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REVIEW

Repair of thermoplastic composites: an overview

J. Barroeta Roblesa,b , M. Dub�ec,d, P. Hubertb,d and A. Yousefpoura

aNational Research Council Canada, Aerospace Manufacturing Technologies Centre, Montr�eal, QC, Canada; bDepartment of
Mechanical Engineering, McGill University, Montr�eal, QC, Canada; cDepartment of Mechanical Engineering, �Ecole de Technologie
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ABSTRACT
An extensive review of literature is conducted to present the evolution of the field of repair
of thermoplastic composites (TPC’s) from when it was first mentioned in 1980. The TPC
materials used today in aerospace structures are introduced along with the existing chal-
lenges to repair TPC structures. The three most promising fusion bonding techniques to
address these challenges (i.e. induction, resistance, and ultrasonic welding) are explained.
The certification authorities have extensive knowledge and data for repair of thermoset poly-
mer matrix composite structures. However, such level of knowledge is highly limited for TPC
structures. A lack of robust processes and the overall lack of data on TPC’s when compared
to their thermoset counterparts are challenges that need to be addressed to implement TPC
materials in aircraft structures.
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1. Introduction

It is now well known that advanced composite
materials are the material of choice in the aerospace
industry due to their advantageous properties for
both primary and secondary structures. In 2003,
Boeing announced their plans to develop and build
the first civil aviation aircraft, the Boeing 787
Dreamliner, featuring structures such as the fusel-
age, wings and tail, out of carbon fibre epoxy com-
posites [1]. The Dreamliner entered service in 2011,
which was followed by the Airbus A350 in 2015,
and the C-Series (now the Airbus A220) in 2016
with major usage of composites mostly in their

primary structures [1]. These aircraft are comprised
of 50%, 53% and 20% composite material content
by weight, respectively [2, 3]. Other aircraft make
increasing use of advanced composite materials in
their structures, in particular thermoplastic compo-
sites (TPC’s). One example of these structures is the
rudder and elevator of the Gulfstream G650 empen-
nage which was possible due to substantial process
advancement, and an extensive certification program
with full-scale component tests [4]. Other structures
that utilize thermoplastic reinforced composites are
the rudders of G500 and G600, the tail of the
Augusta Westland AW169, and the wings’ leading
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edges on the Airbus A380 and Airbus A340–600 [5,
6]. The latter was possible due to the advancement
of fusion bonding techniques leading to TPC weld-
ing to create a unified structure. Studies have shown
that the use of TPC’s represented 10% weight sav-
ings when compared to thermoset materials [7–9].
Table 1 [6, 10–15] summarizes examples of aircraft
structures manufactured with TPC’s.

While thermoset polymer matrix carbon fibre com-
posites are widespread in the industry, TPC’s are rap-
idly becoming increasingly popular due to their
increased usage as observed in recent trends [16].
Thermoplastic polymers can be melted, remelted, and
reformed. In addition, TPC’s have short processing
times, and they have the potential to be recycled and
repaired, making them excellent sustainable materials
[17]. In addition, TPC’s have higher fracture tough-
ness, better strength-to-weight ratios, and superior
impact resistance and fatigue performance when com-
pared to their metallic and thermoset composite coun-
terparts [17–19]. Therefore, designs can be optimized
and the total number of plies can be reduced in TPC’s
structures, further reducing the weight. Overall, these
materials have superior environment resistance to
moisture and solvents. TPC’s have also seen increased
use in other sectors such as in the automotive industry
[20, 21] and in urban aerial mobility applications [22,
23], where advanced processes to manufacture com-
plex parts with high production rates are required.
However, the main drawbacks when compared to
thermoset polymer matrix materials are their high
melt viscosities, high temperatures and pressures
needed for consolidation, and higher cost [24].

To fully take advantage of TPC’s on aircraft struc-
tures and to be able to certify them, it is key to
develop a systematic methodology for repair. TPC’s
which are assembled using fusion bonding techniques,
are being used in very few structures (as presented in
Table 1). When these structures are damaged, they
are often removed and replaced. However, supply of
spare parts is often limited to very few suppliers
around the world, which can lead to very long lead

times and high replacement costs. While there are
repair methodologies for thermoset matrix composite
materials, the path for TPC’s is not yet clear. Viable
repair techniques could potentially make the entire
product life cycle more sustainable and less expensive
as opposed to replacing these TPC parts. In thermoset
polymer matrix composite structures, the cost of
repair ranges from $15 000 USD to up to $150 000
USD per part. However, this only constitutes
8%–25% of the costs that it would represent replacing
the part (without including shipping costs) [25].
Furthermore, it would be possible to implement tem-
porary solutions until a major repair is conducted in
primary structures, thus returning the aircraft back to
service in a short amount of time.

Fusion bonding involves joining two thermoplas-
tic materials by heating the interface above the glass
transition temperature (Tg) for amorphous or above
melt temperature (Tm) for semi-crystalline polymers.
Fusion bonding has been identified in different
reviews and research articles as an alternative to
mechanical fastening and adhesive bonding, and as
a promising technique to join and repair TPC’s [17,
26–32]. Different reviews [32–34] have summarized
different fusion bonding techniques and how these
can be applied to repair thermoplastics. Xiao et al.
[33] identified the different damage types and pro-
posed a fusion bonding technique for each damage.
Vodicka [34] summarized the same methods and
provided limited mechanical performance data for
each technique. Lastly, in 2020, Reis et al. [32]
focused on the three most promising fusion bonding
techniques for repair (i.e. induction, resistance, and
ultrasonic welding) along with the existing testing
methods and Non-Destructive Inspection (NDI) to
evaluate the quality of the welded joints, and
numerical simulation. However, these reviews do
not summarize the evolution of the field of TPC
repair for aerospace from its roots and do not elab-
orate into how structures are currently repaired, the
regulatory requirements, and the gaps that need to

Table 1. Aerospace structures which use TPC’s [6, 10–15].
Material Common Name Reinforcement Structure Ref.

PEEK Polyetheretherketone CFA Cockpit floor of A400M
Brackets of A350
Injection-moulded hydraulic and fuel brackets of A220
Access doors/cover to the wing of A220

[10, 13]

PEKK Polyetherketoneketone CF Control surfaces of G650 [6]
PPS Poly(p-phenylene sulfide) CF Main landing gear door Fokker50

Brackets, seat backs and pans of B787, A350
Rudder and elevator of G650

[6]

GFB Fixed wing leading edges A340, A380 [6]
PEI Poly(ether imide) CF Cargo floors of Fokker 70 and Fokker 100

Floor panels of G550
Sidewall fixation rails of A330/A340
Floor/overwing pressure bulkhead G650

[14, 15]

GF Reclining seat floor (Tods Aerospace) [14]
ACarbon Fibre.
BGlass Fibre.
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be fulfilled in order to certify the use of
TPC structures.

The goal of this review is to discuss the origins
and the evolution of TPC repair along with the cur-
rent challenges and gaps impeding the implementa-
tion of TPC’s. A background is provided, including
the use of thermoset and thermoplastic polymer
matrix composite materials in aerospace structures.
This background also includes classification, causes
and detection of damage followed by how thermoset
polymer matrix composite structures are repaired.
Fusion bonding is then introduced, followed by a
description of the three most promising techniques
for repair: induction, resistance, and ultrasonic
welding. Fusion bonding of dissimilar materials is
also explained. Finally, the history and evolution of
the field of TPC repair is presented, along with a
summary and the perspectives moving forward,
which show the existing challenges and the lack of a
systematic methodology to perform repair on aero-
space TPC’s structures.

2. Background

2.1. Materials in aerospace structures

Since the early 1920s, metals (in particular alumi-
num) were the material of choice for aerospace
structures. Composite materials were used in mili-
tary aircraft in the 60 s and 70 s in very modest per-
centages (i.e. 2% of the airframe of F15 and up to
27% on the AC-8B Harrier) [35]. The use of
thermoset polymer matrix composite materials have
been increasing ever since (e.g. the Boeing 737,
Airbus A350, and the C-series, now the Airbus
A220), however aluminum is still being utilized.

Weight saving has been one of the main drivers
to use advanced composite materials. Thermoset
composites are comprised of fibres (i.e. carbon,
glass, aramid, and boron) with a thermoset polymer
matrix. Some of the most common thermoset poly-
mer matrix materials used in aerospace are summar-
ized in Table 2 [36].

Regulatory bodies such as the Federal Aviation
Administration (FAA) and the European Union
Aviation Safety Agency (EASA), original equipment
manufacturers (OEM’s) such as Airbus and Boeing,
and the engineers and technicians at the airlines have
developed extensive procedures to repair metallic and
thermoset polymer matrix composite structures. If the

damage is on a load-bearing or critical structure, the
repairs will be limited to bolted patches which may or
may not include adhesive. A load bearing structure is
defined for an element whose integrity is essential in
maintaining the overall flight safety of the aircraft
[42]. Adhesively bonded repairs are limited in sizes so
that if the patch fails, the repaired structure can still
sustain the loads experienced in service (i.e. these
patches are intended for cosmetic repairs only)
[42–44]. Repairs will be classified into Category A, B,
or C, dependent upon the classification of the repair.

In the past decade, the use of TPC’s has been
increasing due to their properties and environmental
performance. Small parts such as brackets and clips
were successfully processed using TPC in the past,
and the trends indicate that these materials are of
interest to be used in primary structures [5–7].
TPC’s are comprised of fibres with a thermoplastic
polymer matrix. Unlike thermoset resins, these do
not have a rigid three-dimensional network struc-
ture. Instead, thermoplastic matrices have individual
molecules that are held in place by Van der Waals,
hydrogen, and weak secondary bonds [24]. When
heating these materials, the bonds holding these
chains together break allowing the molecules in the
polymer to move or flow with the application of
pressure. Upon cooling, these molecules keep their
new configuration and secondary bonds are
restored. This unique characteristic allows thermo-
plastic matrices to be reheated, remelted and
reshaped. Some of the most common TPC’s used in
aerospace are outlined in Table 3, along with their
molecular arrangement (i.e. amorphous or semi-
crystalline), Tg, Tm, and processing temperatures.
The polymer chains in amorphous materials arrange
themselves in a random manner whereas in crystal-
line materials, the molecules are oriented in regular
and repeating patterns [45].

3. Damage in composite aircraft structures

3.1. Damage causes and location

Damages can occur during manufacturing of com-
posite parts which may include microcracks and
delaminations, surface gouges and scratches, dam-
aged holes and impact damage (e.g. caused by acci-
dental dropped tools on the parts) [51, 52]. These
damages cannot always be prevented, so acceptable
thresholds are incorporated in the design by

Table 2. Common thermoset polymer matrix composites used in aerospace structures along with their ther-
mal properties and processing temperatures.
Common name Processing temperature (�C) Service temperature (�C) Tg (�C) Ref.

Phenolics 150, post-cure to 260 70–200 170 [37, 38]
Epoxies 120–180 80–175 150–220 [36, 38]
Bismaleimides 180, post cures of up to 245 150–250 220–315 [36, 38, 39]
Cyanate esters 180 150–250 190–285 [37, 39, 40, 41]
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demonstrating that ultimate strength can be attained
with the damage present in the component. Some of
these damages may go undetected or go beyond the
specification limits thus they must be assumed to
exist within a component with a damage tolerant
design [52].

During service, aircraft are periodically inspected
as part of a maintenance schedule to look for pos-
sible damage. For instance, damage can be caused
by impact (e.g. foreign object damage (FOD) such
as runway debris, ground handling, dropped parts,
aircraft-handling accidents, collisions with airport
structures) and/or environmental factors (e.g. dam-
age from snow and sand storms, lightning strike,
bird strike, hail, ultraviolet (UV) radiation, rain ero-
sion, moisture ingression) [43, 53–55]. More than
80% of damages to composite structures have been
attributed to impact, with the remainder being
attributed to environmental factors [53]. Figure 1
shows an example of a damaged aircraft structure
due to environmental factors, in this case, lighting
strike [56].

To identify the source and nature of damages,
Dubinskiy et al. [53] showed a review of approxi-
mately thirty thousand documents (i.e. operator’s
reports, maintenance checks, and manufacturer
databases) corresponding to 35 commercial aircraft
with thermoset polymer matrix composite struc-
tures. In this report, dent damage was found to
have the highest incidence rate of 56% with depths
ranging from 0.1mm to 50mm, followed by skin
deformation, scratches, holes, delamination, and
cracks. The incidence of fibre pullouts, severe dam-
age and others were found to be less than 1.5%.

These damages are often found in different sec-
tions of the aircraft structure. For instance, Airbus
documented the location of damages encountered in
service as summarized in Figure 2 [57], revealing

that 68% of the damages occur at the aircraft doors,
while the remaining 32% were distributed amongst
the standard fuselage sections, wings, nose, and the
cone rear fuselage.

Existing reports from the certifications authorities
such as the FAA contain information limited to spe-
cific events, which are not classified by zone, type of
damage, or material [58].

3.2. Damage types

Ilcewicz et al. [55] presented a classification of dam-
age on thermoset polymer matrix carbon fibre com-
posites that included delaminations and matrix
cracks, caused by different impact energies. The
morphology of these damages are influenced by
impact energy and speed. For instance, high-energy
impact at low speed can cause delaminations in
larger areas without visible exterior damage. On the
other hand, low-energy impact at high speed can
penetrate the part without delaminations. Additional
damages found in composite structures are caused
due to environmental factors.

Matrix cracking (Figure 3) which can occur due
to low and medium-energy impact, is typically
located parallel to the fibres. These cracks do not
tend to affect the residual strength and stiffness of
the structure significantly. However, they can expose
the material to the ingress of moisture and aviation
fluids, causing degradation of the matrix-dominated
properties such as interlaminar shear and compres-
sion strength [52].

Table 3. Common TPC’s used in aerospace structures along with their thermal properties and processing temperatures.
Acronym Crystallinity Processing temperature (�C) Tg (�C) Tm (�C) Ref.

PEEK 16%–47% 355–380 143–158 334–350 [46]
PEKK 0%–35% 340–350 at <3 �C/min 154–171 304–391 [47]
PPS 40%–83% 300–340 (injection moulding); 285–310 (extrusion) 74–92 285–295 [48]
PEI amorphous 260–320 209–249 – [49, 50]

Figure 1. Damaged aircraft composite structure due to
lighting strike (reproduced with permission from J. Kim [56]).

Figure 2. Distribution of damage in the aircraft structure
(adapted from [57]).
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Delaminations (Figure 4) which occur along the
interface of composite layers or along the bondline
between two adhesively joined elements, reduce the
stiffness and the structural integrity of bonded
assemblies. Delaminations are often accompanied by
matrix cracking which are caused by the mismatch
of the properties of individual layers, ply drops,
regions that experience out-of-plane bending, poor
composite processing conditions, and low-speed and
high-energy impacts [59].

Fibre breakage (Figure 5) occurs due to medium-
energy impact. High-energy impact over a large area
may cause damage to internal structural elements
beneath the surface, even when there is no visible
damage. These may be accompanied by cracks which
involve both fibre and matrix damage, and delamina-
tions. These damages are typically caused by impact
events, however, these may also occur due to the
application of excessive local loads [55]. Scratches

tend to be of cosmetic nature, affecting only the outer
layer of the resin without causing any further reper-
cussions on the structural integrity of the part.

Dents (Figure 6, left), which tend to occur due to
impact, may be an indication of underlying damage
(e.g. delaminations, matrix cracks, and fibre break-
age). Punctures are caused by high-energy impact or
due to the size of the impactor (i.e. when the
impactor has a small diameter, it goes through the
structure). High-speed, low-energy impacts can
penetrate the area, causing further damage in the
structures (Figure 6, right).

Other types of damage may occur due to erosion
which may expose the surface fibres and lead to
moisture ingress; heat damage may occur to the
structures near the engines and other systems; and
lighting strike which can degrade the protection sys-
tem and cause damage to the skins. Exposure of the
surface fibres, heat damage, degradation of the pro-
tection system of the aircraft, and skin damage may
also be caused by FOD [55].

3.3. Damage detection

Multiple methods of detection are used in order to
find and assess damage on aircraft structures. These
methods can be classified as NDI and destructive.
NDI techniques are the most common, however,
destructive inspection is used selectively when limi-
tations are encountered with the former method in
detecting damage [52, 60]. The most common NDI
technique is visual inspection. This technique is typ-
ically used to quantify dent depth, scratch length,
the extent of the surface damage, resin starved and
rich areas, wrinkles, ply bridging, and discoloration
due to overheating. Internal flaws such as delamina-
tions and disbonds cannot be detected with visual
inspection. Once the damage has been found, the
area of interest is selected for further evaluation.
Tap testing using a coin or automated methods is a
very common technique to detect delamination and
disbonds. By tapping the inspection area and listen-
ing to the response, it is possible to determine if
there is damage present in the component. For
instance, a sharp sound indicates a well bonded
structure, while a dull sound indicates an area with
potential defects.

Ultrasonic inspection is used to determine internal
delaminations, or voids that cannot be identified

Figure 3. Matrix cracking due to low-energy impact.

Figure 4. Diagram of delaminations occurring in a compos-
ite laminate after medium-energy impact.

Figure 5. Fibre breakage due to medium and high-
energy impact.

Figure 6. Dents due to low energy impact (left), and penetration of the structure due to high-energy impact (right).
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through visual inspection or tap testing. Radiography
involves scanning a part or a component using x-rays
while recording the absorption onto an x-ray sensitive
film. The main challenge of this technique are the simi-
lar absorption characteristics of the fibres and the resin.
This technique is useful to determine delaminations in
corners, moisture ingression in honeycomb structures,
voids in adhesive joints, and crushed and blown cores.
Shearography induces stresses in a partial vacuum
which causes defects such as delaminations and dis-
bonds to expand, leading to surface deformation. These
deformations are then detected before and during the
test. Thermography involves methods where heat-sens-
ing devices are used to measure variation in tempera-
ture in the inspected part. This method is useful in
detecting moisture in honeycomb sandwich structures,
thin laminates, and for surface defects.

On the other hand, destructive inspection involves
resin characterization tests to evaluate the degree-of-
cure of the resin, mechanical tests, acid digestion to
evaluate fibre and void contents, microscopy which
involves cross-sectioning the edge of the part and pol-
ishing. These methods provide relevant data, particu-
larly during the development stages.

Lastly, inspection intervals are required and they
differ depending on the aircraft and their operating
environment. Some aircraft are inspected every
100 h of flight time, while others are inspected only
once per year. Progressive inspections are conducted
in order to minimize aircraft downtime. These are
conducted following the Federal Aviation
Regulations (FAR’s) [61, 62].

3.4. Damage assessment

Size, type, location and detectability of the damage
are combined to determine the risk and the threat
that it represents to the structure. To date, there are
few standards that outline the critical threats that

must be identified in order to conduct a complete
damage tolerance evaluation in composite structures
[42]. These standards indicate that when evaluating
damage, it is required to gather the necessary data
to develop the damage tolerance capability and abil-
ity to inspect for known threats. This data may
include the function and location of the part in the
aircraft, past service data, impact damage resistance,
adjacent system interfaces and maintenance han-
dling events. A known threat of particular concern
is FOD and special attention should be given when
gathering damage data from the field. After assess-
ing the threat, the damage types are classified into
five categories related to their increasing severity,
which are labelled Category 1 to 5, as shown in
Figure 7 [42]. A description of each category is pro-
vided in the following paragraphs, as described in
CMH-17, Volume 3, Chapter 3 [52].

Category 1 involves damages that may not be
detected during a scheduled or directed field inspec-
tion, and includes barely-visible impact damage
(BVID), minor environmental degradation, scratches,
disbonds and porosity. This category is considered to
be allowed manufacturing damage. The structures with
Category 1 damage must be able to withstand ultimate
design loads throughout the life of the aircraft.

Category 2 involves damages that can be detected
reliably by the existing inspection methods at the pre-
scribed maintenance intervals. Visible impact damage
(VID) can include deep scratches, detectable delami-
nations or disbonds, and major local heat or environ-
mental degradation. The structure with Category 2
damage must be able to withstand limit load capabil-
ity until the damage can be found and repaired.

Category 3 involves obvious damages that require
immediate repair and which can be detected reliably
by operations or ramp maintenance staff who have
not been trained in composite inspection within few
flights of the damage occurrence. Large VID and
damages which cause systems malfunctions, cabin
noise, fuel leaks, or other obvious problems are
included in this category. The structure with
Category 3 damage must retain a specified load cap-
ability until damage is found and repaired. This
load is often less or equal to limit load.

Category 4 involves damages which are obvious
to the flight crew and that require repair after flight.
Large bird strikes, lighting strike, landing gear tire
burst or hail during flight are some examples. The
structures with Category 4 damage must withstand
a continued safe flight until landing.

Category 5 involves severe damages that cause
grounding of flight events which were not antici-
pated and therefore, not considered in the design of
the aircraft. For example, severe vehicle collisions,
abnormally hard landings, and loss of aircraft parts

Figure 7. Diagram showing the different categories of dam-
age with respect to the design load level and the increasing
damage severity (adapted from [42]).
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in flight. The structures with Category 5 damage
must not fly until the damage has been fully
assessed and repaired.

Once the damage has been fully identified, engi-
neers determine whether it is within the allowable
damage limit (ADL). In this case, maintenance will
be performed to replace the protective layers. On
the other hand, if the damage falls outside of the
ADL, a repair must be conducted in accordance to
the structural repair manuals (SRM) provided by
OEM’s. The SRM includes procedures for damage
clean-up, moisture removal, surface preparation,
repair processing, and post-repair inspection. For
the repairs that fall within the OEM’s SRM allow-
ables, there is no requirement to consult the OEM
further. However, in the case a major repair is
required and it falls outside of the SRM, then the
OEM must provide their input. Analysis and tests
must be conducted to demonstrate that the pro-
posed repair can restore the structure to an air-
worthy condition [42, 63]. The process must
produce repairs which result in a damage tolerant
structure (i.e. the structure must be able to with-
stand its design loads for a period of time, without
the damage reaching a critical size that could lead
to the loss of the part) [64]. The repair must be sup-
ported by analysis showing the residual strength
requirements of the part can be attained, otherwise,
the part is scraped and must be replaced [65]. A
flowchart of this process is shown in Figure 8.

4. Composite repair

4.1. Thermoset composite repair

Damaged structural aircraft components are generally
repaired by using either an external doubler or an
internal scarf patch. These repaired elements are

affixed using mechanical fasteners, adhesives (i.e.
bolted and bonded repairs, respectively), or a combin-
ation of the two. The selection of the repair method
must satisfy a number of technical requirements such
as structural integrity, lightning strike protection,
radar signature, and aerodynamic performance [66].

Bolted and bonded repairs start with the fabrica-
tion of patches prior to any repair operations. The
repairs require damage tolerance capability evalu-
ation and are classified into Category A, B, or C, as
per the SRM’s. Category A involves a permanent
repair where normal planned inspections are suffi-
cient. Category B involves a permanent repair where
supplemental inspections are required at specified
thresholds and repeat intervals. Finally, a Category
C involves a time-limited repair with planned sup-
plemental inspections followed by replacement or
reworking of the part within a specified time limit.

The repairs are often conducted at a repair facil-
ity or repair station except for those performed dir-
ectly on the fuselage and the wing. The damaged
part is most often removed from the aircraft and
replaced with a temporary spare part to avoid
grounding the aircraft. These repair facilities tend to
have specialized equipment and trained personnel
with knowledge and expertise on repair of compos-
ite structures. There is an interconnected network
around the world which can allow servicing of air-
craft from multiple airlines [67].

4.1.1. Thermoset composite bolted repairs
Bolted repairs on composites are performed in a
similar manner as in metallic structures. Prior to
conducting a bolted repair, the damage is removed
by drilling a hole. The pattern is then laid out and
pilot holes are drilled on the skin of the parent
structure. The fastener holes are then drilled on

Figure 8. Flowchart of damage assessment and repair process.
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both the patch and the skin, the patch is installed,
and finally the repair is sealed using a sealing com-
pound [68]. Repairs conducted to primary structures
must comply with the same damage tolerance
requirements as for the original part. While this
technique is reliable, adding numerous fasteners
adds weight to the structure, creates stress concen-
trations around the fastener holes, and can create
paths for galvanic corrosion. Figure 9 illustrates the
hole pattern drilled on the damaged composite skin
followed by a repair with a bolted patch. To date,
bolted repairs are the only approved method for
structural repair of load-bearing structures [42–44].

4.1.2. Thermoset composite bonded repair
Bonded repair, on the other hand, involves joining a
composite patch to the parent composite structure
using an adhesive. One of the main advantages of
this process is the uniform load transfer without the
added weight or the creation of stress concentra-
tions [52]. Bonded repair supposedly restores the
composite structure’s original strength, maintaining
the smooth aerodynamic contours if required. In
addition, these types of repairs can also be applied
on honeycomb structures. However, the limitations
of this technique include the lack of redundancy in
the load path (i.e. there are not multiple load paths
in case of failure), the load limit is dependent upon
the bonding process and the properties of the adhe-
sive, and the lack of reliable NDI techniques to
detect reliably the structural integrity of the bonded
joint [69, 70]. These repairs also require surface
preparation which is a critical step in the process
[52, 55, 69–71]. Bonded repairs are currently limited
in size and location for structures which can still
operate at their limit load if the patch has fully
failed and is no longer capable of carrying any
load [55].

4.1.2.1 Repair materials. Baker [72] explained that
composite repair materials can be either pre-cured
(i.e. hard patch) or co-bonded with the adhesive (i.e.
soft patch). The pre-cured composite can improve
patch geometry to match the parent structure, and be

used for high temperature advanced composites. The
pre-cured patch repairs require expensive tooling,
may have issues with dimensional stability and local
warping, and typically involve long repair processing
times. The co-bonded patch repairs are simpler to
prepare, conform easily to the shape of the parent
structure, and there is no need for specific tooling.
However, the properties of the structure with the
patch repair often do not match the properties of the
parent structure, and they are prone to wrinkles,
voids, and ply distortions. Overall, the co-bonded
patch is often preferred due to the simplicity of the
process and its applicability for in-situ repairs.

Co-bonded repairs can be classified into prepreg
and wet lay-up repair. The former may utilize the
same material as the parent structure or an equivalent
which has been previously approved by the OEM.
These patches are typically cured using an external
heat source such as silicon heating blankets with a
vacuum bag to apply pressure. Wet lay-up repairs
utilize dry fabric with a two-part epoxy resin. Overall,
wet lay-ups are the preferred repair approach of the
airlines since the fabric can be formed to the shape of
the parent structure, no external source of heat is
needed to cure the material, vacuum pressure is suffi-
cient to attain a high-quality bond and it does not
require complex tooling [73]. Other considerations
that must be taken into account are that the repair
material must also provide similar Tg and mechanical
performance, and the material processing temperature
must be below the Tg of the parent structure [74].

4.1.2.2 Surface preparation and scarfing. Prior to
any bonding operation, the first step is to remove
any fluid residue from the surface of the damaged
structure. Any paints, conductive and other coatings
are also removed by sanding, grinding, or blasting
an area larger than the intended repair
(i.e. scarfing).

There are three main configurations of bonded
repairs (i.e. scarfed, stepped, single and double lap
joint). Scarfed and stepped repairs have reported
high levels of strength recovery between 70-100%
with minimum surface changes in the outer-mould

Figure 9. Schematic of a bolted repair over a damaged composite structure showing the hole pattern (left) and the repaired
structure with the fastened patch (right).
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lines [66]. The scarfed repairs do not require grind-
ing equipment to generate the stepped interface, and
have less bondline stress concentrations than with
the stepped pattern. Therefore, the scarfed repairs
are preferred to restore load-carrying components.
These are illustrated in Figure 10.

Scarf angles range from 3� to 7�, however, several
studies have suggested that the optimum scarf angle
is 3� (taper angle of 20:1) [75–78]. In practice, struc-
tural load-bearing repairs often are up to 500mm in
diameter. For non-load bearing components, there
is no size limit if using a co-bonded patch with wet
lay-up and a room temperature cure in accordance
with the SRM. The use of room temperature curing
materials have some restrictions due to the required
service temperatures of aircraft components (i.e. due
to their Tg at a saturated condition), and their
mechanical performance [74, 79].

The last step is to grit blast or prepare the surface
prior to conducting the repair. The purpose of this
step is to remove the thin layer of low molecular
weight species, and to roughen the repair surface,
thus increasing the surface area and mechanical
interlocking to improve adhesion [80]. Certain
materials may have low surface energies, which can
be altered using chemical treatments, corona dis-
charge, plasma and flame treatments, or ultraviolet
radiation [81–83].

When dealing with thick composite parts (i.e.
thicker than 3mm), Armstrong et al. [79] stated
that permanent bolted repairs are performed as this
method prevents removing a large area to achieve
the desired tapered scarf [84].

4.2. Thermoplastic composite repair

As previously mentioned in the introduction, one of
the advantages of TPC’s is their ability to be
remelted and reformed, which gives the potential to
repair these materials. Mechanical fastening, adhe-
sive bonding and the three most promising fusion
bonding techniques (i.e. induction, resistance and
ultrasonic welding) have been proposed in the lit-
erature for this purpose [17, 27, 32, 33, 85, 86]. Hot
melt thermoplastic adhesives [87, 88] or the inser-
tion of an amorphous polymer have also been pro-
posed [26, 86, 89].

4.2.1. Mechanical fastening and adhesive
bonded repairs
Mechanical fastening and adhesive bonding were
first considered as obvious methods of repair for
TPC’s [33, 90]. Despite the reliability of mechanical
fastening, this method adds weight to the TPC
structure and can create stress concentrations, dam-
aging the reinforcing fibres and promoting galvanic
corrosion. On the other hand, adhesive bonding is a
durable method, however, this joining method has
been proven to be challenging with TPC’s due to
the low surface free energy of thermoplastic poly-
mers and their required surface treatments [81–83,
91]. Existing surface treatments (i.e. plasma etching)
which can increase the surface-free energy of TPC’s,
require specialized equipment that would not be
practical for repair. Seneviratne et al. [71] recently
published an evaluation of the effects of different
surface preparation methods on TPC substrates,
reiterating that the performance of adhesively
bonded joints is extremely sensitive to the surface
preparation technique. In addition, the same chal-
lenges encountered with bonded repair in thermoset
polymer matrix composites remain in terms of certi-
fication of load-bearing structures, as explained pre-
viously in Section 4.1.2.

Stokes et al. [19] reported an alternative method
for repair by using a hand solvent method in which
the interface of the TPC substrates to be joined are
softened by the use of a solvent. These parts are
then kept under pressure while the polymer chains
diffuse across the interface. Once the solvent has
evaporated, a joint is achieved. In certain instances,
a thermoplastic containing the solvent can be used,
allowing to fill regions of mismatched surfaces.
While this technique can be utilized in some appli-
cations, it is a slow process, it is not suitable for
large-scale repair operations, and it may not repro-
duce consistent results.

4.3. Fusion bonding techniques

Fusion bonding was primarily introduced as a
method to join TPC structures by heating the inter-
face above Tg for amorphous or above Tm for semi-
crystalline polymers. By increasing the temperature,
it is possible to reduce the viscosity to allow the

Figure 10. Bonded repair configurations.

76 J. BARROETA ROBLES ET AL.



movement of the polymeric chains to move across
the welding interface. By applying pressure, close
contact between adjacent substrates is created (pro-
cess also referred to as intimate contact). After
intimate contact has been created, inter-diffusion of
the polymer chains follows, attaining a full weld
[92–98]. The interlaminar bond strength, r, is a
function of the processing temperature, the consoli-
dation pressure and the processing time. This pro-
cess is illustrated in Figure 11 [94, 99].

Wedgewood et al. [100] demonstrated that the
quality of these welds was similar to that of auto-
clave or compression moulded parts. One of the
main advantages of fusion bonding is that the sub-
strates to be joined do not require any surface prep-
aration [71]. Despite their advantages, joining and
assembly of TPC’s is less mature when compared to
their thermoset counterparts due to the overall lack
of historical data available. This limitation currently
inhibits its wide adoption, including repair.

Yousefpour et al. [17], reported a variety of
thermoplastic joining techniques, which are classi-
fied on how heat is generated, specifically into ther-
mal, friction and electromagnetic welding. Induction
and resistance are categorized as electromagnetic
welding techniques, whereas ultrasonic is catego-
rized as a friction welding method. Electromagnetic
welding relies on a heating element (e.g. carbon
fibre, stainless mesh, or magnetic particles) located
at the interface between the adherends where heat is
generated by either Joule heating, induced eddy cur-
rents, or hysteresis losses. The polymer chains then
begin to diffuse under the application of pressure.
On the other hand, in friction welding, heat is gen-
erated at the interface by friction under the simul-
taneous application of pressure. The material is
subsequently cooled and consolidated. The funda-
mental of fusion bonding is highly favourable to be
used for repair processes of TPC’s since repair
involves joining of a patch to a prepared surface.

4.3.1. Induction welding
Induction welding consists of passing an alternating
voltage through a conductive coil to induce a vari-
able magnetic field with frequencies in the range of

200–500 kHz [17, 19, 101]. Electrically conductive
susceptors or implants (i.e. a material which heats
faster than the laminate) are placed at the interface
of the substrates to be welded. The susceptors or
implants consist of carbon fibre layers, a metallic
mesh, or magnetic particles [102–105]. When the
induction coil is placed in the vicinity of these
implants, eddy currents are induced, matching the
frequency of the magnetic field [34, 106, 107].
These eddy currents generate heat when energy is
lost due to the resistance of the material via the
Joule effect, as per Equation 1, where f is the fre-
quency; lr is the relative magnetic permeability of
the material; HðIÞ is the applied magnetic field
amplitude as a function of the current I; A is the
surface area of the susceptor; and R is its electrical
resistance [102].

P ¼ 2pflrH Ið ÞA� �2
R

(1)

A second heating mechanism consists of heat dis-
sipation through hysteresis losses within magnetic
materials. When subjected to an alternating mag-
netic field, the magnetic domains of the material
experience alternating magnetization where a frac-
tion of the electromagnetic energy is absorbed and
released as heat into the surrounding thermoplastic.
The heating rate decreases as the Curie temperature
of the magnetic material is approached (i.e. the tem-
perature at which the material becomes non-ferro-
magnetic). Equation 2 describes this heating
mechanism through hysteresis losses, where Ph is
the dissipated power per unit volume, f is the fre-
quency, l0 is the magnetic permeability of vacuum,
H’ is the applied magnetic field, and M is the mag-
netization of the material [108, 109].

Ph ¼ fl0

ð
loop

H0dM (2)

Pressure is applied during or after heating until
the polymer solidifies, thus welding the adherends
[17, 101, 110–112]. Figure 12 shows a schematic of
an induction welding setup with a lap shear joint
configuration.

Figure 11. Stages of the fusion bonding process (adapted from [94]).
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Villegas et al. [110] reported the optimum range
of pressure to be between 0.2MPa and 1.2MPa with
times ranging from ten seconds to up to six
minutes. Appropriate consolidation pressure is
needed to ensure the required intimate contact
between the two substrates. Ahmed et al. [101]
mentioned that inadequate pressure can generate
defects such as voids, cracks, and folds. The use of
vacuum bag pressure has been reported in literature
in a very limited manner in the induction welding
process [101, 111]. For instance, Rahim et al. [111]
used an induction welding setup to monitor the
temperature within the welding zone in real-time
using high definition fibre optic sensing. The proc-
essing time was reduced by approximately 50%,
however no quantitative data was found showing
high mechanical performance of thermoplastic sub-
strates using induction heating at low consolidation
pressures (i.e. vacuum bag only).

One of the main advantages of induction welding
is the ability to join two conductive materials such
as carbon fibre without any additional susceptors or
implants [103–105]. However, if the adherends are
not electrically-conductive or susceptible to a mag-
netic field, it is possible to use a susceptor layer
which can consist of a metallic mesh or magnetic
particles in the form of a powder. In addition, con-
tinuous induction welding with complex and large
geometries is possible by moving the induction coil
along the structure [113]. A damaged structure or
weld can be reopened by induction reheating when
using electrically conductive susceptors. This possi-
bility would represent an advantage for repair appli-
cations. Although there has been mention in the
literature about portable induction welding units
[34], a challenge remains in the size of the power
supply units. The disadvantages of this process are
the non-uniform heat distribution and targeting the
heat at the desired interface, the difficulty of weld-
ing large and thick parts, and the need to have
fibres laid up at two different angle orientations (i.e.
susceptors or implants would be required when
joining unidirectional laminates) [17].

In terms of modelling, numerical simulation of
induction welding was at first focused on understand-
ing the predominant heat generation mechanism in
the material, where both Joule heating within the fibres

and heating at the fibre junctions were studied [103,
105, 114–117]. Different models have since been devel-
oped with the ability to predict the temperature on
both fabric [103, 118, 119] and unidirectional laminates
[120]. Yarlagadda et al. [104] developed a unified
model to determine the dominating heat generation
mechanisms regardless of the composite system being
welded (i.e. to take into account for different fabric,
resin and laminate configurations). The results of this
simulation showed that junction heating dominates
carbon fibre composite systems however the fibre
architecture (i.e. fabric vs. unidirectional material) has
a significant influence in determining the dominant
mechanism [104]. Gouin O’Shaughnessey et al. [121]
developed a three-dimensional (3D) finite element
(FE) model to predict the heating of two unidirectional
carbon fibre TPC adherends which included the
experimental setup, taking into consideration the elec-
trical conductivity and heat capacity of the material. In
this work, the authors compared induction with resist-
ance and ultrasonic welding, highlighting the different
heat patterns at the welding interface and concluding
that the mechanical performance was not affected.
With the increased use of continuous welding proc-
esses, numerical simulation has the potential to be
used for optimization of the welding processes.
Lionetto et al. [113] developed a two-dimensional
(2D) FE model which was able to predict the tempera-
ture distribution at the welding zone as a function of
the coil speed and current, the melting behaviour, and
the crystallinity which was developed at the interface
during continuous induction welding.

In terms of application, induction welding has
already been used to assemble TPC aerospace struc-
tures. These structures include the rudder from the
Gulfstream G650 and the elevator of the Dassault
Falcon 5X, both made out of carbon fibre fabric and
PPS, and the carbon fibre PEKK unidirectional tape
stringers to skin for the STELIA demonstration
fuselage [8, 122]. Recent research on repair has been
published with induction heating, where promising
results were obtained when evaluating the structural
integrity of the repairs [123, 124].

4.3.2. Resistance welding
In resistance welding, electric current is passed
through a resistive or heating element. Heat is gen-
erated as per the Joule effect, as shown in Equation

Figure 12. Schematic of induction welding setup with a lap
shear joint configuration.

Figure 13. Schematic of resistance welding setup.
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3, where R is the resistance of the heating element
and I is the applied current [28].

P ¼ RI2 (3)

This heat softens the matrix or melts the interface
in the case of amorphous or semi-crystalline materi-
als, respectively. The heating element can be a layer
of carbon fibre (which can be made out of carbon
fibre prepreg, fabric or unidirectional material) or
metallic such as stainless steel. Pressure is applied
until the polymer solidifies. Figure 13 shows a sche-
matic of a resistance welding setup.

Ageorges et al. [125] reported consolidation pres-
sures between 0.1 and 1.2MPa with carbon fibre
PEI laminates, where at 0.1MPa, a positive change
in thickness was observed at the interface region of
the welded substrates. This thickness change indi-
cated de-consolidation during the welding process.
Doubling the pressure reduced this phenomenon. In
the same work, consolidation pressures of
0.4–0.8MPa yielded optimum single lap shear values
above 24MPa with welding times of 90 s.
Establishing processing windows would allow to
potentially reopen a defective weld or joint to be
then reprocessed. Brassard et al. [126] explored
other avenues such as adding multi-walled carbon
nanotubes (MWCNT) in the heating element by
using amorphous PEI, which would allow to heat
the interface above the Tg of the material but well
below Tm of crystalline materials such as PEEK.

The advantages of this technique are that the
heat is generated only at the weld interface, the abil-
ity to weld thick laminates and the possibility to
adapt this technology to large and long welds
through a continuous resistance welding (CRW)
process to assemble or repair structures directly on
the aircraft [127, 128]. In addition, very little or no
surface treatment is required to conduct the weld
while attaining high bond strengths [71, 110, 129,
130]. Ageorges et al. [131] and Stavrov et al. [132]
highlighted a main advantage of carbon fibre ele-
ments which is the high compatibility with the
adherends, leading to high mechanical performance.
Yousefpour et al. [129] demonstrated that the stain-
less steel mesh produced higher single-lap shear
strengths when compared to carbon fibre elements,
with values of up to 50.1MPa using PEEK and PEI
adherends with both carbon fibre and fibre glass.
However, the main drawback of metal mesh is that
this dissimilar material remains at the interface, and
the added weight to the structure [17, 132].

On the other hand, one main challenge of resist-
ance welding is current leakage that can lead to long
welding times, non-uniform heating and inconsist-
ent welds. This issue has been resolved by using
glass fibre electrical insulation between the heating

element and the laminates [17, 19, 131] or coating
the heating element with TiO2 [133]. Another chal-
lenge in resistance welding is the need for a direct
electrical connection between the power supply and
the heating element. These connectors are typically
made out of copper which are pressed against the
heating element at a defined clamping pressure. If
the heating element is made out of carbon fibre, the
matrix needs to be burned away from the ends to
connect to the copper blocks, which may damage
the material. Clamping pressure also can affect the
resistance. Clamping pressures between 4 and
20MPa have been reported to achieve a repeatable
process [17, 95, 134]. Finally, the challenge of being
able to attain high enough pressures to ensure con-
solidation of the joint in a repair scenario remains.

In terms of simulation, numerical modelling for
resistance welding was first developed in the 1990s,
where the energy equation was applied to predict
the temperature distribution of the welded sub-
strates [95, 135–137]. Models for both autohesion
(i.e. diffusion of polymer chains across surfaces) and
intimate contact were incorporated using FE model-
ling. The effect of insulation and temperature pro-
files were simulated using ANSYS [95, 136]. Talbot
et al. [138] developed 2D and 3D models using FE
which were used to investigate the effects of clamp-
ing distance on local edge overheating and the influ-
ence of heat conduction along the laminates,
respectively. The clamping distance (i.e. the distance
between the edge of the weld and the copper elec-
trical connector) was found to have an influence on
overheating. In addition, the 3D model showed
large temperature gradients along the length of the
laminates (i.e. the z-direction) due to the thermal
conductivity along the length of the laminates.
These gradients resulted in degradation, and a com-
bination of weld and no weld zones at the interface.
Other researchers are now focusing on modelling of
the continuous thermoplastic resistance welding
process incorporating the heat transfer physics and
the electrostatic effects of the setup using COMSOL
MultiphysicsVR [128, 139, 140].

In terms of application, an Airbus A320 bulkhead
demonstrator which consists of eight press-formed
carbon fibre fabric layers with PPS segments was
assembled using resistance welding. The J-nose lead-
ing edge of the Airbus A340–500/600 and Airbus
A380 aircraft which are made out of glass fibre and
PPS were also assembled using this technique [134].

A practical demonstration of repair was per-
formed by the Northrop Corporation using resist-
ance heating with amorphous polymer bonding,
more specifically with the Thermabond

TM

process
[141]. This process consisted on co-consolidating an
amorphous resin layer of PEI onto a patch made
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out of APC-2 PEEK in an autoclave with 0.2MPa of
pressure at 385 �C for 30min. The surface of the
PEEK parent structure, however, needed to be
etched and primed as it was not possible to co-con-
solidate a layer of PEI onto it. The repair patch was
then joined to the structure at 150–165 �C for
60min (for moisture bake-out) and then between
285 and 330 �C for 30min. By using an amorphous
polymer layer, it was possible to perform the repair
above the glass Tg of PEI but below the melting
temperature Tm of the parent PEEK structure. The
repair was inspected using NDT and subjected to
115% of the design ultimate load where the repair
patch was not affected.

4.3.3. Ultrasonic welding
In ultrasonic welding, two substrates are kept in
contact under pressure which are then subjected to
a high-frequency vertical oscillation generated by a
piezoelectric converter, ranging from 20 to 40 kHz
[17, 28] at low amplitudes ranging from 10 to
250 mm [142]. Heat is then generated by a combin-
ation of viscoelastic heating and surface friction.
The viscoelastic heating rate, which is the predomin-
ant heating mechanism at temperatures higher than
the Tg of the material, can be defined as per
Equation 4 [143], where x is the frequency of the
vibration, E00 is the elastic modulus of the adherend,
and e is the cyclic strain imposed on the material
which is linked to the amplitude of the vibration.

_Qv ¼ x � E00 � e2
2

(4)

A schematic of an ultrasonic welding setup is
shown in Figure 14.

Heat is prone to concentrate around asperities as
these tend to dissipate heat. Asperities or energy
directors are resin-rich features used to concentrate
the generation of heat at the welding interface.
These asperities which are typically shaped as tri-
angular protrusions can be designed and pre-
moulded onto the part to target heat at the joint
interface [144–146]. It is also possible to use flat
neat polymer films at the interface instead of energy
directors [145–148]. As the melting temperature is

reached, the energy directors begin to flow under
the application of pressure allowing the diffusion of
the polymer chains across the interface.

The most important process parameters are the
welding force, the vibration amplitude and the time.
The welding force and the vibration amplitude
determine the heating rate which is generated dur-
ing the process while the vibration time determines
the amount of energy used during the process to
create a welded joint, which is ultimately related to
bond quality. Viscoelastic heating is defined by
Equation 4, whereas surface friction is defined as
per Equation 5 [142]. This equation relates the
stresses normal to the welding interface, N (which is
composed of a static and dynamic component, Ns,
and Nd) to the static welding force, Fw, the area to
be welded, Sw, and the dynamic normal stress gen-
erated by the vibration, rn:

N ¼ Ns þ Nd ¼ Fw
Sw

þ rn (5)

Semi-crystalline TPC’s such as PEEK, PEKK, and
PPS are more challenging to weld ultrasonically
than amorphous materials as these tend to absorb
energy. More heat is required to melt the crystalline
phase, leading to higher frictional amplitudes [149].
Ultrasonic welding has been investigated by varying
the distance from the horn to the joint in the near
field (i.e. less than 6mm), and far field (i.e. more
than 6mm). Benatar et al. [150, 151] showed that it
was possible to weld both amorphous and semi-
crystalline thermoplastic polymers in the near field.
However, the semi-crystalline materials yielded poor
welding performance in the far field. In terms of
consolidation pressures, Villegas et al. [110]
reported up to 3MPa required for this process.

One of the main advantages of this method is its
speed when compared to other fusion bonding tech-
niques as it takes just few seconds to complete the
process. With the energy directors, there is no need
to add any heating elements or susceptors as it is
the case with resistance and in some cases, with
induction welding, respectively. Welding without
any energy directors is also possible, however, con-
trolling the location of the interface and the risk of
overheating becomes a challenge. Li et al. [152]
demonstrated a solution to this challenge by design-
ing the ratio between the contact surfaces of the
anvil and the adherend, and the sonotrode and the
adherend, respectively. Tutunjian et al. [153], used a
hollow clamp around the sonotrode, overcoming the
overheating issue. Another significant advantage of
this welding process is non-invasive in-situ process
monitoring. Benatar et al. [143] first established the
relationship between the quality of the welded joint
and the welding process parameters such as the
impedance of the interface, the dissipated power

Figure 14. Schematic of an ultrasonic welding setup.
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and the acceleration of the fixture. These parameters
were measured by using a wattmeter and by mount-
ing an accelerometer to the fixture, leading the path
to in-situ monitoring of the process. Villegas et al.
[154, 155] used a welder controlled with a micro-
processor where the dissipated power and the dis-
placement of the sonotrode were recorded. A
relationship between these two parameters provided
an indication of the quality of the welded joint.
Furthermore, no additional surface preparation is
required. One of the main drawbacks of this tech-
nology is the limitation of the vibration to penetrate
thicker parts, especially in semi-crystalline materials
due to the absorption of these high frequency vibra-
tions. In addition, due to the transmission of mech-
anical vibration required to heat the interface, there
may be excessive noise generation and the welded
substrates may be more susceptible to fatigue [156].

In terms of simulation, in the late 80 s, Benatar
et al. [150, 151] developed a simplified model on
high frequency ultrasonic wave propagation and
attenuation in viscoelastic materials. Moduli values
were used in a lumped parameter model, predicting
the heating rates and energy dissipation. In this
work, the relationship between impedance of the
interface, dissipated power and acceleration was
established. Suresh et al. [157] developed a model to
evaluate temperature distribution for different joint
designs using ANSYS and to understand the distri-
bution of the heat affected zone (HAZ) in the weld.
Viscoelastic heating was found to depend on the fre-
quency, square of amplitude and loss modulus.
Using COMSOL MultiphysicsVR , Levy et al. [145]
found that interfacial friction is the predominant
heating mechanism in ultrasonic welding while
viscoelastic dissipation was predominant only at
higher temperatures. Palardy et al. [158] modelled
the periodic loss of contact between the sonotrode
and the adherends (i.e. hammering effect), showing
that this effect decreases as the weld temperature
increases. In 2020, an article on continuous ultra-
sonic welding was published by Jongbloed et al.
[159], however there were no numerical simula-
tions performed.

In terms of application, ultrasonic welding was
used in the Clean Sky EcoDesign demonstrator to
assemble carbon fibre PEEK hinges and carbon fibre
PEKK clips to carbon fibre PEEK C-frames.
Frederick et al. [160] studied the potential of using
ultrasonic welding along with resistance heating and
MWCNT’s to reopen a weld for repair. The HAZ
travelled to the adherends in the through-thickness
direction, concluding that the use of these particles
in combination with ultrasonic welding was not apt
for repair. Villegas [142] stated that this technology
is still not considered to be mature enough, which

hinders its application for welding of long parts.
Ultrasonic welding has been considered to be a
promising technique for repair [34, 161]. However,
more research is needed on the subject to fully
expand the application of this method.

4.4. Fusion bonding of dissimilar materials

In general, to bond or join metal and thermoset
polymer matrix composites, the surface of the
adherends needs to be prepared. However, joining
TPC’s with thermoset matrix adhesives is challeng-
ing due to the low surface free energy of the
thermoplastic resins and due to its chemical incom-
patibilities [81–83, 91], making fusion bonding an
alternative to adhesive bonding for these materials.
Thermoplastic composite materials do not need the
extensive surface preparation as in metals and
thermoset polymer matrix composites.

Fusion bonding can be used to join metals,
thermoset and thermoplastic polymer matrix com-
posites by using either a thermoplastic hybrid inter-
layer or by co-curing a thermoplastic film to the
adherend. Don et al. [162] and Jacaruso et al. [163]
proposed a thermoplastic polymer layer which was
processed with a woven roving fibre cloth during a
prepregging operation. One side of the cloth was
kept dry. The hybrid layer was then incorporated
during wet lay-up of a thermoset matrix laminate.
This method did not require the polymers to be
compatible. McIntire et al. [164] used a similar
hybrid thermoplastic and fibre cloth layer to join a
metal fitting to a thermoset polymer matrix com-
posite shaft using resistance heating while Ageorges
et al. [165] used this method to join carbon fibre
substrates with an epoxy matrix and PEI. In the
second method (i.e. co-curing a thermoplastic film
to the adherend), a chemically compatible thermo-
plastic layer is co-cured with a thermoset polymer
matrix composite [162]. The strength of the bond is
dependent upon the inter-diffusion of the polymeric
chains of both materials. To perform the joining
operation, a third polymer is used which is compat-
ible with both the thermoset and thermoplastic
matrices, creating an interpenetrating network (IPN)
with the thermoset adherends [166–169]. Only a
limited number of thermoplastics are compatible
with thermoset polymer matrix polymers such as
amorphous PEI, polysulfone (PSU) and polyether-
sulfone (PES). These materials tend to be miscible
with the uncured thermoset resins and interact with
the epoxy matrices providing strong interfacial
bonding. Semi-crystalline polyamide (PA) is
reported to be a thermoplastic candidate to be used
as an intermediate layer between the substrates if
they can form an IPN with the epoxy [170, 171].
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Overall, the main challenge with this technique is
the thermal degradation of the thermoset polymer
due to the high processing temperatures of the
thermoplastic material.

Fusion bonding combined with hot melt thermo-
plastic adhesives or an amorphous layer such as PEI
can be used to join amorphous and semi-crystalline
thermoplastic materials. The advantages of this
method include the infinite shelf life of TPC’s, it is
a rapid bonding process, and it is a technique that
could be used for repair. In addition, the materials
can be prepared well in advance and stored for long
periods of time prior to the bonding operations
[172]. The disadvantages are the required long proc-
essing times to allow for the polymer chains to dif-
fuse at the interface, high temperature cures and the
high pressure requirements [27].

4.5. Evolution of thermoplastic composite repair

To understand the current state-of-the art within
the context of this paper, an extensive review was
conducted. Over 200 documents, including a com-
bination of journal articles, conference papers, tech-
nical reports and thesis were reviewed. These
documents included keywords such as thermoplas-
tics, repair, the different fusion bonding techniques
(i.e. induction, resistance, ultrasonic) and how these
are used in the aerospace industry. From this search,
only 36 articles were found to be relevant to con-
struct a timeline of the evolution of thermoplastic
repair along with its current state of the art.

Jaquish et al. [173] mentioned for the first time
the need to repair TPC’s in 1980. In this work, the
suitability of using thermoplastic resins as adhesives
with resistance heating and glue guns was investi-
gated. Adherends joined with thermoplastic adhe-
sives attained strengths of 6.8MPa while those
bonded with a glue gun were unsuccessful as the
resin was not fully melted. Shortly after in 1981,
Wool et al. [92, 93] published a theory on the
mechanisms of crack healing of a thermoplastic-
thermoplastic interface. In this theory, temperature
and pressure are identified as the mechanisms which
govern bond formation and intimate contact.
Relationships for strength, elongation to break,

impact energy and fracture parameters were sup-
ported with the experimental data for single crack
healing. Follow up work was reported by Unger
et al. [174], who first studied healing of impact or
fatigue damaged carbon fibre PEEK substrates.
These carbon fibre PEEK substrates were repaired
using a localized melt zone following rapid cool-
down under pressure. Preliminary results showed
95% recovery in buckling load up to 1.6 kN, and a
five-fold increase in fatigue life of the specimens,
surpassing 106 cycles. These results supported the
hypothesis that reinforced thermoplastics could be
healed by using local heat and pressure. Figure 15
shows a schematic of a healed substrate after heat
and pressure have been applied to flatten the dam-
aged area, bringing broken fibre ends together
to repair.

Davies et al. [175] used carbon fibre PEEK to
assess healing after damage by evaluating the recov-
ered delamination resistance in Mode I. Double can-
tilever beam, 24-ply unidirectional laminates were
partially opened, obtaining a baseline value of 2110
Jm�2. The specimens were healed at 1.4MPa at
325 �C for 45min, and at 345, 360, 370, and 380 �C
for 5min, and retested. The fracture surfaces at the
highest temperatures (i.e. 370 and 380 �C) were
similar to those of the baseline specimens. In a
second article, Davies [86] compared adhesive bond-
ing, fusion bonding techniques (induction, resist-
ance, and ultrasonic welding), compression
moulding and amorphous bonding, and evaluated
them for repair. Carbon fibre PEEK was repaired
via adhesive bonding, using induction, resistance,
and ultrasonic welding. The specimens were drilled
with a hole at the centre to simulate perforation
damage, as shown in Figure 16a). The damaged
panels were then repaired by applying a patch, as
shown in Figure 16b). The repairs conducted with
adhesive bonding were performed with and without
a 30 s chromic acid etch while the repairs with
fusion bonding utilized additional PEI and PEEK
resin films without any surface preparation. Both
patched and unpatched specimens were tested in
tension and compared to undamaged specimens.
The specimens repaired using compression mould-
ing with PEI and adhesive bonding with an acid
etch recovered most of the undamaged strength of
745MPa. The compression moulded specimens,
however, displayed smaller standard deviations of
25MPa. The specimens repaired using resistance
welding attained values of almost 650MPa using a
PEI film.

Several more articles related to repair were pub-
lished from the mid-80s up to 1996. Stein et al.
[87] and Clark et al. [88] were the first authors to
outline the challenges of aircraft field repair,

Figure 15. Healing of a damaged substrate by using heat
and pressure, with a close-up of the repaired area (adapted
from [174]).
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summarized in Table 4. Rapid adhesive bonding
was explored by Stein et al. [87] to address these
challenges using induction heating with both
thermoset and thermoplastic as the adherends. Sivy
[176] applied fast-curing patches to metals and
thermoplastic structures, demonstrating that this
technique tackled most of the challenges of field
repair. The patch was able to sustain 70% of the
design load of 28MPa, even in hot and humid
environments (40 �C and 100%RH). Westerman
et al. [169] presented a prototype of a mechanical
scarfing apparatus to improve the preparation of
damaged areas for repair and to reduce the vari-
ability of the manual-scarfing process on graphite/
PEEK structural panels. The prototype reduced the
scarfing time from 16 h down to four for carbon
fibre PEEK specimens.

In 1989, Silverman et al. [26] presented six differ-
ent joining techniques including fusion bonding
methods for assembly of TPC’s, which have been
identified as methods with the potential for repair.
The samples joined using FM300 attained the high-
est lap shear strength of 41.6MPa, followed by the
substrates joined with an amorphous layer of Ultem
PEI as the adhesive, attaining single lap shear values

of 35.6MPa. At the same time, other researchers
worked on joining and repair of TPC’s using dual
polymer bonding (i.e. bonding with an amorphous
layer) [89, 141, 177, 178]. Smiley et al. [177] and
Cogswell et al. [89] presented it as the
Thermabond

TM

technique with the PEI polymer
interlayer fused to the surface of each of the sub-
strates. Single lap shear strengths of 41.3MPa were
obtained without any surface preparation (speci-
mens were only cleaned with isopropanol alcohol).
While this process has clear advantages from a
repair point of view, the main disadvantage is the
poor chemical performance of PEI. To address this
challenge, Meakin et al. [178] proposed
Thermabond

TM

II, which used a semi-crystalline
layer of aromatic polyetherketone (PK99) as the
interlayer instead of amorphous PEI. Tensile
strengths of 25MPa and 30MPa were obtained
when bonding at 290 �C and 310 �C, which corre-
sponded to the temperatures below and above the
crystalline melting point of the material, respect-
ively. Simultaneously, Niu et al. [179] mentioned the
importance of developing repair methods for
thermoplastic materials and the possibility of using
induction or resistance heating with the dual

Table 4. Challenges of aircraft field repair [87, 88].
No. Challenges

1 Storage of the materials for over one year at room temperature
2 Process which results in repeatable results
3 Process which is not susceptible to surface contamination
4 Materials which can cure at temperatures below 100 �C
5 High temperature performance and susceptibility to surface contaminants
6 Lack of controlled environments and lack of specialized tools
7 Repairs must be conducted fast to reduce aircraft downtime

Figure 17. Schematic of the tool being used for field repair on a curved panel (adapted from [179]).

Figure 16. Configuration of tested specimens a) with a hole to simulate damage and b) repaired specimen configuration for
tensile test (adapted from [86]).
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polymer bonding process. In this work, a mechan-
ical tool (shown in Figure 17) was presented where
heat and pressure were applied locally for different
patch designs.

A few years later in 1994, Heimerdinger et al.
[141] from the Northrop Grumman Corporation
demonstrated the Thermabond

TM

process for a
repair of an aircraft structure. At first, a preliminary
screening study was performed evaluating induction,
resistance and ultrasonic welding to generate heat at
the bondline of welded single-lap shear specimens
with a 25.4 by 25.4mm overlap using PEEK resin
film at the interface. The PEEK substrates joined
with induction and ultrasonic welding showed single
lap shear tensile strengths and high standard devia-
tions of 29.9 ± 5.4 and 19.4 ± 5.8MPa, respectively.
On the other hand, specimens joined with resistance
welding displayed the highest apparent single lap
shear strength of 31.5MPa with the lowest standard
deviations of 3.3MPa. These results are shown in
Figure 18.

Thus, resistance welding was selected as the
method for the repair using a carbon fibre heating
element. Performing the repair on large components
at temperatures above 385 �C resulted in delamina-
tions whereas temperatures below 385 �C were con-
sidered inadequate for repair. Thus, a layer of PEI
resin film (instead of the PEEK resin film layer) was
used to conduct the repair at temperatures below
Tm of the carbon fibre PEEK structure. This has
been thus far the only demonstration reported to
date of a thermoplastic repair onto an aircraft struc-
ture using resistance welding. This process was long
and the preparation of the patch had multiple steps
which were cumbersome (i.e. the need to generate
multiple tools). Figure 19 illustrates the three main
elements of the Thermabond

TM

which include the
patch, the heater ply (i.e. carbon fibre layer as the
heating element, surrounded by PEI resin film), and
the bagging assembly used to conduct the repair.
Research on repair of thermoplastics continued to
focus on fusion bonding techniques such as induc-
tion heating in combination of vacuum pressure
[85, 106, 115], and thermoforming [18, 180] for
repair of PEEK components.

In 1994, Xiao et al. [33] published the first review
on thermoplastic composite repair where a classifi-
cation of damage modes (i.e. matrix and fibre dam-
age) and their corresponding repair methods were
provided. This classification is represented graphic-
ally in Figure 20.

Fusion bonding techniques were deemed to be
the preferred method for repair due to the min-
imum surface preparation required and the speed at
which a joint is bonded together. A second compre-
hensive review on thermoplastics for airframe appli-
cations along with their repair methods was
published shortly after by Vodicka [34]. Induction
and resistance heating with an amorphous thermo-
plastic film, and the Thermabond

TM

process were

Figure 18. Apparent single lap shear test results comparing
fusion bonding techniques with PEEK substrates. The error
bars represent the standard deviation (data taken from [141]).

Figure 19. Patch, heater ply and bagging assembly used in the ThermabondTM process.
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deemed to be the most promising methods for field
composite repair. The challenge remained, however,
in finding a film that is able to withstand a wide
range of solvents and environmental degradation.
After this review was published, the amount of
research on the subject was significantly reduced for
a decade. This gap coincided with the development
of toughened epoxies and their use in aircraft struc-
tures [181].

In the mid-2000s, TPC’s and fusion bonding
started to gain momentum again. In 2006, Lawrence
et al. [182] used a high power diode laser to melt a
thermoplastic adhesive placed between the surface
of a patch made out of APC-2 to be bonded to an
Alclad substrate. The bond strength with the laser
radiation method was 47.8MPa, compared to 34.4
and 41.7MPa for induction and resistance welded
samples, respectively. In the 2010s, Kaden et al.
[183, 184] implemented a laser support to prepare
the stepped-lap repair joints on PEEK substrates.
Two mechanisms of heat generation at the interface
were also explored: resistance heating using a stain-
less steel mesh with a pressure application tool, and
induction heating using heated metallic sheets under
vacuum pressure. The authors concluded that des-
pite the challenges of induction welding, the tech-
nique was suitable for patch repair without the need
to add a mesh at the interface. Sunar et al. [185] fol-
lowed up this research by performing an economic
comparison between thermoset and TPC repair
using the methods established by Kaden [183, 184],
finding that a third of the time can be saved (from
17 h to only six hours to conduct a repair) and 64%
of the labour cost (from $2660 USD down to
approximately $900 USD) by using induction and
resistance heating. Nijhuis et al. [186] in collabor-
ation with Fokker aerospace explored methods to
repair thin walled structures (i.e. 2mm thick) made
out of carbon fibre PEKK using standard tools such
as a heating blanket, infrared heater and a heating
gun. The author stated that a delamination can be
repaired by melting the material and by adding a
patch over the damaged area. A schematic of their
setup is shown in Figure 21. The challenges of using
a heating blanket was the thermal expansion of the
caul plate and the material, causing the repair patch

to be curved. The repairs conducted using the infra-
red heater also resulted in curved patches with wrin-
kling of the bottom surface. Finally, repairs
conducted using a heat gun needed a metal disk
and dead weight to apply 0.5MPa of pressure,
which would represent a challenge when repairing
curved structures as an exact metal disk replicating
the shape of the parent structure would be needed.

Vaur [123] investigated the use of induction
welding to perform a patch repair with carbon
fibre PPS, as shown in Figure 22. In this work,
93% of the original tensile strength of 608MPa
was recovered by applying a lap joint on the dam-
aged area.

Follow up work was conducted by Côt�e [124, 187]
using continuous induction welding to repair
impacted carbon fibre PEEK substrates. The undam-
aged, damaged, and repaired substrates were tested in
three-point bending where the repaired specimens
attained 138% of the original strength. Miyake et al.
[188] used induction heating to increase the tempera-
ture of carbon fibre specimens, observing a flexural
modulus increase of up to approximately 6.5GPa due
to interfacial re-consolidation. Toyoda et al. [189]
explored the possibility of using ultrasonic welding to
repair notched specimens from one side only using
multiple patches with a thermoplastic layer. The flex-
ural properties of the specimens were recovered on
ultra-thin carbon fibre tape thermoplastics to the
undamaged values of up to 800N when using four
patches or more on the damaged area.

Another challenge for repair is attaining the high
consolidation pressures needed in fusion bonding.
Schwanemann et al. [190] proposed a thermoplastic
patch placement (TPP) process using pre-consoli-
dated thermoplastic sheets with generative

Figure 20. Damage modes and their classification (adapted from [33]).

Figure 21. Setup of the repair with a heat blanket (diagram
adapted from [186]).
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manufacturing. The authors demonstrated that the
TPP process has the potential for repairing thermo-
plastic structures with curved surfaces, with changes
in thickness and varying fibre orientations. Gallo
et al. [191] recently obtained a patent for an innova-
tive technique called the high pressure repair dome
(HPRD) to bond or co-cure a composite prepreg
patch under a pressurized dome which can be used
on curved surfaces. The setup, shown in Figure 23,
allowed the use of a heating blanket to conduct the

repair. This configuration has not yet been explored
with TPC’s.

Lastly, at the end of 2020, Reis et al. [32] pub-
lished a review on the three most promising fusion
bonding techniques for repair (i.e. induction, resist-
ance, and ultrasonic welding). In this review, the
TPC materials used with each of these techniques
and adhesive bonding were identified. Other aspects
such as strength testing, NDI, and numerical model-
ling were also presented.

Figure 24 shows a graphical summary of the
articles published on repair of TPC’s in chrono-
logical order. The details of each article include
select highlights which are provided in Table 5.

5. Summary and present challenges

An extensive literature review was conducted find-
ing that the field of repair of TPC’s started in 1980.
A first wave of published research on the subject
was observed up to the mid-90s. During this time,
the theory of crack healing was developed. The util-
ization of fusion bonding techniques, mainly

Figure 22. Patch repair using CF/PPS and induction welding
(adapted from [123]).

Figure 23. Setup of the high pressure repair dome used to co-cure a composite prepreg patch on a curved surface (adapted
from [191]).

Figure 24. Timeline of thermoplastic composite repair. The blue envelope represents the density of work conducted on the
subject over time.
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Table 5. Detailed summary of the articles presented in Figure 15 on repair of TPC’s.
Author Year Title Comments

J. Jaquish, C. H. Sheppard,
et al. [173]

1980 Graphite reinforced
thermoplastic composites

First citation of thermoset/
thermoplastic repair via
resistive heating for one hour
and using glue guns

R. P. Wool, K. M. O’Connor [93] 1981 A theory of crack healing
in polymers

Five stages of crack healing

Y. H. Kim, R. P. Wool [92] 1982 A theory of healing at a polymer-
polymer Interface

Crack healing in
polymeric materials

B. A. Stein [87] 1986 Rapid adhesive bonding and field
repair of aerospace materials

Use of thermoplastic adhesives.
Identified the main challenges
of field repair

E. C. Clark, K. D. Cressy [88] 1987 Field repair compounds for
thermoset and thermoplastic

Need of repair of thermoplastics.
Use of hot air, IR lamps or heat
blankets with vacuum to
generate heat and pressure

W. Unger, H. Ko, et al. [174] 1988 Healing of fibre-reinforced
thermoplastic structures

Healing of impact or fatigue
damaged carbon fibre PEEK
substrates using local heat
and pressure

F. N. Cogswell, P. J. Meakin,
et al. [89]

1989 Thermoplastic interlayer bonding
for aromatic
polymer composites

Thermabond
TM

process using an
amorphous layer with PEEK
substrates. Two mechanisms
were identified: the miscibility
of the matrix and the interlayer
resin, and the migration of the
surface layer migration into the
interlayer region. Parts were
bonded using autoclave and
compression moulding
processes. Use of Thermabond

TM

technique was also explored
with sandwich structures

G. T. Sivy [176] 1989 Rapid low-temperature cure
patching system for field repair

Flexible patch system for field
repair at room temperature

E. A. Westerman, P. E. Roll [169] 1989 Apparatus to prepare composites
for repair

Scarfing tool to reduce overall
repair time tested on PEEK.
Used a repair patch
impregnated with
acrylic adhesive

E. M. Silverman R. A. Griese [26] 1989 Joining methods for graphite/peek
thermoplastic composites

The amorphous bonding
technique was evaluated using
PEI AS-4/PEEK. Strengths of
35.6 MPa were obtained

P. Davies, W. Cantwell, et al. [175] 1989 Healing of cracks in carbon fibre-
PEEK composites

Mentioned possibility of repairing
damage using heat
and pressure

C.-L. Ong, M.-F. Sheu, et al. [192] 1989 The repair of thermoplastic
composite after impact

Impacted PEEK and PSS substrates
which were repaired with
thermo-reforming and by
thermo-reforming a 4-layer UD
PEEK patch. Compression
strength recovery of 83.5% and
88.5% respectively

M. C. Y. Niu [179] 1990 Innovative design concepts for
thermoplastic
composite materials

Innovative concepts for assembly
of thermoplastics and curved
patches on structures

P. J. Meakin, F.N. Cogswell,
et al. [178]

1991 Thermoplastic interlayer bonding
of aromatic polymer
composites- methods for using
semi-crystallized polymers

Thermabond
TM

II process using a
semi-crystalline PK99 layer to
bond PEEK substrates

P. Davies, W. J. Cantwell et al. [86] 1991 Joining and repair of a carbon
fibre reinforced thermoplastic

Comparison between adhesive
bonding and fusion bonding
for repair. Concluded carbon
fibre PEEK can be repaired with
both techniques, particularly
induction, resistance
and ultrasonic

T.A Wilson, and M. J. Graves [180] 1991 Repair of graphite/PEEK APC-
using thermoforming

Repair of PEEK using
thermoforming

A. J. Smiley, A. Halbritter,
et al. [177]

1991 Dual bonding of thermoplastic
composite structures

Thermabond
TM

process with PEI,
SLS of 41.3MPa with only
alcohol wipe. Concerns with
chemical attack of
amorphous polymer

B. Rodgers [85] 1992 Part II: Repair of thermoplastic
composites using
induction heating

Advantages of induction heating
for repair. Prediction and

(continued)

ADVANCED MANUFACTURING: POLYMER & COMPOSITES SCIENCE 87



Table 5. Continued.
Author Year Title Comments

control of heating rate
not understood

B. K. Fink, R. L. McCullough,
et al. [115]

1992 A local theory of heating in cross-
ply carbon fiber thermoplastic
composites by
magnetic induction

Induction heating for repair;
heating patterns were studied

G. W. Lawless, T. Reinhart [106] 1993 A study of the induction heating
of organic composes

Induction heating of IM6 PEEK at
low and high frequency with
vacuum bag for field repair.
Potential for portability and
controlled temperatures were
considered possible

Xiao et al. [33] 1994 Repair of thermoplastic resin
composite by fusion bonding

Article classifying types of damage
(i.e. resin and fibre damage)
and suggests methods on how
to repair them

M. W. Heimerdinger, et al. [141] 1994 Repair technology for
thermoplastic aircraft structures

Repair using resistance welding
and scarfed type repair using
Thermabond

TM

R. Cochran, G. Gunther [90] 1995 Recorder’s report Procedures for repair in
thermoplastics similar to
thermosets. External and scarf
patches shaped to the structure
and bond using adhesives

R. Vodicka [34] 1996 Thermoplastics for airframe
applications: A review of the
properties and repair methods
for thermoplastic composites

Review article, concluding
induction and resistance
heating to be the methods
for repair

J. Lawrence [182] 2006 A high power diode laser-based
technique for the bonding of
composite patches to
aluminum alloys on various
military aircraft

Military, fast process for repair
with 15min dwell with APC-2
patch and thermoplastic
adhesive. SLS of 47.9MPa vs.
32.4 MPa and 41.7MPa for
induction and resistance,
respectively

M. Kaden M., R. Keck, et al. [183] 2011 Developing a repair concept,
using the advantages of carbon
fibre reinforced thermoplastic

Laser removal to prepare scarf.
Concept of repair with resistance
welding with steel mesh with
pressure plate and with induction
welding using an inductive heated
metallic sheet with vacuum
pressure
Same as article above

M. Kaden, R. Keck [184] 2012 Repair concept supported by laser
removal and inductive heating

C. Sunar, M. Kaden [185] 2012 Economical validation of a new
repair concept for carbon fibre
thermoplastics by its
comparison with an ongoing
repair process

Economical comparison of
thermoset and thermoplastic
repair using laser removal. Up
to 64% of labour cost can be
reduced using the methods
proposed by M. Kaden et al.

P. Nijhuis [186] 2013 Repair of thin walled
thermoplastic structures by
melting, an
experimental research

Repair of thin-walled structures
made out of carbon fibre PEKK
using a heating blanket,
infrared heated and
heating gun

T. Miyake, K. Takenaka [188] 2015 Monitoring and repair technique
for interfacial disbonding in
carbon fiber reinforced
thermoplastics by means of
induction heating

Repair via induction heating
(directly heating the material).
Modulus increased after re-
consolidating the interface

R. Vaur [123] 2015 D�eveloppement de m�ethodes de
r�eparation des composites �a
matrice thermoplastique
utilisant le soudage
par induction

Repair of PPS laminates with a
6mm hole. Stainless steel mesh
used with induction heating
and vacuum pressure to
conduct repair. Different patch
thicknesses were explored on
both single and double sided
lap joints

P. Schwanemann, N. Modler,
et al. [190]

2016 Process development for
generative manufacturing of
fiber thermoplastic composites
structures - Thermoplastic
Patch Placement (TPP)

Automated process to cut, handle
and place patches on a tool.
Consolidation through a
prototypic automated quick
stroke. Potential for repair of
complex shapes

N. Côt�e [124] 2018 R�eparation de composites �a
matrice thermoplastique en
utilisant la soudure
par induction

Repair method for hypervelocity
impact damage on Canadarm 2
with induction welding

(continued)
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induction, resistance and ultrasonic welding along
with bonding using an amorphous layer on PEEK
substrates was explored [26, 32–34, 86]. The
Thermabond

TM

process was developed and applied
to conduct a demonstration of a patch repair using
resistance welding on an aircraft structure in 1994,
marking the apex of this first repair era. As these
materials are being adopted for the aircraft of the
next generation, a second wave of research has been
observed in the last decade, focusing again on fusion
bonding and repair of TPC’s. By exploring a wide
range of techniques, it would be possible to develop
a versatile, and adaptable repair methodology.

In terms of other innovative solutions, additive
manufacturing (AM) has been recently explored in
the context of repair [193]. Carbon fibre and fibre
glass patches were manufactured and bonded using
a thermoset film and paste adhesive. This approach
has not been yet explored in TPC’s and the technol-
ogy is not considered to be mature for repair.
However, the aerospace industry is increasingly
using AM [194] and certification organizations such
as FAA and EASA have been working on moving
away from a prescriptive to a performance-based
certification approach [195]. This change would
allow to certify structures which demonstrate they
underwent a robust manufacturing process and are
able to withstand ultimate load. The application of
new technologies would be done on a case-by-case
basis with close guidance from the certification
authorities.

It is evident that challenges and gaps on the subject
still remain. The challenges are summarized below:

� In terms of certification, fusion bonding is not
considered to be a technology mature enough to
be used for repair at the present time

� Lack of robust processes to produce consistent
and repeatable results when using fusion bonding

� High consolidation pressures needed in the
fusion bonding process, and eventually in repair
of TPC’s

� Inability to accurately monitor and control the
temperature at the interface for the most promis-
ing fusion bonding techniques

� Lack of suitable simulation tools for TPC repair

The summary of the gaps that were identified in
the literature is as follows:

� Lack of data on TPC materials other than PEEK
(techniques developed in the 90s have not been
explored with other semi-crystalline materials,
including newer material systems)

� An understanding of the predominant mecha-
nisms in the dual polymer bonding process using
an amorphous and semi-crystalline layer which
can lead to a robust repair methodology

� Use of existing technologies such as AM for
repair of TPC’s has not been reported

� Data is missing on susceptibility to surface con-
tamination with multiple material systems

� Earlier research has focused on exploring one
fusion bonding technique at a time for repair.
However a combination of these methods has
not yet been explored

� Solutions to attain high pressures such as the
HPRD been shown with thermoset polymer
matrix composites, however, such setups have
not been developed to be used with TPC’s

� Lack of simulation tools which can be used to
develop processes and a robust methodology for
repair of TPC’s

6. Conclusions

TPC’s are increasingly being used in aerospace
structures for both load and non-load bearing appli-
cations. TPC materials have remarkable properties
allowing to further reduce the number of plies in
structures when compared to thermoset polymer
matrix composites while showing high impact,
fatigue and solvent resistance performance. To fully
take advantage of these materials, robust repair

Table 5. Continued.
Author Year Title Comments

N. Gallo, S. Pappad�a [191] 2018 Development of the "High
Pressure Repair Dome" system
for in-situ high performance
repair of aeronautic structures

Able to bond or co-cure a
composite prepreg patch under
a pressurized dome which can
be used on curved surfaces.
Attained up to 4 bars of
pressure. The setup allows the
use of a heating blanket

H. Toyoda, W. Sato et al. [189] 2018 Effect of thermal welding repair
for damaged ultra-thin
chopped carbon fiber tape
reinforced thermoplastics

Patch with compression moulded
thermoplastic layer to be then
welded using ultrasonic.
Limitations for large patches

J.P. Reis, M. de Moura, S.
Samborski [32]

2020 Thermoplastic composites and
their promising applications in
joining and repair composites
structures: A review

Recent review summarizing
thermoplastic fusion bonding.
Most promising for repair are
induction, resistance
and ultrasonic
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methodologies need to be developed which can be
accepted by the certification authorities.

Fusion bonding has been presented as a solution
to join and repair TPC’s, which does not require
any surface preparation. The three most promising
techniques which have been identified are induction,
resistance, and ultrasonic welding along with the use
of an amorphous layer as an adhesive. AM could
have the potential to create patches which conform
better to the parent structure minimizing the need
of additional tooling.

Challenges still remain before a methodology is
developed, including an accurate control of the tem-
perature at the interface and attaining the high con-
solidation pressures needed to create intimate contact
between the adherends. A robust and systematic
methodology along with consistency in the mechan-
ical performance of the welded joints are needed in
order for a repair technology to be certified. These
challenges must be addressed before TPC’s materials
can be fully implemented on aircraft structures.
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