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The application of hydro-mechanical deep drawing (HMDD) process on laminated sheets combines
advantages of both process and material to improve the forming condition of poor formable light-weight
metals such as aluminum alloys. In this research, the HMDD process of anisotropic laminated bimetallic
sheets has been analyzed using a 3D finite element simulation with implementing Fortran based code for
accurate modeling of non-uniform oil pressure distribution. To verify FE results, experimental works were
conducted on the widely used laminated aluminum/steel sheets. Based on the developed FE model, para-
metric studies were performed to investigate the effect of material parameters such as layers thickness
and lay-up arrangement on the forming condition, process window and formability of aluminum sheet
as key process parameters. Results demonstrated that suitable process condition to attain a successful
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Formability forming of bimetallic aluminum/steel sheets can be predicted by developed FE model reasonably. Also,
Process window It shown that wider working zone was achievable with decrease in drawing ratio, reduction in thickness
Lay-up of sheet with lower strength layer and also when aluminum sheet is in contact with punch (A/S lay-up).

In addition, the higher limiting drawing ratio (LDR) and lower thinning in low formable aluminum sheet
would be achievable in A/S lay-up than S/A lay-up.

© 2015 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Application of laminated structures and components made of
sheet metals with mismatch materials has been developed primar-
ily because of making various combined mechanical, physical, and
chemical properties by the base materials. Laminated metal sheets
can be fabricated using different joining methods such as explo-
sive welding, roll bonding and adhesive bonding. Among, two-layer
composite sheets manufactured by roll bonding composed of one
layer with appropriate strength and a good corrosion resistance,
wear resistance, or electrical conductivity of the other layer, have
found wide applications in chemical, electrical, ship, food and build-
ing industries [1].

In recent years, much attention has been paid on forming pro-
cesses of applicable two-layer metal sheets by several researchers.
Due to different mechanical properties of base materials and key
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role of failure analysis of these laminated sheets, formability of
two-layer sheets is of great interest by researchers. Parsa et al.
[2] investigated the effect of thickness ratio and layers arrange-
ment on the achievable drawing ratio in the deep drawing of
aluminumy/stainless steel two-layer sheets numerically and exper-
imentally. Results showed that the aluminum to steel thickness
ratio of 1/3 can result in a maximum drawing ratio. Formabil-
ity of aluminum/copper two-layer sheets fabricated using the roll
bonding process at different thickness ratios was studied by Tseng
et al. [3] through finite element (FE) simulation and experiment.
Because of residual stresses induced in the laminated sheet by the
rolling process, it was reported that the formability of monolithic
sheets is higher than that of two-layer sheets. Morovvati et al. [4]
showed that the necessary blank holder force to avoid wrinkling
in the conventional deep drawing of the aluminum/steel two-layer
sheet prepared by adhesive bonding is lower and higher than that
for a monolithic sheet of the base material with higher and lower
strength, respectively. Jalali et al. [5] studied the effect of mechan-
ical properties of base materials on formability of A1100/St13
two-layer sheets. The proposed theoretical model demonstrated
that the forming limit diagram of the two-layer sheet is between the
one of the constituent materials. Using experimental and numerical
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1、研究主题：Al/Fe复合层板的充液冲压工艺
2、研究途径：有限元工艺探究（Abaqus）与实验验证
3、研究内容：
（1）Al/Fe复合层板非均匀油压的充液冲压；
（2）实验验证有限元模拟
（3）层厚、铺层方式等材料参数对铝板成形条件、工艺窗口和成形性能的影响
4、结论：
（1）有限元模型能够合理地预测双金属铝/钢板成形的最佳工艺
（2）拉深比减小、低强度层板料厚度减小、以及铝板与冲头（A/S叠层）叠层接触时，可以获得更宽的工作区
（3）相比S/A铺层方式，低成形性的铝板在A/S铺层方式下有更高的LDR和更小的减薄 

pp
高亮
其中，由一层具有适当强度，另一层具有良好的耐蚀性、耐磨性或导电性的复合材料制成的两层复合板，在化工、电气、船舶、食品、建筑等行业有着广泛的应用
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本段：引入复合层板结构，说明其特性和结合方式，并就双层复合板结构引文进行应用举例
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Parsa等人[2] 通过数值模拟和实验研究了铝/不锈钢双层板拉深过程中，厚度比和叠层顺序对拉深比的影响。结果表明，铝钢厚度比为1/3时，拉深比最大。
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Tseng等人通过有限元模拟和实验，研究了在不同厚度比下采用辊焊工艺制备的铝/铜双层板的成形性能。由于轧制过程中层合板产生的残余应力，研究表明层合板的成形性能低于单层板。
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高亮
Morovvati等人[4]采用胶粘工艺制备的铝/钢双层板在常规拉深成形中，避免起皱所需的压边力低于强度较高单层板、高于强度较低的单层板
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Jalali等人[5] 研究了基体材料力学性能对A1100/St13双层板成形性能的影响。所提出的理论模型证明了双层复合板的成形极限图介于单一组分材料板之间
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本段：目前对于有实用价值的双层金属复合板的成形工艺，涉及基体材料不同力学性能的影响及失效分析的关键准则，吸引了很多研究者——见以下引文
1、注意都是双层金属复合板，其粘结工艺以轧制和胶结为主
2、实验、理论分析、数值模拟等方法
3、主要是关于层板厚度与叠层顺序的影响，以及基体材料性能影响，对各工艺参数及其交互影响研究较少
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investigations on the deep drawing of aluminum/copper two-layer
sheets, Atrian and Saniee [6] demonstrated that the layers arrange-
ment can significantly affect the final part characteristics. Maleki
et al. [7] studied the bonding strength and the critical thickness
reduction in the rolling process of aluminum/steel two-layer sheets
by using the analytical, numerical, and experimental approaches.
They reported that the bonding strength and the critical reduc-
tion can be considerably affected by the yield strength and initial
thickness of layers. The significance of adhesive bonding proper-
ties for the formability of steel two-layer sheets was researched
by Satheeshkumar and Narayanan [8]. Based on experimental ten-
sile tests, they concluded that by increasing the ratio of hardener
to resin, the formability increases. Also, implementing an adhe-
sive layer with a specified thickness between the two base layers
canresult in an improved longitudinal elongation when compared
to a monolithic sheet or a two-layer sheet without any adhesive
layer.

In previous researches, investigation on formability of sheets
by making them as laminated sheets in the traditional forming
processes like conventional deep drawing have been considered.
Besides the conventional techniques, the sheet hydroforming pro-
cess itself lead to an improvement in the formability of the sheet
metal. Also, application of hydroforming process with high fluid
pressure makes sure that sheet and punch contacts together during
forming process tightly. Therefore, sheet hydroforming processes
can be utilized to form multi-layer sheets with limited formability
sheets more effective. In recent years, different sheet hydroforming
methods have been extensively developed on forming of mono-
lithic sheets and have been studied by using experimental and
analytical approaches. Among them, hydro-mechanical deep draw-
ing (HMDD) is one of the most widely used processes. In the HMDD
process, as the punch moves against the pressurized fluid beneath
the sheet, the blank is deformed to conform to the punch geometry.
Fig. 1 schematically illustrates the HMDD process with its hydraulic
circuit.

Lang et al. [9] conducted some experiments to investigate the
process window in the one-layer HMDD process assisted by radial
pressure at the flange edge. They found that by increasing the draw-
ingratio, the process windows for the pre-bulging pressure, the gap
between the blank holder and the die, and the pre-bulging height
become narrower. Fazli and Dariani [10] employed FE simulations
based on the shell formulation to establish safe working zones for
the fluid pressure vs. the drawing ratio in the HMDD of axisym-
metric aluminum cups under the assumption of a uniform chamber
pressure. They showed that it will be possible to reach higher draw-
ing ratios in the HMDD process than in the conventional deep
drawing if proper die radius, initial chamber pressure, and friction
condition are adopted. In a similar work by Azodi et al. [11], using
a tensile instability criterion under the plane strain assumption it
was analytically shown that as the drawing ratio and the punch cor-
ner radius increase the critical fluid pressure decreases. Choi et al.
[12] presented an analytical model capable of predicting wrinkling,
fracture, and floating condition of the one-layer sheet metal in the
warm HMDD process of axisymmetric parts and obtained the pro-
cess window for the three effective parameters including the fluid
pressure, the blank holder force, and the punch speed at a speci-
fied working temperature. The safe working zone in the HMDD of
square cups was studied by Rahmani et al. [13] through FE model-
ing. They concluded that increasing the friction between the blank
and the punch results in a wider working zone while decreasing
the friction between the sheet and the blank holder has a reverse
effect. Also, a higher drawing ratio can be achieved by using a larger
radius of the punch corner.

Unlike the above mentioned work mainly focused on the
hydroforming of monolithic sheets, Lang et al. [14]| conducted
numerical and experimental investigations on the hydroforming of

multi-layer metal sheets consisting of a very thin aluminum layer
in the middle and two steel sheets on both sides of that layer.
Effects of layers arrangement and anisotropic properties of the two
outer layers on the formability of the thin aluminum layer were
studied. It was shown that the formability of the thin aluminum
layer can be improved further as higher friction coefficients are
considered between layers. To enhance the limited formability of
the titanium alloy sheet, Tseng et al. [15] implemented the sheet
hydroforming process for manufacturing a battery housing made
of a titanium/aluminum two-layer sheet. Recently, instability of
two-layer metal sheets in the HMDD process has been analyzed
by Bagherzadeh et al. [16]. They predicted forming force and max-
imum fluid pressure as both experimentally and theoretically. The
effect friction, layers arrangement and layers thickness ratio on the
maximum critical pressure was assessed. Results showed that the
analytical model is capable for calculating the maximum fluid pres-
sure but cannot predict the entire safe working zone for the fluid
pressure as well as formability, strain and thickness distribution of
layers accurately.

In this research, a 3D finite element model was developed for
accurate simulating the HMDD process of AL/St bimetallic sheet
using commercial code Abaqus with dynamic explicit method.
Unlike the previous researches considering a constant pressure on
blank surface in the HMDD of monolithic sheets, a non-uniform
fluid pressure model varying with time is incorporated into the
Abaqus software as user-defined subroutine. The key parameters in
sheet hydroforming such as entire process window (fluid pressure
working zone), forming force, strain and thickness distribution of
layers and forming limit diagram (LDR) predicted for HMDD process
of laminated AL/St sheet. The experimentally validated FE model
is used for studying the effect of layers arrangement on process
parameters.

2. Experiments
2.1. Laminated sheets

Regarding wide industrial applications of aluminum/steel lam-
inated sheets, in this research, two-layer sheets of low carbon
steel st13 and aluminum alloy AA1050-O are considered. The
selected sheet metals profit from the strength and formabil-
ity of the steel sheet as well as the corrosion resistance, low
density, and electrical conductivity of the aluminum sheet. Alu-
minum/steel two-layer sheets of 1.1 mm thickness with different
combinations of the base sheet metals thickness were laminated
by a two-component polyurethane base adhesive using binding
method as described in [16]. The mechanical properties of the base
sheet metals were determined according to ASTM E8-M standard
along the rolling directions of 0°, 45°, and 90°, as depicted in
Table 1.

Table 1
Mechanical properties of the base materials.
Properties Low carbon Aluminum
steel (St13) (AA1050-0)
Thickness, t (mm) 0.4 0.7
Young modulus, E (MPa) 210,000 70,000
Yield strength, Yo (MPa) 152 35
Tensile strength, Ys (MPa) 282 75
Strain hardening exponent, n 0.29 0.275
Hardening coeff., K (MPa) 496 112
Lankford anisotropy coefficients
o 0.97 0.42
Ta5 1.05 0.60
T9o 1.42 1.33
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Atrian和Saniee通过实验与数值模拟对铝/铜双层板的拉深成形研究表明，叠层顺序对最终零件特性有显著影响
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Maleki等人[7] 采用解析法、数值法和实验法研究了铝/钢双层板轧制过程中的结合强度和临界减薄量。研究结果表明，屈服强度和层的初始厚度对粘结强度和临界压下率有很大的影响
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Satheeshkumar和Narayanan[8]研究了胶粘层性能对钢双层板成形性能的重要性。基于拉伸试验得出结论，通过增加硬化剂与树脂的比例，成形性增加。此外，与整体板或没有任何粘合层的两层板相比，在两个基底层之间实现具有指定厚度的粘合层可导致纵向延伸率的改善
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本段：板材液压工艺（以充液冲压为例）单层板成熟应用，本研究将其用于多层板
1、上述论文在研究多层板的成形性时以传统成形技术（如传统拉深）为主
2、充液成形技术通过液体提供的压力使得板材紧贴冲头，显著提高了板材成形性。在单层板方面，通过实验与理论分析，已经获得了广泛发展与应用
3、对其在成形性提高上的优点，可将其用于成形性差的多层复合板
4、液压成形中以充液冲压为例（图1），冲头推着坯料与模腔体液接触，液体提供压力，使其与冲头紧密接触，进行成形
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Lang等人[9] 对法兰边缘径向压力辅助下的单层HMDD工艺窗口进行了实验研究。他们发现，通过提高拉深比，预胀压力的工艺窗口、压边保持器与模具之间的间隙和预胀高度变得较窄。
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Fazli和Dariani[10]采用基于壳体的有限元模拟，在均匀模腔压的假设下，建立轴对称铝杯HMDD中流体压力与拉深比的安全工作区。结果表明，采用适当的模具半径、初始腔压和摩擦条件，HMDD工艺比传统的拉深工艺有可能获得更高的拉深比
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在Azodi等人的类似工作中[11] 采用平面应变假设下的拉伸失稳判据，分析表明，随着拉深比和凸模圆角半径的增大，临界流体压力减小
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Choi等人〔12〕提出了一种可预测单金属层板轴对称件热HMDD过程中的起皱、断裂和浮动状态的分析模型，并获得了在指定工作温度下三个有效参数合适值，包括流体压力、压边力、以及冲头速度。
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Rahmani等人通过有限元建模研究了方形杯HMDD中的安全工作区[13]。 他们得出结论，增加坯料和冲头之间的摩擦力导致更宽的工作区域，而减小片材和压边保持器之间的摩擦力具有相反的效果。此外，使用较大的冲头圆角半径可以获得较高的拉深比。
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Lang等人[14] 对由中间很薄的铝层和两侧两块钢板组成的多层金属复合板板液压成形进行了数值和实验研究。研究了两层外层板的排序和各向异性对铝薄层成形性能的影响。结果表明，因为考虑了层间摩擦系数的提高（协调变形），可以进一步改善铝薄层的成形性能
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本段：关于单层板充液冲压的已有研究
各种工艺参数对成形性的影响
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为了提高钛合金板的有限成形性，曾等[15] 进行了钛/铝双层板电池外壳的液压成形工艺。
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近年来，Bagherzadeh等人对HMDD过程中双层金属板的失稳进行了分析。他们从实验和理论上预测了成形力和最大流体压力。评估了摩擦系数、层序和层厚比对最大临界压力的影响。结果表明，该分析模型能够计算出最大流体压力，但不能准确地预测该流体压力下整个的安全工作区以及层的成形性、应变和厚度分布
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本段：多层板的液压成形工艺研究
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本研究
1、采用Abaqus显式动力学方法，建立了AL/St双金属板HMDD过程的三维有限元模型。
2、与之前单层板均匀液压不同，在Abaqus软件中引入了随时间变化的非均匀流体压力模型，作为用户自定义子程序。
3、预测AL/St层合板HMDD成形的主要工艺参数，如全工艺窗口（流体压力工作区）、成形力、应变和层厚分布以及成形极限图（LDR）等关键参数。
4、采用实验验证的有限元模型，研究层数对工艺参数的影响
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采用[16]中所述的粘合方法，用双组分聚氨酯基粘合剂将具有不同基底金属厚度组合的1.1 mm的铝/钢双层板层压层压。

pp
高亮
层合板材料：
1、低碳钢st13/铝合金AA1050-O
2、基体板性能：钢板的强度和成形性，以及铝板的耐腐蚀性、低密度和导电性。
3、金属板结合方法：双组分聚氨酯基粘合剂胶结。
4、总厚度为1.1 mm（具有不同的基板金属厚度组合）
5、表1，根据ASTM E8-M标准，沿着0°、45°和90°的轧制方向测定了基板金属的机械性能。
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Fig. 1. Schematic illustration of the HMDD process.

2.2. Experimental equipment

Fig. 2 shows the utilized die set in the HMDD of cylindrical cups.
The punch diameter, the clearance between the punch and the die,
the inner diameter of the blank holder, and the corner radius of
both the punch and the die are respectively equal to 40 mm, 2 mm,
41 mm, and 6.5 mm. A fixed gap system with 1.2 mm gap between
the blank holder and the die was set by using three stiff spacers.

All experiments were carried out on a 50-ton hydraulic press.
In these tests, firstly, the fluid chamber was fully filled with the

‘E’EV/

Initial Pressure Control
(control valve 1)

hydraulic oil. Regarding the design of the experiments, a two-layer
sheet was then placed on the die face based on the corresponding
lay-up. To start forming operation according to the hydraulic dia-
gram shown in Fig. 2(b), the initial pressure valve was located in the
open state and the pre-bulging pressure was set to 20 bar. After pre-
bulging, the initial pressure valve was closed and the pressure of
the fluid chamber was controlled using the final pressure control
valve. By adjusting a final pressure and with the punch progres-
sion to a desired depth at a constant speed of 2 mm/s, the HMDD
was completed. In-plane strains induced in deformed parts were

a. Initial Pressure Control Valve
b. Hydraulic Valve

c. Pressure Gauge

d. Final Pressure Control Valve
e. Punch

f. Blank-holder System

i. Piping and Fittings

Punch

NN

Die
Pressure chamber

One-way valve
Tank

N

Fig. 2. (a) Experimental equipment of the HMDD process, (b) schematic of the utilized hydraulic circuit.
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实验设备-图2
1、尺寸
冲头直径-40mm；凹凸模间隙-2mm；压边圈内径-41mm；凹凸模圆角半径-6.5mm；压边圈与凹模间隙（压边间隙）-1.2mm
2、操作
（1）液腔充满液压油，双金属板置于凹模上
（2）预胀：初始压力阀处于打开状态，预胀压力设置为20bar（约2MPa）
（3）液压：关闭初始压力阀，使用最终压力控制阀控制液室压力。通过调整最终压力，并以2 mm/s的恒定速度将冲头推进至所需深度，完成HMDD
3、成形后平面应变测量：初始板料上刻蚀上直径4mm的圆进行测量
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Fig. 3. FE model of the HMDD process.

measured using a grid pattern of circles with 4 mm diameter etched
previously on initial blanks.

3. Finite element simulation
3.1. Modeling of the process

The commercial FE code Abaqus/Explicit was implemented to
simulate the HMDD of two-layer metal sheets. To incorporate the
effect of the material anisotropy and by considering the symmetry
of the process, a 3D elasto-plastic model of the process consisting
of only one quarter of the sheet and the die set was established as
illustrated by Fig. 3. Symmetry boundary conditions were assigned
to the edges of the model. The laminated sheet was split up into
the corresponding two layers using the partitioning tool such that
each layer has its own mechanical properties. The sheet was con-
sidered as a deformable body and discretized into 3078 elements
of C3D8R and C3D4 type. The die components were modeled using
rigid surface elements R3D4.

The anisotropic behavior of the material was taken into account
using Hill’s quadratic yield criterion as follows:

flo)

= \/F(Uzz — 033 + G033 —011)° +H(o11 — 022) +2L0232 + 2M0312 + 2No122

(1)

where o; is the stress component and F, G, H, L, M, and N are the
material parameters defined as [17]:

F <1+1_1) G_1<1+1_1>
R»? Ry® Ri?)’ 2 \R3> Rii? Rp?)’

N —

1 1 1 1 3
H=slom+m-53 ) l=—7
2\Ri1*> Ry’ Rss 2Ry3
M=o N= 2)
2R3 2Ry

In which R;; is the anisotropic yield stress ratio. By assuming
R11=1, R;j can be written as:

Ry, = roo(ro + 1) Ris = roo(ro + 1)
\ 7o(reo + 1)’ ' (ro+r90)’

Ry — \/ 3(ro + 1)rgg

12 (2145 + 1)(ro + r90)

(3)

Here, it is convenient to assume that Ry3 =R;3 =1. Hence, R;j can
be calculated using the Lankford coefficients obtained for the steel
and aluminum sheets.

The Coulomb friction was implemented to define contact inter-
faces between surfaces. As the sheet is supported by a fluid film
at the lower layer/die contact interface and due to the possibil-
ity of the fluid leakage into the gap between the upper layer and
the blank holder, the friction coefficients at the lower layer/die,
upper layer/blank holder, and upper layer/punch face interfaces
were assumed to be 0.05, 0.08, and 0.1, respectively, based on the
previous researches in this field [10,22,23]. An appropriate time
scaling scheme in which the ratio of the kinetic energy to the inter-
nal energy is negligible was utilized to reduce the simulation time
artificially.

3.2. Oil pressure distribution model

The fluid pressure at the pre-bulging stage was gradually applied
to the sheet with a uniform distribution over the entire sheet
surface. The variation of the oil pressure till the prescribed final
pressure during the deep drawing stage is one of the most effective
parameters on achieving a successful part. It should be noted that
the distribution of the fluid pressure over the sheet is not uniform
in the HMDD process [18,19]. To simulate the process more accu-
rately, the non-uniform distribution of the fluid chamber pressure
onto the sheet surface and its variation with time were considered
based on the mathematical model proposed by (Jensen et al. [18],
Lang et al. [19]) and incorporated into the FE model by an appropri-
ate subroutine *VDLOAD developed in Visual Fortran software and
implemented in Abaqus. Accordingly, in each forming time step (t),
as shown in Fig. 4(a) the blank geometry is partitioned by devel-
oped code into the flange region (with non-uniform oil pressure
with respect to “x”) and the zone consisting of curved section, wall
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高亮
有限元建模：
1、工具：Abaqus显式动力学
2、图3：考虑工艺对称性与材料各向异性，采用1/4模型计算，注意边界条件的对称性设置
3、坯料：建立可变性实体，采用Partition工具对单个Part进行分层分割，赋予不同材料属性，用C3D8R或C3D8将其分为3078个网格
4、模具：用刚体面单元R3D4进行网格划分
5、材料各向异性采用Hill准则，如下公式所示
6、界面摩擦系数：引文[10，22，23]，下层/模具、上层/压边圈和上层/冲头面界面处的摩擦系数假定为0.05、0.08和0.1
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由于板材的下层/模具接触界面处的流体膜支撑，并且由于流体可能泄漏到上层和压边圈之间的间隙中，所以，分别在前人研究的基础上，下层/模具、上层/压边圈和上层/冲头面界面处的摩擦系数假定为0.05、0.08和0.1

pp
下划线
利用动能与内能之比可以忽略的时间标度方案，人为地缩短了模拟时间？
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高亮
应注意的是，在HMDD过程中，流体压力在薄板上的分布不均匀
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高亮
在Jensen[18] Lang等人[19]等人提出的数学模型的基础上，考虑了流体腔压力在板料表面的非均匀分布及其随时间的变化
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高亮
油压分布——随时间与位置
1、在预胀阶段，均匀施加于坯料全表面的油压逐步升高至预定值
2、拉深成形阶段，油压是不均匀的[18，19]，该引文作者建立了油压位置与时间的不均匀分布的数学模型，通过Visual Fortran建立用户子程序定义不均匀油压
3、图4（a）所示，油压位置不均匀分布，在底部、侧壁、凹模圆角等位置是均匀的，但在法兰区油压随x轴分布逐渐递减，见图
4、图4（b）所示，油压随时间变化，油压随工艺时间的变化，在1/4时间处增至所需最大值，随后保持不变
5、上述分布可通过幅值函数实现
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Fig. 4. (a) Schematic description of oil pressure distribution on blank, (b) variation
of normalized pressure with time during forming progress.

and the bottom of the blank (with uniform pressure with respect
to “x”). In addition, during forming progress, a non-uniform linear
pressure with respect to time (t) is applied onto the blank sur-
face points till oil pressure reaches to maximum adjusted pressure.
Fig. 4(b) depicts oil pressure path normalized to maximum adjusted
pressure (P(t)/Pmax ) With respect to process time (scale down) mea-
sured during experiments from pressure gauge in good accordance
to oil pressure path reported in the literature [18]. This presented
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Fig. 6. Comparison of measured and predicted strain distribution in the aluminum
layer of the cup shown in Fig. 6. (a) Radial strain and (b) circumferential strain.

pressure path was utilized in developed FE model using amplitude
toolset.

3.3. Failure criterion

Different failure criteria can be used in FE simulation. The appli-
cability of conventional forming limit diagrams (FLD) to predict
forming failure is somewhat restricted as 3D solid elements are
used compared to shell elements in the FE modeling [20]. This
paper deals with the overall success prediction of the forming pro-
cess rather than the exact prediction of the failure onset. Here, the
equivalent plastic strain history of elements along radial paths in

Fig. 5. Hydro-mechanical deep drawn cup with the SA lay-up and St 0.4 mm/Al 0.7 mm thickness combination formed at the drawing ratio of 2 and by the pressure of 250 bar.
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图4（b）描绘了在实验期间，根据文献[18]中报告的油压路径，从压力计测量的加工时间（刻度缩小）将油压路径标准化为最大调整压力（P（t）/Pmax）
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高亮
传统的成形极限图（FLD）在预测成形失效方面的适用性受到了一定的限制，因为在本实验有限元建模中三维实体单元被使用，而非壳单元
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失效准则
1、传统的FLD成形极限图预测失效在此受限，因为本研究用的3D固体单元而非壳单元
2、但本研究主要是对整体成形工艺的研究而非材料失效研究
3、方法：取模型中间截面单元，输出其历程等效塑性应变，当出现PEEQ的突然变化时表示该单元的失效
4、该方法也可用来预测FLDs
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the middle section of the model was evaluated after each simula-
tion. A sudden change in the strain gradient leading to an excessive
increase in the equivalent plastic strain of an element compared
to the strain trend of other elements was regarded as the forming
failure initiating in that element. The same approach has been suc-
cessfully implemented to obtain forming limit diagrams of sheet
metals [21].

4. Results and discussion

In the following results, the aluminum and steel layers of the
laminated sheet metal are respectively denoted by A (or Al) and S
(or St). The lay-up in which the aluminum layer is in contact with
the punch while the steel layer is on the side of the fluid chamber is
denoted with “AS”, and vice versa, the “SA” lay-up can be defined.
The thickness of the two-layer sheet is equal to 1.1 mm.

4.1. Validation of the FE model

To validate the FE model, the HMDD of the aluminum/steel two-
layer sheet at different drawing ratios and pressures of the fluid
chamber was simulated and compared with experiments consid-
ering an initial pressure of 20 bar for the pre-bulging stage. Fig. 5
shows the experimental and simulated configurations of a cylin-
drical cup with SA lay-up and the thickness combination of 0.4 mm
and 0.7 mm for the steel and aluminum layers, respectively.

Radial and circumferential strains corresponding to the outer
(aluminum) layer of the mentioned part obtained using the FE
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Fig. 7. Comparison of (a) forming force curve calculated from FE model and experi-
ments, (b) the maximum forming force obtained using the experiment, the FE model,
and the theoretical approach ([16]).
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Fig. 8. Predicted process window for the HMDD of a two-layer sheet with the indi-
cated lay-up and the thickness combination.

model and the experiments are shown in Fig. 6. A reasonably good
agreement can be seen between predicted and measured results.
The differences between experimental and computed results at the
radii far away from the center of the part (true distance from cup
center between 36 mm up to 50 mm) are rather higher than those at
the part center that shows the maximum error 11% and error 19%
both in x=35.9 mm for circumferential and radial strains respec-
tively. It can be attributed to accuracy of measuring method and
the negligible wrinkling occurred in the flange region.

Fig.7(a) compares the forming force curve during HMDD process
for a formed cup with the AS lay-up and the thickness combination
of 0.4 mm and 0.7 mm for the steel and aluminum layers, respec-
tively. As shown in this figure, the overall trend of forming force

a 1200 1 —
1.1 St
s 1000, ® Successful
= * Failed
o 800 -
o
=
& 600
2
o
2 400 - £
2
o
2 200 - -
0 T T * ¥ T T J
1.8 1.9 2 2.1 2.2 2.3 24 2.5
Drawing Ratio (Do/P;)
b 300 -
1.1 AL
E 250 1 © Successful
= Failed
= x Faile
o 200
e
5
@ 150 -
] 1
a *
2 100 -
=
=
S
I 504 X
0 T 5 T 1
1.6 1.7 1.8 1.9 2 21

Drawing Ratio (Do/Pp)

Fig. 9. Predicted process windows for the monolithic sheets of (a) steel and (b)
aluminum.
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高亮
同样的方法（等效塑性应变突变点）也被成功地应用于获得板料成形极限图
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高亮
符号定义：
1、A：Al板
2、S：钢板
3、AS：Al板在上与冲头接触、钢板在下与液腔接触的叠层顺序
4、SA：钢板在上Al板在下
5、双金属层板总厚度1.1mm
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高亮
有限元模型的验证：对不同拉深比的板材进行模拟，并使用预胀初始压力为20bar的实验进行对比：
1、SA叠层顺序下、S/A厚度分别为0.4/0.7的实验与有限元对比（图5），对模拟和实验的径向与周向应变进行对比（图6）
（1）实验与模拟有良好的吻合
（2）在距离中心较远处，实验与有限元应变差异增大
（3）在真实距离为35.9处，径向与周向应变差异最大，分别为19%和11%
（4）差异原因分析：测量误差与法兰区轻微的起皱
2、AS叠层顺序下、S/A厚度分别为0.4/0.7的实验与有限元冲头力对比（图7）
（1）实验与FE成形力在总体趋势上吻合较好，只是在最大成形力上有一定差异
（2）在拉伸比为1.8、最大流体压力为250bar的杯状件中，进行FE、实验与理论计算[16]的最大成形力对比（图7b）
（3）实际载荷比FE大，因压力加载路径的差异难以避免以及起皱因素
（4）FE比理论计算小，因理论计算中诸如平面应力等假设
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curve determined by FE model and measured from machine load-
cell was in good agreement although the upper level of forming
force indicates error. Fig. 7(b) compares the maximum forming
forces obtained using the experiment, the FE model, and the the-
oretical approach presented by (Bagherzadeh et al. [16]) in same
cup which was formed at the drawing ratio of 1.8 and adjusted
maximum fluid pressure of 250 bar. Due to the deviation between
the real and implemented pressure path in the FE model and the
wrinkling occurred in the flange region, the measured experimen-
tal maximum force was higher than the computed one. In addition,
the FE result predicted the maximum force slightly lower than the-
oretical approach (as calculated by [16]) which can be explained
with considering assumptions in the theoretical method such as
the plane stress condition.

4.2. Prediction of process windows

The working zone of the fluid pressure and consequently the
resulting blank holding force are some of the critical parameters
affecting the success of the HMDD process. Using the developed FE
model, the success and the failure of the HMDD of two-layer metal
sheets with different arrangements at various drawing ratios and
fluid pressures have been predicted based on the aforementioned
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failure criterion. The pre-bulging pressure was constant equal to
20bar. By plotting a curve specifying the boundary between suc-
cessful and unsuccessful forming conditions, a process window
indicating the safe zone for the fluid pressure vs. the drawing ratio
can be established. The process window for the AS lay-up with
the thickness combination of 0.4 mm and 0.7 mm for the steel and
aluminum layers, respectively, is illustrated in Fig. 8.

It can be observed from Fig. 8 that as the drawing ratio increases,
the safe working zone for the critical fluid pressure becomes nar-
rower. Fig. 8 also shows that in the HMDD process the maximum
drawing ratio ensuring a successful part forming and known as
limiting drawing ratio (LDR) is higher than the one in the conven-
tional deep drawing which is represented by the cases on the x-axis
of Fig. 8 at which the fluid pressure is equal to zero. It means that
the HMDD process provides the higher formability of two-layer
sheets than the conventional deep drawing. The process windows
for the HMDD of the monolithic sheets of aluminum and steel with
the same thickness as the two-layer sheet are illustrated in Fig. 9.
It is obvious that the trend of the critical fluid pressure with the
drawing ratio is the same for the two-layer and monolithic sheet.

Fig. 10 demonstrates the distribution of equivalent plastic
strains predicted using the FE model in the samples denoted as
A1-A3 and B1-B4 by Fig. 8. The samples A1-A3 have been deep
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Fig. 10. Simulated configuration of the samples mentioned in Fig. 8 for the two-layer sheets with the SA lay-up and the thickness combination of St 0.4 mm/Al 0.7 mm.
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图7（b）比较了使用试验、有限元模型和（Bagherzadeh等人[16] ）提出的理论方法获得的最大成形力。在拉伸比为1.8、调整最大流体压力为250Bar的相同杯状件。
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工艺窗口预测：
1、流体压力作用区及由此产生的压边力是影响成形的关键因素
2、通过上述验证过的有限元模型，通过上述失效准则判别法，对不同拉深比坯料、用不同液压，预测其成形的成功与失败
3、以拉深比为横轴、液压为纵轴，在坐标轴上绘制成功与失败点，将其边界连接，形成一幅由拉深比和液压影响的工艺窗口图
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AS叠层顺序、A/S厚度0.7/0.4下的工艺窗口
图8：
1、随着拉深比增大（板料直径增大），极限液压范围变窄
2、最窄处对应的为极限拉深比（LDR），HMDD比传统拉深方法（对应图中液压为零的横坐标轴上）LDR大
图9：
3、复合板的各组成单层板的HMDD（厚度不变1.1mm），与双金属复合板有趋势相同的工艺窗口
4、复合层板成形曲线（包括LDR和最佳液压）介于单层板之间（大于Al小于钢）
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图10：从图8中选取A1-A3和B1-B4六个参数（A2/B3重合）下坯料PEEQ等效塑性应变的分布
1、A1-A3——相同液压（250bar）下不同拉深比的试样；B1-B4——相同拉深比（2）下不同液压的试样
2、试样B1：在0液压下，即传统冲压方法，因材料处于“非浮动”状态，摩擦与张力增大，导致冲头圆角处因过度减薄而失效
3、A3：250bar的液压下，2.2的拉深比，材料在冲头圆角与凹模圆角之间的侧壁上出现过度减薄
4、B4：2的拉深比下用400bar的液压，材料在靠近凹模圆角半径的地方出现过度减薄。这与高液压下坯料与凸模接触过紧、凹模圆角半径处的曲率半径过小有关
5、总结：在层合板的HMDD中，随着液压增大，材料过度减薄至失效区从冲头圆角半径向凹模圆角半径转移
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Fig. 11. Assessment of the predicted process window with the experimental results for (a), (b) S/A lay-up and (c, d) A/S lay-up.

drawn by the fluid pressure of 250bar at various drawing ratios
and the samples B1-B4 have been formed with the drawing ratio
of 2 under different pressures of the fluid chamber. The sample
B1 formed without the fluid pressure identically represents a con-
ventionally deep drawn part. As depicted in Fig. 10, like the deep
drawing process, the excessive thinning in the sample B1 which
leads to a part failure is occurred at the punch corner due to the
increase of friction and tension and the contact between the sheet
and the die corner as a result of the non-floating condition of the
blank. Compared to the sample B1, the sample A3 deep drawn by
the drawing ratio of 2.2 under the 250 bar fluid pressure shows a dif-
ferent thinning zone on its wall between the die and punch corner.
A rather high fluid pressure of 400 bar has been applied to form the
sample B4 at the drawing ratio of 2 resulting in an excessive thin-
ning closer to the die corner which can be related to the extreme
contact between the sheet and the punch and also the floating state
of the blank with a low radius of the curvature at the die corner. So,
it can be stated that in the HMDD of the laminated sheets, as the
fluid pressure increases the failure region on the wall moves from
the punch corner toward the die corner.

In order to assess the accuracy of process windows obtained
using FE simulations, the successful and unsuccessful forming of
some samples inside and outside the predicted working zone have
been experimentally verified. Table 2 summarizes some of the
experiments.

As it can be seen, at the drawing ratio of 2.1 and the fluid pres-
sure of 200bar the SA lay-up has been collapsed while the AS
lay-up with the same thickness combination has been successfully
formed. Fig. 11 illustrates the simulated process windows for the
both possible SA and AS lay-ups of St 0.4 mm/Al 0.7 mm thickness

Table 2
Some of experiments to verify predicted process windows.
Sheet Lay-up Marks Drawing Pressure Forming
ratio (bar) condition
“S/A” lay-up Case “A1” 1.6 100 Success
Case “A2” 1.8 200 Success
Case “A3” 2.0 100 Success
Case “A4” 2.1 200 Failed
“A/S” lay-up Case “B1” 1.8 100 Success
Case “B2” 2.0 200 Success
Case “B3” 21 200 Success
Case “B4” 2.2 200 Failed

combination with corresponding experiment results. The exper-
imental results confirm and validate the predicted safe working
region well.

4.3. Parameters study

4.3.1. Effect of lay-up on process window

According to simulations results, it is revealed that the safe
working zone for the fluid pressure can be affected by the lay-up
of the two-layer sheet. The effect of the lay-up on the process win-
dow at different thickness combinations of the aluminum and steel
sheets obtained by using the FE model is demonstrated in Fig. 12. By
utilizing the AS lay-up rather than the SA one for all of the inves-
tigated thickness combinations, it is possible to achieve a wider
working zone for the fluid pressure ensuring a successful drawing.
This is mainly due to the less thinning and protection of the weaker
material with the lower formability, i.e. aluminum layer, at likely
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高亮
对FE成形窗口的验证：
1、选择FE成形窗口中成形线内外成功与失败的点，进行实验
2、表2实验总结：例如对于A4（2.1拉深比和200bar液压）下SA失效而相同条件的AS试样B3成功成形
3、图11，对AS和SA两种叠层顺序（S/A厚度0.4/0.7）的FE成形窗口与实验验证比较，FE对实际安全成形窗口有良好的预测
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高亮
叠层顺序对工艺窗口的影响：
1、如图12，相同单层厚度下（A/S=0.7/0.4），不同叠层顺序下的工艺窗口安全成形曲线。
2、相比SA，采用AS的叠层顺序可以得到更宽的安全成形区，保证拉深成功
3、因为AS的排列，可以得到更小的减薄，同时内部低成形性的软质层Al得到了保护。该推测通过分析不同组成层的厚度分布得到了证实
4、随拉深比降低，AS和SA不同叠层顺序下安全成形曲线的差异越来越大
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Fig. 12. Effect of lay-up on the process window predicted using FE simulation.

failure zones in the AS lay-up, which is confirmed by the analysis of
the thickness distribution of the two layers. Furthermore, regarding
Fig. 12, the difference between safe working zones calculated for
the two lay-ups increases as the drawing ratio decreases.

4.3.2. Effect of thickness combination on process window

Fig. 13 indicates variations of the safe working zone in the HMDD
process by changing the thickness combination at the both SA and
AS lay-ups. The thickness combination can vary from the mono-
lithic sheet of aluminum to the steel one. According to Fig. 13 for
the both lay-ups, as the thickness of the material with the higher
strength, i.e. steel layer increases the working zone for the fluid
pressure becomes wider. The figure also shows that for the wider
working zone, the AS lay-up should be implemented in HMDD pro-
cess of Al/St bimetallic sheets.
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Fig. 13. Effect of thickness combination on the process window predicted using FE
simulation for (a) the SA and (b) the AS lay-up.
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4.3.3. Effect of layers arrangement on LDR

As shown in previous figures, the process window for the fluid
pressure vs. the drawing ratio is defined by a nose-like curve.
The nose indicates the LDR for a successful forming at a specified
arrangement of the two-layer sheet. Fig. 14 shows the predicted
LDR for the both lay-ups at different thickness combinations includ-
ing the single layer sheets of aluminum and steel. By increasing the
thickness of the layer with the higher formability, i.e. steel layer,
the LDR of the two-layer sheet increases. Hence, the maximum
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Fig. 15. Comparison of the thickness distribution of (a) the steel layer and (b) the
aluminum layer in the SA and AS lay-ups obtained using the FE model.
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两组成板厚度组合对层板工艺窗口的影响：图13
1、分别用了AS和SA叠层排列，厚度分布从单层Al板到不同比例Al/Fe板最后到纯钢板(总厚度不变1.1mm)
2、高强相层St钢的厚度越大，安全成形区越宽
3、Al/St双金属HMDD采用AS叠层可以得到更宽的成形区

pp
高亮
叠层顺序与厚度分布对LDR的影响
1、前面对工艺窗口的研究得到安全成形的鼻形曲线，其中的鼻尖就是LDR
2、图14，对不同叠层顺序、不同厚度组合（包括纯单层板）的LDR进行绘图发现，随着高成形性相钢板厚度增加，层板LDR提高，因此最大LDR在纯St钢板处取得
3、对St厚度小于1.1mm的双金属层板，可以安全得到某一组成相的LDR，同时层板达到了减重的目的
4、低成形性组成相接触冲头而高强度相接触液体腔，可以得到更高的LDR
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LDR belongs to the monolithic sheet of steel with the thickness of
1.1 mm. It is noticeable that by implementing a two-layer sheet in
which the thickness of the steel layer is smaller than 1.1 mm, a LDR
between the ones of the monolithic sheets of base materials can be
achieved as well as a weight reduction in the laminated sheet. As it
can be seen, by the lay-up in which the layer with a lower formabil-
ity is in contact with the punch and the layer with a higher strength
is on the die side, a slightly higher LDR can be attained leading to
form a deeper part.

4.3.4. Effect of layers arrangement on thickness distribution

Fig. 15 compares the thickness distribution of each layer in the
both lay-ups. Based on the figure, regardless of the lay-up, the outer
layer has the minimum thickness. As shown in Fig. 15(a), the thick-
ness of the steel layer at the bottom of the part, i.e. zone I, in the AS
lay-up is approximately constant while it is slightly reduced in the
SA lay-up. This is due to the direct contact of the steel layer with
the punch in the SA lay-up and a higher friction coefficient in this
interface. At zone II including the punch corner and the cup wall,
the sheet experiences more thickness reduction in the AS lay-up
than in the SA one. The fracture is likely to occur in this region as
previously reported for the conventional deep drawing (near the
punch corner) and HMDD processes (the upper region of the wall).
Compared to the SA lay-up, more thickening which can result in
wrinkling, is happened in the AS lay-up at the flange region of the
steel layer, i.e. zone Ill. Regarding Fig. 15(b), a reverse trend in the
thickness distribution with respect to the one described above is
observed for the aluminum layer. Unlike the steel layer, the alu-
minum layer shows a less thinning at the AS lay-up than the SA
lay-up in zone II. Hence, to avoid the tearing in the weaker mate-
rial, particularly for a two-layer sheet with a thin layer of aluminum,
it is appropriate to use the AS lay-up.

5. Conclusions

In this research, a 3D FE model of the HMDD of aluminum/steel
two-layer sheets was developed to predict the key process param-
eters ensuring a successful forming for fluid pressure vs. drawing
ratio. By comparing simulated results with experimental ones, a
reasonable good agreement confirming the capability of the FE
model to predict the process parameters was observed. Further-
more, effect of thickness combination and lay-up of the two layer
sheet on the process window, formability of layers and the thick-
ness distribution were investigated through FE simulations. The
main conclusions can be drawn as follows:

e The HMDD process with proper fluid pressure improves forma-
bility and LDR in forming of Al/St bimetallic sheets than
conventional deep drawing. Applying hydraulic pressure under
blank during forming moves failure region from the punch cor-
ner zone toward the die corner zone based on applied pressure
value.
At a specified lay-up and thickness combination, by increasing
the drawing ratio the critical pressure decreases and conse-
quently the upper limit of safe working zone for the fluid pressure
becomes narrower and also applying fluid pressure increases
limiting drawing ratio for formed cup than conventional deep
drawing, which results in a nose-like curve for the process win-
dow.
¢ The process window and the safe working zone for the fluid pres-
sure in the AS lay-up is wider as compared to the SA lay-up. Higher
drawing ratios and LDRs can be achieved by implementing the AS
lay-up than the SA lay-up.

e As the thickness of the layer with a higher strength increases, a
broader working zone is attained. Due to the more thinning of
the aluminum layer occurred in the SA lay-up at the wall region,
it can be suggested to use the AS lay-up instead of the SA one to
avoid tearing in the layer with a lower formability.

As future work, using developed FE model and proposed the-
oretical approach formerly, the mechanics of laminated sheet
deformation in HMDD process accompanied with stress and strain
components analysis of layers will be analyzed and the failure
modes will be discussed.
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层板叠层顺序对厚度分布的影响（图15：A/S=0.7/0.4，250bar）
1、无论哪种叠层，当材料置于外层时减薄更严重
2、对图15a中钢层的厚度分布
（1）杯底区：AS的St厚度几乎不变，而SA中略有减少。因SA中钢与冲头接触，摩擦相对更大，减薄更大
（2）圆角半径与杯壁区：该区是减薄与失效破裂高发区。AS中St的减薄比SA中更严重
（3）凹模圆角与法兰区：增厚区，AS中St的增厚比SA中更严重，这容易导致起皱
3、图15b中铝层的厚度分布
（1）与上述钢板相反，同一叠层钢板更薄则铝板更厚。例如Al板在AS中的减薄程度要比SA更轻
（2）所以为了避免较弱材料的撕裂，特别是对于具有薄铝层的两层板，宜使用AS顺序
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本文
1、建立了铝/钢双层板HMDD的三维有限元模型，对保证成形成功的关键工艺参数进行了预测。
2、通过与实验结果的比较，验证了有限元模型对工艺参数的预测能力。
3、通过有限元模拟，研究了两层板的厚度组合和铺层顺序对工艺窗口、层板成形性和厚度分布的影响。
主要结论如下：
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高亮
1、与传统的深冲工艺相比，适当的流体压力下的HMDD工艺提高了Al/St双金属板的成形性和LDR。
2、成形过程中在毛坯下施加液压，所施加的压力值逐渐增大，使失效区域从冲头圆角区向凹模圆角区移动。
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1、在规定的铺层顺序与厚度组合下，通过增大拉深比，液体临界压力降低，从而使流体压力的安全工作区变窄
2、施加流体压力，成形杯的LDR比常规拉深大，这将导致流程窗口的鼻状曲线
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高亮
1、与SA叠层相比，AS叠层中流体压力的工艺窗口和安全工作区更宽。
2、通过采用AS叠层，比SA叠层可以获得更高的拉伸比和LDRs

pp
高亮
1、随着高强层厚度的增加，获得了更宽的工作区。
2、由于铝层SA铺层方式中更薄，建议用AS铺层代替SA铺层，以避免在成形性较低的层中撕裂
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