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Abstract- Deep drawing process has been an important manufacturing process to produce automotive parts of good strength and
light weight. There are many process parameters and other factors that affect product quality produced by deep drawing. This paper is
highlighting recent research work and results in deep drawing. Deep-drawing operations are performed to produce a light weight, high
strength, low density, and corrosion resistible product. These requirements will increase tendency of wrinkling and other failure
defects in the product. Parameters like as blank-holder pressure, punch radius, die radius, material properties, and coefficient of
friction affect deep drawing process. So a great knowledge of process is required to produce product with minimum defects. This
review paper has given the attention to gather recent development and research work in the area of deep drawing.
Index Terms- Deep Drawing, Blank Holder Pressure, Blank Shape, Friction, Punch Force, Drawing ration, wrinkling
I. INTRODUCTION
Sheet-metal forming processes are technologically among the most important metalworking processes. Products made by sheetforming process include a very large variety of different geometrical shapes and sizes, like simple bend to double curvatures even with
deep recesses and very complex shapes. Typical examples are automobile bodies, aircraft panels, appliance bodies, kitchen utensils
and beverage cans. Sheet-metal forming processes are widely used in the manufacturing industry. It is usually involved in developing
and building tools namely die and punch. Usually, tools are costly and the cycle time for building them is long. However, once die and
punch are built, the tools can be used to produce a large amount of products. Therefore, sheet-metal forming is a simple and efficient
manufacturing process. Great productivity and low production cost can be expected for commercial scale production. As mentioned
that the flat sheet of metal is formed into a 3-D product by deep drawing process. The basic tools of the deep drawing process are
blank, punch, die and blank holder (or pressure plate). Deep drawing is affected by many factors such as material properties, tool
geometry, lubrication etc. Because of these factors, some failures may occur during the process. Tearing, necking, wrinkling, earing
and poor surface appearance are the main failure types that can be seen in deep drawing. Tearing and necking are caused by the tensile
stresses and they are types of tensile instabilities. Another failure is wrinkling, caused by compressive stresses unlike to tearing and
necking. When the radial drawing stress exceeds a certain value compressive stress in the circumferential direction becomes too high,
so plastic buckling occurs. The four major defects which can occur during deep drawing are fracture, wrinkling, earing and spring
back .The phenomenon of wrinkling (flange instability) is specific to the process of deep-drawing . Instability in the work piece, also
called wrinkling of the walls. In deep drawing process the main objectives are to obtain defect less or minimum defects in product.
Prediction of wrinkling is a very important process for a deep-drawing operation. Because a part wrinkled during the deep drawing
process will not be accepted and most likely become as scrap. The factors affect the deep drawing process may be categorized into
three categories.
(i) Process parameters
(ii) Geometrical Parameters
(iii) Machine parameters
Process parameters include blank holder force, coefficient of friction, drawing ratio, material properties. Geometrical parameters
include blank diameter, cup diameter, blank thickness, and corner radii of cup. Machine parameters include die radius and punch
radius. To achieve a successful deep drawing process, a study of the stress-strain and anisotropy behaviour of the sheet metal to be
used is inevitable. Before one begins to study the stress-strain and anisotropy behaviour in sheet metals, a proper knowledge of the
stresses that occur during the forming process needs to be established.
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Fig 1: Stress zones in Deep Drawing

Fig 2: Stress Zone on Element

2. Literature Survey
Literature review has been categorized on the basis of the parameters which controll forming process, the quantities which decide
successful execution of the process and the quality of the product. The important parameters and factors are:
(i) Blank holder force (BHF) and optimisation BHF.
(ii) Punch force and punch speed
(iii) Friction
(iv) Blank shape
(v) Forming Limits
(vi) Stress and Strain Distribution
(vii) Thickness variation
(viii) Wrinkling
(ix) Some other defects
2.1 Blank Holder Force (BHF) and Optimization BHF
Higher BHF is always desirable to eliminate wrinkling in deep drawn cup shaped product, but always there have been attempts
made to predict a minimum BHF. A lot of research work has been reported to investigate the effect of BHF on product quality,
material flow, strain path, stress distribution, thinning (at wall) and thickening (flange) of sheet metal, defects in product. Jaisingh et.
al. (2004) has suggested that the blank holder force has the maximum effect on the thinning strain, the coefficient of fiction, plastic
strain ratio. Also the strain-hardening exponent depends on BHF. Tommerup et. al. (2012) has investigated the effect of blank holder
pressure on strain path in the sheet during forming process. A tooling system has been developed to investigate material flow, which
is capable of controlling the distribution of blank holder pressure. This tooling system was integral to press and capable to run eight
different pressure schemes. The tooling system consisting of a controller to regulate the process parameters, an actuator system to
control BHF, a tool with embedded hydraulic cavities. The strain path has been checked by applying variations in the cavity pressures.
In this research the drawing of rectangular specimen has been carried out. Van Tung Phan (2012) has simulated the deep drawing
process for ferritic stainless steel and investigated the effect of variation of blank-holder pressure and friction on earing profiles. The
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simulation results compared with experimental data. Blank holding force and punch speed affect product quality and production rate.
Manabe et. al. (2002) has proposed a new combination of punch speed and blank holder fuzzy control for deep drawing process. The
control system consists of the fuzzy inference and the database. In this research the investigation of five variables like punch load,
punch stroke, maximum apparent thickness (blank-holder displacement), SPD (punch speed) and blank reduction ratio have been
recorded. The cup height improvement and the processing time reduction have been chosen as the object functions for evaluation
fracture functions. It has been proven that the new combination of SPD and BHF fuzzy control system has improved performance with
increased productivity with 25% forming time reduction. Wifi et al. (2007) has presented some aspects of blank-holder force (B.H.F.)
schemes in deep drawing process based on finite element assessment. In all models, ABAQUS-Explicit general purpose finite element
code has been used with full 3-D capabilities to account for anisotropy of sheet metal and wrinkling of the cups. The blank made of Al
5182 alloy has been used and assumed to be elastic-plastic. Friction has also been considered in simulation using an average overall
simple Coulomb friction model with Coefficient of friction = 0.1 between the blank and the tool.
Gharib et. al. (2006) has developed an analytical model for the cup drawing process to calculate the induced stresses and strains
over the deforming sheet at any stage of deformation until a full cup is formed. This model has been used as the solution engine for the
optimization of the blank holder force for such cups avoiding failure by wrinkling or tearing. The analytical model has been
established by considering plastic strains, principal stresses, and von Mises stresses. The results of the incremental analytical model
for punch travel vs. punch force, and circumferential strain distributions show good correlation with the experimental results. The
present model can be useful in conducting parametric studies on the different parameters which are affecting the process. Volk et. al.
(2011) has simulated deep drawing process to investigate, optimized blank holder force (BHF) for an asymmetrical work piece from
household appliances industry. In this research work the specific blank holder forces have been identified for minimum wrinkling and
for the improve quality product. It has been suggested that the quality of a work piece can be improved with a better holding system. It
is evident that even small changes in BHF can lead to failure during the process. These failures can be avoided if a variable BHF is
applied, but the correct trajectories need to be chosen.
2.2 Punch Force and Punch Speed
Zhao et. al. (2007) has presented hydro-mechanical reverse deep drawing of cylindrical cups with axial pushing effect. The axial
pushing force is exerted on the brim of the blank by a pushing ring, this reduces radial tensile stress at the sidewall and the risk of
occurring fracture can be reduced considerably. The radial stress at punch-die zone increases with friction and bending, this reduces
tangential stresses and thus reduces wrinkling. Also loading capacity of sidewall is enhanced due to strain hardening effect. The finite
element simulation for hydro-mechanical reversed deep drawing process has been done successfully with DYNAFORM-PC code
combining with modifying load mask keyword manually. The experimental results are in good agreement with the numerical
simulation results. Saniee et. al. (2003) has investigated the required drawing force by different methods such as analytical, numerical
and experimental techniques. FE simulation has been conducted to study the effect of element type on the forming load and the
variation of the thickness strain. The influence of the friction coefficient on the drawing load has also been investigated and maximum
drawing force has quantitatively been investigated for both the analytical and FE methods. Among different analytical relationships,
Siebel’s formula provided the most accurate maximum drawing force for the process under consideration. Browne et.al. (2003) has
considered punch and die geometry, blank- holding pressure, top-ram pressure, lubrication, and drawing speed in the deep drawing
process and their effects has been studied on 9mm thick CRI steel cups. The optimum parameters for reduced punch loads have been
investigated with lubrication by plastic on both sides. The optimum parameters to provide the least variation in wall thickness
distribution has also been investigated i.e. optimum ram pressure blank-holding pressure and speed. Atrian Amir et. al. (2013) has
investigated the effect of different parameters on deep drawing of laminated sheets. The experimental and finite element studies of the
deep drawing process of steel/brass laminated sheets have been performed to show places of tearing for bimetal cup. A linear relation
was obtained between the initial blank diameter and the maximum necessary force. Ouakdi et. al. (2012) has investigated the effect of
holding force and die radius in a stretch bending test on spring-back. An experimental set up has been developed to find the effect of
holding force and die radius on stretching depth. For evaluation, the drawn part has been divided into three critical regions or zones.
First zone which is curved takes the shape of cylindrical stretching rod. Second zone subjected to thickness variation which is slightly
curved due to residual stresses. Third zone is highly deformed by the stretching effort and bending due to the entrance curvature of the
die. The results show that an increase in blank holder force reduces sliding of the sheet between the die and the blank holder and
reduces spring-back by increasing the tension. It has also been observed that the greater the entrance radius of the die, the smaller the
final spring-back and spring-back decreases in a non-linear fashion with stretching height. The evaluation of spring-back by the
stretching height is in agreement with that by the angular orientation of the extremity. Kakandikar et. al. (2005) has used genetic
algorithm to optimise the process and geometry parameters for mild steel cup. In this research failure limit diagrams have been plotted
to study and compare the formability analysis of the geometries. Finite element analysis simulation software has been used for the
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validations of the results after optimization. The results have been analysed in the form of failure diagrams of original geometries with
considered failure points and failure diagrams for optimise geometries with no failure points.
2.3 Friction
Friction is another important factor that influences deep drawing process. Surface quality of finished product, tool life and drawability of sheet are well dependent on presence of good lubricating film between contact surfaces. In metal forming processes friction
influences the strain distribution at tool blank interface and drawability of metal sheet. Also drawability of metal sheet affects wear of
tool. Yang (2010) has simulated the deep drawing process to analyze friction coefficient and strain distribution by combining an
elastic-plastic FEM code with a friction model. Numerical results are in accordance with the experimental results for the film
thickness and the strain distribution. Liu Qiqian et. al. (2012) has simulated micro multi point forming process with cushion. A finite
element model with the effect of size has been developed to simulate micro multi point forming process. This research dealt with the
effect of parameters like effect of cushion material, cushion thickness, coefficient of friction on the thickness variation and surface
finish of the product. In this research results show non- uniform relative thickness distribution from centre to the edge in the deformed
sheets. Also it has been found friction affects relative thickness distribution and surface quality in micro multi point forming process.
Colgan Mark et. al. (2003) has studied influencing factors like the punch and die radii, the punch velocity, clamping force, friction and
draw depth. Experimentally effect of various parameters has been observed then statistical analysis has been performed. The statistical
treatment ANOVA has been applied to the results of the experiment to determine the percent contribution of each factor. Study of the
ANOVA table for a given analysis helps to determine which of the factors need control and which do not. It has been observe that the
punch/die radii have the greatest effect on the thickness of the deformed mild steel cups compared to blank-holder force or friction. It
has been observed that smaller is the punch/die radii, greater is the punch force and shorter is the final draw. It has also been observed
that if the blank-holder force is not kept within the upper and lower limit of reasonable range, it does have a significant effect on depth
of draw. Also tearing of cup through the bottom may occur if the force is too high and if too low wrinkling of the flange area may be
occurred. Allen et. al. (2008) has developed experimental set up to determine the effect of lubrication on expansion of die ring during
deep drawing of axis-symmetric steel cup. An experimental set up was developed to record punch force and displacement, blankholder force, and die hoop strain. Different oils were used to provide lubrication between blank and die. The surface finish and wall
thickness of the cups produced during the experimental work were measured and evaluated to determine any correlation with the
measured die expansion. FEA simulations have been developed for different lubrication conditions and tooling on the process. The
experimental results based on die expansion under different lubrication conditions show a difference in the level of die hoop strain.
This work also suggest that if lubricating oil film of definite thickness is provided in deep drawing, a expected surface finish could be
obtained on final product. FEA models with lubricating oil film thickness can simulate deep drawing more realistic. Yang (2010) has
presented elastic-plastic FEM code to simulate deep drawing process with friction model. Numerical analysis has been done to
analyze the friction coefficient and the strain distribution in lubricated deep drawing. In this research work the surface roughness is
taken into account by using Wilson and Marsault’s average Reynolds equation that is appropriated for mixed lubrication with severe
asperity contact. In this research the film thickness and strain distribution for various tribological parameters are predicted and
compared with the experiment. Numerical results show that the present analysis is in accordance with the experiments for the film
thickness and the strain distribution. It has been suggested that the larger value of full film lubrication region results in the more
uniform strain distribution. This research work also suggested that when film thickness is greater than composite roughness by three
times, the lubrication is full film condition and contact area ratio is almost zero, the contact area ratio near the outer edge of die is
about zero and the friction stress is small. The largest value of contact area ratio occurred when the surface asperity of die and blank
comes into contact, and it will result in the larger value of friction stress. Generally, lower friction results in a more uniform radial
strain distribution. The larger value of full film lubrication region results in the larger value of the low-friction part and the lower
value of peak’s strain. Thus, an effective lubrication can prevent direct contact of the surface asperity, which enhances the draw-ability
of deep drawing. Padmanabhan et. al. (2007) has presented the effect of process parameters such as die radius, blank holder force and
friction coefficient on deep drawing of stainless steel. In this research FEM with taguchi technique has been used to determine the
proportion of contribution of three important process parameters in the deep-drawing process. Taguchi method of experimental design
was used to plan the numerical simulations. In Taguchi design, using two levels of each factors form screening experiments to
determine a model of the system to a linear approximation. After designing experiments with various combinations of process
parameter levels, FE simulations were carried out to predict the deformation behaviour of the blank sheet. The results obtained from
the FE simulations were treated using statistical approach namely, ANOVA method. The purpose of using ANOVA was to find most
influential parameters that govern the deep-drawing process that markedly influence the thickness distribution. The analysis of
variance (ANOVA) was carried out to examine the influence of process parameters on the quality characteristics (thickness variation)
of the circular cup and their percentage contribution. The die radius (89.2%) has major influence on the deep-drawing process,
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followed by friction coefficient (6.3%) and blank holder force (4.5%). Hol J. et. al (2012) has studied a friction model that can be used
in large-scale FE simulations. The friction model includes two flattening mechanisms to determine the real area of contact at a
microscopic level. The real area of contact is used to determine the influence of ploughing and adhesion effects between contacting
asperities on the coefficient of friction. A statistical approach is adapted to translate the microscopic models to a macroscopic level.
Results of the simulations have shown reasonable values for the coefficient of friction in the case of normal loading only, namely
between 0.13 and 0.145. If flattening due to stretching is also incorporated, more realistic values are achieved (between 0.13 and
0.19). Karupannasamy (2012) has investigated deep drawing process for different lubrication conditions considering the micromechanisms. Instead of constant friction given by columns friction law, local coefficient of friction is considered to predict coefficient
of friction more accurately. Zhenyu Hu (2011) has investigated the application of size dependent friction function into FEM to
optimise shape of micro rectangular flange free parts. This research has been focused to investigate the application of friction model of
circular parts for the deep drawing of rectangular parts. Topological effects i.e. effect of friction on size of parts to be drawn has also
been investigated with simulated friction model. From this research it has been found that simulated friction model for circular parts
are valid for rectangular deep drawn parts. Hassan et. al. (2003) has proposed friction aided deep drawing using eight segmented metal
blank to improve the defects of Maslennikov process. In Maslennikov process, the elastomer is ring used as pressure medium, the ring
is loaded through die to deform the blank material plastically. Maslennikov process has limitation due to small deformation resistance
and short life of elastomer ring. The eight segments can move radially in and outward at different blank holder force at constant speed.
Due to compressive nature at non slip point, the area of contact increased compared to Maslennikov process and fracture does not
occurred. Cups of drawing ratio of 4.0 and height of 91 mm obtained successfully with new process. To investigate proposed deep
drawing process experiments have been carried out using soft aluminium sheets of 0.5 and 1.0 mm in thickness. With the new
proposed process drawability has increased as coefficient of friction increases. Hassan et. al. (2003) has introduced friction aided deep
drawing process by segmented blank holder into four parts. The deformation has been obtained mainly by friction force between blank
and blank holder i.e. at the flange. It has been observed that new process provides higher drawing ratio and it has overcome the short
comings of Maslennikov’s process. Cups with higher drawing ratio i.e. 3.8 and 5.5 have been produced with heights 48 mm and 75
mm respectively. It has been concluded that the process is suitable for low grade steel. Friction aided deep drawing process with
segmented blank holder divided in four tapered segments has been investigated by Hassan et. al.(2005). In this study blank holder is
having moving and stationary layers. The four moving segments capable of moving radially with uniform speed will have friction
force with stationary part and this friction force is used to draw sheet metal. This study has concluded that parts can be produce
efficiently with drawing ratio 3.76 with no localized wrinkling. Kim et. al. (2012) has studied coefficient of friction for non uniform
pressure by conducting draw bend tests. Tested coefficients of friction are used in FE code for local contact conditions such as the
sliding speed, contact pressure and sliding direction at the macroscopic level. Validation of the results has been done by the circular
cup drawing experiments and simulations. In this research the contact pressure maps were developed from simulations, which has
been included in the analysis of test data to measure the pressure dependency of friction coefficient. Hao et. al. (1999) has developed
friction measurement apparatus for sheet metal forming. Friction tests conducted has shown that coefficient of friction increases with
increasing test specimen strain, increases with increasing local contact pressure, decreases with increasing stretching speed, i.e. strain
rate, and decreases with increasing pin radius. Kim et al (2007) has considered various factors such as punch force, blank holder
force (BHF), draw-in length, perimeter of flange after test, change of surface roughness, and surface topography to evaluate the
performance of different lubricants. In deep drawing friction is very important factor and flange area is most affected by friction. Due
to severe friction there may be thinning or failure of the side wall in drawn cup at the flange area. According to Coulomb’s law as the
blank holder pressure increases, the frictional stress also increases, so therefore by determining the maximum applicable BHF without
failure in the cup wall performance of lubricants may be evaluated. The coefficient of friction for each lubricant tested has determined
through the FE-based inverse analysis by matching the predicted and measured values of the load-stroke curve and the draw-in length.
Friction coefficients of the lubricants have been implemented in FE codes to get maximum punch force.
2.4 Blank Shape
To minimize the process defects and optimize the process, knowledge of the process and material variables are required. Blank
shape is one of the important parameter in deep drawing process as the quality of deep drawn product, thickness distribution, forming
limits, minimizing the defects can be improved by having optimum blank shape, also material cost of product reduced if proper blank
shape is selected. Molotnikov et. al.(2012) has investigated the size effect on maximum load and limit drawing ratio for deep drawing
of copper. Numerical analysis and experimental analysis have been done to study the effect of ratio of blank thickness to grain size on
blank thickness. Through mathematical modelling and experimental work it has been suggested that size effect play an important role
in deep drawing when grain size kept constant and dimensions of work-piece get reduced. This research has suggested the dislocation
density based model to take into account for the effect of the specimen dimensions on its mechanical response. Dongkai Xu (2012) et.
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al. has proposed a topology optimization method based on Solid Isotropic Microstructure with Penalty (SIMP) to reduce the weight of
key die components. To optimize die structure local load mapping has been done which interact with SIMP-based topology
optimization method. This gives an idea about forces acting on tooling faces as the blank holder force and different interaction forces
affect blank holder structure and these forces will have effect on tooling or die components. In this research the blank holder weight is
optimized i.e. blank holder is redesigned and machine through topology optimization, based on optimization results. Optimized blank
holder is tested and stamping results are recorded. Results show that the blank holder weight is reduced by 28.1% and defect free
stamping parts are formed, also the thickness difference between the original and newly stamped parts along a cross section is less
than 0.06 mm, i.e. 4.29% of the initial blank thickness. Fazil et. al. (2012) has proposed iteration based algorithm to optimize blank
shape. In the proposed algorithm the process modelled with initial blank shape. The required contours compared with contours
obtained at the end of deformation. The deviation of the obtained contour from the required contour is measured and blank shape is
modified using the blank optimization algorithm and process analyzed again. Repeatedly the process minimizes the deviation at every
boundary node. In this proposed methodology the initial blank is optimized based on the shape error and the deformation path length
of the boundary nodes. Talic et. al. (2009) has determined an optimum blank shape that has not caused earing. In this research the
forming process has been simulated using Abacus CAE. Blank shape influences forming load, material requirement and possibility of
defects. It has been concluded that optimum blank shape reduces forming load, increases forming limits and reduces possibilities of
wrinkling and tearing. Lang et. al. (2009) has simulated hydro-forming process using LS-DYNA3D to determined optimized blank
shape and the effect of punch pressure. The simulated results have been validated experimentally on a 550-ton double-action sheet
hydro-forming press. Aluminium alloy 2B06 (China brand) has been used with thickness 1.5mm. The results show that, pressure curve
is quit close to optimized one.
2.5 Forming Limits
LDR is the maximum drawing obtained in deep drawing process, it is limited by thickening at flange. The flange portion subjected
to radial tensile load and circumferential compressive load. Circumferential load causes flange thickness to be increased. At
cylindrical portion biaxial tensile loads act causing blank thinning of sheet. Similarly due to biaxial loading at sheet and tool interface
causing a danger of fracture at the interface. BHF can control thickening at flange portion and thinning at blank – tool interface.
Forming limits are one of the important parameter in deep drawing and it is dependent on process parameters. Lot of works have
been reported to find forming limits and forming curves. The forming limit of an HDD process is largely dependent on component
shape. Kandil Anwar (2003) has presented experimental investigation to find the effect of hydro-forming deep drawing parameters on
drawability of different metals. An experimental test rig has been developed to produce symmetric and non-symmetric cups.
Wrinkling in case of hydro-forming is very severe failure as compared to conventional deep drawing. During the cup forming process
failures occurred and these failures were eliminated by adjusting initial pressure. It has been found that the maximum pressure ranges
between 0.15-0.3 of the mean flow stress of sheet metals. LDR has been determined by maximum blank size used to obtained
successful drawn cup from each sheet metal. It has been found strain hardening coefficient affects LDR and higher LDRs has been
obtained with hydroforming deep drawing as compared to conventional deep drawing due to more uniform strain hardening. Drawing
ratio has been found to be the function of the initial pressure in pressure container and so initial pressure inside pressure container
plays a significant role in hydro-forming process. Sokolovan et. al. (2012) has studied formability of layered composite. It has been
observed that the forming behaviour of the three layered sandwiches is strongly influenced by the geometry of the punch and the core
thickness. It has been observed that by increasing the total thickness of a material its resistance to deformation increases. The deep
drawing force decreases with an increase of the sandwich core thickness from 0.2 to1.0 mm. It has been observed that increase in
thickness of polymer layer increases inner metallic skin curve radius, this reduces the deformation. Also core thickness of polymer
influences formability of metallic outer skins. As there is an increase in core thickness, metal draws easily. For the deep drawing with
a circular punch the failure observed for sandwiches with core thicknesses between 0.2 and 1.6 mm in the cup head/edge region,
whereas samples with a core thickness of 2.0 mm showed no failure by cracking. For all thickness combinations some wrinkling in the
flange region of sandwiches has been observed. Ali (2012) has used analytical method for estimating the limiting drawing ratio
(LDR) for drawing process and investigate the effect of drawing parameters such as coefficient of friction, strain hardening exponent,
normal plastic anisotropy ratio, ratio of die arc to blank thickness and blank thickness to diameter on LDR. Banabic et.al. (2013) has
experimentally determined the Forming Limit Curves (FLCs), representing the whole strain range specific to the sheet metal forming
processes. Signorelli et. al. (2012) has investigated crystallographic texture effect on forming limit of an electro-galvanized steel sheet.
Forming limit curves are representation of maximum strain as function of major and minor strain in the sheet plane that a material can
sustain without failure. The anisotropy effect on the FLC has been evaluated using hourglass-type samples taken at 00, 450 and 900
with respect to the sheet rolling direction. In this research the influence of plastic anisotropy on FLD has been determined
experimentally and numerically for a cold-rolled and annealed, electro-galvanized, DQ-type steel sheet. Predictions have been made
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with viscoplastic polycrystalline models. It has been concluded that the crystallographic texture of the zinc coating can affect the
friction at the sheet-tool interface and, therefore, influences sheet-forming behaviour. Wu et. al. (2004) has simulated hydromechanical deep drawing of stepped components for determination of upper and lower forming limits using ABAQUS/ Explicit. FE
simulation results are compared with reported experimental results. Comparison shows good agreement and it has been proposed, that
FE analysis may be used to derive “master curves” of HDD. The results of FE simulations of the HDD of components with stepped
geometries suggest that FE analysis may be used as an efficient tool to determine upper and low forming limits that refer, respectively,
to the initiation of rapture and wrinkling of the sheet metal. Wan et. al. (2001) has determined limiting drawing coefficient for conical
cups. The drawing coefficient for conical cups has been determined by mechanical analysis and combination of internal relation
between cylindrical cup and conical cup. Results obtained from theoretical relations have been checked by experimental results. The
limit deformation of conical cup drawing has been expressed by limiting drawing coefficient, the smaller is the limiting drawing
coefficient the larger the limit deformation and vice-versa. This work also give equation to determine practical limiting drawing
coefficient of conical cup and corresponding charts concerning forming limit curves and limiting drawing coefficient during first deep
drawing. Thiruvarudchelvan et. al. (2007) has conducted experimental work for hydraulic-pressure assisted deep drawing process. The
experimental test results have yielded data relating to pressure and blank holding force variations with punch stroke for drawing cups
up to a draw ratio of 2.77. In hydraulic pressure assisted drawing process the drawing stresses are reduced by pushing effect of
hydraulic pressure. In this research work it has been observed that if the counter hydraulic pressure is maintained at some optimum
level, the full strength of the cup wall at the die throat can be utilized. Also increased pressure helps to take advantage of the increased
flow stress of the strain-hardened cup-wall. Robert et. al. (2012) has proposed incremental deformation theory and compared it with
the flow rule of plasticity. In both theories material non linearity has been taken into account by considering elasto- plastic formulation
with anisotropic plasticity criterion. The process has been simulated using commercial FE code ABAQUS EXPLICIT. To test CPU
time in both theories first a stretch forming of a spherical cup has been considered in which the contact conditions between the tools
and the sheet are dominant and in second case the single point incremental forming of a cylindrical cup has been considered in which
the localized contact zone between the tools and the sheet is following the tool path all along the forming operation. It has been
observed that in first case CPU time reduced to 70% and in second case only 4% reduction achieved. It has been concluded that the
new algorithm gives best result when the material non-linearities are dominant. Jayahari et. al. (2014) has investigated formability of
austenitic stainless steel at higher temperatures. It has been observed that at higher temperature the limiting drawing has been
increased and LDR up to 2.5 could be achieved. The improvement in LDR has been observed up to 3000C. It has also been observed
that at warm conditions friction decreases and amount of residual stresses also get reduced which results in better quality of product.
Al alloy has also been investigated and at warm condition Al alloy also showed improved drawability.
2.6 Stress and Strain Distribution
Assempour Ahmad et. al. (2011) has studied the effect of normal stress on hydrodynamic deep drawing process. Analytical model
has been developed by considering classical theory of plasticity and geometrical relationships. In this study the influence of normal
stress on the variation of blank thickness, stress and strain fields and punch force has been studied. The differences have been
observed in thickness distribution, in stress and strain in both radial and circumferential direction and also in punch force with and
without the normal stress. Higher thickness has been observed in the 2D stress state than in the 3D stress state. Also higher values of
radial and circumferential strain have been observed in case of normal stress. This article suggests normal stress component should be
considered in the deformation of HDD process to achieve accuracy in design. In deep drawing process strain path varies with variation
in process parameters. To achieve successful deep drawing process, amount of strains and strain path has to be controlled. Thuillier et.
al. (2010) has simulated deep drawing to predict the strain path change for the punch force. In this research Hill’s yield criterion has
been used to perform three-dimensional numerical simulations of the process. Different hardening laws have been used to simulate
process in different ways. In this research work evaluation of punch force has been done to predict change in strain path in redrawing.
Strain hardening models take into account transient behaviours recorded during strain path changes. Jaisingh Amit et. al. (2004) has
done sensitivity analysis of four parameters like strain hardening exponent, plastic strain ratio, coefficient of friction, blank holding
force for deep drawing process on the basis of peak thinning strain developed as the main parameter. In this research plain strain
analysis of bell shaped geometry has been done using Taguchi’s robust design technique. This research has investigated the effect of
all the four parameter on the thinning of metal sheet. This research has suggested that the blank holding force has maximum effect on
thinning strain. Other parameters i.e. coefficient of friction, plastic strain ratio, strain hardening exponent follows the blank holding
force. Tabourot et. al. (2005) has investigated hardening curve (determined by image analysis) and strain localisation with FEM
simulation for deep drawing of steel sheets. In this research the proposed numerical criterion of detection of the localisation of strain
consists in counting the unloaded elements during numerical simulation from a post-processing program. This criterion applied to
simulate a deep-drawing operation of an isotropic material. This enabled not only to give precisely the load applied to the tooling
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during the shaping operation but also to correctly determine the onset of the localisation within the part. Cwiekala , et, al. (2011) has
proposed a method, which combines different analytical approaches to an accurate and fast deep drawing simulation. The developed
simulation method is applicable to axisymmetric and prismatic deep drawing processes. Consideration of material behaviour, process
parameters and deformation paths is possible in the proposed method. Due to the multistep simulation, even time dependent effects
can be considered. The developed method gives a higher accuracy in calculating strain distributions than numerical one step solvers. A
computation speed of the proposed method is 80 times faster for axisymmetric parts and for prismatic parts 20 times faster than
numerical one step solvers. Besdo (2012) has studied a method for spring back phenomenon, which combines Taylor’s and Sachs’
theories of deformation. Taylor assumed that the deformation of all grains is uniform and Sachs assumed that the stresses are identical.
Taylor’s theory yields upper bounds for the inner power; Sachs’ theory with its simplified statics leads to lower bounds. So
combination of these two can produce good results. Spring back is very complicated phenomenon especially when the influence of
bending processes is dominant. In such cases a bending and a subsequent re-bending process followed by a complete un-loading
makes complicated material behaviour. The curvatures in bending and subsequent re-bending depend strongly on the elastic–plastic
transitional behaviour. So therefore to study plastic deformation more descriptive material properties are required in elastic-plastic
transition. Bagherzadeh et. al. (2012) has developed analytical models to investigate stress analysis and instability condition in hydromechanical deep drawing (HMDD) of cylindrical AL/St cups. These analytical models have been verified experimentally and could
predict fluid pressure for HMDD process with reasonable accuracy. It has been observed that the critical fluid pressure is affected by
layer thickness, drawing ratio and friction condition.
2.7 Thickness variation
In deep drawing the sheet metal thickness vary throughout the process. Thickness variation depends on process parameters. Several
research works have been reported to evaluate thickness variation. Claudio et. al. (2006) has simulated deep drawing process for steel
sheets to predict values of maximum punch force, in-plane principle deformation and thickness distribution in the sheet. The
performance of model has been assessed by Erichsen test and the deep drawing of a cylindrical cup. Experimental validation of
numerical prediction has been achieved for punch force, final value for the in-plane deformations and thickness distributions on the
sheet. The model than has been applied to simulate industrial sheet metal forming process consisting of the deep drawing of a
component of a commercial washing machine. Maximum punch force, in-plane deformation and thickness distribution predicted
numerically have been in agreement with experimental values. Brabie et.al. (2013) has investigated the thickness variation in the case
of micro/milli- cylindrical drawn cups made from sheets, called foils, having thicknesses from 0.05 to 0.20 mm. A mathematical
model has been proposed based on experimental and numerical simulation results to control and minimise the thickness variation in
the part wall where the variations of part diameter, wall inclination and wall curvature can generate negative effects. Natarajan et. al.
(2002) has simulated deep drawing of circular blanks consider the axis-symmetric component using finite element techniques. A rigid
plastic material model with the variation approaches are used in the finite element analysis. Amount of draw and flange thickness
variation have been determined numerically and verified experimentally, for this the circumferential and radial strains have been
calculated. Aluminium 1100-O grade material has been taken to analyse hemisphere cup drawing. Singh et. al. (2008) has investigated
effect of process parameters on product surface finish and thickness variation in hydro-mechanical deep drawing process. In this
research the effect of process parameters like pre- bulge pressure, cut off pressure and oil gap in hydro forming process are
investigated. An Experimental set up has been developed for cylindrical cup drawing from flat circular blank by hydro-mechanical
deep drawing process. The results have shown that pre-bulging pressure affected the cup quality in terms of thickness distribution and
surface finish. It has been observed that there is a region where uniform thickness distribution and better quality surface obtained
during drawing process. Also it has been observed that in hydro-mechanical deep drawing more uniform thickness obtained along the
cup wall as compared to conventional deep drawing. Peled et. al. (2004) has used Cosserat theory of a generalized membrance to
evaluate thickening of the blank including strain rate and strain hardening. The Cosserat theory of a generalized membrane has been
used to obtain a transient nonlinear analytical solution for the rigid-plastic flow of the blank in a hydro-forming process. During the
deep drawing process due to circumferential stresses there is always some thickening at the flange and to simulate deep drawing
process this feature should be considered. The proposed analytical approach has the capability to calculate rate of thickening of the
blank, the current radius, the current stress applied at blank holder and the current punch load. Thiruvarudchelvan et. al. (1998) has
carried out theoretical analysis, finite element analysis and experimental work to determine correlation between the forming
parameters of the process and to determine the mechanics of the process. The process has been simulated using the commercial FEM
code MARC considering elastic-plastic behaviour. The Experimental work has been conducted using the tooling assembled on a 200
ton press. This investigation has suggested that the wall thickness is quite uniform except for the area near the punch nose radius when
drawing cups at the three draw ratios 3.0, 3.3 and 3.5. This research suggests as drawing ratio increases thinning increases.
Intarakumthornchai et. al. (2010) has studied the deep drawing process to minimise part thinning without crack and wrinkle. 2D
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interval halving and response surface methods have been used for the analysis of process parameters for hydro mechanical deep
drawing of a parabolic cup. A nonlinear dynamic explicit code, LS-DYNA has been used for the analysis considering a friction
coefficient of 0.12 between the blank and the punch. This research suggests that response surface method (RSM) could predict the
optimal blank holder force and linear pressure profiles for hydro mechanical deep drawing of the parabolic cup. Dao et. al. (2011) has
investigated effect of process parameters on thickness distribution of trapezoid cup. In this research, the optimum values of process
parameters like punch speed, chamber pressure and coefficient of friction has been investigated using FEM and Taguchi method.
2.8 Wrinkling
Wrinkling is one of most severe defect in deep drawn product. Wrinkling may be defined as the formation of waves on the surface
to minimise the compression stresses. There are two regions where wrinkling may take place first one is flange and second one is cup
wall. Wrinkling on flange may be minimised by having optimum blank holder pressure but wrinkling on side walls cannot be
prevented by any single parameters, so different parameters need to be set to minimise side wall wrinkling. Methods reported in
literature to prevent side wrinkling are bifurcation method and energy method. In bifurcation method total wrinkling energy at the
middle surface is taken as sum of bending energy, twisting energy, strain energy and work-done by in-plane stresses. Higher BHF is
always desirable to eliminate wrinkling in deep drawing of cup shaped product, but always attempts have been made to predict a
minimum BHF. Kadkhodayan et. al. (2011) has studied flange wrinkling in deep drawing process. In this research an analytical
approach is used to study plastic wrinkling of flange in deep drawing by using bifurcation and Tresca yield criterion. The proposed
analytical approach predicts more exact results for large width flange and explains effect of blank holder pressure on wrinkling.
Morovvati et. al.(2010) has studied wrinkling phenomenon using theoretical, FE simulation, experimental methods for two layer
sheets (aluminium-stainless). A 2D analytical model based on energy method has been developed for two layered sheet. In this model
circumferential and radial stresses have been taken into account and thickness stresses has been ignored. This study shows the effect
of parameters related to two-layer sheets such as lay-up and mechanical properties of each layer on wrinkling. The results suggested
that for a given blank diameter, increase in punch diameter tends to decrease in the BHF and for a given punch diameter, increase in
blank diameter decreases the BHF. The minimum required BHF to prevent wrinkling for A.I. lay-ups (when aluminium layer and
punch are in contact) is higher than the one for S.I. lay-ups. It has also been observed that required forming load for A.I. lay-up is
more than that required for S.I. lay-up. Abbasi et. al. (2012) has analyzed deep drawing of tailor welded blanks and analyzed
wrinkling behaviour with thickness ratio greater than one. Experimental results in regard with conical cup wrinkling test are compared
with analytical predictions based on bifurcation method. It has been observed that shear stresses are significant when thickness ration
greater than one during wrinkling analysis. A good agreement of theoretical analysis and experimental analysis has been reached and
it has been concluded that the wrinkling tendency of tailor welded blanks can be evaluated by bifurcation theory. Although a good
agreement between the experimental and analytical results has been observed, but due to assumptions made for simplification there
might be deviation between predicted results from experimental one. Hassan et. al. (2012) has investigated the effect of bulge shape
and height on the wrinkling formation and sheet strength by using finite element method. The results show formation of concentric
wrinkles pattern on thin flat sheets which improve part strength. En-zhi gao et. al. (2009) has investigated the effect of material
parameters on deep drawing process, using thin-walled hemispheric surface part. A 3D-FE model has been developed for the deep
drawing simulation of a thin-walled hemispheric surface part using finite-element code ABAQUS. It has been shown that, the
maximum equivalent plastic strain occurs near the wall region outside the die radius. Wrinkle has been observed at this region and
flange portion of the part. The results have suggested that, when elastic modulus increases but yield stresses decreases than maximum
equivalent plastic strain occurs at wall region outside the die corners. And also when higher punch force occurs, elastic modulus or
yield stress increases than yield stress more notable on punch force. These results provide some guidelines for selecting the materials
of blank and determining the forming parameters according to the change of materials parameters. The experimental work was
conducted on a 500 tonnes hydraulic press. Ayari et. al. (2009) has studied deep drawing process to evaluate the effect of parameters
on wrinkling and thickness variations. In this research finite element simulations using ABAQUS/Explicit have been developed for
two different material that are aluminium HFS and mild steel. It has been suggested that the coefficient of friction between different
contact (Blank – Die, Punch Blank contact etc.) is the very important parameter. Malekani et. al. (2008) has investigated numerically
and experimentally the die and blank holder shape to avoid wrinkling in deep drawing of cup. Finite element program code (ANSYS
Inc., 2007) has been used to perform the numerical simulation of the deep drawing operation. In this research hoop stress distribution
in the flange for different die and blank-holder has been studied for ISO 1624 low carbon steel with the thickness of 1.5mm. It has
been observed that by increasing the slopes of die and blank holder up to an optimum amount, wrinkling can be minimised. The
optimum amount of slope for die as 6.38 degree has been suggested. In this investigation it has also been observed that as the slope in
die and blank holder increases LDR increases. Henriques et. al. (2009) has simulated sheet metal forming process using FEM codes
ABAQUS/Standard to determine the description of wrinkling initiation and propagation during sheet metal forming operations. In this
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study distinct numerical simulation strategies, based on the Finite Element Method (FEM), have been used for the study of wrinkling
initiation and propagation during sheet metal forming operations. Reddy et. al. (2012) has investigated dependency of wrinkling on
various parameters like BHF, punch radius, die edge radius, and coefficient of friction in deep drawing process of cylindrical cup. As
the wrinkling initiation and growth analysis has been difficult because of wide scattering data for small deviations, but this
investigation has suggested some guide lines to minimise wrinkling. It has been concluded that increased blank holding force, reduce
friction, large radius at tool edge and reduce deep drawing depth could minimise wrinkling.
2.9 Other Defects
Nanu et. al. (2012) has proposed a function that relates springback with process parameters and stress distribution in the sheet
metal in the case of U stretch-bending. The proposed model has expressed stress distribution in the sheet as a function of process
parameters, tools geometry and material properties, while the springback parameters as a function of stress distribution in the sheet
thickness. Based on mathematical model the prediction of springback has been done in deep drawing process. Pereira Michael et. al.
(2013) has studies experimentally sheet metal stamping process to examine the wear location, its type and severity that occurs over the
die radius. In This research it has been suggested that the wear over the die radius primarily consisted of a combination of ploughing
and galling mechanisms. Further it has been suggested that the galling wear mechanism, result in failure of the sheet metal stamping
process that takes place over most of the die radius surface, therefore, it is critical to the overall tool wear response. This study has
suggested that the overall tool wear response and tool life for the channel forming process is primarily dependent on the transient
contact and deformation conditions experienced at the die radius and blank surfaces. Saxena et. al. (2012) has investigated damage
behaviour to predict fracture initiation in deep drawing. In this research a parametric study has been proposed to investigate the effect
of material, geometric and other process parameters on maximum cup height and to evaluate damage. The damage has been evaluated
using the damage growth law proposed by Lemaitre and it has been suggested that Lemaitre model can predict fracture in deep
drawing. In this research it has been suggested that the maximum cup height (i.e., the cup height at which the fracture initiates)
increases with the sheet thickness, the die profile radius and the punch profile radius. In this study it has been observed that the plastic
properties of material affect fracture initiation. In case of square cup fracture initiation is influenced mostly by the plastic deformation
in the corner regions and less by the triaxiality. Lou et. al. (2012) has investigated fracture mechanisms to determine fracture forming
limits. In this research a new criterion has been proposed considering damage accumulation induced by nucleation, growth and shear
coalescence of voids. The equivalent plastic strain, the stress triaxiality, and the normalized maximal shear stress have been taken as
function of nucleation, growth and shear coalescence of void to represent a fracture model. In this research fracture forming limit
diagram has been suggested for dual phase steel sheets. The fracture model suggested in this research can predict ductile fracture in a
stress triaxiality ranging from -1/3 to 2/3. Khelifa et. al. (2008) has presented a model based on anisotropic elasto-plastic and isotropic
ductile damage for the prediction of damage in work-piece during stamping or forming of square cup of steel. In this research a
coupled approaches have been suggested in which the damage evolution equation is directly incorporated and coupled with the
constitutive equations. The results obtained from numerical simulation have been compared with experimental results. The proposed
model also predicts the elastic, plastic, and hardening behaviours. Salehinia et. al. (2009) has simulated deep drawing using FE
standard code ANSYS 9.0 considering the elasto-plastic behaviour for the blank to predict the relative wear depth. It has been
observed that as planner anisotropy does not remain constant the relative wear depth in circumferential direction also changes on the
die shoulder. Large anisotropic coefficient is in circumferential direction so less relative wear depth is in circumferential direction. In
case of normal anisotropy relative wear depth is constant in circumferential direction. Also it has been observed that as the normal
anisotropy index is higher the relative wear on the die shoulder will be higher. Increasing the radius of the die shoulder causes the
relative wear depth to be decreased. Ali et. al. (2008) has studied deep drawing process to identify the region of punch stroke within
which tear occur. In case of light weight components of complex shapes made of blank material which shows a small operating
window, identification of critical tearing region enabled to develop strategy to produce sound parts. This study shows that if blank
holder force is applied at an ultra- low frequency and synchronized with the punch force then BHF can be maintained within the
process limits for the entire critical width of the critical tearing window and complex shapes may be produced. This research describes
experimental investigations in which cylindrical-shaped cups are drawn with a pulsed blank-holder force (PBHF) at ultra-low (less
than 1 Hz) and low (1–10 Hz) frequencies. The tests have been conducted with blanks of steel and of aluminium over a range of draw
ratios. Tests have been conducted with different blank diameters in the range of 220–250 mm, with frequencies, in the range of 1–10
Hz and amplitudes between 10 and 50 kN.
3. Conclusion
This paper has critically reviewed the process parameters and their effect such as blank holding forces, die pressure, punch
pressure, effects of friction etc. In this review about eighty two research papers have been critically reviewed for the study of all
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affecting process parameters. Blank holder force is one of the important process parameter that needed to be selected very carefully
during deep drawing process. Blank holder force controls metal flow, it also affects thickness variation, strain path, stress path and
wrinkling behaviour. Strain path is well affected by blank holder pressure. By maintaining an optimum blank holder pressure, precise
thickness variation in drawn cup and strain path can be maintained. Blank holding force and punch speed affects product quality and
production rate. Blank holder force also controls wrinkling. Blank shape is an important parameter in deep drawing process as the
quality of deep drawn product. Blank shape influences forming load, material requirement and possibility of defects. It has been
concluded that optimum blank shape reduces forming load, increases forming limits and reduces possibilities of wrinkling and tearing.
Forming limits depends on various process parameters such as friction between blank and blank holder. Higher LDRs can be obtained
with uniform strain hardening. FE analysis may be used as an efficient tool to determine upper and low forming limits that refer
respectively to the initiation of rapture and wrinkling of the sheet metal. Friction is one of the most influential parameter in deep
drawing process. Friction affects relative thickness distribution and surface quality in micro multi point forming process. The
punch/die radii have the greatest effect on the thickness of the deformed material. If lubricating oil film of definite thickness is
provided in deep drawing an expected surface finish could be obtained on final product. An effective lubrication can prevent direct
contact of the surface asperity, which enhances the draw-ability of deep drawing. Drawability of metal sheet increases as coefficient of
friction increases. Coefficient of friction increases with increasing test specimen strain, increases with increasing local contact
pressure, decreases with increasing stretching speed, i.e. strain rate, and decreases with increasing pin radius. In deep drawing process
strain path varies with variation in process parameters. To achieve successful deep drawn product, strains and strain path has to be
controlled. By considering normal stress component in simulation of deep drawing process more accurate results can be obtained. The
blank holding force has maximum effect on thinning strain. Due to blank holder force there will also be thickening of sheet metal at
flange. Thickness variation at wall inclination and wall curvature has been very critical. The wall thickness does remain uniform for
the area near the punch nose radius and the thinning increases as the draw ratio increases. Wrinkling is one of most severe defect in
deep drawing process. By increasing the slopes of die and blank holder up to an optimum amount, wrinkling can be minimized.
Increased blank holding force, reduce friction, large radius at tool edge and reduce deep drawing depth could minimize wrinkling. So
for successful execution of deep drawing manufacturing process, a deep knowledge of all factors affecting the process is must.
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