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A B S T R A C T   

The viability of using induction heating to facilitate the wrinkle-free forming of multi-axial pre-consolidated 
advanced thermoplastic composites over complex geometries is explored. The research focuses on the use of tin 
as a medium to both heat and lubricate the forming laminate. Initial tests demonstrate the viability of the 
fundamental ideas of the process; induction heating is used to melt the tin sheet, which is then shown to melt the 
matrix phase of carbon-nylon composite laminates when stacked in a hybrid composite/tin layup. A novel low- 
cost reconfigurable multi-step forming tool is used to demonstrate how most of the tin can be squeezed out of the 
layup prior to consolidation. The multi-step tool can be augmented with segmented tooling to rapidly manu-
facture composite parts of high geometric complexity. In this investigation, a ’ripple’ geometry containing three 
’cavities’ is used to demonstrate the technique. Tests demonstrated that at least three sheets of inter-laminar tin 
can be simultaneously melted using the induction heating system. Initial results indicate complex geometries can 
be formed with minimal wrinkling while removing interlaminar tin.   

1. Introduction 

If the inherent difficulties in manufacturing with advanced thermo-
plastic composites can be overcome, they offer a route to rapid production 
of high performance (light-weight, tough, corrosion resistant, recyclable) 
structural components. Rapid thermo-forming of advanced thermoplastic 
composite laminates [1–15] is of particular interest in the automotive in-
dustry due to the changing economics caused by legislative pressure to 
reduce emissions and improve recyclability [16]. This pressure is 
increasing the viability of advanced thermoplastic composites in replacing 
more traditional heavier materials. However, without significant re-
ductions in their material and manufacturing cost, their exploitation will be 
restricted to niche, high-end markets. Only by understanding and solving 
the fundamental problems involved in processing these materials can their 
potential be fully exploited in the much larger, lower cost markets. Despite 
the development of sheet forming processes for advanced composites 
dating back over 30 years [17], including matched-die press forming [2, 
4–7,12,13,18,19], vacuum forming [20,21], rubber forming [1], hydro 
forming [10,11,22] and diaphragm forming [8,23], various processing is-
sues have yet to be satisfactorily resolved. This investigation focuses on two 
important such problems and explores solutions to both.  

• Problem 1: How to press-form complex components from pre- 
consolidated multi-axial thermoplastic laminates without inducing 
wrinkles?  

• Problem 2: How to press-form highly complex geometries with multiple 
cavities, without inducing defects due to bridging and tearing of the 
forming laminate? 

Typically, to achieve optimum mechanical properties of structural 
components, placement of fibres is required in multiple directions to 
accommodate complex loading conditions. While wrinkle-free forming 
of biaxial thermoset or thermoplastic pre-impregnated sheets is rela-
tively simple e.g. [2,4–6,12,14,18,23,24], forming pre-consolidated 
multi-axial sheets without wrinkles is more challenging, but of poten-
tially greater utility due to the increased design flexibility afforded by 
multi-axial sheets [1,8–12,21,22,25–27]. The problem of forming 
multi-axial pre-consolidated laminates is that the ply configuration can 
induce large relative displacements between adjacent, but differently 
orientated, pairs of plies within the blank when formed over doubly 
curved geometries. Large inter-ply shear stresses at the interfaces be-
tween initially non-orthogonal plies result. For example, in a 
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[0◦/90◦ 45◦/-45◦ 90◦/0◦] layup, the interfaces indicated by “ ” tend to 
generate significant inter-ply shear and compressive stresses ultimately 
resulting in out-of-plane wrinkling [9,26] (a comprehensive review of 
other reasons for wrinkle generation when forming multi-layer lami-
nates of engineering fabric is provided by Thompson et al. [28]). Un-
wanted wrinkles frozen into the final manufactured structural part can 
lead to significant knock-downs in strength of up to 70 % [29,30]. 
Consequently, mitigating wrinkles during forming is an important 
challenge and various approaches have been explored. It has been 
shown that decreasing the forming rate, increasing diaphragm stiffness 
and decreasing pre-form thickness all reduce wrinkling during 
isothermal diaphragm forming [8]. A method of reducing the mechan-
ical coupling, and therefore the shear stress, at interfaces involving large 
relative displacements during press-forming was proposed and tested by 
Vanclooster [31]. Thin sheets of neat thermoplastic polymer matrix 
were added, effectively lubricating the tangential slip between these 
layers. The technique significantly improved formability by reducing 
wrinkling, but also resulted in a lower fibre volume fraction in the 
formed part, decreasing final specific mechanical properties. Two more 
recent investigations [21,26] explored the effect of stacking sequence in 
multi-axial carbon/epoxy prepreg blanks on wrinkling and concluded 
that ‘using a good stacking sequence appears to be the only reliable 
method of overcoming any tendency of wrinkle development’ [26]. 
Attempts to reduce wrinkling met with limited success despite using a 
mould tool of relatively simple geometric complexity. Various studies 
have looked into the use of segmented blank-holders in controlling 
deformation and wrinkles [18,32]. Improved results have been obtained 
for dry fabric multi-layer preforms using rigid interlayers constrained 
within a piezo-actuated blank-holder system [33], however the method 
is less applicable for use with ‘viscous’ pre-impregnated laminates. 

At present, the problem of wrinkling in pre-consolidated multi-axial 
laminates remains severe, especially when considering tooling of high 
geometric complexity. In addition to wrinkling of multi-axial advanced 
composite prepreg blanks, problems also occur when forming complex 
geometries containing multiple cavities; namely ‘bridging’ and ‘tearing’. 
Multiple cavities in a given geometry can lead to trapping of the forming 
sheet, leading to considerable tensile stress. This effect is exploited in 
stretch-forming of metals where a draw-bead is used to control tension 
and tensile strains. Unlike stretch-formed metal alloys that can deform 
plastically in all directions, advanced composites are almost inextensible 
in the fibre directions. Consequently, if the applied forming pressure is 
relatively low, for example in diaphragm forming, fibres resist drawing 
into cavities and bridge across them instead [20]. If the applied forming 
pressure is relatively high, as in press forming, fibres can tear due to 
excessive tensile loads generated by high frictional forces [13]. To avoid 
bridging and tearing, complex multi-cavity geometries like the ‘curve--
glide’ geometry formed by [34] are generally manufactured by hand in a 
sequential forming operation. Attempts to stamp form such a complex 
multi-cavity shape in one vertical forming step using two rigid tools 
could result in tearing of the blank, due to the large draw-in displace-
ments and high friction generated shear stresses between the composite 
blank and the tool. 

A novel solution to forming wrinkle-free multi-axial pre-consolidated 
laminates into multi-cavity geometries is considered in this investiga-
tion. Combining incremental matched-die press forming [19] and dia-
phragm forming methods [17], the technique also involves a variation of 
the method devised by Vanclooster [31]. Here, instead of using molten 
thermoplastic polymer inter-layers to reduce the mechanical coupling 
[35], the idea is to use molten metal interlayers, heated rapidly and 
efficiently via induction heating. This ‘inside-out’ mode of heating also 
brings advantages to high-temperature diaphragm forming. In contrast 
to radiant [2] or convection heating [8], the rubber sheet is the last 
material to be exposed to high temperatures. It is therefore, less likely to 
fail and this method allows for cycle times measured in seconds rather 
than minutes [8]. 

The very low viscosity (about 1/10,000th that of a molten thermo-
plastic polymer) dramatically reduces the coupling between differently 
orientated pairs of composite plies, effectively lubricating the interface 
and reducing the shear stresses. An automatic multi-step forming pro-
cess, involving a novel segmented male punch design, is used to create a 
squeeze-flow [36] with the pressure gradient directed from the centre 
towards the outer perimeter of the molten laminate. The low viscosity 
molten metal is squeezed out of the laminate during the forming process 
and the high surface tension of the molten metal and subsequent low 
wettability between the molten metal and the molten composite means 
that almost all of the molten metal can exit the laminate - ideally leaving 
very little metal within the formed part. The metal may subsequently be 
collected within the silicone rubber diaphragms and reused after each 
forming operation, thereby reducing costs. The multi-step forming 
process also provides a solution to automated forming of multi-cavity 
geometries, mitigating bridging and tearing of the laminate. For the 
method to work, the relative melt temperatures of the composite and 
metal must be well-chosen: an ideal system to investigate the concept is 
carbon-nylon thermoplastic composite & pure tin. The melt temperature 
of nylon is ~220− 235 ◦C, while that of pure tin is 232 ◦C. The latter has 
a viscosity of about ~2 mPas at 250 ◦C [37] and a surface tension of 
~600 mN m− 1 at 235 ◦C [38], about two and eight times that of water 
respectively. The hybrid laminates are thermoformed at over 240 ◦C, 
where both composite and tin co-exist in a molten state. 

The remainder of this paper is structured as follows: Section 2 
summarises the steps involved in realising a functioning process. Section 
3 presents the results of forming attempts with both flat and ripple 
tooling geometries and with both single and multilayer tin layups and 
Section 4 concludes the work. It is important to emphasise that the focus 
of this paper is on establishing the novel process itself and giving an 
initial assessment of its general effectiveness and viability. In this case, 
there were many complex technological challenges involved in 
achieving a working process while operating under a time limit enforced 
by equipment rental – especially in simultaneously incorporating in-
duction heating, molten metal processing and multi-step forming in a 
composite forming process. Therefore, detailed mechanical, optical and 
radiographic characterisation of the formed parts is left to a follow-on 
paper. 

2. Materials and experimental setup 

2.1. Materials 

Pre-consolidated sheets were made from carbon fibre – nylon com-
posite consisting of four plies of TenCate Cetex® TC910 Nylon 6 UD tape 
[40] in a [0◦/90◦/90◦/0◦] layup, initially bonded together using ultra-
sonic spot welding before being fully consolidated using a pressure of 
5.9 bar at 270 ◦C. The thickness of the tape is 0.16 mm. The fibre volume 
fraction is 49 % and the polymer content is 40 % by weight. The average 
thickness of the laminate is 0.68 mm with a standard deviation of 0.10 
mm. The recommended processing temperature is 249 ◦C–271 ◦C. The 
matrix polymer is Ultramid B3W (PA6) which has a melt temperature of 
223.4 ◦C. The forming behaviour of the laminates was recently reported 
in [39]. Limited rate and temperature dependent viscosity data for the 
matrix polymer are provided in the supplier’s datasheet (TenCate). 
Laminates of various layups were created from the [0◦/90◦/90◦/0◦] 
pre-consolidated carbon fibre – nylon composite and tin sheets. Silex 
Silicones high temperature silicone sheet was used as the upper and 
lower diaphragm material. The maximum operating temperature of the 
silicone rubber is between 300− 315 ◦C, its thickness is 0.3 mm. Tin shot 
purchased from Alfa Aesar was used to manufacture tin sheet measuring 
1 × 150 × 150 (mm) using a bespoke aluminium mould. The mould 
allowed recycling of the tin after each forming experiment, significantly 
reducing costs. 
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2.2. Experimental setup 

2.2.1. Overview 
A schematic of the basic set up is shown in Fig. 1a and 1b. Fig. 1b (i) 

shows the segmented male tooling. In (ii) there is a cross section view of 
the Carbon-Nylon-Tin sample within the Silicone Diaphragm. In (iii) the 
vacuum pump is connected creating 1 bar of consolidation pressure. At 
(iv) a blank holder secures a double-diaphragm arrangement consisting 
of silicone rubber sheets into which the composite and metal interlayers 
are placed. (v) shows a false base plate located in the bed of the universal 
test machine upon which (vi) the segmented female tooling mounted on. 
(vii) An induction coil is placed just below the false base plate allowing 
in-situ heating. The distance, d1, is the gap between the coil and the 
sample. d1 was 25 mm when forming flat geometries and 60 mm when 
forming ripple geometries. The increase in d1 was necessary to safely 
position the Female Tooling. 

2.2.2. Lower thermoforming setup 
Fig. 2a shows the lower setup depicted in Fig. 1b (iv-vii), prior to 

placing the diaphragm and blank in the test machine (a Zwick Z250 
Universal with 250 kN load cell). Two identical Perspex rings, a lower 
ring and an upper ring are separated by six wooden dowels, secured 
using orange 3-D printed ABS plastic supports bonded to the lower and 
upper rings. Inside the Perspex rings is positioned a non-electrically 
conductive glass/epoxy ‘false base plate’, manufactured via vacuum 
infusion and supported by four wooden legs with white ABS printed 
supports. Directly below the false base plate is a water cooled copper 
helical induction coil manufactured by Induction Coil Solutions and 
powered by a 12 kW, 80 kHz induction heating unit from Ceia, 
controlled by a V6 Control unit. This setup allows in-situ heating and 
pressing of the composite/tin specimens with no need for a shuttle 
system. The surface temperature of the upper diaphragm was monitored 
using both a FLIR One Pro thermal imaging camera and an Etekcity 
Lasergrip 1080 non-contact digital laser infrared thermometer (both use 
a wavelength range of 8− 14 μm). When forming complex geometries, 
the female tool (see Section 2.2.3) is placed on top of the false base-plate, 
underneath the silicone diaphragm. The motivations for using a silicone 
diaphragm were five-fold: (i) safety – without proper care, molten tin 
can be dangerous. A silicone diaphragm constrains the liquid tin during 
the press-forming process, minimising the risk of burns and facilitating 
collection of the tin after forming (ii) fixed position and tensioning – the 
diaphragm holds the specimen in place resisting the force generated by 
the induction coil and it also imparts tensile stresses during forming, 
reducing the sheet’s tendency to wrinkle, (iii) consolidation – applica-
tion of a vacuum automatically provides 1 bar of consolidation pressure 
and (iv) oxidisation – the absence of air mitigates oxidisation of the 
molten tin improving the potential for recycling via recasting into tin 

sheet (v) air ingress – when molten, the surface tension of the tin tends 
to increase the thickness of the tin sheet, inducing a dendritic pattern 
formation which, without the diaphragm, would draw air into the 
laminate, disrupting circulating eddy currents and generating hetero-
geneous temperature distributions across the sheet. Drawing a vacuum 
inside the silicone diaphragm prevents air ingress. Both the base-plate 
and the female tool must be electrical insulators to allow the magnetic 
field to pass through them and into the specimen. The details of the 
experimental setup and heating process are important in achieving a 
homogeneous temperature field across the tin - parameters such as: 
distance between coil and specimen, power applied by the heater and 
quality of the cast tin sheet all influence the outcome of the experiment. 
Fig. 2b shows a sheet of silicone rubber laid across the upper ring; emery 
cloth is glued to the upper surface of the latter to provide high friction 
with the silicone diaphragm. Circular carbon-nylon / tin specimens 
measuring 130 mm in diameter are placed on top of the lower silicone 
diaphragm. Breather cloth and two connection ports were also placed 
onto the silicone sheet. In Fig. 2c a second silicone sheet was placed over 
the specimen and connection ports. A third Perspex ring, also with 
emery cloth bonded on its underside, was placed on top of the upper 
silicone sheet. Fig. 2c shows how an air-tight seal was created using 
thirteen G-clamps positioned around the Perspex rings and shows a 
vacuum connection and a pressure gauge attached to the upper silicone 
sheet facilitating pressure measurement during the experiments. 

2.2.3. Upper thermoforming setup 
A multi-step forming tool was manufactured and fitted into the test 

machine. Fig. 3a shows the steel tool suspended in the test machine. It 
consists of a long central solid cylinder surrounded by four progressively 
shorter annuli. At the top is a cap that attaches to the test machine. The 
internal geometry of the upper housing is shown in Fig. 3b. The acti-
vating force of the tool is its own weight (~63 kg in total). As the tool is 
lowered onto a flat surface, the central cylinder touches the surface first 
and transfers its weight onto the surface. As the tool continues to 
descend, the annuli also touch the surface, transferring their weight one 
after another, from the centre outwards. Once the bottom of all annuli 
(Fig. 3c) are flush with the flat surface, the upper end of the annuli are in 
contact with the internal ‘roof’ of the tool (Fig. 3b), from then on the tool 
acts as a solid rigid body. The test machine can now apply extra force 
down through the tool, onto the surface. The total diameter of the 
tooling is 130 mm. The central cylinder is 14 mm diameter and each 
annulus has a thickness of 14 mm. There is also a 1 mm gap between 
each annulus. The pressure applied by the weight of each segment is 
independent of area and is a function of material density and the height 
of the annulus. The pressure generated by the weight of the steel tool 
ranged from 47.2 kPa to 51.2 kPa with differences due to variation in the 
length of the segments required by the design of the upper tool housing 

Fig. 1. (a) 3d construction of thermoforming 
set up with diaphragm and samples exploded 
(b) Sectioned schematic of the induction ther-
moforming setup. (i) multistep male tooling 
with segmented ripple tooling attached, (ii) 
exploded view of tin and nylon layup (yellow 
represents the silicone diaphragm sheets, black 
is carbon-nylon composite and green is tin 
interlayer), (iii) vacuum pump connector, (iv) 
blank holder, (v) epoxy-glass fibre false base 
plate, (vi) female ripple tooling and (vii) sole-
noid induction coil. d1 refers to the distance 
between coil and sample. d1 = 25 mm for 
forming of flat samples, and d1 = 60 mm when 
forming ripple specimens.   
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(See Fig. 3). 

2.2.4. Segmented matched die geometry 
The chosen geometry has a topology resembling a ripple on a pond. 

Fig. 4 shows a cross section along the diameter of the segmented male 
and female tooling in both closed (Fig. 4a) and open (Fig. 4b) positions. 
The male tooling follows a cosine curve with an amplitude of 6 mm and a 
wavelength of 26 mm. There are five waves across a total diameter of 
130 mm. The female tool is then offset with a constant gap of 1.74 mm to 
accommodate the material thickness. The shape was chosen as it is ideal 
for future parametric study; it can be made more or less challenging to 
form simply by changing the amplitude of the ‘ripples’ on the geometry. 
Fig. 5a shows a cross section of the segmented male tooling, while 
Fig. 5b shows a cross section of the single piece female tooling. Fig. 5c 
shows the segmented 3d printed ABS plastic male tooling while Fig. 5d 
shows the 3d printed ABS plastic female tooling. The use of 3d printing 
allowed for rapid manufacture of a non-conducting and non- 
magnetisable tooling that would not heat in response to the induction 
heater. The tooling was printed using a Stratasys F270 FDM machine 
with an accuracy of ± 0.2 mm. 

3. Thermo-forming experiments 

3.1. Induction heating 

The primary metallic allotrope of tin, white β tin, is a paramagnetic 
material which can be heated via induction heating. An induction heater 
involves a high frequency alternating current passing through an elec-
tromagnet. This creates rapidly changing magnetic fields which then 
generate small eddy currents in the magnetic material to be heated. A 
key factor in optimising induction heating is the ‘skin effect’. This is the 
tendency for the eddy currents to be concentrated near the surface of a 
body. The skin depth, δ, is defined as the depth in which 87 % of power is 
dissipated and can be calculated as, 

δ =

̅̅̅̅̅̅
2ρ
μω

√

(1)  

where ρ is the resistivity of the material, μ is the absolute magnetic 
permeability [41] and ω is the frequency (Hz). Note that, μ = 1.256 ×

10− 6 Hm− 1 and for tin, ρ = 1.09×10− 7 Ωm. A skin depth of 0.5 mm 
occurs at a frequency of ~100 kHz. It can also be shown that ~98 % of 

Fig. 2. (a) Helical induction heating coil positioned below a ’false base-plate’ positioned above induction coil and below silicone diaphragm, (b) internal set up of 
silicone diaphragm containing sample and vacuum connectors and (c) diaphragm back secured in place with clamps. 
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power is dissipated within two skin depths [39]. Thus, the thickness of 
the tin sheet was chosen as 1 mm. Despite the tin’s molten state and 
being subject to 1 bar of normal pressure, due to the lack of pressure 
gradient inside the diaphragm there was no obvious flow of the tin out of 
the specimen prior to the forming process. 

3.2. Experimental challenges 

Creating a uniform temperature across the tin sheet is a non-trivial 
process and was one of the greatest causes of variability within the 
investigation. The heating of the specimen is a function of numerous 

parameters including, for example, the: (i) heater power, (ii) distance 
between induction coil and specimen, (iii) relative position of coil and 
specimen in (x, y) plane, (iv) specimen size and shape, (v) heat transfer 
between tin, composite and rubber diaphragm, (vi) temperature mea-
surement system (vii) and flow of tin within the specimen. Achieving 
accurate and reliable temperature control is extremely challenging. The 
temperature of the specimen was measured on the upper surface of the 
silicone diaphragm with a thermal camera and laser thermometer as 
detailed in Section 2.2.2. Due to the small dimensions in the z-direction 
and the fact that silicone can be semi-transparent in the wavelengths 
used by the cameras it was assumed that temperature variation through 
the stack would be small. There was temperature variation in the (x, y) 
plane due to the lower thermal conductivity of the nylon and flow of the 
molten tin leading to non-uniform heat generation. 

Temperature control was attempted by manually controlling the 
induction coil generator power (up to 6 kW) and by manually adjusting 
the position of the induction coil during the heating process, based on 
real-time feedback from the two temperature measurement techniques 
(thermal camera & laser thermometer). Fig. 6 shows images from the 
thermal camera, Fig. 6a shows the heating of a tin-carbon-nylon layup 
(with no rubber diaphragm) using a high power (10 kW) showing the 
localisation of hotspots. Fig. 6b and Fig. 6c show heating of a tin and 
carbon-nylon layup when placed within the diaphragm sheets and using 
lower power (6 kW). The image demonstrates improved temperature 
homogeneity. The aim was to produce an evenly distributed tempera-
ture profile across the specimen, hot enough to melt the tin and com-
posite matrix phase while avoiding localised hot spots that could lead to 
failure of the diaphragm. A surface temperature reading of 250 ◦C was 
the criteria used to initiate forming tests. This took approximately five 
minutes when heating two-layer specimens, and approximately ten 
minutes when heating four-layer specimens. Inevitably manual control 
led to variable results, with failure rates decreasing to around 30 % as 
the experimenter became more practiced. An improved setup with more 
refined feedback-based heating control, informed by greater under-
standing gained through process modelling, would likely reduce failure 
rates. 

Fig. 3. (a) Reconfigurable multi-step tool fitted inside a universal test machine. End of tooling fitted with 3d printed ABS ripple tooling, (b) internal geometry of the 
upper housing of the multistep tooling in free hanging position and (c) close-up showing the end of the steel tool. 

Fig. 4. (a) Cross section of male and female rippled tools in closed position. 
Wavelength, λ, is 26 mm, Amplitude, A, is 6 mm and tool gap, t, is 1.74 mm. 
The outer radii of the central cylinder and four annuli are marked along with 
the inner radii of the four annuli on the right side. (b) cross section of female 
tooling and segmented tips for male tooling in open position. 
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Fig. 5. (a) CAD showing cross section through segmented male ripple tool (b) cross section through female ripple tool, (c) 3-d printed ABS segmented male ripple 
tool, (d) 3-d printed ABS single piece male ripple tool. 

Fig. 6. Captured Images from IR camera. (a) 10 kW heating of nylon-carbon tin layup with hotspots (no rubber diaphragm sheet). (b) 6 kW heating of tin and carbon- 
nylon layup within silicone diaphragm after 30 s. (c) 6 kW heating of tin and carbon-nylon layup within silicone diaphragm after 300 s. Scale bar refers to (b) and (c). 
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Another major challenge in the experiments was related to the 
polymeric nature of the male and female ripple tooling used in the 
investigation. Because the tooling had to be non-conducting the only 
option available within the timeframe of the project was 3-d printed ABS 
tooling. ABS has a glass transition temperature of ~110 ◦C and is usually 
printed at ~230 ◦C. Consequently, it becomes soft well below temper-
atures required to melt tin and nylon. As a result, and despite being 
thermally protected to some degree by the rubber diaphragm, the ABS 
tooling was inevitably exposed to high temperatures and therefore prone 
to distortion during forming. Consequently, it had to be re-printed 
several times throughout the investigation due to loss of shape. 
Despite these challenges, a large test matrix was conducted (20 experi-
ments in total) and meaningful results were obtained. In the following 
section, a selection of results from the full investigation are presented 
and discussed. 

3.3. Multi-step press forming 

Selected results from the induction melt-forming process are pre-
sented. The experiments begin with expulsion of a single sheet of tin 
from a flat specimen and gradually increase in complexity towards the 
forming of a multi-axial layup using the ripple tool described in Section 
2.2.4. Tests demonstrate that at least three sheets of tin can be simul-
taneously melted using an appropriate induction heating system. 

3.3.1. Consolidation of a flat plate with one layer of tin 
Initial tests looked at two preconsolidated carbon-nylon sheets and a 

single layer of tin. All sheets were circular with a 130 mm diameter. A 
layup of [0◦/90◦/90◦/0◦/ T]S was tested. “T” is used to represent a layer 
of interlaminar tin of 1 mm thickness. Initial testing used a plastic 
prototype of the multi-step forming tool (pressure due to self-weight =
10 kPa) with the specimen layup held under vacuum inside the silicone 
rubber diaphragm. The specimen was heated until a diaphragm surface 
temperature of 250 ◦C was achieved, then pressed at 500 mm/min 
against the flat false base-plate to analyse the expulsion of the tin. Only 
the pressure due to the vacuum and self-weight of the tooling itself was 
used and no extra consolidation pressure was applied. The result is 
shown in Fig. 7a (plan view) and in Fig. 7b (internal cross-section). 
Fig. 7a shows that the tin flowed out of the side of the specimen due 
to the squeeze flow. Visual inspection of the cross-section (Fig. 7b) 
suggests a low residual tin content. 

3.3.2. Consolidation of a flat plate with three layers of tin 
This test used the multi-step forming tool with four circular nylon 

sheets stacked together with 3 tin interlayers. The layup used was [0◦/ 
90◦/90◦/0◦/ T/90◦/0◦/0◦/90◦/ T]S. All sheets were 130 mm in diam-
eter. The specimen was held under vacuum inside the silicone rubber 
diaphragm. The specimen was heated until a diaphragm surface tem-
perature of 250 ◦C was achieved, then pressed at 500 mm/min against 
the flat false base plate to analyse the expulsion of the tin. Only the 
pressure due to vacuum and the self-weight of the tooling itself (50 kPa) 
was used and no extra consolidation pressure was applied. 

A selected result is shown in Fig. 8a (plan view) and in Fig. 8b (in-
ternal cross section). Initial visual inspection of the cross section 
(Fig. 8b) indicates a low residual tin content. A total of six tests were 
performed. In one of these, full melting of the interlaminar tin was not 
obtained (i.e. a small region of undeformed tin sheet with no bonding 
between nylon plies was left behind), deeming that test a failure. The 
other five were successful in both obtaining full melting and in removing 
a significant proportion of the interlaminar tin (see Section 3.4.1). 

3.3.3. Ripple forming using a single layer of tin I 
This test used the steel multi-step tool to form a specimen containing 

one tin layer with a layup of [0◦/90◦/90◦/0◦/ T]s. The layup is held 
under vacuum inside the silicone rubber diaphragm. The 3-d printed 
female tool (see Fig. 5d) was placed on the false base-plate. The ABS 
segmented male tool (see Fig. 5c) was temporarily attached to the steel 
multi-step forming tool using weak adhesive. The specimen was heated 
until molten, then pressed at 500 mm/min between the male and female 
ripple tools. The result is shown in Fig. 9a (plan view) and in Fig. 9b 
(internal cross-section). The cross section reveals good expulsion in 
some regions, but poor in others with significant amounts of residual tin. 
The surface quality of the formed ripple shape is good, the multi-step 
forming process appears to successfully mitigate damage to the surface 
of the composite part due to drag across the tooling. A total of five 
samples were carried out with this layup with 4 being deemed successes 
and 1 being deemed a failure. 

3.3.4. Ripple forming using a single layer of tin II 
A similar test set-up to that used in Section 3.3.3 was employed, 

though here the orientation of the carbon layers was changed to [0◦/ 
90◦/90◦/0◦/T/-45◦/45◦/45◦/-45◦]. This layup introduces much greater 
translational displacement between neighbouring plies offering the op-
portunity to investigate the ability of the tin layer to reduce inter-ply 
friction and to mitigate wrinkling. The result is shown in Fig.10a (plan 

Fig. 7. Single layer of tin expelled from two carbon-nylon laminates [0◦/90◦/90◦/0◦/ T]S. (a) plan view showing cutting line, (b) cross-section along cutting line 
showing small traces of residual tin (above, from left edge to centre, below from centre to right edge). 
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view), Fig. 10b (oblique view), and Fig. 10c (internal cross-section). 
Fig. 10a reveals wrinkles across the upper right-hand side of the 
formed specimen, but a smooth, defect free appearance across the lower- 
left portion of the specimen. The wrinkles are shown more clearly in 
Fig. 10b It was noted in both this and in several other experiments (not 
reported here) that the defect free side of the specimen was usually 
correlated with the side showing the greatest flow of exiting liquid tin. It 
thus seems plausible that the tin is acting as a lubricant, however there 
are other potential explanations such as regions of higher laminate 
temperature correlating with high tin content. The cross-section shown 
in Fig. 10c reveals good tin expulsion in some regions but poor in others. 

3.3.5. Ripple forming using two layers of tin 
Finally, specimens consisting of two tin interlayers and three pre- 

consolidated cross-ply carbon/nylon laminates were tested with a 

layup of [0◦/90◦/90◦/0◦/T/-45◦/45◦]s. The layup introduces two in-
terfaces that undergo high translational displacements. The result is 
shown in Fig. 11a (plan view) and Fig. 11b (internal cross section). 
Fig. 11a shows that there are no obvious wrinkles from above and there 
is a high level of symmetry. Due to softening of the female polymeric 
tooling (see Section 3.2), the laminate has not conformed to the ripple 
shape of the tooling and has flattened on the left side. Nevertheless, the 
internal cross section in Fig. 11b shows good removal of the tin inter-
layer across most of the cross section but with significant localised re-
sidual tin on the righthand side. Four similar tests were performed 
however three were deemed failures due to the laminates not con-
forming to the desired ripple shape due to a softening of the female 
polymer tooling. 

Fig. 8. Three layers of tin expelled from four carbon-nylon laminates [0◦/90◦/90◦/0◦/ T/90◦/0◦/0◦/90◦/ T]S (a) plan view showing cutting line, (b) cross-section 
along cutting line showing small traces of residual tin (above, from left edge to centre, below from centre to right edge). 

Fig. 9. One layer of tin expelled from two carbon-nylon laminates [0◦/90◦/90◦/0◦/ T]s. (a) plan view prior to cutting and (b) cross-section along cutting line showing 
very little residual tin along the right-hand section but significant amounts of residual tin in the left-hand section. 
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3.4. Residual tin content 

In this Section, a brief report of residual tin contents, measured using 
X-ray and micro CT, is provided. 

3.4.1. Residual tin - flat plates 
Table 1 shows the volume of residual tin (as a percentage of final part 

volume) for a selection of the flat consolidated discs. The scans were 
carried out using a Nikon XT H 225/320 LC Computer Tomography 
system. The samples were scanned at 140 kV and 136 μA and the pro-
cessing was handled in Simpleware ScanIP. Results show tin volumes 
consistently below 5–10 % when heating and forming multilayer flat 
specimens, demonstrating the basic principle of the multistep tooling, i. 
e. generation of a squeeze flow capable of expelling most of the inter-
laminar tin. Further radiographic work is planned for a future paper. 

3.4.2. Residual tin - ripple geometry 
Table 2 shows the volume of residual tin as a percentage of the 

volume for the formed ripple geometry parts. These samples were 
scanned with a 170 kV X-ray generator with an exposure of four seconds. 
The output was then digitised and processed in MATLAB. The tin volume 
percentages in Table 2 are considerably higher than for the flat discs, 
ranging from 8 to 32 %. In addition to the challenges discussed in Sec-
tion 3.2, several factors increased the comparative difficulty in expelling 

Fig. 10. Second attempt with one layer of tin expelled from two carbon-nylon laminates [0◦/90◦/90◦/0◦/T/-45◦/45◦/45◦/-45◦]. (a) plan view and (b) cross-section 
along cutting line showing very little residual tin along most of the cross-section. Tin does however, tend to ‘stick’ at corners. 

Fig. 11. Attempt with two layers of tin expelled from three carbon-nylon [0◦/90◦/90◦/0◦/T/-45◦/45◦]s. (a) plan view and (b) cross-section along cutting line 
showing little residual tin along most of the cross-section. 

Table 1 
Residual tin volume as a percentage of final part volume for [0◦/90◦/90◦/0◦/T/ 
90◦/0◦/0◦/90◦/ T]S layup on flat plate, determined using CT scans. Un-
certainties relate to the resolution of the CT scan (~50 μm).  

Test Residual Tin Volume (%) Volume of Original Tin Interlayer Removed (%) 

1 5.7 ±4.1
2.6  97.0 ±2.1

1.4  

2 4.2 ±2.4
1.6  97.8 ±1.3

0.9  

3 1.5 ±0.8
0.5  99.4±0.2

0.4  

4 2.5 ±2.2
1.3  98.6±0.8

1.3  

5 1.6 ±1.6
0.9  99.0±0.5

0.9   
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tin for the ripple geometry. The first was tooling misalignment and 
tooling tolerances; deviations in tool axis alignment, or inaccuracies in 
the rather coarse 3-d printed male and female tool surface geometries 
could alter the pressure gradient acting on the molten tin. The 
segmented male tooling was also manufactured with large tolerances, 
resulting in small gaps between annuli (up to 1 mm, see Fig. 4) poten-
tially resulting in low pressure areas that could disrupt the outward 
pressure gradient. The complex shape of the ripple geometry also caused 
significant shear deformation of the nylon carbon fibre laminate leading 
to varying laminate thickness. Given the designed gap between the tools 
is constant at 1.74 mm thickness, this would lead to regions of relatively 
high and low pressure, again disrupting the squeeze flow out of the 
laminate. 

High levels of residual tin are potentially detrimental for two main 
reasons. First, they will increase the mass of the final part. Tin is much 
denser than a carbon fibre reinforced nylon sheet (~7300 kg/m3 vs 
~1500 kg/m3) and, as such, even 3 % of the volume as tin would in-
crease the mass of a part by ~12 %, and 10 % would increase the mass 
by ~40 %. Secondly, the presence of tin replaces interlaminar nylon 
bonds with a nylon-tin-nylon interface. Strong hydrogen bonds form 
between nylon molecular chains and these are unlikely to form with a tin 
lattice resulting in a weaker interface. This may result in reduced 
interlaminar shear strength, though the mechanical characterisation of 
the formed samples will be published in a future paper. 

4. Conclusions and future work 

This work explores the feasibility of heating, forming and consoli-
dating multi-axial carbon-nylon composite laminates into complex 
multi-cavity geometries. A novel reconfigurable multi-step forming tool 
has been designed and manufactured and shown to provide a mecha-
nism to generate the required pressure driven squeeze flow to expel 
molten tin from the laminate during forming. Use of induction heating 
coupled with tin interlayers has been demonstrated to be a fast and 
effective method of heating the laminate from within. There is some 
evidence to suggest that wrinkling defects are mitigated when forming 
complex geometries containing multiple cavities, due to the lubricating 
effect of molten tin, though further work is required to establish this 
possibility more firmly. The multi-step forming tool can be fitted into a 
press or universal test machine for both induction-melt forming or 
thermo-forming after radiant heating. Consequently, future work will 
focus on a direct comparison of the quality of parts formed following the 
two different heating methods. At present, the process is far from perfect 
with failure rates at the end of the investigation running at around 30 %. 
It has been possible to reach residual tin volumes of less than 5 % when 

consolidating a flat plate, however when forming ripple geometries, 
8–32 % of the final part volume was residual tin. The influence of such 
high tin contents is likely to be severely detrimental to the specific 
mechanical properties of the laminate and future work is planned to 
characterise the mechanical behaviour as a function of tin content. 
However, the design implemented here is a first attempt and significant 
refinements can easily be made to reduce residual tin content (e.g. using 
ceramic rather than polymer tooling, improving machining tolerances, 
improving the induction heating control and improving understanding 
of the underlying physics involved in the process). This short investi-
gation leaves many unanswered questions regarding both the quality of 
the formed parts and the reliability of the process. Further improve-
ments in the process were not possible due to the time constraints 
imposed by equipment rental. Nevertheless, the basic concepts have 
been shown to be feasible, albeit requiring significant improvements if 
they are to combine to create a viable processing route. Given the po-
tential advantages of faster, more energy efficient processing and 
reduced wrinkling, we believe the process merits further investigation. 
Indeed, if properly controlled, melt induction forming could offer a step- 
change in performance compared to existing advanced composite press- 
forming technology. The main obstacle in attaining these advantages 
lies in improving control and fundamental understanding of the process. 
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[8] O’Brádaigh CM, Pipes RB, Mallon PJ. Issues in diaphragm forming of continuous 
fiber reinforced thermoplastic composites. Polym Compos 1991;12:246–56. 
https://doi.org/10.1002/pc.750120406. 
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