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Abstract
The multi-directional forging process of aluminium alloy 7075 (AA 7075) is studied using Deform 3D Version 11.0 simula-
tion software. This process results in grain refinement in the bulk material. The 7075 aluminium alloy is used widely in 
the aerospace and automobile industries. Thermomechanical processing affects the mechanical properties of this alloy. 
This study focuses on optimising process parameters that affect the multi-directional forging using simulation. In the 
Taguchi design of experiment, four-factors and five levels are selected. The process input parameters considered are tem-
perature, the strain per pass, the plunger speed, and the friction coefficient (μ). From Taguchi’s orthogonal array, forging 
simulations are undertaken and analysed. The significance of the process output parameters: material damage, stress 
and strain are analysed by analysis of variance. The results show that the friction coefficient and strain per pass highly 
affect the stress/strain distribution. Grey relational analysis is adopted to determine the optimum process parameters. 
The results show that the optimal combination of parameters is: temperature (200 °C), plunger speed (5 mm/s), friction 
coefficient (0.6), and strain per pass (0.6). Confirmation of simulation is carried out using the optimum input parameters. 
From the simulation results, the grey relational grade’s optimal parameters have the highest maximum effective strain 
of 5.57, maximum effective stress of 665 MPa, and maximum damage of 0.416 compared to other simulated results.

Keywords Multi-directional forging · Grey relational analysis · Taguchi · Damage · Effective stress · Effective strain

1 Introduction

Multi-directional forging (MDF) is an important severe 
plastic deformation (SPD) process used in the grains refine-
ment of metals and their alloys [1]. The process is cheap 
and easy to carry out because it does not need complex 
equipment when compared to other SPD processes, such 
as high-pressure torsion (HPT) and accumulative roll bond-
ing (ARB) [2]. Additionally, it is capable of forging large 
samples. In the MDF process, materials are subjected to 
very high strains without necessarily resulting in dimen-
sional changes to the samples. The samples are com-
pressed in all the faces, one face after another repeatedly, 

as shown in Fig. 1. The compression results in a decrease in 
grain sizes and improved mechanical properties [3]. Noda 
et al. reported that superplastic behaviour also improved 
due to accumulated redundant plastic deformation [4].

The MDF is a nonlinear process that can result in unde-
sirable results due to variations in various factors before 
or during processing. Some of these factors include; the 
geometry and size of the specimen, temperature changes, 
plunger speed, number of passes, coefficient of friction, 
strain per pass, forging equipment errors, strain rate, posi-
tional errors and material properties [5–7]. Combining any 
of these uncertainties could result in production losses, 
product distortion (geometry or/and quality), equipment 
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failure and sometimes accidents. Therefore, identifica-
tion, control and optimisation of these parameters mini-
mizes the production losses and improves the production 
process.

During the MDF process, various studies have used 
input parameters differently. Some researches have been 
conducted at temperatures ranging from room tempera-
ture [8] to extremely high temperatures of up to 500 K [9, 
10]. Other input process parameters studied include; strain 
per pass (the strain of every single pass ranging from 0.2 
to 0.7), die velocity, friction coefficient, and the geometry 
of the sample (size and shape) [9]. Most researchers have 
considered some variables of the process as constants 
while varying others to examine how they affect the MDF 
[3, 8, 11–13]. Although studies on the MDF process have 
been widely conducted, the literature on process optimi-
sation is scanty.

To carry out the optimisation reliably and at less costly 
means, the use of Deform™ 3D, a software with Finite Ele-
ment Method (FEM) is preferred [14]. Deform™ 3D has a 
well-written algorithm that can mimic the real process 
effectively [15]. Other simulation softwares available for 
metal forming operations include; Transvalor Forge™, 
ANSYS, Simufact.forming™, Hyperextrude, SUPERFORM, 
ABACUS and MSC.MARC™ [16–18]. To get optimised out-
put parameters for the process, several simulations are 
required. Therefore, the Taguchi optimisation methods 
crucial in reducing the number of simulations through the 
design of experiments (DOE) [19]. However, when several 
output responses are viewed with interdependent goals, 
the method is unsuitable. Therefore, the Grey-based Tagu-
chi approach was developed in 1982, by Deng Ju-long to 
determine solutions to multi-response optimisation data 
[20]. The grey relational analysis helps solve complex inter-
relationships for multiple responses based on the theory 
of the grey system [21, 22]. After evaluating each response, 

a grey relational grade is obtained. The multiple responses 
for optimisation are then transformed into a single opti-
mization grade. The optimum conditions are determined 
from the grade rank.

In this study, the grey-based Taguchi approach quality 
tool was applied to optimise the process parameters of the 
multi-directional forging simulations of AA 7075. The main 
focus was to minimize damage, maximize effective strain 
and effective stress. This paper is organised as follows; 
section one is an introduction, where the general MDF 
process optimisation details of AA 7075 are discussed. 
The simulation and optimisation methodologies are out-
lined and discussed in section two. Section three provides 
results obtained after simulation and are later discussed 
in section four. Section five concludes the paper’s main 
findings, research contributions and recommends future 
potential studies.

2  Methodology

In this study, MDF simulation was carried out using a finite 
element software called Deform™ 3D (version 11.0). The 
optimisation of the process parameters during the MDF 
simulation was carried out using Taguchi’s design of 
experiments. The obtained results were analyzed using 
S/N ratios, ANOVA and grey relational analysis to deter-
mine optimum parameters.

2.1  Design of experiment

The design of experiments by the Taguchi technique is 
a powerful instrument for analyzing and modelling the 
influence of input parameters on the output quality. Dur-
ing the analysis, the most significant stage in the design 
of experiments is the choice and control of the input vari-
ables. The Taguchi method helps to efficiently determine 
the range of input data in the design stage, reducing the 
cost and time [23]. In the current study, four factors were 
considered, each having five levels to represent the vari-
ous factors’ data range. The four factors were; tempera-
ture, coefficient of friction, strain per pass and plunger 
speed. These factors were chosen because they have been 
shown in the literature to be the most significant in forging 
operations [10]. The respective levels of the factors were 
chosen based on the published experimental results and 
the Taguchi designs [2, 24]. Table 1 gives the identified 
process parameters and levels. The interaction of the four 
process parameters at the five levels was designed using 

Fig. 1  A general schematic diagram of the MDF process
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a full factorial  L25,  (54) orthogonal array and the results are 
shown in Table 2.

2.2  Simulation model

In this study, workpieces of AA 7075, having dimensions 
of 50 mm × 50 mm × 50 mm, were used. The material prop-
erties of the workpiece are available in the commercial 
Deform™ 3D software database. Figure 2 shows the simu-
lation set-up with (a) a schematic diagram of the dies and 
the meshed workpiece and (b) the simulation in progress 
at step 30. As shown, the MDF simulation set-up consists of 
a top and bottom die, which are assumed to be rigid, while 
the workpiece is assumed to be plastic. The bottom die is 
fixed while the top die moves in a normal direction to the 
workpiece. Using the primitive modeller of the Deform™ 
3D tool, the geometry and dimensions of the rectangular 
dies and workpiece were developed. The die dimensions 
were 200 mm × 200 mm × 30 mm. The simulation process 
was conducted at a room temperature of 25 °C in an iso-
thermal mode. The convectional coefficient was taken as 
0.02 N/(s mm °C), whereas the coefficient of heat trans-
fer used during the simulation; between the dies and the 
workpiece was taken as 5 W/(m2 K) (g). The simulation type 
used was Lagrangian incremental with a direct iterative 
method [25]. The global re-meshing and conjugate-gra-
dient solver were selected. The workpiece was discretised 
into 20,000 tetrahedral elements. Sensitivity analysis was 
used to determine the optimum number of elements. The 
use of tetrahedral elements is preferred as it gives a better 
and fitting mesh algorithm with only minor distortions. 
This type of mesh results in more accurate data within a 
short computation time, compared to the cartesian mesh 
type, even when the number of elements is high in the 
simulation model [26].

2.3  Optimisation using the grey Taguchi method

The Taguchi method is vital in developing the optimum 
parameters. The signal-to-noise ratio (S/N) is instrumental 

in obtaining the means of the output responses. Depend-
ing on the desired quality, the following characteristics of 
the S/N ratios were applied in this study; (i) the lower-the-
better represented by Eq. 1 to minimize damage and (ii) 
the higher-the-better, represented by Eq. 2 to maximise 
effective stress and strain. The greater the value of the S/N, 
the better the attainable quality.

where n is number of experiments and  yij = output 
response value where i = 1, 2, ………., n; j = 1, 2…k.

(1)Lower - the - better S∕N(�) = −10 log10

(
1

n

n∑

i=1

y2
ij

)

(2)

Higher - the - better S∕N(�) − 10 log10

(
1

n

)
{

n∑

i=1

1

y2
ij

}

Table 1  MDF input parameters and their respective levels

Levels of the 
MDF param-
eters

MDF parameters

Tempera-
ture (°C)

Plunger 
speed 
(mm  s−1)

Friction 
coefficient 
(μ)

Strains 
per pass

1 25 5 0.2 0.2
2 100 10 0.3 0.3
3 200 15 0.4 0.4
4 300 20 0.5 0.5
5 400 25 0.6 0.6

Table 2  L25 orthogonal array of Taguchi method of factors combi-
nation

Simulation no MDF input parameters

Tem-
perature 
(°C)

Plunger 
speed 
(mm  s−1)

Friction 
coefficient 
(μ)

Strain per pass

1 25 5 0.2 0.2
2 25 10 0.3 0.3
3 25 15 0.4 0.4
4 25 20 0.5 0.5
5 25 25 0.6 0.6
6 100 5 0.3 0.4
7 100 10 0.4 0.5
8 100 15 0.5 0.6
9 100 20 0.6 0.2
10 100 25 0.2 0.3
11 200 5 0.4 0.6
12 200 10 0.5 0.2
13 200 15 0.6 0.3
14 200 20 0.2 0.4
15 200 25 0.3 0.5
16 300 5 0.5 0.3
17 300 10 0.6 0.4
18 300 15 0.2 0.5
19 300 20 0.3 0.6
20 300 25 0.4 0.2
21 400 5 0.6 0.5
22 400 10 0.2 0.6
23 400 15 0.3 0.2
24 400 20 0.4 0.3
25 400 25 0.5 0.4
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2.3.1  Using the grey relational analysis (GRA) to determine 
the optimum process parameters

The grey relational analysis (GRA) is used for multi-objec-
tive optimisation, and in this study, there were three 
objectives; (i) to minimize damage, (ii) to maximise effec-
tive stress and (iii) to maximise effective strain. The GRG 
combines different interrelated performance objectives to 
form a single value called grade. The grade is then used to 
optimise multi-response problems. The general flow of the 
process is summarised in Fig. 3.

Before computing the grey correlational coefficients, 
the grey data analysis must be carried out. The S/N ratios 
are useful for normalization of the results between the 
range 0 and 1 using Eqs. 3 and 4. Normalizing helps reduce 
the variability of the results and lowers the impact of the 
adoption of different units.

Normalization is then carried out after getting Δ (absolute 
difference) from the  yoi and  yij values which can be said 
to be a loss or a deviation from the target and it can be 
expressed as;

where  Zoj is the optimum or ideal value that has been nor-
malized for the jth response and it is equal to 1,  Zij is the 
value of the jth response after normalization. λ is consid-
ered as a distinct coefficient that ranges from 0 to 1.

(3)For the smaller the better, Zij =
Max(yij , i = 1, 2,… , n) − yij

Max(yij , i = 1, 2,… , n) −Min(yij , i = 1, 2,… , n)

(4)For the larger the better, Zij =
yij −Min(yij , i = 1, 2,… , n)

Max(yij , i = 1, 2,… , n) −Min(yij , i = 1, 2,… , n)

(5)Δ = Zoj − Zij = 1 − Zij

The grey relation coefficient attempts to show the affili-
ation between ideal results and the actual normalized 
results. To compute the grey relational coefficient for the 
normalized ratios, the expression in Eq. 6 is applied,

where  Zij is the next arrangement after the processed data, 
j = 1, 2, …., n; i = 1, 2, …, n, n is the nth number of the data 
results from the experiment and  GCij is the grey relational 
coefficient for experiment number i and the dependent 
response number j.

The grey relational grade is set after computing the 
mean value of the grey relational coefficient for each per-
formance characteristic. The total performance character-
istic for multi-response processes depends on the deter-
mined grey relational grade. To calculate the overall grey 

relational grade  (Gi) for ith experiment and m number of 
the responses, Eq. 7 is used.

The Principal Component Analysis (PCA) was used in this 
work to approximate the weight.

(6)GCij =
Δmin+�Δmax

Δij + �Δmax

(7)Gi =
1

m

∑
GCij

Fig. 2  A schematic diagram of a meshed workpiece (a) and a picture of simulation progress (b)
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2.3.2  Principal component analysis (PCA)

Various studies have used PCA to determine the weight 
(correlation) of different performance characteristics in 
various processes. Some of these studies include; Dubey 
& Yadava, who studied how to improve the cutting out-
come of Nd:YAG pulsed laser beam cutting (LBC), the 
results obtained were found to be similar to experimental 
results [27]. Viswanathan et al. used Taguchi, grey rela-
tional analysis and PCA to optimise turning parameters of 
magnesium alloy. These methods proved to be effective 
for multi-response optimisation [28].

The procedure of the PCA involves [29].
The output quality performance characteristics are 

identified then normalization is carried out using Eqs. 8 
and 9.

where x∗
i
 ,k is the standardized ith experiment and kth is 

the output data. In this study, the damage was minimized 
and maximization of effective stress and strain was done. 
Standardization was carried out to transform the variables 
into the same scale.

The covariance matrix is then computed using Eq. 10 
to determine whether the variables at the input relate to 

(8)For minimization, x∗
i
=

minxi(k)

xi(k)

(9)For maximization, x∗
i
=

xi(k)

maxxi(k)

each other; by determining the variation from the mean 
for each of them.

where

Cov. means covariance and σ the standard deviation, i = 1, 
2, 3 ….m, and m is the number of experiments, k = 1, 2, 3 
…. n, n is the number of outputs measured.

Computation of eigenvalues and eigenvectors are then 
determined using Eq. 12. The eigenvectors computed are 
ordered according to their eigenvalues in descending 
order, to aid in determining the principal components 
significance order.

where eigenvalues of �k =
∑n

k=1
�k = n , k = 1, 2, 3 …. n., 

eigenvectors of the corresponding eigenvalues are given 
by; Vik =

[
ak1, ak2, … .akn

]T
.

Finally, through the eigenvector, the weight factor of 
each output response of the principal component is cal-
culated using Eq. 13.

(10)Cov.matrix(M) =

||||
||||
|

M1,1 M1,2 ⋯ M1,n

M2,1 M2,3 ⋯ M2,n

⋮ ⋮ ⋯ ⋮

Mm,1 Mm,2 ⋯ Mm,n

||||
||||
|

(11)Mij =
cov y∗

i
(j), y∗

i
(k)

�y∗
i
(j) × y∗

i
(k)

(12)(M − �k iM)Vik = 0

Fig. 3  Summary of the grey relational analysis model
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2.3.3  Determining the optimum parameters and their level

This Grey relational grade method was used to transform 
the output responses of the multi-objective optimisation 
problem into a single optimised solution. The higher the 
grey relation grade, the closer the outcome to the ideal 
normalized value and the higher the grade value, the 
closer the factors in the combination are optimum.

2.3.4  Analysis of variance

The primary objective of the analysis of variance (ANOVA) 
is to use a statistical system to identify the influence of 
each factor. The Taguchi scientific design is unable to 
determine the impact of input variables over the entire 
process, but when using ANOVA by the percentage con-
tribution, the effects can be determined. The cumulative 
total of the squared deviations is broken down into two: 
the cumulative of the squared absolute deviation due 
to the sum of squared error and each parameter. Each 
percentage in the total sum of the squared deviations is 
applied to evaluate the significance of the changes in the 
performance characteristics in the method parameter. 
Usually, when the F(variance ratio) value is significant, 
changes in the process parameters significantly impact 
performance. The degrees of freedom of an effect should 
be taken into account, i.e., a mean square effect of the fac-
tor will help decide if the effect is weak—the greater the 
mean square, the stronger the effect.

3  Results

The simulations were carried out as per the Taguchi design 
of experiment and corresponding values of the responses 
were recorded in Table 3. The output responses include; 
maximum damage, maximum effective strain and stress.

Damage is a characteristic that leads to the cracking or 
fracture of a material. The extent of the crack is dependent 
on the induced stresses in the material. The cracks created 
during deformation enhance fracture when the material 
is in use [30]. Effective stress is directly related to plastic 
deformation and higher effective stress is desirable during 
deformation. A reduction in effective stress results in low 
material strength. The quantity of effective strain is critical 
in measuring the degree of deformation within a material 
[31]. Higher values of effective strain are preferred.

(13)Ymk =

n∑

i=1

y∗
i
(k) ∗ Vik

The S/N ratios for the output responses in Table 4 were 
computed using the Taguchi criteria, represented in Eqs. 1 
and 2. Normalization of the S/N values was then computed 
using Eq. 3 for damage and Eq. 4 maximum effective stress 
and strain. The absolute difference was computed by 
deducting each of the normalized values of the S/N ratio 
from the maximum normalized value according to Eq. 5. 
Table 4 shows the results of S/N ratios, normalization and 
absolute difference.

The grey relational coefficient values of the normalized 
ratios were determined as per Eq. 6. The distinguishing 
coefficient values were substituted in Eq. 7. Usually, when 
the outputs have an equal weightage, 0.5 is used [32]. 
Most researchers widely assumed ξ = 0.5. However, some 
studies question this practice. Mahmoudi et al. showed 
that a variation ξ influenced the ranking contrary to the 
other studies [33]. The distinguishing coefficient ranges 
ζ ∈ [0, 1]. The maximum value equals one and the mini-
mum equals zero [34, 35].

In this study, the PCA was used to determine the dis-
tinguishing coefficient. The PCA was analysed in Minitab 
software, and the results are shown in Fig. 4 and Table 5. 
According to the PCA results, the damage was found to 
have more weight, in this study it was assigned as 0.6, fol-
lowed by effective strain, 0.3 and finally effective stress, 
0.1.

From the values of the grey relational coefficient, the 
grey relational grade was determined according to Eq. 7. 
The results are shown in Table 6.

3.1  Signal to noise ratio analysis

Main effect plots for S/N are useful in determining the 
optimal parameters. Figure 5 shows the main effects plot 
of S/N ratios for maximum damage, maximum effective 
strain, maximum effective stress and grey relational grade. 
It was observed that when using the smaller is better qual-
ity characteristic for the damage, the factors are optimum 
at the following conditions; temperature—400℃, plunger 
speed—10 mm/s, friction coefficient—0.6 and strain per 
pass—0.6. The optimum values for all other responses are 
as recorded in Table 7. The temperature showed a decreas-
ing increasing trend, implying that its influence on the 
outputs was not linear. A change in strain per pass would 
affect the output differently depending on the strains.

3.2  Analysis of variances

The analysis of variance was carried out as shown in 
Table 8 to determine the significance levels and the con-
tribution of the factors. Additionally, the error contribution 
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is included to ascertain if the results arise from residual 
errors or were they from the factors’ contribution. The 
error contributions were 5.45%, 0.84%, 1.90% and 0.91% 
for damage, effective strain and stress and grey relational 
grade respectively. These error values indicate the percent-
age of the data that is due to error [36]. The error values 
were found to be very low to be considered. Twenty per 
cent should be the maximum value of the percentage 
error for good statistical data [37].

The strain per pass was the most significant factor 
that affected damage with a percentage contribution of 
72.15% and a p value of 0. The outcome showed that dam-
age would be highly affected by the slightest change in 
strain per pass. A 95% confidence interval was used in this 
study. The other factor affecting damage was the friction 
coefficient with a percentage contribution of 20.1% and a 
p value of 0.009. It also meant that friction between dies 
and the workpieces played an important in determining 
the deformation. The plunger speed and temperature 
had p values of 0.771 and 0.807, respectively and had an 

insignificant contribution to damage of 1.22% and 1.08% 
respectively. Therefore, strain per and friction coefficient 
should be carefully minimised to reduce damage. For 
maximum effective strain, it was observed that strain per 
pass was the most significant having a P-value of 0 and a 
percentage contribution of 87.68%. The friction coefficient 
had a percentage contribution of 7.95% and a P-value of 0. 
The other parameters had little contribution to the effec-
tive strain. They indicated that strain per pass and friction 
coefficient are essential in inducing effective strain with 
strain per pass having the dominant effect. For maximum 
effective stress, strain per pass was the only significant fac-
tor with a contribution of 88.93% and a P-value of 0. The 
contribution results of the strain per pass imply that the 
strain per pass should be significantly considered during 
deformation.

In the grey relational grade, ANOVA results showed that; 
the most significant parameters were; friction coefficient 
with a percentage contribution of 7.94% and a P-value of 
0.001. The strain per pass had a percentage contribution 

Table 3  Table of Taguchi 
response-output L25 
orthogonal array

S/no MDF Input parameters Output responses

Tempera-
ture (°C)

Plunger 
speed 
(mm  s−1)

Friction 
coefficient 
(μ)

Strains 
per pass

Max. damage Max. Strain-
effective

Max stress-
effective 
(MPa)

1 25 5 0.2 0.2 0.111 0.956 640
2 25 10 0.3 0.3 0.184 1.71 660
3 25 15 0.4 0.4 0.225 2.18 665
4 25 20 0.5 0.5 0.361 2.88 665
5 25 25 0.6 0.6 0.484 3.67 665
6 100 5 0.3 0.4 0.216 2.07 665
7 100 10 0.4 0.5 0.428 3.99 665
8 100 15 0.5 0.6 0.487 5.19 665
9 100 20 0.6 0.2 0.18 1.25 649
10 100 25 0.2 0.3 0.159 1.47 655
11 200 5 0.4 0.6 0.416 5.57 665
12 200 10 0.5 0.2 0.181 1.4 653
13 200 15 0.6 0.3 0.258 1.85 663
14 200 20 0.2 0.4 0.198 1.95 664
15 200 25 0.3 0.5 0.291 2.98 665
16 300 5 0.5 0.3 0.213 1.82 662
17 300 10 0.6 0.4 0.321 2.64 665
18 300 15 0.2 0.5 0.295 2.18 665
19 300 20 0.3 0.6 0.347 2.92 665
20 300 25 0.4 0.2 0.178 1.28 650
21 400 5 0.6 0.5 0.541 5.27 665
22 400 10 0.2 0.6 0.297 3.74 665
23 400 15 0.3 0.2 0.139 1.14 646
24 400 20 0.4 0.3 0.21 1.82 662
25 400 25 0.5 0.4 0.294 2.86 665
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of 88.93% and a P-value of 0. This implied that both fric-
tion coefficient and strain per pass highly affected the 
process’s output. The temperature and the plunger speed 
least affect the MDF process.

Table 4  Values of S/N ratio, normalized S/N and absolute difference

Exp no S/N ratios Normalization  (Zij) Absolute difference (Δoj)

Max. damage Max. effective 
strain

Max. effec-
tive stress 
(MPa)

Max. damage Max. 
effective 
strain

Max. effec-
tive stress 
(MPa)

Max. damage Max. 
effective 
strain

Max. effective 
stress (MPa)

1 19.0935  − 0.3908 56.1236 0.0000 0.0000 0.0000 1.0000 1.0000 1.0000
2 14.7036 4.6599 56.3909 0.3191 0.3299 0.8030 0.6809 0.6701 0.1970
3 12.9563 6.7691 56.4564 0.4461 0.4677 1.0000 0.5539 0.5323 0.0000
4 8.8499 9.1878 56.4564 0.7446 0.6257 1.0000 0.2554 0.3743 0.0000
5 6.3031 11.2933 56.4564 0.9297 0.7633 1.0000 0.0703 0.2367 0.0000
6 13.3109 6.3194 56.4564 0.4203 0.4384 1.0000 0.5797 0.5616 0.0000
7 7.3711 12.0195 56.4564 0.8521 0.8107 1.0000 0.1479 0.1893 0.0000
8 6.2494 14.3033 56.4564 0.9336 0.9599 1.0000 0.0664 0.0401 0.0000
9 14.8945 1.9382 56.2449 0.3052 0.1521 0.3644 0.6948 0.8479 0.6356
10 15.9721 3.3463 56.3248 0.2269 0.2441 0.6046 0.7731 0.7559 0.3954
11 7.6181 14.9171 56.4564 0.8341 1.0000 1.0000 0.1659 0.0000 0.0000
12 14.8464 2.9226 56.2983 0.3087 0.2164 0.5248 0.6913 0.7836 0.4752
13 11.7676 5.3434 56.4303 0.5325 0.3746 0.9214 0.4675 0.6254 0.0786
14 14.0667 5.8007 56.4434 0.3654 0.4045 0.9607 0.6346 0.5955 0.0393
15 10.7221 9.4843 56.4564 0.6085 0.6451 1.0000 0.3915 0.3549 0.0000
16 13.4324 5.2014 56.4172 0.4115 0.3653 0.8820 0.5885 0.6347 0.1180
17 9.8699 8.4321 56.4564 0.6704 0.5764 1.0000 0.3296 0.4236 0.0000
18 10.6036 6.7691 56.4564 0.6171 0.4677 1.0000 0.3829 0.5323 0.0000
19 9.1934 9.3077 56.4564 0.7196 0.6336 1.0000 0.2804 0.3664 0.0000
20 14.9916 2.1442 56.2583 0.2982 0.1656 0.4046 0.7018 0.8344 0.5954
21 5.3361 14.4362 56.4564 1.0000 0.9686 1.0000 0.0000 0.0314 0.0000
22 10.5449 11.4574 56.4564 0.6214 0.7740 1.0000 0.3786 0.2260 0.0000
23 17.1397 1.1381 56.2047 0.1420 0.0999 0.2435 0.8580 0.9001 0.7565
24 13.5556 5.2014 56.4172 0.4025 0.3653 0.8820 0.5975 0.6347 0.1180
25 10.6331 9.1273 56.4564 0.6150 0.6218 1.0000 0.3850 0.3782 0.0000

Fig. 4  The scree plot of dam-
age, effective strain and stress

Table 5  Eigen analysis of the correlation matrix

Eigenvalue 2.4842 0.4390 0.0768

Proportion 0.828 0.146 0.026
Cumulative 0.828 0.974 1.000
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3.3  Confirmatory simulation

The confirmatory simulations were carried out at the 
optimum results. The results obtained were recorded 
in Table 9. From the table, the least damage was 0.111, 
recorded when a simulation was carried out at S/N opti-
mised result for damage. In comparison, the most excel-
lent effective strain was 5.57, observed from optimised 
grey relational grade data.

Figure 6 shows the contours of damage and effective 
strain for sliced samples at optimum conditions. The dam-
age distribution results demonstrated that damage was 
more on the sample’s surface than in the innermost parts 
of the material. The edges and corners experienced the 
most damage. The damage resulted from the increased 
strains due to the high loads and abrasive wear of the 
surfaces. The other factor that caused the damage was 
friction. The strain contour showed that along the edges, 
the strains increased. The central region experienced low 

strains. Although the multi-directional forging achieves 
a certain level of homogeneity, there is still a need to 
enhance the distribution of the stresses and the strain.

4  Discussion

In Fig. 5, the strain per pass has a very steep slope which 
shows that a slight change in the strain per pass highly 
affects the MDF process. Strain per pass above 0.5 influ-
ences the optimal results for damage, effective strain and 
stress. The high dependence of the output parameters 
to the strain per pass is attributed to its contribution to 
the evolution and refinement of grains in materials: the 
smaller the grains’ size, the greater the effective strain and 
stress. However, a rapid formation of the new small grains 
results in misorientation causing microstructural damages 
[38]. During the MDF, deformation bands and micro shear 
bands are formed in different directions, intersecting each 
other, resulting in continuous grain fragmentation. Further 
deformations increase the fragmentations and misorienta-
tion at the borders, and nearly refined material with equi-
axed grains are produced at high strains [39]. As uniaxial 
compression is applied to the material continuously the 
misorientation at the boundaries intensifies and the spac-
ing between the grains decreases. The accumulation of 
strains causes microstructural non-uniformities to evolve 
gradually during each compression pass [9].

When the MDF was conducted for strain per pass 
above 0.3, the effective stress increased rapidly until the 
maximum value of 665 Mpa was attained, as shown in 
Table 4. The maximum effective stress indicates the dis-
location density increased and the ultrafine grains were 
formed [40]. However, when using strain per pass of 0.3, 
the temperatures must be high and the friction coeffi-
cient above 0.4 to get the effective stress above 660 MPa. 
Temperature highly influences the product’s final quality 
[9, 41, 42]. Zhao et al. reported that when an aluminium 
alloy is heated, the grain structure does not change until 
the temperature gets to about 350 °C. At this temperature, 
the grains at the boundaries start to form new grains rap-
idly until a new undistorted grain structure is developed, 
replacing the old one, a process called recrystallization. 
The recrystallized aluminium develops different mechani-
cal properties from the former; for example, hardness for 
such materials decrease, resulting in more damage. Addi-
tionally, the tensile strength decreases with an increase 
in temperature while the ductility and the effective strain 
increase [43].

The effect of the die speed and friction coefficient can 
be observed in Table 3. An increase in the plunger speed 
resulted in more damage. This can be attributed to the 
reduced cooling during the process, resulting in increased 

Table 6  Table of grey relational coefficient values and their respec-
tive grey grade

Exp. no Grey relational coefficient Grey relational 
grade (GRG)

Max. damage Max. 
strain-
effective

Max. stress-
effective 
(MPa)

1 0.3750 0.0909 0.2308 0.2322
2 0.4684 0.1299 0.6037 0.4007
3 0.5200 0.1582 1.0000 0.5594
4 0.7014 0.2109 1.0000 0.6374
5 0.8951 0.2970 1.0000 0.7307
6 0.5086 0.1511 1.0000 0.5533
7 0.8022 0.3457 1.0000 0.7160
8 0.9004 0.7138 1.0000 0.8714
9 0.4634 0.1055 0.3207 0.2965
10 0.4370 0.1168 0.4314 0.3284
11 0.7834 1.0000 1.0000 0.9278
12 0.4647 0.1132 0.3870 0.3216
13 0.5621 0.1379 0.7924 0.4974
14 0.4860 0.1438 0.8842 0.5047
15 0.6051 0.2198 1.0000 0.6083
16 0.5048 0.1361 0.7177 0.4529
17 0.6455 0.1910 1.0000 0.6121
18 0.6104 0.1582 1.0000 0.5895
19 0.6815 0.2144 1.0000 0.6320
20 0.4609 0.1070 0.3350 0.3010
21 1.0000 0.7610 1.0000 0.9203
22 0.6131 0.3067 1.0000 0.6400
23 0.4115 0.1000 0.2840 0.2652
24 0.5011 0.1361 0.7177 0.4516
25 0.6091 0.2091 1.0000 0.6061
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internal temperature and increased internal stress in the 
workpiece [44]. Considering the friction coefficient, an 
increase in friction coefficient resulted in increased dam-
age but better effective strain. The friction coefficient is the 
ratio of the resisting force to the normal force. Tempera-
ture and deformation speed are other factors that affect 
the friction at the interface during a forging process [45]. 
The MDF utilizes compressive forces from the high loads 
and speeds, resulting in abrasive wear. When surfaces are 
excessively abrased, failure initiation is likely to start at 
the worn-out points. However, friction during the forging 
process improves the strain and stress distribution and the 
material flow, thus determining the product quality [46].

In Fig. 6a, b, an inhomogeneous distribution of dam-
age and the effective strain was observed; this was due to 
the inhomogeneous distribution of nanoparticles [47]. The 
inhomogeneities of particles and material properties result 
from the inhomogeneous distribution of strain in the sam-
ple during compression. Previous studies indicated that 
strains and temperature immensely affected the material’s 
structure homogeneity [48, 49]. However, the change of 
axis of deformation during MDF and higher strain per pass 
led to the development of uniform distribution of strain, 
stress and damage [50, 51], observed in Fig. 6b, c.

Fig. 5  Main effects plot for S/N ratios for maximum damage (a), maximum effective strain (b), maximum effective stress (c) and GRG (d)

Table 7  Optimum conditions 
for the MDF process as per the 
signal to noise ratio

Factor Single response optimisation

Max. damage 
(S/N)

Max. strain effec-
tive (S/N)

Max. stress effec-
tive (S/N)

Grade (S/N)

Temperature (°C) 25 400 200 200
Plunger speed (mm/s) 20 5 10 5
Friction coefficient 0.2 0.6 0.5 0.4
Strains per pass 0.2 0.6 0.5 0.6
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5  Conclusion

In this study, the multi-directional forging of AA 7075 was 
studied. The principal objective was to optimise the MDF 
process based on the significant process parameters. The 
DEFORM™ 3D was used for simulation. The effects of varying 
the process input parameters (plunger speed, temperature, 

friction coefficient and strain per pass) on maximum damage, 
maximum effective stress and maximum effective strain were 
studied. The signal-to-noise ratio identified the optimum con-
ditions for each response to be as follows; damage, the opti-
mum temperature was 25 °C, the plunger speed, 20 mm/s, the 
friction coefficient, 0.2 and the strain per pass, 0.2. These con-
ditions resulted in the least damage of 0.111. For maximum 

Table 8  Analysis of variance for 
transformed grade response

Factor Degree of 
freedom

Sum squares Mean squares F-value p value % Contribution

(a) Damage
Temperature 4 0.00358 0.000895 0.39 0.807 1.08
Plunger speed 4 0.004072 0.001018 0.45 0.771 1.22
Friction coefficient 4 0.066898 0.016725 7.38 0.009 20.10
Strain per pass 4 0.240078 0.06002 26.48 0 72.15
Error 8 0.018134 0.002267 5.45
Total 24 0.332762 100
(b) Maximum effective strain
Temperature 4 0.02907 0.007267 5.41 0.021 2.28
Plunger speed 4 0.01594 0.003984 2.97 0.089 1.25
Friction coefficient 4 0.10126 0.025315 18.84 0 7.95
Strain per pass 4 1.11735 0.279339 207.89 0 87.68
Error 8 0.01075 0.001344 0.84
Total 24 1.27437 100
(c) Maximum effective stress
Temperature 4 4.887 1.222 0.88 0.515 0.84
Plunger speed 4 4.07 1.017 0.74 0.593 0.70
Friction coefficient 4 11.963 2.991 2.16 0.164 2.06
Strain per pass 4 549.16 137.29 99.35 0 94.50
Error 8 11.055 1.382 1.90
Total 24 581.136 100
(d) Grey relational grade
Temperature 4 0.02949 0.007373 3.25 0.073 1.48
Plunger speed 4 0.01463 0.003658 1.61 0.262 0.73
Friction coefficient 4 0.15812 0.039530 17.40 0.001 7.94
Strain per pass 4 1.77050 0.442625 194.80 0.000 88.93
Error 8 0.01818 0.002272 0.91
Total 24 0.332762 100.00

Table 9  Optimum conditions 
for the MDF process and their 
output responses

Factor/response Single response optimisation using S/N Grey rela-
tional grade 
(S/N)Max. damage Max. strain 

effective
Max. stress 
effective

Temperature (°C) 25 400 200 200
Plunger speed (mm/s) 20 5 10 5
Friction coefficient (μ) 0.2 0.6 0.5 0.4
Strains per pass 0.2 0.6 0.5 0.6
Max. damage 0.1111 0.451 0.363 0.416
Max. strain effective 0.956 5.05 2.94 5.57
Max stress effective (MPa) 640 665 665 665
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effective strain, the optimal values identified were; tempera-
ture, 400 °C, plunger speed, 5 mm/s, friction coefficient, 0.6 
and the strain per pass at a point of 0.6. Finally, for maximum 
stress-effective, the values were; temperature, 200 °C, plunger 

speed, 10 mm/s, the friction coefficient, 0.5 and the strain per 
pass, 0.5. From the ANOVA, it was noted that the strain per 
pass is the most crucial input that affects damage, effective 
strain and stress. Optimisation using the grey relation analysis 

Fig. 6  Results of a damage, b 
effective strain and c effec-
tive stress for a sliced sample, 
simulated at a temperature of 
200 °C, friction coefficient of 
0.4, strain per pass of 0.6 and 
plunger speed of 5 mm/s
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produced a material with a damage value of 0.416, an effec-
tive strain of 5.57 and effective stress of 665 Mpa.

The current study was limited to simulation. However, 
this study brings a better understanding of the MDF pro-
cess and the optimisation of the process parameters when 
processing AA 7075. The results will be significant in guid-
ing the choice of MDF parameters not only for AA 7075 but 
also for other metal alloys. The results will go a long way 
in assisting manufacturers and researchers in developing 
AA 7075 with better mechanical properties. The AA 7075 
with improved mechanical properties can be applied in 
the automobile, aerospace and construction industries. 
This research, therefore, contributes immense knowledge 
to the quality production of high-strength AA 7075.

In future work, further optimisation results of AA 7075 can 
be obtained if the studies focus on analyzing the alloy’s chemi-
cal variation, its spatial variations of the stresses and strains in 
different metal atoms, grain structure, and boundaries disloca-
tion distribution. Further research should also be carried out 
on other hard-to-machine metals.
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