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Abstract

This paper investigates forming and failure modea Gbre metal laminate (FML) system based on
steel- and glass-fibre reinforced polypropylene posite material constituents. A hemispherical
punch was used to perform stamp forming on thisritlylnaterial at different blank preheat
temperatures and blank holder forces. The evolutff®urface strain during forming was captured and
analyzed with a real-time three-dimensional phaognetric measuring system. An increase in
preheat temperature leads to elimination of comedsilure and rises fibre trellising in the middle
layer. At these temperatures, inter-ply delamimabetween FML layers could be prevented to some
extent by increasing blank holder forces. Contrtaryorming blanks at high preheat temperatures,
fibre fracture happens at room temperature at elikemgk holder force. An increase in blank holder
forces at room temperature results in increasiad-tiL forming depth before composite failure.

1. Introduction

Transportation vehicles are one of the major sauafecarbon dioxide emissions, contributing to
numerous environmental issues. One way to alletliegessue involves incorporating lightweight and
advanced materials into these vehicles, leading teduction of fuel consumption through weight
saving and a consequent reduction in,@&mission. As a replacement for conventional maligri
FMLs have been adopted by aviation and automotiridtries as a lightweight structure. These
hybrid systems usually consist of alternating layefr metal and fibre-reinforced composite materials
that possess comparable mechanical propertieg tioatte metals whilst showing improved impact and
fatigue resistance characteristics.

Early FMLs were based on thermosetting-based comeplagers. These FMLs needed long process
times as well as consolidation of metal parts amgneg composites under elevated temperature and
pressure. The inherent brittleness of thermosettimgposites and interlayer bonding issues have
significantly limited the processability and use this class of FML system. However, unlike
thermosets, pre-consolidated thermoplastic comgmsian be bonded to metal substrates and shaped
in a one-shot manufacturing operation. This martufarg process results in reducing both cycle time
and manufacturing costs. Another advantage of tbglastics is their molecular chain structure which
makes them amenable to being processed above sbéening/melting temperatures. At an
appropriate temperature, thermoplastics can saftensubsequently flow through complex geometries
during processes such as hot stamp forming. Irtiaddihey are recyclable, repairable, and havg ver
good impact tolerance.
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Comprehensive research has been performed on $tammg of thermoplastic-based FMLs [1-4].
For instance, Luke et al. investigated thermoptalstised FMLs with aluminium substrates in cup
forming processes at room and elevated temperaturésdeveloped a finite element model of the
process [5]. Gresham et al. studied the effectdantk holder forces (BHFs) and preheat temperatures
on the draw forming of self-reinforced PP (SRPRJ glass-fibre-reinforced PP (GFRPP) composite-
based FML with different aluminium plates [6] andnibnstrated that the higher BHF resulted in
tearing and fracture in blanks, and lower BHF cdusevere wrinkling. Also, preheating of blanks
increased the forming depth of GFRPP-based FMLyghdhe amount of flange wrinkling increased
as a consequence. Reyes et al. studied the meahaniperties of thermoplastic composite based
FML [7] and showed that GFRPP-based FML had supéaitgue characteristics compared to SRPP-
based FML. On the other hand, SRPP-based FML shoeter forming properties in stretch forming
tests. Sexton et al. researched the stretch forofilBRPP-based FML sandwiched by aluminium [8]
and concluded that FML is comparable to plain ahiam in terms of the forming limit curve (FLC)
and they also showed that FML has experienced higlagor strain before failure over a wider range
of minor strain. Nam et al. studied the effect diBBon draw forming of SRPP-based FML with
galvanized steel substrates [9].

In addition, formability and failure of pre-consdited woven thermoplastic composites have been
investigated in several recent research studieméxigal and experimental studies on two different
pre-consolidated woven thermoplastic composites Haeen undertaken by Zanjani et al. [10,11]
where failure of SRPP composite was examined thraigetch forming of samples having different
aspect ratios and they proposed a path-dependiduntefariterion for woven composites [12,13].
Wang et al. studied forming behavior of a naturdrefreinforced composite under different
environmental conditions such as water-treated-fflaoe polypropylene composite and suggested a
novel failure criterion based on strain ratio arme strain. They proved that their proposed failur
criterion was far more effective in predicting thieset of failure in fibre reinforced compositesntha
the conventional forming limit diagram through faeelement simulations [14,15].

Manufacturing components from steel-based FMLsexqoioit the benfits of steel, while offering less
weight compared to plain steel. High strength, eckd formability, and low price are some key
characterictics of steel making it preferred malesystem in a wide range of industrial applicagion
Steel based FMLs provide opportunity using thinsteel substrates in combination with composites
and reducing the overall weight of the final pra@udn this study, the forming behavior of steeddzh
FML, consisting of GFRPP sandwiched between twa thyers of steel is studied. The effects of
BHFs and preheat temperatures are investigatedgldome forming of FML hybrid structures. A
three-dimensional photogrammetry system is usatddasure the strains on the outer surface of the
blank in real-time during forming while the evoluti of strain at the pole and failure points are
assessed.

2. Experimental procedure
2.1. Material and Specimen Preparation

The FMLs to be tested comprised of one layer of lpmeconsolidated glass fibre-reinforced PP
(GFRPP) bonded between two layers of 0.45mm gatednsteel. The GFRPP (Twintex®) has a 2/2
twill weave pattern of glass fibre in polypropylematrix. Collano® 22.010 was used between the
layers as a hot-melting adhesive, and is a thimnmbplastic adhesive film based on modified

polyolefins. This adhesive has a minimum bondingpterature of 130°C and a density of 0.9 g/cm

At this stage, the FMLs were in a rectangular sfazet.

In order to get the best bonding conditions, thpregriate temperature and pressure have to be
applied on the layers using a heat platen pressedan results of lab shear tests, the rectangular
layers were stacked and maintained under the prees$d00 kPa at 170 °C for 2 minutes. After rapid
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cooling, the final FML samples were fully consolield and therefore removed. The rectangular blanks
were then cut into circular blanks with a diametet80mm.

2.2. Experimental setup

Dome forming was performed using a 300kN customengdess with a 100 mm diameter
hemispherical punch and an open die with a 105 nameter. A pneumatic blank holder was used,
capable of impressing 2, 7, and 14 KN BHFs on tlaeks as shown in Fig. 1. Feed rates and the
punch displacement were controlled by a local daguisition PC, and forming force was recorded
through a compression load cell connected to theEk@eriments were performed at a feed rate of 20
mm/s. Each test was terminated when the load dbbp&0% or the maximum displacement reached
55 mm.

(b)

(a)
Figure 1. Experimental setup, a) stamp forming press, b)cemeras of the ARAMIS system located
beneath an open die to capture the real-time sisiribution of the FML outer surface using a
stochastic pattern technique

A 3D photogrammetric measurement system (ARAMISS Weeated beneath opening die to measure
strain evolution on the outer surface of FMLs dgrthe forming process. ARAMIS consists of two
high speed and high resolution cameras and uses ttimensional photogrammetry techniques to
characterize the displacement contours during fogmiThis is achieved by applying a stochastic
pattern on the surface and monitoring the relalisplacement of neighbouring features. The regyltin
strain field is then obtained by calculating thadient of the displacement field.

During high temperature forming, blanks were heatpdto the specified temperature. The blanks
were then transferred to the die in less than Hre#s and then formed with facilities at room
temperature. After complete forming of the FML< tilank holder and punch remained in their final
positions for 2 minutes to allow for complete cagliof the blanks so as to avoid delamination.

3. Result and Discussion

To investigate any preheat effects on the formigbdf FMLS, blanks were heated up to 140 °C and
110 °C and then formed up to failure or until thaximum forming displacement reached 55mm.
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These results were then compared to the blanksefdrah room temperature. Furthermore, the effect
of blank holder forces was taken into consideratidmat is, for each preheat temperature, blanke wer
formed with 14, 7, and 2 kN blank holder forcesy.F2 shows the top view of the final blank
configurations after forming, and the mechanismseoled will be discussed later.

Blank holder Force

14 kN 7kN 2 kN

Preheat
Blank Temperature

a. Room
Temperature

b. 110°C

c. 140°C

Figure 2. top view of formed blanks under blank holder feroé 14, 7, and 2 kN from right to left at
a) room temperature, b) blank preheat of 110 °Glar)k preheat of 140 °C. Detailed comments on
these observations appear after figure 4

3.1. Preheat temper atur e effect

The strain path of the pole, the blank centreheflilanks at the room temperature is comparedato th
of blanks at elevated temperature in Fig. 3. Tigareé demonstrates that the strain path of the pole
blanks processed at elevated temperatures folldvaxgal stretch mode regardless of the BHF value.
This is in contrast to the pole strain path of raemperature blanks. For room temperature forming a
different blank holder forces, the strain path bkhkia biaxial stretch mode up to 5% strain. Aftes
strain state, the strain path deviates from bissti@tch mode by different amounts for differerstrii
holder forces. In order to investigate further, thajor strain field over the blank outer surfaceswa
measured and is illustrated in Fig. 4. Fig. 4 shives at elevated temperatures, the strain behassior
straightforward, but at room temperature, compiegitan arise after around 5% strain.
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Figure 3. Strain path evolution at the pole of blanks for@m temperature blanks (RT), b) elevated
temperature preheat blanks

Fig. 4a shows the major strain pattern on a roonpégature blank at a forming depth of 25mm under
14 kN BHF. The red region corresponds to higheairstcompared to the rest of region and has a
significant influence on the strain path at theep@ombining information from Fig. 3a and Fig. #a,
can be deduced glass fibre breakage happenedpthus forming depth at the area near the pole.
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Figure 4. The Major strain field over the outer surface bflEs at the 25mm depth of forming under 14
kN BHF analysed by ARAMIS at a) room temperatimepreheated to 110 °C

Fig. 4b shows the major strain field over the osterface of a blank preheated to 110 °C at a d#pth
25mm under a 14 kN BHF. Unlike at room temperattims, contour is nearly symmetric, and there is
no sharp increase in major strain at any regiothodigh the maximum major strain at the steel
surface is more than glass fibre extension to fiajlthere is no evidence of GFRPP breakage which
suggests that GFRPP can slip over the steel latehigher temperatures. As the fibre directions
correspond to the X and Y coordinate directions,amount of major strain in the 45 degree direction
(between fibres) is higher at elevated temperatwvbgch means the fibre weave could trellise more
easily and be drawn into the die at elevated teatpes.
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3.2 Blank Holder Effect

Increasing the BHF can generally reduce the amaintvrinkling and inter-ply delamination,
however, at higher temperatures, this parameteaHisited effect on reducing delamination for the
open die. Since, the bond between the layers begarak or totally melted down, the layers could
slip over each other, and consequently the po#gilof delamination and wrinkling increased. At a
110 °C preheat temperature, the increase in BHésedaless delamination, whereas under a 140 °C
preheat temperature, there was major delaminatidstaaks under both 14 and 7 kN BHFs which
proves that the increase in BHFs was not very gffecas seen in Fig. 2b and 2c. Hence it was
deemed not necessary to run an experiment agtimgdrature under a 2 kN BHF.

At room temperature, based on major and minorrspaiterns over the outer FML surface and the
first appearance of a higher major strain regiomgared to the rest of the surface major straiml fiel
(like Fig. 4a), it can be determined at which pdhre GFRPP first failed during the forming process
under different BHFs. Based on ARAMIS data, at aklMBHF, the blank could be formed up to
21mm prior to GFRPP failure. Usually wrinkling gtarfrom the flange region. Due to the die
obstructing the flange region, the onset of wrimgglover the flange could not be recorded. However,
with increasing the depth of forming, the wrinkljrappeared on the outer surface of the blank which
was captured by the ARAMIS system. Wrinkling wastfidetected around forming depth of 26mm,
and at a depth of 32 mm, outer steel was ruptiéredthe 7 kN BHF experiment, the forming depths
before GFRPP failure and wrinkling appearing atdbter surface of the blank were similar to those
of the blank under a 14 kN BHF except for the stailire which did not happen for this case. At 2
kN BHF, the blank could be formed up to 11 mm ddptifiore GFRPP failure which is noticeably
smaller than the blanks formed under 14 kN and BKkNFs at this temperature. The first appearance
of wrinkling over the outer FML surface was arownfbrming depth of 15mm.

To investigate failure mechanisms and evolutioblamk formed under a 7 kN BHF was cut in half
and then the inner steel surface was peeled of$. ilseen in Fig. 5 which reveals that fibre fuaet
occurred near the pole and extended perpendiaulduetfibre direction. Therefore, it can be deduced
that the major strain had a significant effect loa failure. Fig. 6 shows the major strain graphthat
failure point under different BHFs. With decreasBigF, the amount of strain increases for a forming
depth up to 20 mm, which might have led to the babwrinkling at the flange region. Under a 14 kN
BHF forming operation, following fibre breakage timle GFRPP, the outer steel surface tore at the
same region leading to a sharp increase in magnst

Figure5. Detail of an exposed fibre fracture area at roemperature formed at 7kN, showing fibre
fracture happening in relation to a high majoristragion in the major strain pattern of the outer
FML surface
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As mentioned, GFRPP failure happened under all BddFeom temperature. To specify the initiation
of fibre breakage, the major strain evolution ovdbe blank surface needs to be taken into
consideration. Similar to Fig. 4a, the failure myinear the pole, first shows significant increise
major strain compared to the rest of area. Thisnibade of major strain is between 6 to 9% which
exceeds the glass fibre strain-to-failure valu&GBRPP. As this strain value was captured on therout
surface of FML, the bending strains effect, comgai@ middle layer, can justify the higher value
compared to the actual failure strain withstood3®RPP.
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Figure 6. major strain evolution of failure point of blankéth no preheat under different BHFs

4, Conclusion

In this research, stamp forming of steel-based RMter different blank preheat temperatures and
BHFs has been investigated. The strain field atter surface of FML was measured and analysed
by in-situ 3D photogrammetric technique called ARKMForming at elevated temperature caused
the FML layers slip over each other, suggesting tte dominant failure mode was delamination and
wrinkling. However, at room temperature, fibre frae of GFRPP blank was observed as the main
failure mechanism, followed by wrinkling over thensple. Moreover, the rise in BHF can increase the
forming depth prior to failure at the room temparatblanks.

Quantifying the FML failure limit, which is mostlgue to composite fracture, has been always of high
interest. In this study, it has been demonstraked main steel-based FML failure is fibre glass

fracture, and a domain of major strain over theeoWML surface was observed when failure

happened. Since the amount of strain was highen thaual strain experienced by GFRPP,

considering the bending effect on the outer surféicete element analysis, which can state and
analyse the strain to failure of the composite emasequently the FML more precisely, can be taken
into consideration for any future work. Moreovercarate temperature monitoring for the transferring
phase of samples from the oven to the die, andigivaut the forming process is recommended to be
included in future research.
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