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A B S T R A C T  
 

 

Deep drawing process is one of the most applicable methods in producing industrial parts. In this 

process, the initial blank deforms to final product using a rigid punch and die. In this investigation, the 
effect of deep drawing process parameters of brass/steel laminated sheet composites on required 

forming force has been investigated. The process simulated using finite element method (FEM) and 

then validated by using experimental results. Afterward, the effect of process parameters including 
friction coefficient between punch and sheet (punch friction), friction coefficient between die and sheet 

(die friction), blank holder force and the initial blank diameter all in three different levels investigated 

using design of experiments (DOE) by Taguchi method. Based on four selected parameters in three 
levels, experiments performed by Taguchi L9 orthogonal array and then the maximum punch force of 

each experiment was obtained using validated FE model. Signal to noise (S/N) analysis demonstrated 

that the die friction is the most important parameter in deep drawing of brass/steel laminated sheet that 
by its reduction, the maximum punch force decreases. Also, analysis of variance (ANOVA) results 

illustrated that the die friction and initial blank diameter are involved 53.1 and 43.4% of contribution 

on maximum punch force, respectively. 

 

doi: 10.5829/idosi.ije.2016.29.01a.14 
 

 

 
1. INTRODUCTION1 
 

In some applications, a single material does not always 

meet the strict requirements of special circumstances. 

High-performance composite materials have been 

considered as the important approaches [1]. After nearly 

decades of development, the composite materials have 

been widely applied to many fields such as aerospace, 

oil, chemicals, metallurgy, machinery, automobiles, 

ships, nuclear, electrical, and the electronic industry. 

The composite materials have already become 

important research fields of materials science and 

engineering [2]. 

Laminated metal composites (LMC) are one of the 

most important composite materials which are 

fabricated using two or more metal sheets with different 

properties by special processes and manufacturing 

                                                           
1*Corresponding Author Email: Re.hasanzadeh@urmia.ac.ir (R. 

Hasanzadeh)    

approaches [3]. LMC have the excellent particular 

performances in comparison with the single metal by 

the reasonable design and composition. It can 

dramatically improve many properties, including 

fracture toughness, fatigue behavior, impact behavior, 

wear, corrosion, and damping capacity or provide 

enhanced formability or ductility for otherwise brittle 

materials [4]. 

Design of experiment (DOE) techniques can 

optimize process parameters with minimum 

experimental runs. Using this method, we can recognize 

resources that may affect the quality of the products and 

select the best answer by changing the size of the 

factors in a controlled environment perusing the 

different responses [5]. Taguchi method can reduce the 

number, time and cost of the experiments several times, 

with high confidence in the systems which study of the 

factors with different levels is needed to determine the 

optimal conditions [6]. 
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Over recent years, producing hollow sheet parts with 

desired quality and geometrical shape is an important 

challenge in automotive and aerospace industries. On 

the other hand, there was much interest to manufacture 

products with high strength to weight ratio in recent 

years. Deep drawing is one of the most applicable 

technologies to produce such parts in which a blank is 

drawn into a die using a solid punch. This process has 

some significant advantages including high rate 

production and simple procedure. Deep drawn parts are 

widely used in automotive, aerospace, gas, military 

industries and also in kitchen products [7-9]. Although, 

there are so many work on deep drawing process of 

single layer sheet but few studies have been reported on 

laminated sheet composites. Dwivedi and Agnihotri 

[10] studied deep drawing of aluminum/brass laminated 

sheets. They investigated the effects of punch nose 

radius and die entrance radius on limiting drawing ratio 

(LDR) and forming force numerically and by 

experiments. They could successfully achieve to LDR 

of 2.86. Pourmoghadam et al. [11] investigated the 

wrinkling of anisotropic composite sheets. The 

sandwich sheet in their work was produced by 

polyamide (PA) as the core and aluminum as the skins. 

They predicted the required blank holder force to 

prevent wrinkling in the flange area using analytical, 

numerical and experimental methods. Warm deep 

drawing of aluminum/steel laminated sheets was 

experimentally examined by Afshin and Kadkhodayan 

[12]. They found that the forming force changes by 

substituting the blank stacking sequence. For example, 

the forming force decreases when the steel sheet is the 

upper layer. Rajabi et al. [13] studied the forming of 

composite sheet using Taguchi method by experiment 

and simulation. In their analysis temperature, blank 

holder force, blank thickness and blank diameter were 

considered as input variables and wrinkling and 

required forming force considered being response 

functions. They concluded that the blank holder force is 

the most important parameter in occurrence of 

wrinkling meanwhile its influence on forming force is 

negligible compared to temperature. 

However, optimization of process parameters on 

forming force in deep drawing of steel/brass laminated 

sheets using Taguchi method was not found in the 

literature. In present study, the effects of punch/blank 

coefficient, die/blank coefficient, blank holder force and 

initial radius of the blank on maximum punch force in 

deep drawing of steel/brass laminated sheets have been 

investigated and then optimized. 
 

 

2.FINITE ELEMENT SIMULATION 
 
The explicit finite element (FE) code ABAQUS is used 

to investigate drawing behavior of steel/brass laminated 

sheets. Due to axial symmetry, axisymmetric model was 

conducted. The sheets and the die set were modeled as 

deformable and analytical rigid, respectively. To mesh 

the sheets, the CAX4RT element by number of 200 

elements in the radial direction and 2 elements in the 

thickness direction was used [14]. On the other hand, 

the die set was not meshed and analyzed because it was 

considered as analytical rigid. Figure 1 shows the FE 

model at the start of process. Geometrical dimensions of 

the die set and the initial sheets are given in Table1. The 

plastic deformation behavior of the sheets was 

introduced to the software according to the Figures 2 

and 3. The properties of the brass and steel sheets are 

given in Table 2. 

Coulomb friction model was used in the simulations. 

The friction coefficient was considered to be 0.31 at the 

upper sheet (brass) and punch interface and it was 

considered 0.29 for lower sheet (steel) and die [14]. It 

must be remembered that the average value of these 

friction coefficients was used as the friction coefficient 

between the steel and brass layers [14]. The blank 

holder force equal to 3.56 kN was applied to the blank 

holder. The simulation results are as reliable as they are 

validated by the experimental results. Figure 4 shows 

the punch force curve corresponding to the final cup. As 

it is depicted, there is a good correlation between the 

results of experiment and simulation. Differences 

between the experimental and simulation maximum 

punch force is almost 2%. Also, the FE model at the end 

of process is shown in Figure 5. 

 

 

 
Figure 1. FE model at the start of process 

 

 
TABLE 1. Geometrical dimensions of the die set and initial 

blanks [14] 

Parameter Value (mm) 

Punch diameter 46 

Punch nose radius 10 

Inside die diameter 48.5 

Die entrance radius 8 

Inside blank holder diameter 49.5 

Outside blank holder diameter 100 

Initial blanks diameter 75 

Upper sheet thickness (Brass) 0.62 

Lower sheet thickness (Steel) 0.39 
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Figure 2. True stress-strain curve of steel sheet [14] 

 

 

 
Figure 3. True stress-strain curve of brass sheet [14] 

 

 
TABLE 2. Mechanical properties of brass and steel sheets 

Parameter Yielding 

Stress (MPa) 

Young's Modulus 
(GPa) 

Density 
(kg/m3) 

Poisson's 

Ratio 

Value Brass 280 127 8670 0.32 

Steel 140 193 7850 0.27 

 

 
TABLE 3. Investigated processing parameters and their levels 

Level 

Parameter 

1 2 3 

Blank holder force (kN) 3.56 6.56 9.56 

Initial blank diameter (mm) 37.5 41.25 45 

Punch friction 0.03 0.31 0.59 

Die friction 0.01 0.29 0.57 

 

 
TABLE 4. L9 orthogonal array of Taguchi 

Trial 

 No. 

Blank Holder 

Force (kN) 

Initial Blank 

Diameter (mm) 

Punch 

Friction 

Die 

Friction 

1 3.56 37.5 0.03 0.01 

2 3.56 41.25 0.31 0.29 

3 3.56 45 0.59 0.57 

4 6.56 37.5 0.31 0.57 

5 6.56 41.25 0.59 0.01 

6 6.56 45 0.03 0.29 

7 9.56 37.5 0.59 0.29 

8 9.56 41.25 0.03 0.57 

9 9.56 45 0.31 0.01 

3. DESIGN OF EXPERIMENTS (DOE) 
 

In the present study, effect of brass/steel laminated sheet 

composite deep drawing processing parameters  

including punch/blank friction coefficient (punch 

friction), die/blank friction coefficient (die friction), 

initial blank diameter and blank holder force 

investigated on required processing force. Selected 

parameters and their levels are given in Table 3. 

According to selected parameters and their levels 

(Table 3.), Taguchi approach was performed based on 

L9 orthogonal array shown in Table 4 [15]. 

Taguchi method introduces a loss function which is 

presented as signal to noise ratio (S/N ratio). Depended 

on the test, each forms of Equations (1) to (3) can be 

used to determine S/N ratio which for nominal is best, 

larger is better and smaller is better states, respectively 

[16]. 
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Figure 4. Force-punch stroke curve 

 

 
Figure 5. FE model of final cup (punch travel: 21 mm) 
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In each problem, regardless to kind of it, when the 

S/N is largest, the received response is optimal [15]. 

Since in the present study the minimum punch force is 

desirable, “smaller is better” method (Equation (3)) is 

used in Taguchi approach to analyzing data. 

 

 

4. RESULTS AND DISSCUSION 
 

Results of 9 different experiments according to L9 

orthogonal array of taguchi design of experiments using 

FE simulation are presented in Table 5. 

 

4.1. Signal to Noise (S/N) Analysis Importing data in 

Minitab software and analyzing them (according to 

smaller is better state) give the signal-to-noise ratio 

(S/N) values and importance rankings of the parameters 

respect to effect on maximum punch force according to 

Table6. Also, main effects plot for means are depicted 

in Figure 6. 

According to S/N ratio results, friction coefficient 

between die and blank is the most effective parameter 

on required maximum punch force. The optimum level 

for die friction is level 1 i.e. 3.56 kN. Results 

demonstrated punch friction has not considerable effect 

on maximum punch force. Increasing die friction leads 

to increasing maximum punch force because of larger 

required punch force to overbear on larger friction 

between die and blank. Another important result 

obtained is that initial blank diameter is the second 

effective parameter which by increasing it due to the 

larger contact surface between blank and die, the 

maximum punch force increased.  

 

 
TABLE 5. The results of maximum punch force 

Run No. Maximum Punch Force (kN) 

1 22.49 

2 46.58 

3 57.21 

4 43.95 

5 36.30 

6 55.70 

7 41.66 

8 53.34 

9 44.22 

 

 
TABLE 6. S/N result of maximum punch force 

Level Blank Holder 

Force (kN) 

Initial Blank 

Diameter (mm) 

Punch 

Friction 

Die 

Friction 

1 42.09 36.03 43.84 34.34 

2 45.32 45.41 44.92 47.98 

3 46.41 52.38 45.06 51.50 

Delta 4.31 16.34 1.21 17.16 

Rank 3 2 4 1 

 

 
Figure 6. Main effects plot for means of maximum punch 

force 
 

 

 
Figure 7. Normality test of maximum punch force 

 

 

The results demonstrated that blank holder force is 

the third effective parameter which by decreasing it 

required maximum punch force decreases due to lower 

force applied to sheet. 

 

4.2. Analysis of Variance (ANOVA)      Respect to 

normality test of maximum punch force (see Figure 7.) 

and the amount of P-value=0.447 (higher than value of 

error equal to 0.05) which shows the results are normal 

[15], the ANOVA results are shown in Table7. 

ANOVA results indicated that die friction and initial 

blank diameter with contribution of 53.01 and 43.4% 

are the most effective parameters, respectively. On the 

other hand, blank holder force and punch friction with 

contribution of 3.2 and 0.3%, respectively, are almost 

ineffective parameters. 

 

 
TABLE 7. ANOVA result of maximum punch force 

Source Mean Square Contribution (%) 

Blank holder force (kN) 15.09 3.2

Initial blank diameter (mm) 201.77 43.4

Punch friction 1.32 0.3 

Die friction 246.56 53.01 

Error - - 

Total 464.74 100 
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5. CONCLUSIONS 
 

In present research work, the effect of process 

parameters including friction coefficient between punch 

and sheet, friction coefficient between die and sheet, 

blank holder force and the initial blank radius on 

maximum punch force in deep drawing of brass/steel 

laminated sheet was investigated using Taguchi method. 

In this regard, the process was simulated firstly using 

finite element method and then verified in comparison 

to experimental results which showed a good agreement 

between the experimental and simulated results. 

Afterwards, to evaluate the effects of mentioned 

parameters, experiments were performed using Taguchi 

L9 orthogonal array. S/N ratio and ANOVA results 

showed that die/blank friction coefficient is the most 

important parameter on maximum punch force and it 

has a contribution equal to 53.51%. Also, according to 

obtained results it was found that initial blank radius, 

blank holder force and punch/blank friction coefficient 

are other important parameters, respectively. 
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چكيده
 

باشد. در این فرآیند، ورق اولیه با استفاده از سنبه و های پرکاربرد در تولید قطعات صنعتی، فرآیند کشش عمیق مییکی از روش

یابد. در پژوهش حاضر، تاثیر پارامترهای فرآیند کشش عمیق ورق ماتریس سخت به شکل محصول نهایی تغییر شکل می

سازی شده است. فرآیند با استفاده از مدل دهی بررسی و بهینهفولاد بر روی نیروی مورد نیاز شکل-کامپوزیتی دو لایه برنج

سنجی مدل در مقایسه با نتایج تجربی تایید شده است. سپس تاثیر چهار پارامتر سازی و سپس صحتاجزای محدود، شبیه

-ه(، ضریب اصطکاک بین ماتریس و ورق )اصطکاک ماتریس(، نیروی ورقضریب اصطکاک بین سنبه و ورق )اصطکاک سنب

گیر و شعاع ورق اولیه، هرکدام در سه سطح مختلف توسط طراحی آزمایش به روش تاگوچی مورد مطالعه قرار گرفته است. 

اجزای محدود  تاگوچی انجام و سپس بیشینه نیروی سنبه هر آزمایش به کمک مدل L9ها بر اساس آرایه متعامد آزمایش

سنجی شده، استخراج گردید. با استفاده از تحلیل سیگنال به نویز مشخص گردید اصطکاک ماتریس، موثرترین پارامتر صحت

یابد. باشد که با کاهش آن، بیشینه نیروی سنبه نیز کاهش میفولاد می-در فرآیند کشش عمیق ورق کامپوزیتی دو لایه برنج

% در بیشینه 4/45و  1/35نس نشان داد که اصطکاک ماتریس و شعاع ورق اولیه به ترتیب به میزان همچنین نتایج آنالیز واریا

 نیروی سنبه مشارکت دارند. 
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