the alloy. In as-cast condition, microhardness of 90 ± 8 Hv,    

144 ± 8 Hv and 173 ± 7 Hv was observed in Al-5Zn-2Mg, Al-10Zn-2Mg and 

Al-15Zn-2Mg alloys, respectively. In as-cast condition, UTS of 120 ± 12 MPa, 

140 ± 10 MPa and 166 ± 12 MPa was observed in Al-5Zn-2Mg, Al-10Zn-2Mg 

and Al-15Zn-2Mg alloys, respectively. The elongation to failure of the alloy 

was decreased with increase in the zinc content in the alloy. In as-cast condition, 

elongation to failure of 2.2 ± 0.4%, 1.8 ± 0.4% and 1.3 ± 0.3% was observed in 

Al-5Zn-2Mg, Al-10Zn-2Mg and Al-15Zn-2Mg alloys, respectively. 

7) Microhardness, strength and elongation to failure of the alloys were increased 

with increase in the ECAP passes. But, significant improvement in the 

microhardness and strength was perceived in the first pass compared to later 

passes, which is attributed to the substantial grain refinement occurred in        

the first pass compared to later passes. Compared to the Al-5Zn-2Mg             
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and Al-10Zn-2Mg alloys better mechanical properties were observed in                

Al-15Zn-2Mg alloy.   

8) Microhardness and strength of the alloys were decreased with increase in the 

processing temperature. After four passes at 150 ºC, the microhardness of the 

Al-5Zn-2Mg alloy increased to 200 ± 4 Hv, the UTS of the Al-5Zn-2Mg alloy is 

increased to 282 ± 8 MPa. While, after four passes at 200 ºC, the microhardness 

of the Al-5Zn-2Mg alloy increased to 188 ± 4 Hv. The UTS of the Al-5Zn-2Mg 

alloy is increased to 266 ± 6 MPa. The elongation to failure of the alloys was 

increased with increase in the processing temperature. After four passes            

at 150 ºC, the elongation to failure of the Al-5Zn-2Mg alloy is increased to   

11.2 ± 0.3%. While, after four passes at 200 ºC, the elongation to failure of the 

Al-5Zn-2Mg alloy is increased to 12.1 ± 0.4%. 

9) In all three alloys, in the as-cast and homogenized conditions, brittle fracture 

mode was perceived in tensile test samples. While, in the ECAP processed 

samples, shear fracture mode was perceived. The tensile fracture surfaces of the 

as-cast samples were composed of dendritic structure and micro-porosities. 

While, tensile fracture surfaces of the homogenized samples were composed of 

large size and deep dimples. The tensile fracture surfaces of the ECAP 

processed samples were composed of small size dimples. Also, the sizes of the 

dimples were reduced with increase in the number of passes.  

10) Wear resistance of the alloys increased with increase in the zinc content. While, 

coefficient of friction of the alloys decreased with increase in the zinc content. 

Wear resistance of the alloy increased with increase in the number of ECAP 

passes. While, coefficient of friction of the alloy decreased with increase in 

number of the ECAP passes. In all conditions, highest wear resistance was 

observed in Al-15Zn-2Mg al1oy compared to other two alloys. 

11) In all three alloys, in the as-cast and homogenized conditions, abrasive wear 

mechanism was observed both at lower and higher loads. While, in the ECAP 

processed samples, only at higher load abrasive wear mechanism was observed. 

At lower load, adhesive and oxidation wear mechanism was observed in the 

ECAP processed samples of all three alloys.  
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12) In all three alloys, in the ECAP processed samples, at lower load movement of 

the Fe particles from the disc to the sample surface was observed. Also, 

movement of the Fe particles from the disc to the sample surface increased with 

subsequent ECAP passes. This is attributed to the increase in the hardness of the 

alloys after ECAP processing.     

Scope for the future work    

Currently, Al-Zn-Mg alloys with varying zinc content were ECAP processed. 

Microstructural studies were carried out and the effect of ECAP processing on 

hardness and strength were studied. Fracture analysis was carried out on tensile test 

samples. Mainly, wear properties were assessed. Apart from these observations, the 

following techniques could be studied for further understanding the effect of    

varying the zinc content in Al-Zn-Mg alloys, processed using ECAP technique.   

1) Electron back scattered diffraction (EBSD) analysis and texture analysis could be 

carried out to understand the texture modification involved in the ECAP 

processed materials.  

2) Impact and creep behaviour of these alloys before and after ECAP processing 

could be studied. Also, effect of zinc content on the impact and creep properties 

could be explored. 

3) Corrosion properties of these alloys before and after ECAP processing could be 

studied. Also, effect of zinc content, high angle grain boundaries and precipitate 

produced during ECAP processing on the corrosion behaviour could be 

identified.   
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APPENDIX I: SAED PATTERNS  

  

Figure A1-1 SAED patterns of the Al-5Zn-2Mg alloy (a) as-cast and                   
(b) homogenized 

  

  
Figure A1-2 SAED patterns of the Al-5Zn-2Mg alloy ECAP processed at 150 ºC 
(a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  
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Figure A1-3 SAED patterns of the Al-5Zn-2Mg alloy ECAP processed at 200 ºC 
(a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  

 

  

Figure A1-4 SAED patterns of the Al-10Zn-2Mg alloy (a) as-cast and                 
(b) homogenized 
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Figure A1-5 SAED patterns of the of the Al-10Zn-2Mg alloy after one pass 
ECAP at 150 ºC 

 

  

  
Figure A1-6 SAED patterns of the Al-10Zn-2Mg alloy ECAP processed at 200 ºC 
(a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  
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Figure A1-7 SAED patterns of the Al-15Zn-2Mg alloy (a) as-cast and                 
(b) homogenized 

 

 

Figure A1-8 SAED patterns of the of the Al-15Zn-2Mg alloy after one pass 
ECAP at 150 ºC 
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Figure A1-9 SAED patterns of the Al-15Zn-2Mg alloy ECAP processed at 200 ºC 
(a) 1 pass, (b) 2 pass, (c) 3 pass and (d) 4 pass  
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APPENDIX II: XRD PEAK INTENSITY TABLES      

Table A2-1 Normalized peak intensities for MgZn2 precipitates in the as-cast 
condition obtained from the XRD plots in Fig. 4.41(a), 4.44(a) and 4.47(a)    

2θ (degrees) 
Alloys  

Al-5Zn-2Mg Al-10Zn-2Mg Al-15Zn-2Mg 

19.57 0.03022 0.05203 0.08241 

20.72 0.00533 0.02756 0.04333 

22.17 0.01486 0.01867 0.03823 

28.65 0.0187 -- -- 

34.24 0.0127 0.01189 -- 

37.18 0.00356 0.0085 0.02708 

40.36 -- 0.08496 0.06539 

41.17 -- 0.09686 0.08256 

42.16 -- 0.03229 0.02807 

68.62 -- -- 0.00991 

72.14 -- -- 0.00727 

 

Table A2-2 Normalized peak intensities for MgZn2 precipitates in the 
homogenized condition obtained from the XRD plots in Fig. 4.41(b),           
4.44(b) and 4.47(b)    

2θ (degrees) 
Alloys  

Al-5Zn-2Mg Al-10Zn-2Mg Al-15Zn-2Mg 

28.65 0.0064 -- -- 

34.24 0.0072 0.0069 -- 

37.18 -- -- 0.0127 

40.36 -- -- 0.0118 

41.17 -- -- 0.0135 
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Table A2-3 Normalized peak intensities for MgZn2 precipitates in Al-5Zn-2Mg 
alloy ECAP processed at 150 ºC (from the XRD plots in Fig. 4.42) 

2θ (degrees) 
Number of passes 

1 pass 2 pass 3 pass 4 pass 

19.57  0.03391 0.1085 0.01728 0.01619 

20.72 0.03391 0.1085 0.01728 0.01619 

22.17 0.03004 0.06858 0.0153 0.01619 

28.65 0.02132 0.05322 0.01086 0.02429 

41.17 0.03004 0.01024 -- 0.04049 

51.44 -- -- -- 0.01215 

68.62 -- -- -- 0.00405 

 

Table A2-4 Normalized peak intensities for MgZn2 precipitates in Al-5Zn-2Mg 
alloy ECAP processed at 200 ºC (from the XRD plots in Fig. 4.43) 

2θ (degrees) 
Number of passes 

1 pass 2 pass 3 pass 4 pass 

19.57 -- -- 0.00785 -- 

20.72 0.00314 0.00152 -- 0.00189 

37.18 -- 0.00527 0.01287 0.00943 

40.36 0.0137 -- 0.01601 0.01445 

41.17 -- 0.00903 0.0182 0.02074 

51.44 -- -- 0.00439 0.00628 

57.46 0.0113 -- -- -- 
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Table A2-5 Normalized peak intensities for MgZn2 precipitates in Al-10Zn-2Mg 
alloy ECAP processed at 200 ºC (from the XRD plots in Fig. 4.46) 

2θ (degrees) 
Number of passes 

1 pass 2 pass 3 pass 4 pass 

19.57  0.06629 0.03782 0.19348 0.07569 

20.72 0.03652 0.0239 0.10109 0.03428 

22.17 0.03258 0.01855 0.02283 0.00668 

28.65 -- 0.03032 0.01413 0.01469 

37.18 -- 0.02186 -- 0.03517 

40.36 0.01573 0.04995 0.075 -- 

41.17 -- 0.07242 0.09783 0.07925 

42.16 -- 0.01605 -- 0.0138 

68.62 -- -- 0.01848 0.01514 

72.14 -- 0.00999 -- -- 

 

Table A2-6 Normalized peak intensities for MgZn2 precipitates in Al-15Zn-2Mg 
alloy ECAP processed at 200 ºC (from the XRD plots in Fig. 4.49) 

2θ (degrees) 
Number of passes 

1 pass 2 pass 3 pass 4 pass 

19.57  0.0532 0.02648 0.05802 0.06638 

20.72 0.02931 0.01674 0.03031 0.03007 

22.17 0.02615 0.01299 0.00684 0.00586 

37.18 0.03381 0.01899 0.04628 0.05037 

40.36 0.08521 0.03922 0.09094 0.10777 

41.17 0.10595 0.0642 0.12093 0.13354 

42.16 0.03021 0.01974 0.03227 0.04295 

46.88 -- -- 0.01597 0.01484 

51.44 0.01849 0.00999 0.01956 0.02577 

68.62 -- -- 0.01532 0.01874 

70.32 -- -- 0.00815 0.00781 

72.14 -- -- 0.00587 0.01913 
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Table A2-7 Normalized peak intensities for aluminium in Al-5Zn-2Mg alloy 
before and after ECAP processing at 150 ºC 

2θ 

(degrees) 

Condition of the sample 

As-cast Homogenized 1 pass 2 pass 3 pass 4 pass 

38.47 1.00 1.00 0.32849 0.04299 0.01037 0.65587 

44.72 0.09333 0.02139 0.35271 0.39918 0.32675 0.92713 

65.10 0.19378 -- 1.00 1.00 1.00 1.00 

78.23 0.40178 0.08621 0.34109 0.26407 0.08588 0.57895 

82.44 0.22044 0.30314 -- -- -- -- 
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APPENDIX III: STRESS-STRAIN DIAGRAMS AND 

MECHANICAL PROPERTY TABLES  

 
Figure A3-1 Engineering stress-strain diagram of the Al-5Zn-2Mg alloy ECAP 
processed at 150 ºC  

 

Figure A3-2 Engineering stress-strain diagram of the Al-5Zn-2Mg alloy ECAP 
processed at 200 ºC   
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Figure A3-3 Engineering stress-strain diagram of the Al-10Zn-2Mg alloy ECAP 
processed at 150 ºC  

 

 
Figure A3-4 Engineering stress-strain diagram of the Al-10Zn-2Mg alloy ECAP 
processed at 200 ºC  
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Figure A3-5 Engineering stress-strain diagram of the Al-15Zn-2Mg alloy ECAP 
processed at 150 ºC  

 

 
Figure A3-6 Engineering stress-strain diagram of the Al-15Zn-2Mg alloy ECAP 
processed at 200 ºC  
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Table A3-1 Mechanical properties of the Al-5Zn-2Mg alloy in as-cast and 
homogenized conditions  

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

As-cast 90 ± 8 120 ± 12 2.2 ± 0.4 

Homogenized 105 ± 6 132 ± 12 2.8 ± 0.3 

 

Table A3-2 Mechanical properties of the Al-5Zn-2Mg alloy ECAP processed      
at 150 ºC 

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

First pass 168 ± 6 234 ± 10 8.1 ± 0.4 

Second pass 192 ± 5 276 ± 10 9.8 ± 0.4 

Third pass 188 ± 4 264 ± 6 10.5 ± 0.3 

Fourth pass 200 ± 4 282 ± 8 11.2 ± 0.3 

 

Table A3-3 Mechanical properties of the Al-5Zn-2Mg alloy ECAP processed      
at 200 ºC  

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

First pass 158 ± 6 218 ± 11 9.2 ± 0.5 

Second pass 175 ± 6 244 ± 9 10.7 ± 0.5 

Third pass 184 ± 6 256 ± 7 11.6 ± 0.4 

Fourth pass 188 ± 4 266 ± 6 12.1 ± 0.4 
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Table A3-4 Mechanical properties of the Al-10Zn-2Mg alloy in as-cast and 
homogenized conditions 

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

As-cast 144 ± 8 140 ± 10 1.8 ± 0.4 

Homogenized 155 ± 6 156 ± 10 2.4 ± 0.4 

 

Table A3-5 Mechanical properties of the Al-10Zn-2Mg alloy after one pass 
ECAP at 150 ºC 

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

First pass 216 ± 5 302 ± 8 6 ± 0.3 

 

Table A3-6 Mechanical properties of the Al-10Zn-2Mg alloy ECAP processed    
at 200 ºC 

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

First pass 204 ± 6 280 ± 9 6.8 ± 0.3 

Second pass 223 ± 5 318 ± 9 8.1 ± 0.4 

Third pass 232 ± 5 342 ± 8 8.8 ± 0.3 

Fourth pass 240 ± 4 355 ± 6 9.5 ± 0.2 
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Table A3-7 Mechanical properties of the Al-15Zn-2Mg alloy in as-cast and 
homogenized conditions 

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

As-cast 173 ± 7 166 ± 12 1.3 ± 0.3 

Homogenized 189 ± 6 180 ± 11 1.8 ± 0.4 

 

Table A3-8 Mechanical properties of the Al-15Zn-2Mg alloy after one pass 
ECAP at 150 ºC 

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

First pass 252 ± 7 362 ± 9 4.2 ± 0.5 

 

Table A3-9 Mechanical properties of the Al-15Zn-2Mg alloy ECAP processed    
at 200 ºC 

 Microhardness 

(Hv) 

Ultimate tensile 

strength (MPa) 

% Elongation to 

failure 

First pass 239 ± 6 340 ± 9 4.8 ± 0.4 

Second pass 261 ± 6 372 ± 7 6.2 ± 0.3 

Third pass 274 ± 5 392 ± 6 7.5 ±  0.3 

Fourth pass 274 ± 5 396 ± 6 7.8 ± 0.2 
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Table A3-10 Wear mass loss of the Al-5Zn-2Mg alloy in as-cast and homogenized 
conditions 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

As-cast 7.4 ± 0.4 8.8 ± 0.4 11.2 ± 0.3 12.6 ± 0.4 

Homogenized 6.5 ± 0.35 8 ± 0.3 10.4 ± 0.35 11.8 ± 0.3 

 

Table A3-11 Wear mass loss of the Al-5Zn-2Mg alloy ECAP processed at 150 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 5 ± 0.35 6.3 ± 0.3 8.4 ± 0.25  9.6 ± 0.4 

Second pass 3.9 ± 0.25 5.1 ± 0.35 7.1 ± 0.35 8.5 ± 0.3 

Third pass 3.1 ± 0.35 4.4 ± 0.25 6.3 ± 0.3 7.5 ± 0.3 

Fourth pass 2.6 ± 0.3 3.7 ± 0.25 5.5 ± 0.3 6.7 ± 0.3 

 

Table A3-12 Wear mass loss of the Al-5Zn-2Mg alloy ECAP processed at 200 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 5.2 ± 0.3 6.6 ± 0.4 8.6 ± 0.3 9.8 ± 0.4 

Second pass 4.2 ± 0.3 5.4 ± 0.3 7.4 ± 0.3 8.6 ± 0.25 

Third pass 3.4 ± 0.3 4.6 ± 0.2 6.5 ± 0.3 7.8 ± 0.25 

Fourth pass 2.8 ± 0.25 4 ± 0.3 5.8 ± 0.25 7 ± 0.3 
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Table A3-13 Wear mass loss of the Al-10Zn-2Mg alloy in as-cast and 
homogenized conditions 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

As-cast 6.2 ± 0.35 7.4 ± 0.3 8.6 ± 0.35 9.7 ± 0.3 

Homogenized 5.4 ± 0.3 6.5 ± 0.35 8 ± 0.3 9 ± 0.35 

 

Table A3-14 Wear mass loss of the Al-10Zn-2Mg alloy after one pass ECAP       
at 150 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 3.9 ± 0.3 5.2 ± 0.35 6.4 ± 0.3 7.4 ± 0.25 

 

Table A3-15 Wear mass loss of the Al-10Zn-2Mg alloy ECAP processed              
at 200 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 4.2 ± 0.25 5.5 ± 0.3 6.7 ± 0.25 7.7 ± 0.3 

Second pass 3.4 ± 0.3 4.4 ± 0.25 5.9 ± 0.3 6.8 ± 0.3 

Third pass 2.7 ± 0.25 3.7 ± 0.2 5.2 ± 0.25 6.2 ± 0.3 

Fourth pass 2.3 ± 0.25 3.2 ± 0.3 4.6 ± 0.3 5.4 ± 0.3 
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Table A3-16 Wear mass loss of the Al-15Zn-2Mg alloy in as-cast and 
homogenized conditions 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

As-cast 4.4 ± 0.25 5.2 ± 0.25 6.1 ± 0.2 6.7 ± 0.25 

Homogenized 3.9 ± 0.3 4.7 ± 0.25 5.5 ± 0.2 6 ± 0.2 

 

Table A3-17 Wear mass loss of the Al-15Zn-2Mg alloy after one pass ECAP at 
150 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 2.5 ± 0.25 3.2 ± 0.3 4.3 ± 0.2 4.9 ± 0.2 

 

Table A3-18 Wear mass loss of the Al-15Zn-2Mg alloy ECAP processed              
at 200 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 2.8 ± 0.25 3.6 ± 0.3 4.5 ± 0.2 5.3 ± 0.3 

Second pass 2.2 ± 0.25 2.8 ± 0.2 4 ± 0.25 4.8 ± 0.2 

Third pass 1.6 ± 0.2 2.4 ± 0.2 3.4 ± 0.3 4.2 ± 0.25 

Fourth pass 1.2 ± 0.2 1.8 ± 0.25 3.1 ± 0.2 3.8 ± 0.25 
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Table A3-19 Coefficient of friction of the Al-5Zn-2Mg alloy in as-cast and 
homogenized conditions 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

As-cast 0.42 ±  0.05 0.48 ± 0.045 0.54 ± 0.05 0.59 ± 0.04 

Homogenized 0.4 ± 0.05 0.45 ± 0.04 0.52 ± 0.045 0.57 ± 0.04 

 

Table A3-20 Coefficient of friction of the Al-5Zn-2Mg alloy ECAP processed     
at 150 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 0.33 ± 0.04 0.38 ± 0.03  0.45 ± 0.04 0.5 ± 0.03 

Second pass 0.32 ± 0.035 0.37 ± 0.03 0.44 ± 0.035 0.48 ± 0.03 

Third pass 0.3 ± 0.03 0.36 ± 0.025 0.43 ± 0.03 0.465 ± 0.025 

Fourth pass 0.28 ± 0.025 0.34 ± 0.02 0.41 ± 0.025 0.45 ± 0.02 

 

Table A3-21 Coefficient of friction of the Al-5Zn-2Mg alloy ECAP processed at     
200 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 0.34 ± 0.03 0.39 ± 0.035 0.46 ± 0.04 0.51 ± 0.03 

Second pass 0.33 ± 0.03 0.38 ± 0.03 0.45 ± 0.03 0.49 ± 0.03 

Third pass 0.315 ± 0.03 0.37 ± 0.03 0.44 ± 0.03 0.48 ± 0.03 

Fourth pass 0.3 ± 0.025 0.35 ± 0.02 0.42 ± 0.025 0.46 ± 0.02 
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Table A3-22 Coefficient of friction of the Al-10Zn-2Mg alloy in as-cast and 
homogenized conditions 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

As-cast 0.35 ± 0.04 0.4 ± 0.045 0.46 ± 0.05 0.5 ± 0.04 

Homogenized 0.33 ± 0.04 0.38 ± 0.04 0.44 ± 0.04 0.48 ± 0.045 

 

Table A3-23 Coefficient of friction of the Al-10Zn-2Mg alloy after one pass 
ECAP at 150 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 0.26 ± 0.03 0.31 ± 0.025  0.38 ± 0.03  0.42 ± 0.03 

 

Table A3-24 Coefficient of friction of the Al-10Zn-2Mg alloy ECAP processed   
at 200 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 0.28 ± 0.035 0.32 ± 0.03 0.4 ± 0.035 0.44 ± 0.03 

Second pass 0.25 ± 0.03 0.3 ± 0.035 0.38 ± 0.035 0.42 ± 0.03 

Third pass 0.24 ± 0.025 0.29 ± 0.025 0.37 ± 0.03 0.41 ± 0.025 

Fourth pass 0.23 ± 0.02 0.28 ± 0.02 0.36 ± 0.025 0.4 ± 0.02 
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Table A3-25 Coefficient of friction of the Al-10Zn-2Mg alloy in as-cast and 
homogenized conditions 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

As-cast 0.3 ± 0.035 0.33 ± 0.035 0.37 ± 0.035 0.39 ± 0.035 

Homogenized 0.28 ± 0.03 0.31 ± 0.035 0.355 ± 0.03 0.38 ± 0.03 

 

Table A3-26 Coefficient of friction of the Al-10Zn-2Mg alloy after one pass 
ECAP at 150 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 0.22 ± 0.025 0.25 ± 0.03 0.3 ± 0.025 0.33 ± 0.02 

 

Table A3-27 Coefficient of friction of the Al-10Zn-2Mg alloy ECAP processed   
at 200 ºC 

 Load = 20 N 

Speed = 1 m/s 

Load = 20 N 

Speed = 2 m/s 

Load = 40 N 

Speed = 1 m/s 

Load = 40 N 

Speed = 2 m/s 

First pass 0.24 ± 0.025 0.27 ± 0.03 0.32 ± 0.03 0.34 ± 0.025 

Second pass 0.225 ± 0.025 0.255 ± 0.025 0.3 ± 0.025 0.33 ± 0.02 

Third pass 0.21 ± 0.02 0.24 ± 0.02 0.29 ± 0.025 0.315 ± 0.02 

Fourth pass 0.2 ± 0.02 0.23 ± 0.015 0.285 ± 0.02 0.31 ± 0.015 
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