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1. Introduction 

Weight reduction and strength improvement are one of the main 

tasks for the original equipment manufacturers (OEMs). Thus, the 

use of AHSSs is continuously rising among the sheet metal form-

ing industries in order to obtain parts with high strength and less 

weight [1], [2]. However, the lower formability of AHSSs as com-

pared to high strength low alloy (HSLA) steels requires well opti-

mization of the forming process in order to obtain sound products.  

DP steels are one of the most preferred AHSS due to their rea-

sonable formability and high energy absorption capabilities [3]. 

Thus, it mostly is used in parts that require impact resistance and 

good energy absorption ability. The reasonable formability and the 

high strength of DP steels are achieved through their unique mi-

crostructure, which comprises ferritic and martensitic structures  

[4]–[6]. While the ferrite provides good formability to DP steels, 

the martensitic structure improves its strength. Hence, various 

types of DP steels can be achieved by changing the ferrite and mar-

tensite ratios coexisting in the microstructure. On the other hand, 

MART steels are one of the strongest steels among the AHSSs due 

to their fully martensitic microstructure and are highly used for im-

pact resistance parts such as bumpers [7], [8]. The significantly 

high strength of MART steels causes in severe springback and low 

formability, which considerably limits their use for complex parts 

[9].  

In literature, many attempts have been carried out to assess the 

deformation behaviour of both DP and MART steels and improve 

their formability in order to expand their use for more complex 

shaped parts. In some studies [10], [11], [12], [13],[14],[15] re-

searchers have found considerable improvements on the deep 

drawability, springback reduction and total elongation capacity of 

AHSSs by using warm forming methods. Some researchers [16], 

[17], [18], have focused on the importance of proper lubrication in 

forming since a suitable lubrication in between the die and sheet 

interfaces plays a vital factor for achieving parts with low surface 

roughness and few seizure errors. Due to incredibly high strength 

levels of AHSSs, these surface errors further deteriorate during 

forming operation. Abe et al. [16], have investigated the effects of 

die coatings on the seizure errors for 980 and 1180 MPa AHSSs. 

They have shown that VC-coated die has caused smaller surface 

roughness and eliminated the seizure error, while TiN-coated die 

hasn’t been suitable for AHSSs. ŞEN et al. [17], have applied the 

minimum quantity lubrication (MQL) method for incremental 

forming process. The authors have obtained higher surface quality 
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of the formed products about 14.60% with the MQL assisted in-

cremental forming method. The behaviour of sheet metal under 

deformation is significantly related to its microstructure properties. 

Thus, some critical factors of sheet metal such as strain hardening 

and strain rate sensitivity indexes, deformation behavior of constit-

uent phases and damage evolution in the microstructure have 

drawn a considerable interest of researchers in the literature [19], 

[20].  

Although the lubrication conditions, microstructure and temper-

ature plays a dominant role during a deep drawing process, geo-

metrical features of the die setup such as die shoulder radius, punch 

edge radius and die angle have deterministic effects on the deep 

drawing process [21]–[24]. In literature, it has been stated that the 

use of a conical die for the deep drawing process may enhance the 

DDR [25], [26]. Savas and Secgin [27], have used the conical die 

design with different angles (0⁰ , 2.5⁰, 5⁰, 10⁰ , 15⁰) to deep drawn 

the DIN EN 10130-91 steel sheet. They have observed that DDR 

has improved from 1.75 at 0⁰ die angle to 2.175 at 15⁰ die angle. 

Özek and Akkelek [28], have applied the similar conical die design 

with various die angles (0⁰, 3⁰, 6⁰, 9⁰, 12⁰, 15⁰) for the deep drawing 

of rectangular shaped cups from St37 steel. In their results, they 

have shown that the DDR can be improved to 1.55 at die angles 

from 3⁰ to 15⁰ as compared to conventional deep drawing die  

A careful die design for the sheet metal forming process may 

result in considerable improvements regarding either surface qual-

ity or formability. There have been many studies emphasizing the 

formability improvement achieved with the use of a conical die 

design for variety of materials. However, there are only few studies 

related with the deep drawing behaviour of AHSS, when drawn 

through a conical die. Moreover, there are only few studies regard-

ing the deep drawability of MART steels. Thus, in this study, the 

effect of conical die concept on the deep drawability of DP800 and 

MART1400 steels have been investigated. The main focus of the 

study has been to improve the DDR of both kinds of steels by 

means of a conical deep drawing die setup. Conical dies with five 

different angles (0⁰, 7.5⁰, 12.5⁰, 20⁰) have been manufactured and 

used for the deep drawing experiments. Finite element analysis 

(FEA) method has been used to model the deep drawing process 

and correctly estimate the DDR achieved for both kinds of steels 

by the conical die deep drawing setup. 

2. Materials and methods  

2.1 Materials  

In this study, DP800 and MART1400 steels with 1 and 1.5 mm 

thicknesses, respectively, were used for the deep drawing experi-

ments. The chemical composition of both steels have been given 

in Table 1. 

2.2 Tensile test experiments 

Tensile test specimens with the dimensions shown in Figure 1 

were cut by water-jet cutting method in the rolling direction for 

each steels. Tensile test experiments were conducted at 0.005 s-1 

with the Zwick/Roell Z600 tensile test device according to TS EN 

ISO 6892-2 standard. The true stress – strain graphs of each steel 

have been given in Figure 2. 

 

Fig. 1. Dimensions of the tensile test specimens 

 
 

Fig. 2. True Stress – Strain graph of DP800 and MART1400  
steels at 0.005 s-1 

 

 

 

 

 

 

 

 

 

Table 1. The chemical composition of DP800 and MART1400 steels 

  

Materials Fe C Si Mn P S Al Ti Nb V 

DP800 97,9 0,142 0,190 1,489 0,007 0,003 0,038 0,001 0,016 0,012 

MART1400 98,1 0,179 0,168 1,201 0,010 0,004 0,038 0,032 0,001 0,018 
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2.3 Deep drawing experiments 

Circular specimens were cut by water-jet cutting method from 

DP800 and MART1400 sheets. Dies with four different angles (0⁰, 

7.5⁰, 12.5⁰, 20⁰) were manufactured and used in the deep drawing 

experiments. A flat punch were used to draw the circular speci-

mens into the die cavity. Around 7.5 tons and 15 tons of forces 

were applied by the blankholder on the DP and MART specimens, 

respectively, to prevent them from wrinkling during deep drawing 

process. The determination of the blankholder force was done by 

preliminary deep drawing tests, in which the blankholder force was 

increased until reaching to a successful drawing without tears or 

wrinkles. After each successful deep drawing operation, the spec-

imen diameters were incrementally increased by 2 mm. DDR were 

then calculated by dividing the largest successfully deep drawn 

specimen diameter to punch diameter as shown in Eq. (1) Deep 

drawing experiments were conducted with three different lubrica-

tion condition (Teflon film, graphite, Teflon film + graphite) to se-

lect the effective lubricating method and Teflon film were selected 

to be used in the deep drawing experiments since it resulted in 

lower forming force than graphite condition and was easier to ap-

ply as compared to Teflon film + graphite condition. The Teflon 

films were placed on the top and bottom surfaces of the flange re-

gions of the sheet metal and its thickness was 0.25 mm. 

 

DDR=
d∅f

d∅p

 (1) 

 

Where, d∅f  and d∅p  represent the final successfully deep 

drawn specimen diameter and punch diameter, respectively. 
 

The geometrical features of the die setup have been given in Ta-

ble 2. The experimental setup and its schematic representation 

have been given in Figure 3  
 

2.4 Finite element analysis modelling 

2.4.1 Optimization of the constitutive model for DP800 and 

MART1400 

Finite element analysis are mainly used for die designing processes 

in order to eliminate or reduce the trial and error stages. In this 

study, Voce type hardening model as shown in Eq. (2) were used 

to predict large deformation stresses. Due to its stress saturation 

behavior, the Voce hardening model is able to predict the stress- 

strain responses at higher strain levels and used for variety of ma-

terials including steel and aluminum [29], [30]. The parameters of 

the Voce hardening model were optimized by simulating series of 

the tensile test experiments and comparing the obtained load – dis-

placement curves with experimental values. In the tensile test sim-

ulations, gauge length of the specimens were meshed with hexa-

hedral elements in 0.3 mm size and three elements were used 

through the thickness. Grips that are used to hold the specimen in 

place were selected as rigid bodies and glued to the specimen. 

 

 

The tensile test simulation model has been shown in Figure 4. The 

comparison of the experimental and simulated flow curves of 

DP800 and MART1400 steel have been shown in Figure 5. 
 

σ=σ0+V1[1-exp(-V2ε) (2) 

  

Where, V1 and V2 represent the Voce hardening model parame-

ters and σ0 the initial yield strength 

 

 

Fig. 4. Numerical model used for the tensile test simulation 

 

 

Fig. 5. The comparison of simulated and experimental flowcurves for 
DP800 and MART1400 steel 

 

2.4.2 Deep drawing analysis 

In the deep drawing analysis model, dies were imported as rigid 

bodies into the FEA model and the sheet specimens were meshed 

with hexahedral elements in 0.43 mm size and three elements were 

used through the thickness. Only one quarter of the circular speci-

men was simulated to reduce the calculation time. 0.07 Coulomb 

friction coefficient was given between the die and sheet surfaces. 

Determination of the friction coefficient was done by carrying out 

iterative deep drawing simulations for different friction coeffi-

cients until a good agreement was reached on the experimental and 

simulated force – displacement graphs. The comparison of the ex-

perimental and simulated force - displacement graphs have been 

shown in Figure 6. The lower force prediction during the ironing 

stage of flange regions of the sheet metal might have been resulted 

because of lower clearance in the flange regions due to the thick-

ness of Teflon films. The failure diagnosis of sheet metals was as-

sessed by theoretical Keeler forming limit diagram (FLD).  
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Table 2. The geometrical features of the die setup for the deep drawing process 

Materials 
Geometrical Features 

Punch diameter Die angle Die radius Punch edge radius Clearance 

DP800 37.6 mm 0⁰, 7.5⁰, 12.5⁰, 20⁰ 5 mm 5 mm 1.21 mm 

MART1400 36.4 mm 0⁰, 7.5⁰, 12.5⁰, 20⁰ 5 mm 5 mm 1.81 mm 

    

Fig. 3. a) The experimental setup for conical die deep drawing and b) its schematic representation 

In the derivation of FLD for DP800, the given strain hardening co-

efficient, n, and thickness, t, were 0.16 and 1 mm, respectively. In 

the derivation of FLD for MART1400, the given strain hardening 

coefficient, n, and thickness, t, were 0.11 and 1.5 mm, respectively. 

The derived FLD curves obtained for DP800 and MART1400 

steels have been shown in Figure 7.  
 

 

Fig. 6. Comparison of the experimental and simulated force - displace-
ment graph for deep drawing of DP800 steel in 70 mm diameter 

 

3. Results and Discussions  

3.1 Effect of conical die deep drawing method on the DDR of 

DP800 and MART1400 steels 

DDR is one of the characteristic methods of assessing the form-

ability of sheet metals. Mainly, DDR value indicates how deeper 

products can be formed. Thus, improvement of DDR lets the form-

ing of products with higher complexity or depth. In Figure 8 and 9, 

the deep drawn samples of DP800 and MART1400 steels with 

conical dies with different angles have been shown, respectively. 

It can be seen that the increase of die angle has not resulted in a 

significant improvement on the DDR for each steel type. However, 

the DDR of DP800 has slightly improved by 2.46% at 20⁰ die an-

gle. The highest achieved DDR has been 2.18 and 1.97 for DP800 

and MART1400 steels, respectively. In conventional deep draw-

ing operations, the cup walls are bent and unbent while drawing 

through the die radius. This bending and unbending deformation 

of the cup walls cause the work hardening of the cup walls. On the 

other hand, since the cup nose region only goes through a single 

bending deformation it less work hardens as compared to cup walls. 

Therefore, this work hardening gradient in between the cup nose 

and wall regions limits the amount of wall length that can be sup-

ported by the cup nose during deep drawing operation. However, 

when sheets are drawn through a conical die, bending and unbend-

ing of the cup walls are reduced with the increase of die angle, 

which results in the reduction of work hardening gradient in the 

cup nose and wall regions and consequently improve the DDR. 

Although many improvements have been observed by the conical 

deep drawing method for materials such as cold rolled low carbon 

steel [31] brass and aluminum [22], [32], in the case of DP800 and 

MART1400 steels, increasing of die angles up to 20⁰ have not con-

siderably contributed to increasing the DDR. One of the main rea-

sons of such independence of DP800 and MART1400 steels to 

conical die deep drawing in between 0⁰ to 20⁰ angle observed in 
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Fig. 7. Obtained FLD curves according to theoretical Keeler method for a) DP800 and b) MART1400 steels 

This study may have been caused due to using of insufficient die 

angles to reduce the work hardening of the cup walls. Hezam et al. 

[33], have observed a considerable increase in the DDR by using 

a conical die, however, they have also noted that the DDR achieved 

at lower die angles has been lower than that achieved at higher die 

angles. 

Since, at lower die angles, the conical deep drawing die ap-

proaches to the conventional deep drawing die, advantages of us-

ing a conical die over conventional deep drawing die considerably 

reduces. Thus it can be deduced that a higher DDR may have been 

obtained at higher die angles. However, the incapability of using a 

blankholder plate at higher die angles should be taken into consid-

eration since it may cause in wrinkling failures for especially steels 

with high strengths and low thickness [25]. 

a) 

 

b) 

 

c) 

 

d) 

 
 

Fig. 8. Deep drawn DP800 samples with conical dies with different 
angles: a) 0⁰ , b) 7.5⁰, c)12.5⁰, d) 20⁰, the initial diameters of the samples 

shown in a), b), c) are 76, 78, 80 and 82 mm, and for d) are 
76, 78, 80, 82 and 84 mm from left to right 

a) 

 

b) 

 

c) 

 

d) 

 
 
Fig. 9. Deep drawn MART1400 samples with conical dies with differ-

ent angles: a) 0⁰, b) 7.5⁰, c)12.5⁰, d) 20⁰, the initial diameters of the sam-
ples shown in a), b), c) and d) are 68, 70, 72 and 74 mm from left to right 

 

3.2 Comparison of FEA and Experimental Conical Die Deep 

Drawing Results 

FEA methods have been extensively used for sheet metal form-

ing designs to prevent the waste of time and resources expended 

during trial and errors. However, sheet metal material properties 

such as flowcurve, anisotropy, forming limit etc. needs to be well 

characterized and defined in order to approximate the analysis re-

sults to that of observed in the real forming process. Forming limits 

of a sheet metal are generally defined by FLDs, which can be ob-

tained by Nakazima test. However, obtaining of FLD for a sheet 

metal requires excessive amount of repetitive experimental tests. 

Thus, theoretical methods such as Keeler are usually preferred in 

the sheet metal industry as to obtain the limiting strains. The com-

parison of the FEA and the fractured specimens have been shown 

for MART1400 steel in Figure 10. In the FEA model, the fractures 
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have occurred along the punch nose region for 74 mm initial diam-

eter, which resonates well with the experimental results. Similar to 

the experimental results shown in Figure 9., the largest initial diam-

eter for MART1400 steel that has been able to be numerically deep 

drawn has been 72 mm as shown in Figure 11. The comparison of 

the FEA and the fractured specimens has been shown for DP800 

steel in Figure 10. The fractures in the FEA model have always oc-

curred along the punch nose region as have been observed in the 

experimental results. However, in the numerical results, the frac-

tures have occurred in 82 mm initial diameter size for 0⁰ and 7.5⁰ 

die angles, while it occurred in 83 mm initial diameter size for 12.5⁰ 

and 20⁰ die angles. The largest initial diameters that have been nu-

merically deep drawn for DP800 steel at different die angles have 

been shown in Figure 12. It can be seen in the numerical results that 

a high proximity have been reached as compared to the experi-

mental deep drawing results, which validates the applicability of 

Keeler theoretical FLD in deep drawing analysis for MART1400 

and DP800 steels. 

 

Fig. 10. The comparison of experimental and numerical deep drawing 
analysis for MART1400 steel in 74 mm initial diameter, a) 0⁰, b) 7.5⁰, c) 

12.5⁰, d) 20⁰ 

 

Fig. 11. Numerical deep drawing results for MART1400 steel in 72 
mm initial diameter, a) 0⁰, b) 7.5⁰, c) 12.5⁰, d) 20⁰ 

 

 

Fig. 12. The comparison of experimental and numerical deep drawing 
analysis for DP800 steel, a) 0⁰, b) 7.5⁰, c) 12.5⁰, d) 20⁰ 

 

 

Fig. 13. Numerical deep drawing results for DP800 steel, a) 0⁰, b) 7.5⁰, 
c) 12.5⁰, d) 20⁰, dimensions are in mm 

3.3 Effect of conical die deep drawing method on the wall thick-

ness variation 

One of the key parameters of a successful forming operation 

is to obtain a uniform thickness variation in the formed products. 

In deep drawing forming process the regions near to cup nose 

are the most susceptible regions to excessive thinning. Hence, in 

most deep drawing processes failures occur around the cup nose. 

Cup flange regions, on the other hand, are susceptible to thick-

ness increase due to the formation of compressive stresses 

around the circumference of the sheet flange during the deep 

drawing process. The variation of thickness along the deep 

drawn DP800 and MART1400 cups formed at different die an-

gles have been shown in Figures 14 and 15, respectively. In both 

steels, the highest thickness reduction have occurred around the 

punch nose region (15 mm – 30 mm). The lowest thicknesses 

observed for DP800 steel have been 0.88, 0.99, 0.87 and 0.92 

mm for 0⁰, 7.5⁰, 12.5⁰, and 20⁰ die angles, respectively.  The 

lowest thicknesses observed for MART1400 steel have been 

1.33, 1.39, 1.43 and 1.43 mm for 0⁰, 7.5⁰, 12.5⁰, and 20⁰ die an-

gles, respectively. A monotonic increase in the thickness for 

both types of steels has been observed in the sidewall region for 

each die angles. Thus, no significant difference have been no-

ticed in the thickness variations of both types deep drawn at dif-

ferent die angles. The small variations may have been caused 
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due to the experimental errors like correct aligning of the sheet 

metal on the die surface.  

 

Fig. 14. Thickness variation along the deep drawn DP800 cups formed 
at different die angles 

 

Fig. 15. Thickness variation along the deep drawn MART1400 cups 
formed at different die angles 

 

4. Conclusions 

In this study, experimental and numerical deep drawing tests 

have been conducted in different die angles (0⁰, 7.5⁰, 12.5⁰, and 

20⁰) for DP800 and MART1400 AHSSs to improve their DDRs. 

The main conclusions that can be drawn from the study have 

been listed below:  

• In deep drawing tests of MART1400 steel in different die an-

gles, no improvement has been observed in terms of DDR. Max-

imum achieved DDR has been 1.98 in each die angle setup.  

• In deep drawing tests of DP800 steel in different die angles, 

only a slight increase has been observed in the DDR around 2.46% 

in 20⁰ die angle setup as compared to any other die angle setups. 

The maximum achieved DDR in 0⁰, 7.5⁰, 12.5⁰ die angles has 

been 2.12, while it has been 2.18 in 20⁰ die angle.  

• FEA model diagnosed with Keeler FLD criteria has been able 

to correctly capture the location of fracture (cup nose region) 

and closely estimated the DDRs for each types of steels.  

• A similar thickness variation have been observed in each die 

angle setups for DP800 and MART1400 steels.  

• It has been postulated that the amount of work hardening de-

crease on the cup sidewalls by the use of a conical die for low 

die angle ranges (0⁰ - 20⁰) has been diminutive to cause an im-

provement on the DDRs of MART1400 and DP800 steels.   

 

Acknowledgment 

For this work, the authors gratefully acknowledge the financial 

support provided by the Duzce University Research Fund [Project 

No: 2020.06.05.1113]. 

 

Conflict of Interest Statement 

The authors declare that there is no conflict of interest in the 

study. 

CRediT Author Statement 

Nuri ŞEN: Conceptualization, Supervision,  

Tolgahan CİVEK: Conceptualization, Writing-original draft,  

Ezgi TONGÜ: Data curation, Formal analysis 

References 

[1] Cora ÖN, Koç M. Promises and Problems of Ultra/Advanced High 

Strength Steel (U/AHSS) Utilization in Automotive Industry. 7th 

Automot Technol Congr (OTEKON 2014) [Internet]. 

2014;(May):1–8. Available from: http://www.otekon.org/eng/de-

fault.asp%5Cnhttp://www.otekon.org/bildiriler/B238.pdf 

[2] Demeri MY. Advanced High-strength Steels: Science, Technology, 

and Applications. 1st ed. Ohio: ASM International; 2013. 301 p.  

[3] Mallick PK. Materials, design and manufacturing for lightweight ve-

hicles. Materials, Design and Manufacturing for Lightweight Vehi-

cles. Woodhead Publishing Limited; 2010. 1–369 p.  

[4] Queiroz RRU, Cunha FGG, Gonzalez BM. Study of dynamic strain 

aging in dual phase steel. Mater Sci Eng A [Internet]. 2012;543:84–

7. Available from: http://dx.doi.org/10.1016/j.msea.2012.02.050 

[5] Bayramin B, Şimşir C, Efe M. Dynamic strain aging in DP steels at 

forming relevant strain rates and temperatures. Mater Sci Eng A. 

2017;704(July):164–72.  

[6] Senuma T. Physical Metallurgy of Modern High Strength Steel 

Sheets. 2001;41(6):520–32.  

[7] Keeler S, Kimchi M, Mooney PJ. Advanced High-Strength Steels 

Guidelines Version 6.0. WorldAutoSteel [Internet]. 2017;(Septem-

ber):314. Available from: https://www.worldautosteel.org/pro-

jects/advanced-high-strength-steel-application-guidelines/ 

[8] Mohrbacher H. Martensitic Automotive Steel Sheet - Fundamentals 

and Metallurgical Optimization Strategies. Adv Mater Res. 

2014;1063:130–42.  

a)

Measurement distance from the cup center, mm 

0 10 20 30 40 50 60

T
h

ic
k

n
es

s,
 m

m
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0o

7.5o

12.5o

20o

b)

Measurement distance from the cup center, mm 

0 10 20 30 40 50

T
h

ic
k

n
es

s,
 m

m

0.0

0.5

1.0

1.5

2.0

2.5

0
o

7.5
o

12.5
o

20
o



 

Şen et al. / International Journal of Automotive Science and Technology 7 (2): 104-111, 2023 

 

111 

 

[9] Sun Y, Wang K, Politis DJ, Chen G, Wang L. An experimental in-

vestigation on the ductility and post-form strength of a martensitic 

steel in a novel warm stamping process. J Mater Process Technol [In-

ternet]. 2020;275(May 2019):116387. Available from: 

https://doi.org/10.1016/j.jmatprotec.2019.116387 

[10]  Kayhan E, Kaftanoglu B. Experimental investigation of non-iso-

thermal deep drawing of DP600 steel. Int J Adv Manuf Technol. 

2018;99(1–4):695–706.  

[11] Karaağaç İ, Önel T, Uluer O. The effects of local heating on spring-

back behaviour in v bending of galvanized DP600 sheet. Ironmak 

Steelmak. 2020;47(7):807–13.  

[12] Sen N. Experimental investigation of the formability of ultrahigh-

strength sheet material using local heat treatment. Ironmak Steelmak 

[Internet]. 2020;47(2):93–9. Available from: 

https://doi.org/10.1080/03019233.2019.1680176 

[13] Sen N, Civek T. Detailed deformation behaviour analysis of DP 

steels at warm forming temperatures via warm tensile tests Detailed 

deformation behaviour analysis of DP steels at warm forming tem-

peratures via warm tensile tests. Ironmak Steelmak. 2022;1–11.  

[14] ARSLAN Y, KARAAĞAÇ İ. V bükmede geri esneme davranışları. 

Gazi Üniversitesi Fen Bilim Derg . 2014;C(3):255–63.  

[15] Shulphqwdoo ZH, Lq HD, Ehqglqj WKH, Rfro RI, Vkhhwv V, 

Dqjoh E. Gökhan Küçüktürk Mehmet Tahta Hakan Gürün Ibrahim 

Karaa÷aç. 2022;3:51–62.  

[16] Abe Y, Ohmi T, Mori K, Masuda T. Journal of Materials Processing 

Technology Improvement of formability in deep drawing of ultra-

high strength steel sheets by coating of die. J Mater Process Tech 

[Internet]. 2014;214(9):1838–43. Available from: 

http://dx.doi.org/10.1016/j.jmatprotec.2014.03.023 

[17] Şen N, Şirin Ş, Kıvak T, Civek T, Seçgin Ö. A new lubrication ap-

proach in the SPIF process: Evaluation of the applicability and tribo-

logical performance of MQL. Tribol Int [Internet]. 2022;171:107546. 

Available from: https://www.sciencedirect.com/science/arti-

cle/pii/S0301679X22001190 

[18] Şen N, Kurgan N, Karaağaç İ, Uluer O. Ilık Derin Çekme Prosesinde 

Yağlayıcı Etkisinin Şekillendirilebilirlik Açısından Deneysel 

Araştırılması An Experimental Investigation of the Lubrication Ef-

fects on Formability In Warm Deep Drawing Process. 

2016;19(2):185–93.  

[19] Azuma M, Goutianos S, Hansen N, Winther G, Huang X. Effect of 

hardness of martensite and ferrite on void formation in dual phase 

steel. Mater Sci Technol (United Kingdom). 2012;28(9–10):1092–

100.  

[20] Wang W, Wei X. The effect of martensite volume and distribution 

on shear fracture propagation of 600-1000 MPa dual phase sheet 

steels in the process of deep drawing. Int J Mech Sci [Internet]. 

2013;67:100–7. Available from: 

http://dx.doi.org/10.1016/j.ijmecsci.2012.12.011 

[21] Manoochehri M, Kolahan F. Integration of artificial neural network 

and simulated annealing algorithm to optimize deep drawing process. 

Int J Adv Manuf Technol. 2014;73(1–4):241–9.  

[22] Hassan M, Hezam L, El-Sebaie M, Purbolaksono J. Deep drawing 

characteristics of square cups through conical dies. Procedia Eng [In-

ternet]. 2014;81(October):873–80. Available from: 

http://dx.doi.org/10.1016/j.proeng.2014.10.091 

[23] Taşdemİr V. Derin Çekme İşlemi Üzerine Kalıp Geo metrisinin 

Etkisinin Sonlu Elemanlar Analizi Finite Element Analysis of the Ef-

fect of Die Geometry on Deep Drawing Process. 2013;16(1):43–7.  

[24] Özek C, Taşdemir V. AA 5754-O alaşiminin ilik derin çekilmesi 

üzerine kalip yüzey açisi ve baski plakasi kuvvetinin etkisinin den-

eysel araştirilmasi. J Fac Eng Archit Gazi Univ. 2017;32(1):193–201.  

[25] Loganathan C, Narayanasamy R. Wrinkling behaviour of different 

grades of annealed commercially pure aluminium sheets when draw-

ing through a conical die. Mater Des. 2008;29(3):662–700.  

[26] Narayanasamy R, Sowerby R. Wrinkling of sheet metals when draw-

ing through a conical die. J Mater Process Tech. 1994;41(3):275–90.  

[27] Savas V, Secgin O. A new type of deep drawing die design and ex-

perimental results. Mater Des. 2007;28(4):1330–3.  

[28] OZEK C, AKKELEK H. Investigation of Deep Drawability of Rec-

tangular Shaped Cups in Deep Drawing Dies. Int J Innov Eng Appl. 

2021;5(2).  

[29] Aghaie-Khafri M, Mahmudi R, Pishbin H. Role of yield criteria and 

hardening laws in the prediction of forming limit diagrams. Metall 

Mater Trans A Phys Metall Mater Sci. 2002;33(5):1363–71.  

[30] Sung JH, Kim JH, Wagoner RH. A plastic constitutive equation in-

corporating strain, strain-rate, and temperature. Int J Plast [Internet]. 

2010;26(12):1746–71. Available from: 

http://dx.doi.org/10.1016/j.ijplas.2010.02.005 

[31] Ballikaya H, Savas V, Ozay C. The limit drawing ratio in die angled 

hydromechanical deep drawing method. Int J Adv Manuf Technol. 

2020;106(1–2):791–801.  

[32] Dhaiban AA, Soliman MES, El-Sebaie MG. Finite element modeling 

and experimental results of brass elliptic cups using a new deep draw-

ing process through conical dies. J Mater Process Technol. 

2014;214(4):828–38.  

[33] Hezam LMA, Hassan MA, Hassab-Allah IM, El-Sebaie MG. Devel-

opment of a new process for producing deep square cups through 

conical dies. Int J Mach Tools Manuf [Internet]. 2009;49(10):773–

80. Available from: 

http://dx.doi.org/10.1016/j.ijmachtools.2009.04.001 

 


