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Abstract
This study focuses on the spring-back as a function of the degree of cure on single-curved 
metal-composite laminates. The manufacturing through a hot-pressing process involves 
different (curing) stages and can reduce the spring-back with the proper combination of 
forming and curing. The cure-dependent spring-back is measured and analysed as a func-
tion of material constituents, fibre directions, laminate layups, and the process param-
eters including temperature, holding time and pressure. The results demonstrate that the 
spring-back ratio after full-cured process is relatively small and mainly depends on the 
mechanical properties of the metal sheet in laminates. However, temperature and time 
have a significant effect on the spring-back of partially-cured laminates and the same type 
of fibre prepreg combined with two different metal sheets have similar trends of spring-
back reduction. Moreover, the study found that the hybrid laminates with aluminium sheet 
delaminate at low pressure after full-cured, while the delamination disappears as the pres-
sure increases. The characterisation on cure-dependency of the spring-back contributes to 
a better understanding of the deformability of the metal-composite laminates during the 
hot-pressing process and offers an opportunity to tune the spring-back of these laminates.

Keywords Metal-composite laminates · Cure-dependent spring-back · Laminate design · 
Degree of cure · Hot-pressing

1 Introduction

Hybrid metal-composite laminates are high-performance lightweight materials consisting 
of thin metal sheets and fibre reinforced polymers by alternatively stacking, curing under 
proper temperature and pressure [1, 2]. These hybrid materials combine the advantages of 
metal sheet and fibre reinforced polymer like high specific strength and stiffness, and other 
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excellent properties like high fatigue and impact resistance, as well as the better corrosion 
and fire resistance, etc. [3–6]. However, the manufacturing process of such hybrid laminates 
is difficult as various forming and curing stages are required coupled with complex defor-
mation and failure modes [7–9]. To improve the manufacturability of the hybrid laminates, 
an integral forming and curing cycle is proposed in Fig. 1. The most critical stages in the 
process are preheating and curing of the laminates before and after hot-pressing process. 
The time and temperature need to be controlled in the preheating stage, so that the inter-ply 
slip at the metal-prepreg interfaces and the intra-ply shear within the prepregs can be greatly 
enhanced when the resin viscosity decreases [10–13]. The hybrid laminate is formed and 
cured in the subsequent stage, avoiding loading and unloading of the part and the use of 
an extra curing system, such as vacuum pump or autoclave, which can be time-saving and 
cost-saving [14]. In addition, there also arises some scientific questions on how the state 
of curing affects the spring-back and thereby the accuracy of the final part and whether the 
pressure applied during curing is relevant in reducing or eliminating the spring-back, which 
plays a role in the accuracy of the related tool geometry as well.

The concept of spring-back comes as a consequence of the elastic strain recovery after the 
removal of forming loads. In the conventional sheet metal forming process, the occurrence 
of spring-back is common and inevitable in each stage where the metal material undergoes 
plastic deformations. The parameters affecting the spring-back behaviour of metal sheets 
are mainly related to the stresses generated during the loading and unloading process and 
can be divided into three groups: material, tool and process related geometry. The properties 
of the metal sheet such as size and thickness, elastic modulus, yield strength and hardening 
coefficient, affect the elastic spring-back during forming. For example, the material with a 
higher yield strength will have a higher ratio of elastic-plastic strain for equivalent elastic 
moduli, while the metal sheet with a higher elastic modulus shows less spring-back than a 
material with a lower elastic modulus for equivalent yield strengths [15–17]. For the geom-
etry related parameters, the punch height and radius, die opening and radius, the tool-metal 
friction are all critical variables affecting the spring-back [18–20]. Gawade et al. [19] found 
that the metal spring-back is minimum up to a certain value of the die radius to sheet thick-

Fig. 1 Schematic graph on the processing temperature-time profile for the tool surface and hybrid lami-
nate in an integral forming and curing cycle
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ness ratio and it increases with the increase in such R/t ratio. In addition, the reduction in 
friction between the metal sheet and forming tools increases the spring-back and decreases 
the bend force. Other critical factors influencing the spring-back of metal sheet are the pro-
cess parameters like the forming rate and blank holder force, as well as the temperature and 
quenching treatment, etc. Melwin et al. [21] also found that the spring-back decreases with 
an increase in cooling rate for a hot stamping steel and the increase in cooling rate results in 
spring-forward owing to the formation of an increased volume fraction of martensite.

The spring-back behaviour of fibre reinforced polymers also originates from three differ-
ent mechanisms: chemical mechanism, thermo-mechanical mechanism and the interactions 
between the tool and the composite laminate [22–32]. While the properties of the fibre mate-
rials remain essentially constant, the resin properties change dramatically during the cure 
cycle as it polymerizes and crosslinks transitioning from a viscous to rubbery and finally 
glassy state. Therefore, the resin morphology results in a volume change, which causes 
the accumulation of internal stress. With the increase of such internal stress which induces 
changes in curvature in plates, the spring-in phenomenon due to this chemical shrinkage 
cannot be ignored [22]. The thermo-mechanical mechanism is mainly due to the physical 
and mechanical differences between the fibres and the polymeric matrix. The coefficient 
of thermal expansion (CTE) of polymer-matrix materials is usually much higher than that 
of the fibres as the CTEs of many fibres are orthotropic. This results in residual stresses 
existing on a micro-mechanical level for the unidirectional materials during processing. 
These residual stresses can affect the stress-strain behaviour and failure which influence the 
spring-back. Brauner et al. [26, 27] developed a simulation tool for the analysis of residual 
stresses related to the resin transfer moulding process, and a visco-elastic material model 
was derived integrating a dependency of the time-temperature-polymerisation and fibre vol-
ume content on the stress relaxation behaviour. In addition, the mechanical properties of 
the resin depend on the degree of cure which can be used to evaluate the development of 
spring-back. Uriya et al. [28] studied the spring-back behaviour of a carbon fibre-reinforced 
plastic sheet after cold and warm V-bending test and found a large amount of decrease in 
spring-back when the forming temperature and degree of cure increases. Also, Pereira et al. 
[29] showed that a polymer with a lower degree of cure has a lower modulus of elasticity 
than a fully-cured polymer and the degree of cure associated with the cooling rates influ-
ences the spring-back. The third mechanism of spring-back is due to the contact effects 
between the metallic tool and the composite part. The parameters like tool material, surface 
condition (friction), cure cycle and pressure are shown to have a significant effect on the 
spring-back [30–32].

The mechanisms and factors affecting the spring-back behaviour of metal sheet and fibre 
reinforced polymer apply to the hybrid metal-composite laminates as well [33–41]. The 
amount of spring-back in such laminates depends on the material parameters such as the 
material constituents, the laminate layup and thickness, as well as the fibre orientations. 
Keipour et al. [35] performed an experimental and numerical study of the spring-back in 
a hat-shaped bending test of a 2/1 fibre metal laminate and found that the thickness of 
composite core had limited effect on spring-back when the elastic modulus of the core is 
lower than the metal skin. However, Isikatas et al. [36] found that the amount of spring-
back in a hybrid 2/1 laminate decreases with the increase of the thickness of the composite 
core when combining the aluminum 5754-H22 sheet and carbon fibre-reinforced plastics by 
adhesive. In addition, many scholars found that the spring-back differs on the processing 
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parameters under various manufacturing processes. Kim et al. [39] considered a brake form-
ing process for fabricating the fibre metal laminate stringers and examined the spring-back 
under different processing conditions. They discovered that the spring-back ratio increases 
linearly with increase of punch radius while the spring-back ratio increases rather slowly 
with the increasing punch speed at room temperature. Also, the increase of forming force 
from 500 N to 5000 N with a heat-up temperature of 100℃ results in a significant decrease 
on spring-back. Vahid et al. [40] focused on the spring-back behaviour of the PVC-based 
metal-composite laminates under press forming conditions and concluded that laminate 
stretching is the main deformation mechanism at low temperatures which results in high 
spring-back, while the increase of forming temperature activates the laminate-sliding mech-
anism and leads to the spring-back reduction. Safari et al. [41] conducted an experimental 
assessment of the creep forming properties of fibre metal laminates and studied the effect 
of temperature and time on spring-back. The result validated that the spring-back of the 
creep-formed laminates decreases with an increase in either time or temperature due to the 
decrease of elastic strain and the increase of creep strain. Besides, they believed that through 
multi-objective parameter optimisation during the forming process of the metal-composite 
laminates, the minimum spring-back can be achieved. Saadatfard et al. [42] and Blala et 
al. [43] studied the hydromechanical forming of metal-composite laminates and found that 
blank holder force and fluid pressure play an important role on the defect and failure of the 
final product including spring-back.

Therefore, due to the high spring-back of the cured hybrid laminate, the in-situ curing of 
the curved shape after forming process of uncured laminate becomes a trend. However, the 
role of individual metal sheet and prepreg layers in an uncured laminate during forming is 
unknown. Also, how the degree of cure and the forming pressure affect the interaction at the 
metal-composite interfaces remains to be discussed. Besides, there is a lack of studies on 
quantifying the laminate spring-back as a function of degree of cure and the experimental 
methods for the selection of appropriate material constituent and processing parameters for 
laminate forming with uncured prepregs have not been proposed.

The main idea of this work is to investigate the effects of spring-back of hybrid metal-
composite laminate under the proposed hot-pressing process. Two processing conditions 
of full-cured and partially-cured after the bending of “wet” (uncured) hybrid laminates are 
characterized by comparing variations of the calculated spring-back ratios. A series of exper-
iments are performed to work on the effect of laminate design and processing parameters on 
the spring-back behaviour of such hybrid materials. The study aims to evaluate the factors 
affecting the cure-dependent spring-back of metal-composite laminate as those effects are 
mutually-related. The test characterisations are performed to explore which mutual cor-
relations are the most important and how they affect the final prediction of spring-back. 
Then, the cure-dependent spring-back behaviour of the metal-composite laminates can be 
optimized and controlled to make more accurate products.
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2 Materials and Methods

2.1 Material Constituent

The raw materials used for the laminate preparation are metal sheets of aluminium alloy 
2024-T3 and stainless steel 304 L, as well as two different fibre prepregs. The surfaces 
of aluminium sheet were anodized by phosphoric acid and both metal materials with the 
thickness of 0.5 mm were washed by acetone [1, 2]. The engineering stress-strain curves 
which exhibit the elastic-plastic performance of the metal alloys used in the test are shown 
in Fig. 2(a) and these can illustrate the effect of metal behaviour on spring-back. For the 
two fibre-reinforced prepreg systems, a unidirectional S2 glass fibre-FM94 epoxy prepreg 
with a nominal thickness of 0.18 mm as well as a T300 carbon-MTC510 UD prepreg with 
a nominal thickness of 0.15 mm were selected. The fibre volume fraction for both prepregs 
was 60% and the thermoset polymers were cured at the temperature of 120℃ and pressure 
of 6 bar which follows a standard curing cycle [44, 45]. The mechanical properties of the 
material constituents in hybrid laminates are presented in Table 1 and the behaviour of the 
metal sheet cannot be affected under the investigated temperature ranges. Two parameters 

Table 1 Mechanical properties of the material constituents in hybrid laminates [44, 45]
Materials Density

(g/cm3)
Elastic 
modulus 
(GPa)

Pois-
son’s 
ratio

Shear 
modu-
lus
(GPa)

Yield 
strength
(MPa)

Ultimate 
strength
(MPa)

Shear 
strength
(MPa)

Elonga-
tion at 
break 
(%)

Aluminium alloy
2023-T3

2.7 71 0.33 28 320 480 283 16.2

Stainless steel
304 L

8.0 200 0.30 77 210 574 378 45.6

UD glass fibre 
prepreg-FM94

2.6 54.0/9.4 0.33 5.5/2.6 - 1870/50 38.5 3.8

UD carbon fibre 
prepreg-MTC510

1.5 119.3/8.2 0.34 3.6/2.0 - 2282/54 99 1.3

Fig. 2 Engineering stress-strain curves of the materials used for the spring-back analysis: (a) Metal alloys; 
(b) Fibre prepregs
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of the elastic modulus and ultimate strength for UD prepregs represent the properties in fibre 
orientation of 0° and 90°, respectively. For all tests, the rolling direction for the metal sheet 
and the fibre orientation of 0° for the fibre reinforced prepreg are parallel to the bending line 
of the laminate.

2.2 Rheological Analysis

FM94 and MTC510 are two temperature-dependent epoxy systems allowing compatibility 
for metal sheet bonding of the metal-composite laminates. For the hot-pressing process of 
the prepared and uncured blanks, the degree of cure and thereby the resin viscosity of the 
epoxy plays a critical role in the relative sliding between the interlayers and the occurrence 
of possible defects like fibre buckling. In order to obtain the relationship between the degree 
of cure and resin viscosity, Differential Scanning Calorimetry (DSC) and rheometer analysis 
can be used for the characterisation of cure kinetics and rheokinetics, respectively [44, 46]. 
For DSC, the heat flow is the internal heat, H, generated per unit mass and per unit time 
during the cross-link reaction and is represented as:

 
dH

dt
= Htot

dα

dt
 (1)

Htot  is the total heat of reaction after complete consolidation of the epoxy and α  is the 
degree of cure. The cure rate and total heat of the reaction can be determined by iso-con-
version DSC measurements where the resin is heated with a constant heating rate and the 
energy input is measured versus the cure time [47]. For the calculation of cure rate, the 
Kamal-Sourour reaction ratio equation [48] is proposed and fitted as follows:

 
dα

dt
= k0e(−EA/RT )αm(1− α)n  (2)

where R  is the universal gas constant and Tis the cure temperature in Kelvin, EA is the 
activation energy, k0 is a coefficient and m,n  are two fitting constants. The degree of cure 
α  of the epoxy at any time t is calculated through the integration of the instant cure rate as:

 
α(t) =

t∫

0

dα

dt
dt  (3)

By using the kinetic model in Eq. (2) and fitted parameters obtained from Table 2, the 
degree of cure of the epoxy can be predicted for isothermal cure and the development of 
degree of cure under specific temperatures of the FM94 and MTC510 epoxy are presented 

Parameter FM94 MTC510

k0(1/s) 3.52E + 06 5.64E + 06

EA(J/mole) 6.75E + 04 6.21E + 04
m (-) 0.558 0.314
n  (-) 2.508 1.216
Htot(J/g) 134.9 321.8

Table 2 Cure kinetic parameters 
for epoxy FM94 and MTC510 
[47–49]

 

1 3



Applied Composite Materials

in Fig. 3 [47–49]. The viscosity of the epoxy evolves as a function of temperature and 
time:η = f (T, t), or degree of cure and temperature:η = g(T, α). The rheological behav-
iour of the FM94 adhesive and MTC510 epoxy at a ramp of 2℃/min as provided by the 
material suppliers [44, 45] are presented in Fig. 4.

2.3 Experimental Setup

The hot-pressing process which can be an alternative approach of forming metal-composite 
laminate was performed on a 1000kN heated flat Joos Press machine. In order to investigate 
the influence of spring-back without the forming defects like metal wrinkling or fibre buck-
ling, a single-curved mould with the size of 250 × 120 × 150 mm was designed and manu-

Fig. 4 Rheological data of the 
FM94 and MTC510 epoxy at the 
ramp of 2℃/min

 

Fig. 3 Predicted degree of cure 
evolution of the epoxy under 
specific temperatures: Solid line-
FM94 and Dashed line-MTC510
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factured, as shown in Fig. 5. Four spring-wrapped guide posts were made to control the 
movement of the upper mould and ensure that the tool returns to its original position when 
the pressure is released. The specimen with initial dimensions of 150 × 40 mm was placed 
into the mould and positioned by two long vertical pins on the back. The experimental setup 
and apparatus for the laminate hot-pressing process is exhibited in Fig. 6. The temperature 
of upper and lower tool of the press was set at about 40℃ (TR) and gradually goes up to the 
curing temperature of 120℃ (Tc) before preheating process of the laminates. The real-time 
temperature in the mould was recorded by the thermocouples in holes in the upper and lower 
tools, and displayed on the temperature panel. The experimental forming cycle includes a 
temperature rise from room temperature (RT) to the preheating/forming temperature (TP
) at a rate of 2℃/min and the forming pressure to the set value gradually increased to the 
increasing temperature. Then, after maintaining a closed mould for a certain period of time, 
the temperature is reduced to the reset temperature (TR) at a cooling rate of 4℃/min. For 

Fig. 6 Experimental setup and apparatus for the hybrid laminate hot-pressing process

 

Fig. 5 Single-curved mould design for the laminate hot-pressing process: (a) mould dimension; (b) mould 
manufacture
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the setup, it was possible to adjust the process parameters of forming temperature, holding 
time and forming pressure as they may affect the spring-back.

Table 3 presents the material configurations used for the hot-pressing process and Table 4 
shows the test conditions for the experiments. The test varies one parameter at a time while 
keeping the other parameters at their baseline values. For each configuration under these test 
conditions, at least three specimens are tested. Among all the investigated test conditions, 
the hybrid laminates are regarded as complete cured when the forming temperature reaches 
120℃ with a holding time of 120 min and forming pressure of 6 bar. However, the tests 
performed below these temperature and time conditions are considered as partially-cured. 
As the temperature and time characterise the evolution of degree of cure, the value obtained 
from the rheological analysis is used to investigate the effect on the cure-dependent spring-
back. The computed degree of cure for the prepregs under the selected temperature and time 
summarised in Table 5 assumes isothermal conditions and do not account for the transient 
heating phase when the material is initially placed in the mould. Besides, the laminate is 
assumed to be full-cured once the degree of cure exceeds 0.9 and the cure is not assumed to 
begin when the degree of cure is less than 0.01. The schematic graph of the laminate form-
ing process is presented in Fig. 7 where the spring-back behaviour is compared for partially-
cured and full-cured conditions.

2.4 Spring-back Characterisation

In the traditional metal sheet forming process, the spring-back before and after unloading is 
mainly characterised by the spring-back angle∆θ  and spring-back radius∆R. As shown in 
Fig. 8, the forming angle of the metal sheet is θ0, and the corresponding forming radius is 

Table 5 Computed degree of cure used under different holding time and temperature
Degree of cure Carbon Fibre Prepreg-MTC510 Glass Fibre Prepreg-FM94
Temperature (℃) 10 min 20 min 30 min 10 min 20 min 30 min
40 0.002 0.005 0.009 0.001 0.002 0.005
60 0.008 0.012 0.020 0.003 0.006 0.013
80 0.016 0.047 0.096 0.011 0.029 0.058
100 0.121 0.285 0.467 0.052 0.184 0.363
120 0.452 0.706 0.854 0.208 0.415 0.589

Test Parameter Baseline value Additional values investigated
Temperature (oC) 80 40, 60, 100, 120
Holding time (min) 20 0, 10, 30, 120
Pressure (bar) 6 0.1, 1, 10, 20

Table 4 Test conditions used for 
laminate hot-pressing process
 

Structure Material configuration
Metal sheet Aluminium 

2024-T3
Stainless steel 304 L

Fibre preperg (UD) S2 glass-FM94 T300 carbon-MTC510
Laminate layup 2/1 3/2 4/3
Fibre orientation 0°/0° 0°/90° 90°/90°

Table 3 Material configurations 
used for hot-pressing process
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R0 . After the spring-back, the value changes to θ1 and R1 , respectively. Then, the spring-
back angle and radius are defined by Eqs. (4) and (5):

 ∆θ = θ0− θ1 (4)

 ∆R = R1− R0  (5)

Fig. 8 Definition of the spring-back angle and radius for the metal sheet forming process

 

Fig. 7 Schematic graph of the laminate forming process on cure-dependent spring-back
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Here, R0  and R1  are both the radius of the neutral layer where the strain is assumed to be 
zero. During the spring-back period, it is assumed that the in-plane sections remain planar 
and the strain due to bending is proportional to the distance from the neutral layer. In addi-
tion, the through-the-thickness stress is ignored and no change occurs in sheet thickness 
(t0 = t1). Based on these assumptions, the relationship of forming angle and radius can be 
written as [36, 50]:

 θ0 · R0=θ1 · R1 (6)

Then, the spring-back ratio Kwhich can be defined as the variation of spring-back angle 
divided by the initial forming angle is expressed as:

 
K =

∆θ

θ0
= 1− θ1

θ0
= 1− R0

R1
 (7)

For the hot-pressing of the single-curved laminate in this work, the geometrical analysis of 
the spring-back ratio after removal of the forming loads is showed in Fig. 9. The flange and 
inner fillet regions of the laminate exhibits non-cylindrical shape after spring-back which 
may affect the measurement of the forming depth and thus, influence the calculation of the 
spring-back radius. Therefore, a measured length Lwhich is symmetrical to the vertical 
centreline is introduced to evaluate the spring-back behaviour. The geometric relations are 
expressed as follows:

 

(Ri − Di)2 + (
L
2
)2 = Ri2,

Ri =
L2 + 4Di2

8Di
, i = 1, 2

 (8)

Fig. 9 Geometric analysis of the laminate spring-back radius after removal of the forming loads

 

1 3



Applied Composite Materials

where R  and D are the formed radius and the geometric depth based on the measured length 
L, i = 1, 2  denotes the process conditions of partially-cured and full-cured, respectively. 
Here, the curvature under the measured length is assumed to be a constant value. In addi-
tion, the maximum geometric depth D0 is 30 mm and the formed radius of the initial shape 
before spring-back R0  is 50 mm. The dimensions are substituted into Eq. (8) and combined 
with Eq. (7) to obtain the spring-back ratio:

 
Ki=1− 8DiR0

L2 + 4Di2
, i=1, 2  (9)

Therefore, the spring-back ratio under different curing conditions can be calculated once the 
geometric depth based on the measured length Lis determined.

3 Results and Discussion

3.1 Effect of Measured Length on spring-back

For the hot-pressing process of single-curved semi-cylindrical parts with flange areas, the 
non-cylindrical shapes after spring-back affect the evaluation of the spring-back behaviour. 
In order to accurately obtain the value of formed radius associated with spring-back ratio, 
various measured lengths are applied for the measurement. The single-curved parts and 
their corresponding profiles by optical scanning after spring-back under various material 
combinations are shown in Fig. 10. The aluminium alloy (Al) and stainless steel (Ss) are 
the single-layer metal sheets, while the Al/GFRP and Ss/CFRP laminate with the layup of 
2/1 and fibre orientation of 0°/0° are the hybrid materials under the conditions of full-cure. 
The spring-back profiles are sketched and placed into an identical coordinate system to 
measure Dunder different lengths as exhibited in Fig. 10. The formed radius can be calcu-
lated through the geometric relations in Eq. (8) and the measured length (L)-formed radius 
(R) curve is presented in Fig. 11. For the investigated hybrid laminates, there is not much 
difference in the calculated formed radius when the measured length is smaller than 80 mm. 
However, the formed radius increases as the length goes up to 90 mm and 100 mm. The 
increase of radius becomes more significant at smaller values of for the metal sheet espe-
cially for the single-layer aluminium 2024-T3. The results can be explained from the single-
curved profiles in Fig. 10, since the larger length includes the flange and inner fillet regions, 
which may increase the final formed radius. Besides, the smaller geometric depth Dexhibits 
more spring-back and allows more regions to be in the flange. Therefore, the shape after 
spring-back becomes non-cylindrical and the formed radius changes significantly. Based on 
the radius curves as function of the length for the different materials, the formed radius at 
the measured length of 60 mm is considered to be the optimum length for accurate formed 
radius determination.

3.2 Effect of Laminate Design on Spring-Back

The design of the metal-composite laminates consists of several material constituents, lami-
nate layup and fibre orientation. After spring-back of the full-cured hybrid laminates, four 
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different material combinations with the layup of 2/1 and fibre orientation of 0°/0° are shown 
in Fig. 12. It can be seen from the graph that the stainless steel with carbon fibre reinforced 
prepreg (Ss/CFRP) has the largest geometric depth at the optimum measure length and the 
geometric depth for the combination of aluminium alloy and glass fibre reinforced prepreg 
(Al/GFRP) is the smallest. Since the initial formed radius of the single-curved shape is 
50 mm, a higher geometric depth after removal of the forming loads means a smaller spring-
back ratio as the calculated formed radius is closer to the initial formed radius. Therefore, 
the result validates that the material constituents play a significant role in the spring-back 
of the metal-composite laminates. The relatively small spring-back ratio of the hybrid lami-
nates with stainless steel reveals that the overall spring-back behaviour is mainly influenced 

Fig. 11 Evolution of formed 
radius under various measured 
lengths for different material 
combinations

 

Fig. 10 Single-curved parts and their corresponding profiles after spring-back for various material 
combinations
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by the elastic-plastic deformation of the metal sheet. This can be explained from the stress-
strain curve showed in Fig. 2, where higher elastic modulus and lower yield strength of 
the stainless steel result in a lower elastic response compared to the aluminium alloy as 
the metal sheet reaches the same amount of deformation. Besides, the hybrid laminates 
with carbon fibre prepreg have a small decrease on the spring-back after full-cured when 
compared with the metal-glass fibre reinforced hybrid laminates due to the higher elastic 
modulus and degree of cure (Fig. 3) for the metal-CFRP laminates. The result shown in 
Fig. 11 demonstrates that the presence of the prepreg system in hybrid laminate contributes 
significantly to the spring-back reduction when the laminate is full-cured. The calculated 
formed radiuses of the single-layer aluminium alloy and stainless steel after spring-back 
under the same conditions are 146.7 mm and 86.0 mm, and the spring-back ratios are 0.66 
and 0.42, respectively.

The substantial spring-back reduction for the fibre metal laminates indicates that the 
spring-back is not only affected by the type of metal sheet as the aluminium alloy shows 
more spring-back than stainless steel, but also by the design of the laminate. As the sche-
matic diagram of the laminate stress distribution before and after spring-back exhibited in 
Fig. 13, the bending deformation for metal sheet considers a material exhibiting elastic-ideal 
plastic behaviour without hardening. For the uncured hybrid laminate, the stress distribu-
tion for the metal sheet is symmetrical along the neutral layer, where the metal surfaces 
1&2 (3&4) undergo the maximum tensile stress and compressive stress, respectively. In the 
outer metal surfaces, the stress will be capped at the maximum value where the vertical lines 
denote the plastic deformation regions. When a 2/1 laminate is bent with an uncured fibre 
prepreg in the middle (Fig. 13(a)), the metal sheets can spring-back (more or less) indepen-
dently from each other after unloading. The inner surfaces (2&3) of the metal sheet slip over 
the uncured prepreg and this fibre prepreg does not offer any resistance to this sliding. How-
ever, when a 2/1 laminate is bent with an uncured fibre prepreg in the middle, subsequently 
full-cured, and then unloaded, the metal layers are not able to spring-back independently 
anymore. In order to spring-back, the metal sheets should be unloaded elastically according 
to the stress distribution as sketched in Fig. 13(b). Besides, the two metal sheets are fixed 
after curing and the intermediate prepreg layer does not allow easy slip anymore, no spring-
back can be feasible once the prepreg is full rigid. As a result, the spring-back can be greatly 
reduced and a larger residual stress remains at metal-prepreg interface. Due to the increase 
of second moment of area I  and the curing of composite layer which resulting in a higher 

Fig. 12 Single-curved part after full-cured process with different metal-composite combinations: (a) Al/
GFRP; (b) Ss/GFRP; (c) Al/CFRP; (d) Ss/CFRP
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modulus from the state of uncured to full-cured, the unloading flexural stiffness Ec with a 
full-cured laminate is larger than the unloading flexural stiffness Eu  with an uncured lami-
nate. Therefore, with the gradual increase of residual stress during curing, the internal stress 
σc,res which related to the elastic strain recovery increases until the full-cured state. As the 
study focuses on the out-of-plane spring-back where the dominate parameters are the elastic 
energy versus total energy, the region for elastic deformation is reduced after full-cured 
which slows down the process of spring-back, as the schematic diagram shown in Fig. 14. 
In order to investigate the effect of the prepreg system on the spring-back after full-cured, 
cross-sectional micrographs on the central region of the laminate from the extracted profile 
(Fig. 10) are provided in Fig. 15. Various laminate structures after spring-back are presented 
and the prepreg layers are divided by the metal layers in the white areas. The nominal thick-
ness for carbon fibre prepreg and glass fibre prepreg layer are 300 μm and 360 μm, and the 
average thickness of the prepreg layer drops to 205.67 μm and 278.46 μm, respectively, as 
shown in Fig. 15 (a) and (c). This demonstrates that the gradual curing process causes the 
matrix transverse flow and squeeze-out, which decreases the laminate thickness after curing.

The laminate layup and fibre orientation affect the overall thickness and the elastic mod-
ulus of the metal-composite laminates, which are also factors affecting the spring-back. 
Figure 16 exhibits the variations of the spring-back ratio after full-cured K2 under various 
combinations of laminate layups and fibre orientations for the metal-composite laminates. 
The spring-back ratios after full-cured of the aluminium-based fibre metal laminates are 
between 0.09 and 0.15, while the ratios of spring-back are less than 0.08 when replacing the 
aluminium sheet to stainless steel in hybrid laminates. This further validates that the types 
and properties of the metal sheet influence the spring-back after full-cured of the laminates. 
Besides, it is found from the figure that the increase of laminate layups leads to a moder-
ate decrease on the spring-back ratio K2 under the same fibre orientation condition. This 
is mainly due to the increase of overall thickness and the growth of residual stress during 
the hot-pressing process. When the laminate changes from 2/1 structure to 3/2 structure 

Fig. 13 Schematic diagram of stress distribution after bending for metal-composite laminates: (a) Bent 
with an uncured prepreg; (b) Bent with an uncured prepreg and subsequently full-cured
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Fig. 15 Cross-sectional micrographs of the central region in hybrid laminates after full-cured process: 
(a) Al/GFRP with layup of 2/1 and fibre orientation of 0°/0°; (b) Al/GFRP with layup of 3/2 and fibre 
orientation of 0°/0°; (c) Al/CFRP with layup of 2/1 and fibre orientation of 0°/0°; (d) Al/GFRP with layup 
of 3/2 and fibre orientation of 90°/90°

 

Fig. 14 Schematic diagram of the stress-strain response and spring-back analysis for metal-composite 
laminates
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under the same fibre orientation and pressure conditions as shown in Fig. 15 (a) and (b), 
the prepreg thickness witnesses a slight decrease because of the stress redistribution with 
the increase of metal sheets. Although the prepreg thickness for each layer decreases, the 
overall thickness increases with the increasing number of layups. Therefore, as the radius/
thickness ratio (R0/th) affects the evolution of spring-back, the result follows the conclusion 
from the spring-back literatures of the metal sheet [15–17] where the increased thickness 
reduces the ratios of spring-back. Furthermore, the increase of prepreg layers promotes the 
growth of residual stresses which hinder the spring-back due to the increase of significant 
inelastic deformation. However, for metal-composite laminates with the same layups, the 
change of fibre orientation from 0°/0° to 90°/90° results in an increase on the spring-back 
after full-cured and there are mainly two reasons which can explain this phenomenon. First, 
the elastic modulus of the fibre prepreg is much lower than that of the metal sheet when 
the fibre orientation changes from 0° to 90° and consequently, the lower axial stress has 
less effect on the elastic unloading moment. Then, the epoxy in the prepreg with a fibre 
orientation of 90°/90° is more prone to squeeze out along the width direction during curing 
process, which largely reduces the prepreg thickness as well as the overall thickness. The 
cross-sectional micrographs shown in Fig. 15 (b)(d) validates the thickness reduction where 
the average prepreg thicknesses in 3/2 Al/GFRP laminate with a fibre orientation of 0°/0° 
and 90°/90° are 273.49 μm and 223.16 μm, respectively. Therefore, the results on the fibre 
orientation effect further illustrates that the hybrid laminates with lower elastic modulus and 
lower thickness result in a larger spring-back ratio after full-cured.

Fig. 16 Spring-back ratio K2 under different layup and fibre orientation conditions for hybrid laminates
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3.3 Effect of Degree of Cure on Spring-Back

Throughout the hot-pressing process, forming temperature and holding time are two major 
parameters affecting the laminate spring-back and part quality. Therefore, various tempera-
tures and times are set in the hot-pressing process to investigate the spring-back of the 
hybrid laminates after partially-cured under the forming pressure of 6 bar. Figure 17 exhib-
its the formed single-curved parts under three temperatures at the holding time of 20 min 
for Al/GFRP and Ss/CFRP laminate with a 2/1 layup and fibre orientation of 0°/0°. Both 
hybrid materials show an increase in geometric depths with the increasing temperature for 
the optimum measure length while the tendency of growth is different. The geometric depth 
of the Al/GFRP laminate increases slightly when the temperature increases from 40℃ to 
80℃, but the increase is significant when the forming temperature reaches 120℃. How-
ever, the geometric depth for Ss/CFRP laminate undergoes a steady growth under these 
three temperatures. The observations illustrate that the increase of temperature results in 
the decrease of the partially-cured spring-back and the spring-back reduction is mainly due 
to the increase of elastic modulus resulting from increased crosslinking of the polymer net-
work. Because the elastic modulus is higher, it requires larger residual stresses to cause the 
same amount of strain. Assuming that the spring-back of the metal sheet is consistent among 
the studied temperature range, the residual stresses generated by the glass fibre prepreg for 
Al/GFRP laminate before 80℃ is too small to restrict the high spring-back behaviour of 
the aluminium sheet. However, when the forming temperature continues to rise, the higher 
residual stresses and friction in-between the layers greatly reduces the spring-back. For 
Ss/CFRP laminate, the spring-back of stainless steel itself is lower and the residual stress 
generated by the CFRP plays a smaller role on the elastic recovery of the laminate. Besides, 
the cross-section micrographs of the central region in the 2/1, 0°/0°, Al/CFRP laminate 
under these temperatures and 20-minute holding time shown in Fig. 18 reveal that the aver-
age thickness of the prepreg decreases significantly from 273.94 μm to 212.63 μm as the 
temperature increases from 40℃ to 120℃ due to the epoxy squeeze flow and compaction 
along the width direction. The result demonstrates that the decrease of prepreg thickness 
for hybrid laminates has little effect on the partially-cured spring-back since the generation 
of residual stresses dominates the spring-back formation and lower the spring-back ratio.

The residual stress generated during the hot-pressing process depends on the reaction 
time of the epoxy system as well. Therefore, different holding times are proposed to study 
the time effect on the spring-back after partially-cured. Figure 19 presents the spring-back 
ratio K1 of the Al/GFRP and Ss/CFRP laminates with the same 2/1 layup and fibre orien-
tation of 0°/0° under various time and temperature conditions. When the holding time is 
zero, which denotes the instantaneous unloading as the pressure and temperature reach the 
set values, the spring-back ratio remains consistent within the studied range, and the Al/
GFRP laminates even have layer separations at elevated temperature. As the time gradually 
increases, both laminates have a spring-back decreasing trend where higher holding time 
contributes to the decrease of spring-back. The trend can be explained by the evolution of 
degree of cure and degree of adhesion. When the epoxy system has no reaction time and 
zero degree of cure, the increase of forming temperature reduces the resin viscosity which 
decreases the degree of adhesion in-between the layers. The failure of layer separation 
occurs in the Al/GFRP laminate due to the higher spring-back behaviour of the aluminium 
alloy, while adhesion still occurs in the Ss/CFRP laminate even though the degree of adhe-
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sion is low at the temperature above 100℃. Once the holding time increases, the degree of 
cure and degree of adhesion increases, which hinder the release of elastic energy that has 
been accumulated in the laminate. In this case, there will be more interactions between the 
metal sheets and prepreg layers, and resulting in less spring-back and higher residual stress. 

Fig. 17 Single-curved parts after spring-back for two metal-composite combinations under various tem-
peratures at the holding time of 20 min: (a) 2/1, 0°/0°, Al/GFRP; (b) 2/1, 0°/0°, Ss/CFRP
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Figure 20 exhibits the evolution of the cure-dependent spring-back ratio K as a function of 
the degree of cure α  for the metal-composite laminates. Here, the degree of cure for the 
spring-back after full-cured are set to be 0.9 and 0.95 for GFRP and CFRP materials, respec-
tively and the computed values are obtained from Table 5. The figure reveals that hybrid 
laminates with the same prepreg system have similar trends of spring-back decreasing as the 
degree of cure increases. The spring-back ratios for the hybrid laminates drops significantly 
at the initial stage of curing, while the decrease becomes steady for metal/CFRP laminates 
at the degree of cure of 0.1 and the degree of cure of 0.4 for the metal/GFRP laminates. 
This indicates that metal sheets have limited influence on the partially-cured spring-back 
of the hybrid materials and the spring-back difference is mostly dependent on the thermos-
chemical evolution of mechanical properties of the epoxy in prepregs.

3.4 Effect of Forming Pressure on spring-back

The results of the cure-dependent spring-back characterisation are all obtained under the 
forming pressure of 6 bar. However, the effect of forming pressure also plays a role on the 
spring-back behaviour of metal sheet and fibre prepreg. Figure 21 displays the spring-back 
ratio K2 after full-cured under different pressure conditions for hybrid laminates with a 2/1 
layup and fibre orientation of 0°/0°. It shows that the aluminium-based metal-composite 
combinations delaminate under low pressure conditions after curing, while the delamina-
tion disappears with the increase of pressure. The hybrid laminate with stainless steel does 
not delaminate at low pressure and the spring-back ratio after full-cured follows the trend 
where the value remains nearly constant at high pressure conditions. The trend shows that 
low forming pressure affects the final shape of the formed part and the increase of pressure 
above a certain level will not further improve the spring-back of the hybrid laminate at 
full-cured state. Even though the reduction of the overall thickness of the laminate once the 

Fig. 18 Cross-section micro-
graphs of the central region in 
2/1, 0°/0°, Al/CFRP lami-
nate under three temperature 
conditions
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Fig. 19 Spring-back ratio K1 under various temperature and time conditions after partially-cured pro-
cess: (a) 2/1, 0°/0°, Al/GFRP; (b) 2/1, 0°/0°, Ss/CFRP
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pressure increases would somehow promote the spring-back, the increasing bending force 
between the metal sheet and prepreg layer results in the decrease of spring-back and higher 
residual stresses. The relative low degree of adhesion and friction under low pressure condi-
tions is unable to compensate for the high elastic response of the aluminium alloy, which 
leads to the delamination after full-cured process. However, when the degree of cure and 
adhesion at the metal-prepreg interfaces reaches the maximum value for full-bonding, fur-
ther increase of the pressure under curing conditions has limited effect on the spring-back. 
Therefore, the effect of forming pressure is negligible when the pressure reaches 6 bar dur-
ing the hot-pressing process of metal-composite laminates.

Fig. 21 Spring-back ratio K2 
after full-cured under different 
forming pressures for metal-
composite laminates

 

Fig. 20 Evolution of spring-back 
ratio K as a function of degree 
of cure α  for metal-composite 
laminates
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4 Conclusions

The cure-dependent spring-back of metal-composite laminates is experimentally character-
ised during the hot-pressing process of a single-curved semi-cylindrical part. The spring-
back ratios at the partially-cured and full-cured conditions are compared and the factors 
affecting the spring-back, including the material constituent, fibre orientation, laminate 
layup, holding time, forming temperature and pressure, are analysed in detail. The relevant 
conclusions are:

(1) The irregular shape of a single-curved semi-cylindrical part with flange regions affects 
the evaluation of the spring-back behaviour for different material combinations. The 
formed radius at a measured length of 60 mm is considered to be the optimum length 
for accurate formed radius determination.

(2) The cure-dependent spring-back and residual stress are counterparts. When the spring-
back reduces because of the higher degree of cure, the residual stress increases and vice 
versa. They are both the result of the accumulated elastic energy and thermal effects in 
the laminate.

(3) The spring-back of metal-composite laminates are mainly driven by the elastic modu-
lus and yield strength of the metal constituent; the low elastic modulus as well as high 
yield strength as for the aluminium 2024-T3 shows more spring-back. The presence 
of prepreg system in the hybrid materials contributes significantly to the decrease of 
spring-back (by over 40%) when the laminate is full-cured. The increase of laminate 
layups results in a decrease of 1% on the full-cured spring-back, while the change of 
fibre orientation from 0°/0° to 90°/90° for the hybrid laminate witnesses an increase of 
1–2% on the spring-back after full-cured.

(4) The spring-back of the metal-composite laminates after partially-cured depends on the 
forming temperature and holding time during the hot-pressing process. The increase 
of degree of cure and degree of adhesion results in spring-back reduction of 50% for 
aluminium based hybrid laminates and 30% for stainless steel based hybrid laminates. 
Also, the decrease becomes steady for metal/CFRP laminates at the degree of cure of 
0.1 and the degree of cure of 0.4 for the metal/GFRP laminates. The high spring-back 
characteristics of the aluminium alloy induces the failure of layer separation at low 
degree of cure levels.

(5) The selection of forming pressure also influences the spring-back behaviour of hybrid 
laminates. The aluminium-based metal-composite laminate delaminates under low 
pressure conditions of less than 1kN after curing, while the delamination disappears 
with the increase of pressure. However, further increase of forming pressure has limited 
influence on the spring-back after full-cured and the pressure of 6 bar is regarded as 
a proper pressure for the hot-pressing of metal-composite laminates. Theoretical and 
experimental model incorporating the cure-dependent spring-back behaviour of the 
uncured hybrid laminates are needed to validate the results in the future.
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