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Abstract: Experimental and numerical analyses for the effect of the thickness of gap generator blank (GGB) on the formability of the
outer blanks were investigated. The thickness of the GGB has the greatest impact on the thinning of the lowest blank. In addition, the
friction at different regions and the additional interlayer contacts can also affect the thinning of different regions as well as increase
the punch force. This work will enhance the understanding of simultaneous multi-layered blanks forming and will help the composite
design engineers to tailor requirement-specific hybrid parts such as fiber metal laminates (FMLs) and functionally graded structures

(FGSs) for hi-tech applications.
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1 Introduction

Fiber metal laminates (FMLs) have been widely
used in aerospace structures and infrastructure due to
their light weight and high specific strength. There are
two common techniques being used to make FMLs. The
first method is used to make huge FML structures which
are comparatively simple in design by autoclave, such as
wings and aircraft’s skins [1—3]. The second method is
applied to the stamp forming (die/punch etc.) to fabricate
relatively small, deep drawn, complex profiled parts
using thermoplastic resins such as polypropylene-based
short fiber metal laminates [4—8]. ZAFAR et al [9—-12]
recently proposed and demonstrated the concept of
simultaneous forming method (the 3A method) for
multilayer metallic blanks, which ultimately facilitates
the manufacturing of tailor-made FMLs and functionally
gradient structures (FGSs). In contrast with the existing
methods used to make FML parts, this new approach
eliminates the prerequisite of heating/solidification/
reheating of the blank assembly/tooling and the
requirements to strictly control the stamp forming
parameters such as the punch and the binder forces. The
3A method can only be used for forming products which
have a uniform gap as shown in Fig. 1(a). One of the

major drawbacks of applying the “3A Method” is the
absence of gap between the simultaneously formed
layers when vertical features are formed such as in deep
drawn cylindrical parts, as shown in Fig. 1(b). In order to
solve this problem, an “improved 3A method” based on
the provision of extra “gap generator” blank between
the inter layers has been devised and implemented in this
research. The concepts of the 3A and the improved 3A
methods (GGB strategy) are reproduced in Fig. 2 for
easy comprehension in this work. After simultaneous
forming of the metallic blanks assembly, GGB can be
separated by mechanical/thermal means and the required
composite materials (weavings/unidirectional/chopped/
self-reinforced polymers, etc.) can be placed at any
desired areas with a freedom to use the thermosetting
(TS) or thermoplastic (TP) resins. While the existing
methods can only employ short/chopped fibers with TP
resins because the woven fabric/long fibers can easily be
ruptured using existing methods. Furthermore, the needs
to make a different set of tooling (punch/die) for each
layer of the multi-structural part are also eradicated. A
detailed literature survey and discussion about the
advantages of the simultaneous forming method (the 3A
method), the limitations of the existing methods and the
motivation to conduct the present study were described
in Refs. [13—18].
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Fig. 1 Gap variations with shape change: (a) Part without any
vertical feature; (b) Part having vertical features

GGB thickness is one of the most important
material design parameters, which needs to be
considered during the FML or FGS parts design planning
stage. This gap determines the thickness/quantity/volume
of the composite sheets (woven fabric/sheets/resin) or the
weight/volume of the fibers (short/chopped fibers/resin)
which could be placed in that space after forming and
disassembly of the blank layers. After disassembling the
formed metallic layers, the GGB is removed. The
mechanical/thermal/chemical properties of the laminated
part are ultimately designed and controlled by the gap
produced by the GGB. Since, during a plastic
deformation process like the deep drawing, the stresses
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Fig. 2 3A and improved 3A methods (GGB strategy)
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in the flange, walls and the bottom of a cylindrical part
are different and hence the strain states are also different.
Especially, when multiple metallic layers are formed
using the same punch and force, the forming behavior of
layers with different thicknesses may not be similar. This
study will investigate the effect of the different
thicknesses of GGB and the forming behavior of the
thinner blanks around it. In order to get a clear evaluation,
most of the parameters such as material, diameter, target
forming depth, punch speed, coefficients of friction and
formed diameters of the multilayer parts are kept similar.
However, the layup configurations and the thicknesses of
the GGB are changed to draw a three-layer structure. It is
important to emphasize that using the GGB strategy (the
improved 3A method) to form the multilayer metallic
structure as a framework to make complex hybrid parts is
the latest methodology and rare literature is available in
this regard.

2 Numerical simulation and experimental
setup

Aluminum alloys Al2024-O having a diameter of
140 mm were used to the three-layer forming simulations.
Thickness combinations and the tensile properties of the
alloy are given in Table 1. The tensile test was performed
according to ASTM E8 at room temperature using

Forming simulation
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Table 1 Thickness combinations and tensile strength properties of A12024-O

Sample  Constituent Thickness/ BHF/ Yield strength at . . r-values at
UTS/MPa E/GPa  Poison ratio
No. layer mm k 0.2%/MPa 0°, 45°, 90°
1 0.5+0.5+0.5 1.5 20 195.33 110.55 62.25 0.33 0.85,0.77,2.45
2 0.5+1.0+0.5 2.0 30 198.2 113.30 63.54 0.33 0.79,0.81, 2.40
3 0.5+1.5+0.5 2.5 40 197 112.2 64.33 0.33 0.82,0.83, 2.1

d79 mm —>

d80 mm —

Three blanks [[]]
d83 mm

(@)

(b)

Fig. 3 Simulation setup for 3 layers of blank assembly (a) and press forming equipment (b)

rectangular, dog bone-shaped tensile test specimens
which were sliced along the rolling direction (RD) and
Instron 5900 testing machine was used. The length and
width of tensile test samples were 210 and 20 mm,
respectively. Different thicknesses of Al2024-O were
achieved by combining 0.5 mm-thick tensile test samples
to see the cumulative effect of multilayered forming on
tensile properties as shown in Table 1. Thickness of the
formed sample layers was measured by using the
ultrasonic thickness tester.

36*MAT 3PARAMETER BARLAT code  of
DYNAFORM/LS Dyna was used to simulate the
forming behavior of three-layered blanks by considering
the high anisotropic characteristics of the alloy. Figure
3(a) illustrates the numerical simulation setup devised for
the simultaneous forming of three layers. Stress—strain
curve was imported into the material mode of the
software, which automatically calculates the values of
strain hardening index » and material hardness
coefficient K. All the tools including punch, die and
blank holder were treated as rigid bodies with mesh size
of 30 mm. Blanks were treated as deformable bodies
with mesh size of 3 mm and quadrangle shape elements.
Coefficients of friction for the die, punch and binder
were assumed to be 0.05, 0.15 and 0.1, respectively.
Surface to surface and one way surface to surface contact
modes available in the DYNAFORM were used to model
the contacts between blanks and the contacts between the
blanks and tooling, in that order. Numerous simulations
were run to find the most suitable values of BHF at the
no die-binder gap conditions to carry out the
experiments.

Hydroforming machine as shown in Fig. 3(b) was
used (without employing the HF function) to study the

deep drawing behavior of the multilayer blanks. The
machine is controlled through a hydraulic feed controller,
the dynamics of which is provided by a hydraulic oil
filled accumulator and is charged by using a two-stage
pump located next to the machine. All test conditions
including blank holder force, feed rate and post-forming
holding time could be set up through the software
installed in the computer that is embedded in the
machine. Cylindrical shaped punch having 79 mm
diameter was used to form the blanks up to the target
depths.

3 Results and discussion

3.1 Effect of GGB thickness on thinning of blanks
Figure 4 describes the measured and numerical
values of thinning of the three blanks assemblies drawn
at different BHF values up to 30 mm in depth, which are
in reasonable agreement with each other. Red and black
encircled regions in Fig. 4 show the highest and the
second highest thinning regions during simultaneous,
multilayered forming of the three-layer alloy for different
thicknesses of the GGB (Blank2), respectively. These
two regions include the vertical wall area of the formed
part below the die bending radius (region-1) and the
punch corner radius area (region-2). From Fig. 4, it can
be found that the lowermost blank, i.e., the Blankl
suffers the maximum thinning among the three blanks
formed together. Furthermore, it is worthwhile to note
that the thickness of the GGB has an important impact on
the thinning of the whole structure as it controls the
thinning of its outer layers. Also, the values of the
thinning decrease from the lower layers to the upper
layers at the two critical regions. For a GGB thickness of
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Fig. 4 Experimental and numerical values of thinning of three
blanks assemblies drawn at different thicknesses of GGB:
(a) 0.5 mm; (b) 1.0 mm; (c¢) 1.5 mm

0.5 mm, region-1 undergoes a maximum thinning (9.8%)
while the region-2 withstands a maximum thinning
(5.9%) for the Blankl. The same trend of the thickness
variation can be noticed for the Blank1 of the assemblies
with GGB thicknesses of 1.0 and 1.5 mm having
maximum thinning values of 12% and 13.8% for the
region-1 and 10% and 12% for the region-2. Also, the
height of the second region peaks keeps on increasing
with the increase in the thickness of GGB while the
thinning for the Blank3 almost remains unchanged at all
the regions for different GGB thicknesses. The relative

thinning of the three middle blanks (Blank2) of the three
different blank assemblies is also shown in Fig. 5 to
clarify the effect of GGBs thickness on their thinning
rate.
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Fig. 5 Thinning of Blank2 with various thicknesses in three
assemblies

These observations can be explained in the light of
relative movement between the constituent layers of a
blank assembly due to different frictional forces and the
varying distances of layers from the punch as shown
in Fig. 6(a). The relative movement is because of higher
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Fig. 6 Thinning of Blank2 with various thicknesses in three
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friction which acts at the Blank3/punch and Blankl1/die
interfaces than that of the Blankl/Blank2/Blank3
interfaces. These factors lead to different plastic
deformation/metal flow rates in the three layers resulting
in different arc lengths of the three blanks in a blank
assembly. As the thickness of the GGB in a blank
assembly is increased, the distance of Blankl from the
punch is also increased with an increased arc length,
which results in more thinning of the blanks in critical
regions such as the punch radius area as illustrated in
Fig. 6(b).

The three simultaneously formed blanks assemblies
with varying GGB thicknesses at different BHF values
are shown in Fig. 7. Experimental and numerical values
of the BHF are in accord with each other and exhibit an
increasing trend with the increase of the overall thickness
of a blank assembly. After forming, the GGB can be
separated by mechanical means and the gap generated by
this blank can be utilized to place any kind of
composite/resin materials according to the specific
requirements by following the procedure described in
Fig. 2.

Blank2 thickness 0.5 mm
Exp BHF=22 kN

~ Blank2 thickness 1 mm
‘ Exp BHF=31 kN

(b)

Blank2 thickness 1.5 mm
Exp BHF=42 kN

(c)
Fig. 7 Three blank assemblies formed up to 30 mm in depth
with inset showing GGB

3.2 Effect of GGB thickness on punch force

Figure 8 illustrates the punch force versus
displacement curves for the three types of blank
assemblies. It can be seen that punch force greatly
depends upon the total thickness of the blanks to be
drawn and the punch force increases with the increasing
of thickness. Another important point to be considered in
the simultaneous and multilayer forming is the
inter-layer friction which is not present in monolithic
deep drawing. These additional inter-layer contacts also
play a role in increasing the force needed to deform the
structure and cause fluctuations/variations in force which
can be seen from the curves. However, further
investigation is needed to explore the mechanics theory
and the role of friction.
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Fig. 8 Punch force versus displacement curve for three blank
assemblies

3.3 Effect of GGB thickness on increased forming

depths

The experimental study was further extended
to determine the role of the GGB at increased forming
depths and the failure mechanism as well. To this end,
more sets of blank assembly types 1 and 3 were used and
the experiment was repeated twice to validate the results
under the same experimental conditions as being used to
form 30 mm-deep samples. Figure 9 demonstrates the
parts made by using this phase of study. As can be seen
in Fig. 9(a), the forming depth for blank assembly 1
having 0.5 mm-thick GGB is 40 mm. At this depth, a
fracture can be observed at punch radius area of the
Blank1 only when the other blanks are safe. For blank
assembly 3, which contains a 1.5 mm-thick GGB, the
forming depth is 33 mm at which fracture occurs, as
shown in Fig. 9(b). Due to the presence of a thicker GGB
(such as 1.5 mm in thickness) in the middle, the arc
formed at the punch radius area for Blankl (blank
assembly 3) is much larger compared with both the other
two blanks of this assembly and the Blankl of blank
assembly 1. Due to a larger arc, a higher tensile stress
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state exists at punch radius area together with the stress
concentration factor due to shape change. This high
tensile stress state results in necking of the material at
this area, which ultimately leads to fracture.

Fracture

Fracture ——

Fig. 9 Comparsion of forming depths for blank assembly 1 (a)
and blank assembly 3 (b)

From the above discussion, we can learn that using
the GGB during simultaneous forming is a novel and
practicable concept and it is potentially possible to
replace the existing stamp forming methods which are
used to fabricate FMLs as described in the literature. The
currently available techniques can only form simple
shapes such as hemispherical parts. If the GGB method
can be applied, complex shapes with sharp bends such as
the cylindrical parts manufactured in this study can also
be efficiently formed. The repeated heat and
re-solidification steps can be eliminated with a freedom
to place any kind of resins (TP/TS) and composites at
any required place. The research can be applied to
replacing the monolithic metallic parts used in the
aerospace and automobiles industries with the hybrid
parts such as covers, casings, housings, panels and other
shapes.

4 Conclusions

1) The thickness of the GGB has the greatest impact
on the thinning of the lowermost blank due to its
maximum distance from the punch and the resulting
larger curvature length. Therefore, the thickness of the
GGB and the outer layers must be carefully selected
keeping in view the forming depth.

2) Different frictions at different regions of the
formed part and the presence of additional inter-layer
contacts also play critical roles for varying thinning at
different regions as well as increasing the punch force.

3) The research will help in understanding the
physical phenomenon occurring during simultaneous
forming of multilayer blanks and will increase the

application areas of the new methodology.
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