
1 

 

Ultra-Grain Refinement and Optimization of 

Aluminum Material Properties using Equal Channel 

Angular Pressing (ECAP) in DEFORM Software. 
1Ganji Prashanth; 1 Shaik Sana Samreen; 2Dr. P Prasanna 

1.Jawaharlal Nehru Technological University, Kukatpally, Hyderabad, 500085, Telangana, India. 
Email ID: ganjiprashanth28@gmail.com, sanasamreen2304@gmail.com.  

2.Department of Mechanical Engineering, JNTU College of Engineering, Kukatpally, Hyderabad-500085, Telangana, India. 

Email ID: prajntu@jntuh.ac.in 

  
Abstract— The Mechanical properties can be upgraded by ultra-grain refinement, which can be accomplished by Equal Channel 

Angular Pressing procedure. ECAP is a standout amongst the most pertinent technique among different Severe Plastic Deformation 

processes. ECAP process is carried out in DEFORM programming software to inspect the responses. The workpieces material utilized 

is Aluminum (AA-2024), and the input process parameter are plunger speed, corner edge and workpiece temperature and output 

responses are Average grain size, Effective strain, Effective stress, maximum load, maximum temperature are assessed and further, the 

Gray Relational Analysis is performed to enhance the input process parameters. Specimens are designed in SOLIDWORKS tool. The 

die is designed such that it has 0.2 mm tolerance for fitting the specimen in the die. The plunger and die are taken as rigid materials. 

After designing, the specimen is exported in to DEFORM software and the material properties of the aluminium are assigned to the 

specimen and the die is fixed, later the specimen is inserted in the die and plunger is placed at the top and speed is given to the plunger. 

The temperature is given to the workpiece initially and simulation is carried out. The die is at constant temperature and ECAP process 

is carried out making consideration of the material recrystallization phase and the material stress, that it can withstand by varying the 

input parameters.  

 

          The Regressive equations are determined using the Response surface method for Aluminum alloy (AA 2024) with a less error 

percentage so that using the regressive equations we can predict the responses which are nearly equal to experimental results. 

Optimization is carried out and found the better-input conditions to maximize the output responses using Grey relation analysis. The 

confirmation test is done for the optimization solutions by comparing with the predicted values.  

 
Keywords: DEFORM; Ultra-fine Grain Refinement; Response surface methodology; Taguchi-grey Relational Analysis; 

  
1. Introduction   

Material properties can be enhanced by adding impurities and converting them into alloys or by preparing composite material. 

But in this case the impurities affect the other properties. To improve mechanical properties, the materials are generally subjected 

to Severe Plastic Deformation (SPD) which results in an ultra-fine-grained microstructure. One of the most commonly used SPD 

technique is ECAP which is equal channel angular pressing. Through ECAP ultra-fine grain structures are obtained without any 

change in the actual dimension of the material. It consists of a die which has two channels with identical cross-section intersecting 

at an angle Φ and with corner curvature angle Ψ. The workpiece is pressed through the die into the channels and will undergo 

homogeneous shear strain. The extrusion process is carried out depending upon the angle. The refinement increases if multi pass 

system is adopted as the material travels repeatedly through different passes (A, BA, BC, C) as a result the material properties are 

improved. Work piece material travels into various passes to increase the refinement of grain for maximum extent. The shape of 

the workpiece, the channel diameter, pressing temperature, number of passes affects the grain structure of the material. 

 

Engineering problems can be solved by various methods like analytical and experimental methods. Generally, the analytical 

methods are very complex, and the experimental methods involve a lot of capital investment. In this report Deform software is 

carried out to get the experimental results and enables us to understand and simulate behavior of material deformation without 

the need of experimentation. 

 

1.1 Deform 3D 

Deform 3D is a software code utilized broadly for finite element analysis in metal forming tasks which includes deformations and 

heat exchange. The FE tool is capable for changing large scale problems in size and complexity into feasible 3D problems. The 

domain is divided into nodes and elements which store the values determined at different time intervals during the analysis. The 

huge non-steady state calculations are decreased to smaller consistent state conditions and understood slowly and carefully 

throughout the simulation. 
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Fig 1 Structure of Deform 3D (Deform user manual 2006) 

 

1.1.1 Pre-processor in Deform 3D 

The pre-processor utilizes a graphical user interface to gather the information required to run the simulation. The constrains on 

states of the processing environment, physical procedures to be module, discrete time steps are called simulation information 

input. The heat exchange module recreates heat impacts in the simulation, including heat exchange among objects and the 

environment, and heat generation because of deformation or phase change, whatever it is applicable. The deformation module 

recreates deformation because of mechanical, heat, or phase change impacts. The materials are created manually by defining the 

flow stress value or imported from the material database.  

 

1.1.2 Meshing in Deform 3D 

Finite element meshes are made inside the Deform utilizing the automatic mesh generator. The object border geometry is 

characterized before making a FE mesh. At the point when the mesh is produced, it will contain around the quantity of elements 

elements specified by the user. The mesh is created by the Automatic mesh generator which decides the requirement for remeshing 

and decides the ideal mesh thickness dependent on the geometric shape and prior solution behaviour . It builds the mesh dependent 

on the optimum mesh density and transfers information including boundary conditions from the old mesh to the new one. 

 

1.1.3 Simulation in Deform 3D 

For simulation, a database containing the process data and simulation controls is prepared. The database is made utilizing the 

above pre-processor inputs. The control, material, object and interactions of the pre-processor take into account intelligent 

contribution of the simulation parameters. The predetermined database is executed as simulation steps are produced. The essential 

condition of constitutive relationship and boundary conditions are converted to non-linear algebraic equations. All the input and 

output data are stored in binary form and are accessed through the post processor. The consequences of the simulation are shown 

in graphical and alphanumeric structure. Note that this module just peruses the after effects of the database record and no 

modifications can be executed here. 

 

1.2. Grey Relational Analysis Method: 

  

It is used to make the decisions from various responses and give the optimal solution among the experiments carried out. All the 

responses are converted into single response with the grade relation coefficient and the ranking is given to the tasks based on the 

grey relation coefficient. 

It is based on the variability and level of similarity among all factors to establish their relation. It gives suggestions how to choose 

the affecting factors. GRA method is to analyze the relational grade among available discrete sequences.  
 
2. Literature Review  

 

V.M.Segal[1] is the first person who conducted an experiment by utilizing Equal Channel Angular Pressing(ECAP) in the year 

1999. A special deformation technique, equal channel angular extrusion, (ECAE) to control materials structure, surface and 

physico-mechanical properties is explained in detail. The paper exhibits a consistent investigation of stress, strain, shear planes 

and localized flow, multipass processing which characterize microstructural impacts and are critical for accomplished outcomes. 

Connections between macromechanics of simple shear and grain refinementare illustrated. 

 

Patricia ponce-pena[2]  An alloy type Al6060 was presented to severe plastic deformation to consider its response utilizing 

finite element method (FEM). To perform this, six unique configurations were used in the design of the die’s channel for ECAP 

to achieve nanostructure materials and to enhance the procedure. He contemplated the homogeneity in the deformation due to 

the variety of conditions influencing the material being prepared, for example, the contact coefficient, expulsion speed. 

 

Guocheng Ren, Xiaojuan Lin, Shubo Xu[3] The microstructure and material properties of AZ31 magnesium alloy are 

influencing to process parameters. To investigate and to know the deformation behaviour and the improvement of the 

deformation process, the microstructure development during equal channel angular pressing was anticipated by utilizing the 
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DEFORM-3D programming package and distinctive temperature. To confirm finite element simulations results, the 

microstructure over the transverse direction of the billet was estimated. 

 

Table-2.1 previous research work 

S.no Researchers,  

Year  

Material, 

thickness  

Input parameters Output parameters  Results 

1. Ningning 

Liang et.al 

(2017)[4]. 

Polycrystalline 

Cu, 

20X20X80 

𝑚𝑚3 

Passes:2,16 

Route:𝐵𝑐 , 𝜙=90° 𝛹=45°. 
yield strength, thermal 

stability,  

Storage energy,  

Activation energy of 

recrystallization. 

• The elongated microstructure 

by ECAP for two passes has 

some advantage in terms of close 

strength and thermal stability. 

2. Sanjeev 

Sharma 

et.al  

2017 [5]. 

AL 6061 square 

shaped billet, 

10X10X80 mm. 

4 passes, routes: A, 𝐵𝑐  and 

C, Considering friction 

between die and work 

piece. 

Average equivalent 

strain, forming energy. 

• Channel angle 90° Imposes 

higher plastic strains and 

forming energy. 

• A, B are best compared to C 

route for producing ultra fine 

grains. 

3. S.M. Arab 

et.al 2013 

[6] 

AZ31 Mg alloy 

strip, 

70X30X4mm   

4 passes, route C, 3 

different temperatures. 

passes, route C, 3 

different temperatures. 

Microstructural analysis 

through optical 

microscopy optical 

microscopy. 

• Increase in pass number 

leads to decrease in grain size. 

• Most of the grain refinement 

takes place at initial pass. 

• Temperature enhancement 

leads to less grain refinement 

and decreased process 

efficiency. 

4. Nahed EL 

Mahallawy 

et.al 2010 

[7].  

AL-Cu alloy, 

50  

AL-Cu alloy, 

50   

Routes: A, 𝐵𝑐 Increasing 

number of passes, cu 

content in Al-Cu. 

  

Plastic effective strain, 

hardness. 

• Homogeneity in hardness 

increased with increasing the 

number of passes and copper 

content..The homogeneity of 

deformation was higher for route 

A. 

 

At present many researches are done to improve the material properties. 

Arab[8] , studied that by increasing the number of passes the mean grain size is reduced.  

 

Hyoung Seop Kim[9]   stated that strength of materials increased with increase in temperature.  

 

Erinosho [10] stated that workpiece material which is forced through a die with two at specific angle, the outlet material possessed 

new mechanical properties. ECAP has proved that it produces ultrafine-grained sample without changing its dimensions by severe 

plastic deformation. 

 

Nicolae [11] explained that SPD (ECAP processing) has the potential to improve the mechanical properties of Aluminum alloys 

significantly through grain refinement. Few experiments are conducted by changing the corner angle and the microstructure is 

verified and also the number of passes are increased and the mechanical properties such as yield strength and ultimate strength 

are examined. It shows increase in yield strength and ultimate stress up to 105%. So, there is significant effect on the material by 

ECAP process. 

 

Uday Chakkingal [12] studied the mechanical properties by increasing the number of passes and by various routing systems 

and found that the optimum levels of SPD strain may have to be decided based on the ECAP die angle used and subsequent 

forming techniques to be employed. The corner angle near to 900 shows more SPD strain than other angles. 

 

The objective of the present work is to  

• Analyze the ECAP process using DEFORM software by varying the input parameters and it’s effect on output 

responses. 

• Validation of input parameters by varying ranges  

• Optimization of process parameters is done by using Grey relational analysis. 

• Study of microstructural modification during ECAP process of the material. 
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 3.  Methodology  

 

                 Aluminium alloy AA 2024 was used in this investigation. Specimens are designed in SOLIDWORKS tool of 100 

mm long and 25 mm diameter. the die is designed such that it has 0.2 mm tolerance for fitting the specimen in die. The plunger 

and die are taken as rigid materials, whereas the specimen is taken as Aluminum alloy (2024). After designing the specimen is 

exported in to DEFORM software and the material properties of the aluminum  2304 is assigned to the specimen which is already 

available in the software as per flow stresses  and the die is fixed, later the specimen is inserted in the die and plunger is placed at 

the top and speed is given to the plunger. The temperature is given to the workpiece initially and simulation is carried out for 2500 

steps. The coefficient of friction is taken as 0.3. Automatic mesh is generated with mesh density of 2. The die is at constant 

temperature and ECAP process is carried out for several experiments and the input parameters are defined (speed, corner angle, 

workpiece temperature) and the responses such as the as average grain size, maximum grain size, effective strain, effective stress, 

maximum force and maximum temperature are evaluated.  

    

Fig.3.1. The Design of Channel And Die in Solidworks 

4. ANALYSIS AND RESULTS 

4.1 Stimulation of ECAP in Design software 

                   The output responses are recorded such as maximum temperature, maximum load, maximum stress and maximum 

strain on specimen by the plunger. It was observed that the load on specimen increases to maximum extent and when the material 

starts to pass into channel then it decreases. As there is continuous increase of load pressure on the specimen increase which 

results in increase in temperature of the workpiece and the grain refinement takes place.  

The flow net of the specimen is given below Fig 4.1, it was observed that at the corner angle, the material experiences heavy 

stresses resulting in the overall change of the grain structure.  

 

Fig 4.1: Flow net of the specimen 

 

Fig-4.2 Temperature variation of workpiece during ECAP process 
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From the above graph it was clear that the specimen temperature increases gradually and it reaches to maximum when the 

workpiece is at the turn region and then the temperature decreases gradually As the initial temperature of specimen increased the 

temperature of the specimen at the corner angle during extrusion process increases linearly  

4.2  Influence Of Angle  

The Figure 4.3 indicates the variations in force with the change in corner angle: the input parameters such as the channel diameter 

and speed are kept constant. It was observed that the corner angle 900 shows more force than other angles. The higher the force 

acted on the workpiece, the greater refinement takes place. So, the Corner angle 90 degrees is more effective.    

 

Fig-4.3 The variations in force with the change in corner angle 

The Figure 4.4 indicates the variations in force with the change in speed; the input parameters such as the channel diameter and 

corner angle are kept constant. It was observed that the speed 10 mm/s shows more force than other speeds. So, the input parameter 

speed shows much contribution in the Ultra-fine grain refinement. Then the optimum speed is to be estimated.   

 
Fig-4.4 The variations in force with the change in speed 

4.3 Influence of The Temperature  

 The input process parameters such as speed, corner angle and diameter of specimen are kept constant and the ECAP process is 

carried in the DEFORM software and output responses are recorded. grey relation analysis is done to know the better condition 

to maximum the output responses such as load, temperature, Effective stress, effective strain and minimize the response such as 

average grain size and maximum grain size.  

Table-4.1 Normalization of optimal values by varying temperature 

     Output Process 

Parameters  

    

Evaluation of Δ0i  
 

TEMP  A  B  C  D  E  F  A  B  C  D  E  F  

30  8.06  62  348  0.508  3.06  12.0478  0  1.028  0.4  0.40708  -0.00333  0.672886  

40  8.04  68  342  0.441  3.13717  12.5651  0.33  1  1  1  0.082403  0.77364  

70  8.06  98  351  0.543  3.063  9.507  0  0.857  0.1  0.097345  0  0.178018  

80  8.04  113  352  0.554  3.2724  8.593  0.33  0.786  0  0  0.232643  0  

90  8.04  114  350  0.477  3.32253  13.3034  0.33  0.781  0.2  0.681416  0.288338  0.917438  

150  8  174  349  0.485  3.96309  9.64088  1  0.497  0.3  0.610619  1  0.204094  

200  8.04  227  352  0.531  3.93047  13.7273  0.333  0.246  0  0.20354  0.963759  1  

250  8.06  279  350  0.519  3.17425  12.66  0  0  0.2  0.309735  0.123599  0.792124  
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A= Maximum Load (KN) 

B= Maximum Temperature(oC)  

C= Maximum Effective Stress (MPa)  

D= Maximum Effective Stain (mm/mm)  

E= Average Grain size (microns) 

F= Maximum Grain size (microns) 

 

Table-4.2 Optimization of temperature using Grey relational analysis. 

    Grey relational coefficient    

 GRG  

   

   

Rank  

   TEMP  A  B   C  D  E  F  

30  1  0.327132  0.555556  0.55122  1.006711  0.426299  0.644486  4  

40  0.6  0.333333  0.333333  0.333333  0.858512  0.392576  0.475181  8  

70  1  0.368237  0.833333  0.837037  1  0.737443  0.796008  1  

80  0.6  0.388582  1  1  0.68246  1  0.778507  2  

90  0.6  0.390018  0.714286  0.423221  0.634246  0.352749  0.519087  6  

150  0.333333  0.501188  0.625  0.450199  0.333333  0.710132  0.492198  7  

  

From the following table it was found the temperature 70 shows better properties. But the optimum temperature may change when 

the speed and angle is changed. so, the temperature 50,60 and 70oC are selected for optimization of the other process parameters.  

 

Fig-4.5 Initial workpiece temperature versus Maximum workpiece temperature 

 

Fig-4.6 Initial workpiece temperature versus Average grain size 
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4.4 INFLUENCE OF THE SPEED  

Table-4.3  Normalization of optimal values by varying speeds. 

   Output Process Parameters     Evaluation of Δ0i    

SPEED  A  B  C  D  E  F  A  B  C  D  E  F  

2  7.84  74.8  363  0.789  7.25117  12.7162  1  1  0.357143  0.589242  0.660684  0.391446  

4  7.84  76.9  368  0.818  7.25117  12.7162  1  0.885246  0  0.518337  0.660684  0.391446  

6  7.84  82.3  354  0.753  8.60186  15.751  1  0.590164  1  0.677262  1  1  

8  8.04  93.1  367  0.994  8.58787  15.0967  0.285714  0  0.071429  0.08802  0.996485  0.868796  

10  8.06  88.3  362  0.621  7.8  11  0.214286  0.262295  0.428571  1  0.798559  0.047304  

12  8  91.4  366  0.766  5.45647  10.7641  0.428571  0.092896  0.142857  0.645477  0.209824  0  

14  8.1  90.3  361  0.67  4.69485  11.0558  0.071429  0.153005  0.5  0.880196  0.018492  0.058493  

16  8.12  92.3  367  1.03  4.62124  14.4943  0  0.043716  0.071429  0  0  0.748  

 

A= Maximum Load (KN) 

B= Maximum Temperature (0C) 

C= Maximum Effective Stress (MPa)  

D= Maximum Effective Stain (mm/mm)  

E= Average Grain size (microns) 

F= Maximum Grain size (microns) 

 

 Table-4.4 Optimization of speed using Grey relational analysis. 

 SPEED  Grey relational coefficient  

 GRG  

   

Rank    A B C D E F 

2 0.333333 0.333333 0.583333 0.459035 0.430781 0.560887 0.450117 7 

4 0.333333 0.360947 1 0.490996 0.430781 0.560887 0.529491 6 

6 0.333333 0.458647 0.333333 0.424714 0.333333 0.333333 0.369449 8 

8 0.636364 1 0.875 0.850312 0.334116 0.365284 0.676846 4 

10 0.7 0.655914 0.538462 0.333333 0.385042 0.913569 0.58772 5 

12 0.538462 0.843318 0.777778 0.436499 0.7044 1 0.716743 3 

14 0.875 0.76569 0.5 0.362267 0.964335 0.895266 0.727093 2 

16 1 0.919598 0.875 1 1 0.400641 0.865873 1 

  

 From the table it was found that the higher the speed greater the grain size. but, in practical working process we cannot go through 

the higher limit. for better mechanical properties we are selected 7 mm/s,9 mm/s,10 mm/s for optimization of ECAP process.  

 

 

Fig-4.7 Speed versus Grain size 
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Fig-4.8 speed versus Maximum workpiece temperature 

4.5. OPTIMIZATION OF ECAP PROCESS 

the Taguchi level three operator is considered by varying input parameters (three factors and level 3 operator).  Here Orthogonal 

array (L9) and control parameters (Table 4.5) are considered to execute the experiments to be carried out. The task pattern is given 

in Table: 4.5 below. 

Table-4.5 Control parameters and levels 

SYMBOL  Factor  Level-1  Level-2  Level-3  

A  SPEED (mm/s) 7  10  15  

B  CORNER ANGLE  90 0 110 0 1200  

C  WORK PIECE TEMPERATURE (0C) 50  60  70  

 

 
Fig 4.9. The deformation of the specimen at corner angle 900 

 

Fig 4.10. Temperature and effective stress on the workpiece during ECAP process 
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 Table-4.6: Output responses of the ECAP Process  

Run 

Times 

Speed 

(mm/s) 

Corner 

Angle 

(°) 

Work piece 

Temperature 

(0 C) 

Maximum 

Load 

( N ) 

Maximum 

Temperature 

(0 C) 

Maximum 

Effective 

Stress(MPa) 

Maximum 

Effective 

Stain(mm/mm) 

  A  B  C          

1  7  90  50  480000  128  391  11.6  

2  7  110  60  380000  118  393  3.2  

3  7  120  70  358000  115  392  1.37  

4  10  90  60  800000  145  394  8.1  

5  10  110  70  390000  124  391  4.1  

6  10  120  50  293000  115  395  4.81  

7  15  90  70  612000  170  392  3.08  

8  15  110  50  500000  111  392  5.11  

9  15  120  60  222000  131  394  4.7  

  

4.6 Response surface methodology (RSM): 

     Response surface methodology usually defines the relationship between the independent variables (input responses) and 

dependable variables (output responses). This method results in the optimum solution of the process. RSM gives information 

about what the input variables affect the experimental responses and how they are to be controlled. 

The equation involving the relation between dependent and independent variables is as 

 

                          Y= f(x1,x2,x3,……xk) + ε                     (1) 

Where y is the response of the experiment and x1,x2,x3…..xk are the input variables of the  process and  ε is the error recorded in 

the output response y.The equation 1 is the initial or first step which is to be implemented to establish the relation between 

responses and input parameters. The second step is building RSM models, it can be done in two ways i.e., the first order and 

second order models. The first order model is mostly used when the input variables are confined to a small region it is given by 

 

                     Y= b0x0+ b1x1+ b2x2+……… bkxk+ ε  (2) 

where as second order model is easy in fitting and optimization and also contains less errors in the output responses. It is given 

by 

 

            Y= b0+Σbixi+ Σbixi
2+ΣΣbijxixj+ε   (3) 

where i=1 to k and i<j. 

In this paper second order model is used to obtain the optimum response parameters. Thus the independent variables or regressive 

responses are given by the second order model equations by RSM method are given for the output responses by, here the output 

responses are load, workpiece temperature, effective stress, effective strain. 

 

4.6.1 REGRESSIVE FORMULAE: 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝑜𝑎𝑑 =  −4149864 + 233571 ∗ 𝐴 + 18935 ∗ 𝐵 + 107696 ∗ 𝐶 − 4029 ∗ 𝐴 ∗ 𝐶 –  593 ∗ 𝐵 ∗ 𝐶.           (4) 

 
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =  326.6 − 25.82 ∗ 𝐴 −  8.582 ∗ 𝐵 +  12.714 ∗ 𝐶 +  0.4143 ∗ 𝐴2 +  0.05889 ∗ 𝐵2    +  0.15585 ∗ 𝐴𝐵 −

 0.10598 ∗ 𝐵𝐶  (5) 

 
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑆𝑡 𝑟𝑒𝑠𝑠(𝑀𝑃𝑎) = 363.2 − 0.853𝐵 +  2.436𝐶 +  0.00611 ∗ 𝐵2 −  0.01500 ∗ 𝐶2 −  0.00643𝐵𝐶.   (6) 

 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑆𝑡𝑎𝑖𝑛(𝑚𝑚/𝑚𝑚) = 70.7 −  4.23𝐴 −  0.546𝐵 −  0.0950𝐶  +  0.03827𝐴 ∗ 𝐵  (7) 

 

A: SPEED (mm/s) 

B: CORNER ANGLE  

C: WORK PIECE TEMPERATURE (0C 
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4.7 OPTIMIZATION ANALYSIS USING GREY RELATIONAL METHOD 

Objective function is normalized and then grey relational coefficient and grey relational grade are calculated. 

 

4.7.1 Grey relational generation (higher is better) 

Normalizing is a process of changing all the influencing parameters in same range, which are now having comparison 

viability. Our objective function is to maximize the output parameters load, temperature, stress and strain. 

∆𝑿 = 𝟏 −
(𝑿𝒊−𝒎𝒊𝒏(𝑿𝒊))

𝒎𝒂𝒙(𝑿𝒊)−𝒎𝒊𝒏(𝑿𝒊)
   (8) 

 
Where X is any one of the four output parameters namely load (A), temperature (B), effective stress(C), effective strain 

(D). 𝑿𝒊  is the output responses and ∆𝑿  is deviation. 

 

4.7.2 Grey relational coefficient: 

The amount of closeness from optimum value is demonstrated by grey relational coefficient and the coefficient is the 

number ranging in between 0 and 1. The grey relational coefficient is calculated by the following formula using matlab 

Tool. 

𝑮𝑹𝑪(𝑿) = (
(𝒎𝒊𝒏(∆𝑿)+𝒕𝒆𝒕𝒂)

∆𝑿+𝒕𝒆𝒕𝒂
)    (9) 

 
Usually, the value of teta is taken as 0.5.  

 

4.7.3 Grey relational grade: 

 

It is nothing but the average values of the grey relational coefficient. 

𝑮𝑹𝑮 = (
𝑮𝑹𝑪(𝑨)+𝑮𝑹𝑪(𝑩)+𝑮𝑹𝑪(𝑪)+𝑮𝑹𝑪(𝑫)

𝟒
)  (10) 

 

The ranking is done to grey relation grades (higher is optimal solution) 

Thus, the multi-response optimization problem is converted into single response optimization problem through grey relational 

analysis coupled with Taguchi approach. Therefore, an optimal level of process parameters is determined using higher grey 

relational grade value that indicates the better product quality. 

Table-4.7: Grey relational grade analysis of the output responses  

 
   

From the grade relation ranking, run trail 4 has highest grade so the task 4 is most preferable for maximizing the output response. 

The optimum input parameters are given below table   

Table-4.8: Optimum solution of ECAP process 

SYMBOL   Factor   Optimum input 

parameters    

A   SPEED (mm/s)  10  

B   CORNER ANGLE   900 

C   WORK PIECE TEMPERATURE (0  C)  60  

GRG Rank 

a b c A B C D A B C D     

14.656 116.687 52.27 445448.39 121.941 395.454 4.404 0.4490704 0.4016037 1 0.4154821 0.5665391 4

7 90 50 480000 128 391 11.6 0.4745484 0.4343739 0.4266958 1 0.5839045 3

15 90 70 612000 170 392 3.08 0.60587 1 0.4897326 0.3751375 0.617685 2

15 120 60 222000 131 394 4.7 0.3333333 0.4526623 0.6951143 0.4257179 0.4767069 7

7 110 60 380000 118 393 3.2 0.4076164 0.3828186 0.574623 0.3784684 0.4358816 9

7 120 70 358000 115 392 1.37 0.3953488 0.3696564 0.4897326 0.3333333 0.3970178 13

10 120 50 293000 115 395 4.81 0.3630653 0.3696564 0.8795436 0.4296514 0.5104792 6

10 90 60 800000 145 394 8.1 1 0.5633493 0.6951143 0.5937319 0.7130489 1

10 110 70 390000 124 391 4.1 0.4134478 0.4121706 0.4266958 0.4054697 0.414446 10

12.565 95.819 59.041 555868.23 125.242 388.824 7.465 0.5420799 0.4188178 0.3333333 0.552973 0.461801 8

10.564 114.16 64.784 271382.64 116.199 390.207 5.117 0.3534661 0.3748068 0.3871759 0.4410243 0.3891183 14

12.336 109.523 51.321 381051.52 105.492 390.136 6.84 0.4082218 0.3333333 0.3839917 0.5179747 0.4108804 11

14.651 117.16 53.346 416998.75 123.196 395.304 4.427 0.4300587 0.407979 0.95671 0.4162598 0.5527518 5

10.34 113.207 55.443 297223.82 109.749 391.044 5.861 0.3650021 0.348673 0.4291262 0.4712548 0.4035141 12

Run trails Evaluation of Δ0i Grey relational coefficient 
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4.8. Confirmation test for optimal solution 

 From the table it is clear that the experimental values and predicted values are nearly equal the percentage error is very less so 

the so the solution is significant. The input values are SPEED 10 mm/s, CORNER ANGLE  900and WORK PIECE 

TEMPERATURE  60oC 

Table-4.9: Confirmation test for optimal solution 

 DEFORM  

VALUES 
Predicted % error 

Maximum load 
800000  732156 8.48   

Maximum 

Temperature 
145 145.27 0.186 

Effective stress 394 393.539 0.117 

Effective strain 8.1 8.003 1.19 

 

4.9 MICROSTRUCTURE EVOLUTION 

 

The very high refinement of initial microstructures is common for them. The processed UFG structures are characterized by high 

level of internal stresses and elastic distortions of crystal lattice that is revealed in spreading of spots, curved grain boundaries and 

absence of their well-defined contrast. 

It is now clear that the microstructural characteristics, and in particular the evolution of the microstructure during ECAP, depends 

upon the precise pressing conditions, and therefore upon the characteristics of the shearing introduced in each passage through 

the die. 

 
Figure.4.11. Microstructure by tracking on the central axis of the workpeice (operation 1) 

The average grain size in before the ECAP process is estimated as 25 microns. After the process the average size is reduced to 4 

microns. 

 

 
Figure.4.12. Microstructure development of the billet at the last step 
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Figure.4.13. initial grain size of the workpeice (operation 1) 

 

 
Figure.4.14 Nuclei formation of the work piece 

 
Figure.4.15. growth of nuclei (final stage of the ECAP Process) 

 

5. CONCLUTION:  

 

• The EACP is carried out in DEFORM software and responses (like maximum load, maximum temperature, effective 

stress and effective strain) are recorded. 

• The maximum load acting on specimen is high when the die’s corner angle is 900 . 

• Influence of input process parameters were studied. 

• The Regressive equations are determined using the Response surface method for Aluminium alloy (AA 2024) with a less 

error percentage so that using the regressive equations we can predict the responses which are nearly equal to 

experimental results  

• Optimization is carried out and found the better input conditions for maximize the output responses using Grey relation 

analysis. 

• Conformation test is done for the optimization solutions by comparing with the predicated values. It shows near values 

with less error percentage. 

• Microstructure evaluation is studied. 
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FUTURE SCOPE 

• Different combinations of process parameters like coefficient of friction, die variations, section size and billet shape be 

employed. 

• By increasing the number of passes and speed of the plunger microstructure development can be improved. 

• Different hard metals can be processed by ECAP  
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