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Abstract. Fibre metal laminates (FMLs), combining metal alloy sheets with fibre-reinforced
polymers (FRPs), offer high specific strength and good fatigue resistance for lightweight structural
applications. However, conventional manufacturing routes for thermoplastic FMLs rely on separately
forming and bonding or hot pressing, which involve multi-stage forming routes, long heating cycles,
high energy consumption and limited industrial scalability. To address these limitations, a novel non-
isothermal one-shot forming route integrating hot form quench (HFQ) with FRP stamp forming is
proposed in this study. In this process, separately heated metal and FRP blanks are stamped together
in cold tools, enabling simultaneous forming and adhesive-free bonding within a single operation. U-
bending forming trials were conducted using AA6082 aluminium alloy sheets and carbon fibre-
reinforced polyamide 6 (CF/PA6) laminates. The influence of FRP temperature state and aluminium
surface condition on forming quality and interfacial bonding performance was systematically
examined. Solid-state FRP forming limited excessive polymer flow, resulting in stable bonding but a
higher intra-ply void content, whereas molten-state forming promoted polymer redistribution and
reduced void content at the expense of bonding performance, leading to local debonding in highly
deformed regions. In addition, chromic acid etching of the aluminium surface improved bonding and
mitigated debonding after forming and post-form T6 artificial ageing. These results highlight the
importance of balancing polymer flow behaviour and aluminium surface condition in non-isothermal
one-shot forming, providing a practical and energy-efficient route for manufacturing thermoplastic
FML components.

Introduction

The growing demand for higher energy efficiency and lower emissions has increased the need for
lightweight structures in transportation. Fibre metal laminates (FMLs), consisting of alternating metal
sheets and fibre-reinforced polymer (FRP) layers, represent a hybrid material system that combines
a high strength-to-weight ratio with good fatigue and impact resistance [1]. By integrating the load-
bearing capacity of metals with the stiffness and damage tolerance of FRPs, FMLs have demonstrated
reliable performance in aerospace structures where weight reduction and structural integrity are
critical [2]. These attributes have also stimulated interest in extending the application of FMLs to the
automotive sector, where high production volumes and strict cost requirements must be satisfied [3].

Existing manufacturing routes for FMLs can be broadly classified into two categories: separately
forming and bonding, and one-shot forming. In separately forming routes, the metal and FRP layers
are formed independently and subsequently joined through a bonding step. This approach offers
greater design flexibility and avoids limiting the formability of the metal by the FRP layer. Typical
examples include metal forming followed by adhesive bonding or thermoplastic welding. However,
these routes require multiple tools and a multi-stage workflow, which increases tooling cost, energy
consumption and overall cycle time [2]. One-shot forming aims to deform the metal and FRP layers
simultaneously in a single operation. Hot pressing is a representative example, in which the laminate
stack is heated to soften the polymer prior to forming. Nevertheless, heating and cooling the entire
laminate and tool set lead to long thermal cycles, high energy demand and reduced tool life, making
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such processes difficult to scale for high-volume production [4-6]. These limitations underline the
challenges in developing cost-effective, energy-efficient and industrially scalable forming routes for
FML components.

To address the limitations of conventional manufacturing forming routes of FMLs, a novel non-
isothermal one-shot forming strategy was proposed by Li et al [7]. In this adhesive-free process,
separately heated metal and FRP sheets are stamped together within a short cycle using cold tools
with in-die quenching, which reduces overall cycle time and energy consumption. The material
system comprising aluminium alloy AA6082 and carbon fibre-reinforced polyamide 6 (CF/PA6)
provides a suitable platform for implementing this forming approach. This concept combines the hot
form quench (HFQ) process for AA6082 with the stamp forming process for CF/PA6. In the HFQ
process, the AA6082 blank material is heated to its solution heat treatment temperature of
approximately 540 °C to achieve sufficient formability for forming. The heated blank is then rapidly
transferred to a cold tool for quenching and stamping, enabling good formability and the production
of complex geometries [8]. The stamp forming of CF/PA6 follows a similar sequence, involving
preheating of the laminate and rapid transfer prior to forming. The similarity between the two forming
routes, particularly in terms of preheating, rapid transfer and cold tool forming, facilitates their
integration into a single operation. An important factor enabling this integration is the temperature
difference between the processing windows of the two materials. The melting temperature of PA6 is
well below the HFQ forming temperature of AA6082. When the separately heated blanks are stacked
prior to stamping, the hot aluminium surface can locally melt the PA6 at the interface, allowing the
polymer to flow and wet the metal surface, thereby forming an adhesive-free bond. As only the metal
and FRP layers require heating while the tools remain cold, the process reduces energy demand,
shortens the cycle time and provides a feasible route for large-scale manufacturing of thermoplastic
FMLs.

Although this novel non-isothermal one-shot forming concept offers a potential route for
producing thermoplastic FMLs with reduced energy consumption and shorter cycle time, the
deformation and bonding mechanisms involved in such processes remain insufficiently understood.
In particular, the influence of the FRP temperature state and aluminium surface condition on forming
quality and interfacial bonding performance has not been systematically investigated. To address
these gaps, controlled forming trials were conducted using AA6082 and CF/PA6, with forming
quality and bonding evaluated through optical microscopy observations under different non-
isothermal forming conditions.

Materials and Methods
Materials.

In the forming experiments, the materials included 2 mm thick carbon fibre reinforced PA6 FRP
panels in woven and unidirectional (UD) forms, and 1.2 mm thick aluminium alloy AA6082-T6
sheets. The nominal dimensions of both materials are listed in Table 1. To accommodate thermal
expansion and ensure proper fitting within the blank holder fixture, approximately 2 mm was trimmed
from the blank length prior to forming. The aluminium sheets were tested under both untreated and
acid-etched surface conditions. In addition, a lubricant was applied to the blank holder to reduce
surface friction between the steel tools and the blanks during forming.

Table 1. Material parameters.

Material Material grade Material Details Length  Width  Thickness
Aluminium  AA6082 T6 temper 120mm 40mm 1.2 mm
FRP CF/PA6 UD and woven Twill 22 120 mm 40 mm 2 mm

Forming Set-up.

Non-isothermal forming trials were carried out using a 250 kN hydraulic press equipped with two
independent furnaces for separately heating the metal and FRP blanks. Fig. 1 (a) presents an overview
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of the experimental setup, including the metal furnace, the FRP furnace, and the forming rig mounted
on the press. The forming tool consisted of a punch, a matching die and a guided blank holder, as
shown in Fig. 1 (b) and (c). The forming configuration corresponded to a U-bending configuration.
All tools were maintained at room temperature throughout the experiments.

Fig. 1. Experimental forming setup.

The forming process consisted of three stages: separate heating, transfer and stacking, and
stamping, as illustrated in Fig. 2. Each heated blank was transferred over a short distance and stacked
in the tool immediately prior to forming. The die was driven downward at a constant speed to achieve
the U-shaped deformation, followed by a short holding period to ensure quenching of the aluminium
sheet and effective interfacial bonding between metal and FRP layers.

No additional adhesive was used; interfacial bonding was achieved through thermally induced
viscosity reduction of the PA6 matrix at the metal-FRP interface, followed by quenching that led to
re-consolidation of the interface.

After forming, the specimens were subjected to artificial ageing to regain the T6 temper of
AA6082. The formed parts were subsequently examined by visual inspection and optical microscopy
of cross-sectional samples to evaluate forming quality and bonding performance.

Separate heating Transfer and stacking Stamping Formed part

Fig. 2. Forming sequence showing separate heating of the blanks, transfer and stacking, stamping,
and the final formed part.

Test Conditions.

The forming trials were designed to examine the influence of key process variables under non-
isothermal forming conditions. Both solid-state and molten-state forming of the FRP layer were
considered. Solid-state forming was conducted at 215 °C, below the PA6 melting point of 221 °C,
whereas molten-state forming was carried out at 235 °C. In this work, the term “solid-state forming”
refers to the temperature state of the FRP layer, where the overall temperature across the FRP
thickness remains below the polymer melting point before stacking. It is noted that, despite the solid-
state classification of the FRP layer, local and transient melting of the PA6 matrix is expected to occur
at the metal-FRP interface due to heat transfer from the hot aluminium sheet during stacking and
forming.
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For all forming conditions, the aluminium alloy was subjected to a solution heat treatment at
approximately 535 °C prior to forming, followed by forming at an aluminium temperature of around
420 °C. In addition, the effect of aluminium surface preparation was investigated by comparing
untreated and acid-etched AA6082 sheets at a fixed FRP forming temperature of 225 °C, while all
other process parameters were kept constant.

Results
Effect of FRP temperature.

The forming results revealed clear differences in forming quality and bonding performance between
solid-state and molten-state forming of the CF/PA6 layer. When the CF/PA6 FRP layer was formed
in the solid state, the formed parts exhibited good bonding performance. Visual inspection showed
no evidence of interfacial debonding between the aluminium and FRP layers. Optical microscopy of
cross-sectional samples confirmed that the metal-FRP interface remained continuous, as shown in
Fig. 3. In addition, optical micrographs revealed the presence of voids within the FRP layer,
particularly in regions associated with polymer flow bands.

AAG082 FRP

Well-bonded interface Voids in polymer flow band

Fig. 3. Formed FML specimen under solid-state FRP forming conditions, with optical micrographs
of selected cross-sections.

In contrast, when the CF/PA6 FRP layer was formed in the molten state, a reduction in bonding
performance was observed. Local interfacial separation occurred predominantly in the corner regions
of the formed parts, as shown in Fig. 4. These regions exhibited distinct separation between the
aluminium layer and the adjacent FRP layer. Optical microscopy further showed that the FRP layer
contained fewer voids compared with the solid-state forming condition. The polymer matrix
penetrated more effectively into the fibre bundles, resulting in a more compact internal structure.
Despite the improved intra-ply consolidation, the overall bonding performance of the FML was
reduced under molten-state forming conditions.

FRP

Fewer voids

v
Local interfacial debonding

Fig. 4. Formed FML specimen under molten-state FRP forming conditions, with optical
micrographs of selected cross-sections.
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Effect of aluminium surface condition.

Clear differences in bonding performance were observed between specimens formed using untreated
and acid-etched AA6082 sheets, as shown in Fig. 5. For specimens formed with chromic acid etched
aluminium, the metal-FRP interface remained largely intact after forming and subsequent artificial
ageing. Minor interfacial separation was observed primarily near the corners and flange regions.
Despite these local defects, the interface appeared predominantly continuous across the formed parts.

In contrast, specimens formed using untreated aluminium exhibited pronounced interfacial
debonding and cracking after artificial ageing. These defects indicate insufficient interfacial bonding
strength and a reduced ability of the interface to accommodate the shape mismatch arising from
residual stresses introduced during forming and artificial ageing.

Additional insight into the mechanical integrity of the metal-FRP interface was obtained from
post-forming double cantilever beam (DCB) tests conducted on FML specimens produced using the
same one-shot forming route. All test conditions, including material configuration and processing
parameters, were kept identical, with aluminium surface condition being the only variable. The results
showed that interfaces formed with chromic acid etched aluminium exhibited a markedly higher
interlaminar fracture toughness (G;- =350 J m?) compared with untreated aluminium interfaces (G;¢
~ 40 J m™). In addition, etched specimens displayed stable crack propagation behaviour, whereas
untreated interfaces were prone to unstable crack growth and premature delamination. These
observations are consistent with the macroscopic interfacial degradation observed after artificial
ageing and confirm the critical role of aluminium surface condition in achieving mechanically robust
interfacial bonding.

Good Interfacial bonding

AT

Chromic Acid Etched AAB082

Fig. 5. Macroscopic comparison of formed and aged FML parts produced using chromic acid
etched and untreated AA6082 sheets.

Non-treated AA668

Discussion
Influence of FRP temperature.

Under solid-state forming conditions, the viscosity of the PA6 matrix remains high across most of the
FRP thickness. Apart from a thin interfacial layer that is locally melted by contact with the hot
aluminium surface, the polymer largely remains in a solid or highly viscous state. The high viscosity
through the thickness restricts polymer movement in the through-thickness direction and limits
redistribution of interfacial PA6 into the FRP interior. As a result, polymer loss from the metal-FRP
interface is mainly confined to local squeeze-out at the edges, while a sufficient amount of PA6 is
retained at the interface to maintain good bonding performance.

In contrast, under molten-state forming conditions, the PA6 matrix exhibits low viscosity
throughout the entire FRP thickness. In this case, the interfacial polymer is not only displaced laterally
by squeeze flow but can also migrate into the FRP interior along the thickness direction. The
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combined in-plane and through-thickness polymer flow leads to depletion of PA6 at the metal-FRP
interface, particularly in regions subjected to high pressure and curvature, such as corners and flanges.
This depletion reduces the bonding performance.

Optical microscopy observations provide additional insight into this mechanism. The higher void
content observed within the FRP layer under solid-state forming conditions indicates limited polymer
mobility and restricted through-thickness flow. In contrast, the reduced void content under molten-
state forming conditions reflects enhanced polymer redistribution into the fibre architecture. These
observations indicate a trade-off between FRP layer consolidation and metal-FRP interfacial bonding
governed by the extent of through-thickness polymer flow during non-isothermal forming.

Influence of aluminium surface condition.

The improved bonding performance observed for chromic acid etched aluminium can be attributed
to the modified surface condition induced by the etching process. Chromic acid etching thins the
native oxide layer and surface contaminants while generating a chemically active and micro-textured
aluminium surface [9]. This modified surface promotes improved wetting of the molten PA6 at the
interface during stacking and forming, which facilitates more intimate interfacial contact between the
polymer and aluminium. As a result, the interface exhibits improved interfacial bonding and is better
able to accommodate the deformation imposed during forming, as well as the thermal and residual
stresses introduced during artificial ageing.

In contrast, untreated aluminium surfaces provide less favourable conditions for polymer wetting
and interfacial conformity. The reduced interfacial bonding strength is insufficient to accommodate
the shape mismatch generated during forming and ageing, leading to interfacial cracking and
debonding. These observations highlight the critical role of aluminium surface preparation in
achieving reliable bonding performance during non-isothermal one-shot forming of thermoplastic
FMLs.

Conclusion

A novel non-isothermal one-shot forming route for thermoplastic FMLs based on AA6082
aluminium alloy and CF/PA6 was investigated. The results show that both the temperature state of
the FRP layer and the surface condition of the aluminium strongly influence forming quality and
interfacial bonding performance.

Solid-state forming of the CF/PA6 layer resulted in improved interfacial bonding, whereas molten-
state forming increased the risk of debonding despite enhanced intra-ply consolidation. In addition,
chromic acid etching of the aluminium surface significantly improved bonding performance and
mitigated interfacial degradation after forming and artificial ageing.

These findings emphasise the importance of controlling polymer flow and aluminium surface
condition in non-isothermal one-shot forming. Further optimisation of process control is expected to
support the transition towards high-volume industrial manufacturing of thermoplastic FML
components.
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