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In light of growing demands for resource efficiency and sustainability in vehicle engineering, the environmen-
tally compatible separation of structural adhesive joints is gaining increasing relevance. This study presents a
comparative analysis of two physically based debonding methods: the established hot-air process and a cryogenic
cold process based on liquid nitrogen (LN3). The primary objective is to assess the ecological impact and process-
related sustainability of both approaches.

Experimental investigations were conducted on a component-representative triple-sheet structure that simu-
lates common automotive flange joints. Thermal input was applied either by convective heating using a hot air
gun or by direct cooling through a contact-based LN, tool. The resulting temperature profiles were recorded
using spatially distributed thermocouples. Subsequently, the outer panel was selectively debonded to replicate a
repair scenario, and the mechanical integrity of the remaining adhesive joint was evaluated through Mode I
testing of I-shaped specimens. Process data served as input for an Life Cycle Assessment (LCA) according to DIN
EN ISO 14,040.

The cryogenic method achieved a 40 % reduction in carbon footprint compared to the hot-air process (0.337
kg vs. 0.559 kg CO-equivalents), primarily due to its shorter process time and more efficient heat transfer. While
the hot-air method’s impact is mainly driven by electrical energy use, that of the cold method stems from
cryogenic media consumption. Notwithstanding certain disadvantages in specific impact categories, the LNo-
based process exhibits a superior overall ecological performance and signifies a promising solution for repair-
and recycling-oriented adhesive separation in structural vehicle applications.

Introduction significance of reversible separability for repair and recycling also in-

creases (Statistisches Bundesamt 2018).

Adhesive systems enable efficient multi-material lightweight con-
struction in various applications, especially in automotive body-in-white
production, where the combination of high-strength steels, aluminium
alloys, and fibre-reinforced polymer composites is of increasing interest
(Bader et al. 2019). Compared to thermal and mechanical joining
methods, adhesive bonding provides several benefits, such as homoge-
neous load distribution, improved damping behaviour, and corrosion
resistance due to electrical insulation when bonding dissimilar materials
(Stauber 2007). Additionally, adhesive joints offer considerable design
flexibility, allowing for the integration of multifunctional components
and the optimisation of vehicle structures during the design process.
However, with the increasing prevalence of this joining technology, the
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As legal and industry regulations tighten, the demand for product
longevity, emphasising enhanced repairability and the reuse of mate-
rials and components at their end of life (EoL) has gained substantial
importance (European Commission 2000). This shift has made disas-
sembly a pivotal aspect of sustainable product development across the
automotive industry and beyond (Lu et al. 2014). Incorporating
reversible joining technologies during the design phase is crucial for the
economic and ecological feasibility of material recovery and reuse.
However, challenges arise when separating structural adhesive joints for
repair or recycling purposes. For instance, in car body repairs,
debonding must be performed carefully to prevent damage to adjacent
structures. In these situations, the re-bondability of the previously
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bonded surface is essential. In contrast, recycling processes prioritise
efficient disassembly and material separation over structural preserva-
tion. Therefore, identifying, sorting, and allocating separated materials
into suitable recycling streams becomes a major priority. Nevertheless,
structural adhesive bonds are often engineered for long-term durability
and significant mechanical strength, which can complicate the targeted
debonding necessary at the end of a product’s life cycle.

Historically, adhesive joints were repaired using mechanical
methods, such as cutting or peeling the adhesive layer, followed by the
mechanical removal of the adhesive residue, for example by grinding or
brushing, along with the application of repair adhesives (DVS 2012). In
light of today’s high-performance adhesives, however, alternative ap-
proaches are needed to weaken the adhesive layer prior to separation.
Various technological approaches for debonding structural adhesive
joints have been investigated. According to DIN/TS 54405 (DIN 2020),
these methods can be categorised into mechanical, physical, and
chemical processes, further differentiated by their respective mecha-
nisms of action.

Targeted weakening of structural adhesive bonds is most effectively
achieved through physical or chemical processes. Physical methods
involve the input of thermal or electrical energy (DIN 2020). Heating the
adhesive beyond its glass transition temperature causes temporary
softening and reduces adhesion strength (Lu et al. 2014), which may
lead to adhesive decomposition at higher temperatures (Banea 2019).
Once softened, the bond can be detached with a secondary mechanical
load. Traditional mechanical methods include cutting (Lu et al. 2014)
and wedge-driven peeling (Bartley et al. 2023). This combined
thermal-mechanical approach is currently employed in automotive
repair but faces growing limitations due to the complexity and
multi-material design of modern bonded joints. Additionally, control-
ling thermal input is challenging due to insufficient temperature moni-
toring capabilities within the bond line. Consequently, excessive heating
can damage surrounding structures and undermine the joint’s me-
chanical performance.

Cold debonding presents an alternative strategy by cooling the ad-
hesive layer beneath its glass transition temperature, as researched and
developed by Direr (2020) and Crupatia (2024). This leads to embrit-
tlement, reduces resistance to crack propagation, and restricts defor-
mation during later mechanical separation (Bartley et al. 2023).
Additionally, electrical techniques such as Joule heating (Leijonmarck
et al. 2012), if the adhesive has been electrochemically modified
(Leijonmarck et al. 2011), as well as impulse discharge methods that
produce rapid material gasification (Inutsuka et al. 2023) are currently
being explored.

Chemical approaches involve the integration of expandable agents
(Concord 2021) or thermally responsive particles within the adhesive
system (Borges et al. 2023), which induce volumetric expansion upon
activation and disrupt the adhesive interface (da Silva et al. 2025).
Additionally, the chemical structure of the adhesive can be modified
using reversible reaction mechanisms, such as the Diels-Alder reaction
(Sridhar et al. 2020), photochemical cleavage (Hohl et al. 2019), or
external triggers like temperature (Heinzmann et al. 2016) or magnetic
fields (Bandl et al. 2020). These adhesives are generally designed with
tailored chemical or physical debonding capabilities. However, due to
their low technology readiness level (TRL), chemical methods are
mainly applicable in new product designs and are not yet suitable for
widespread industrial use.

To date, the selection of debonding methods has been predominantly
influenced by economic and technical criteria, including investment and
operational costs, energy consumption, processing duration, and
compatibility with existing production systems. Nevertheless, in com-
plex supply chains, such as the automotive industry, suppliers are
increasingly required to report environmental indicators, such as
product-related CO; emissions, which have emerged as significant
decision-making criteria in both product development and process
selection.
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Life cycle assessment (LCA) provides a methodologically stand-
ardised approach for quantifying environmental impacts. Within clearly
defined system boundaries, relevant process data is systematically
collected (Tillman et al. 1994) and evaluated to ascertain the environ-
mental effects of materials, products, and production steps (Curran
2017). This enables a comprehensive analysis of environmental impli-
cations across the entire life cycle, encompassing both technological and
socio-economic dimensions. The methodological framework is stand-
ardised in DIN EN ISO 14040 (ISO 2021a) and DIN EN ISO 14044 (ISO
2021b).

A variety of production processes have undergone LCA evaluation.
GiaLos ET AL. (2018) analysed the impact of laser-welded components in
aircraft applications, Kuripko et aL. (2013) conducted a product carbon
footprint (as part of an LCA) for product products, and GAGLIARDI ET AL.
(2019) investigated joining processes in hybrid structures. Numerous
studies have been conducted on various forms of welding, including arc
welding (Sangwan et al. 2016), gas welding (Shrivastavaa et al. 2015),
laser welding (Yilbas et al. 2020), and friction stir welding (Bevilacqua
etal. 2017). In the field of adhesive bonding, Favi et aL. (2021) examined
several surface pretreatment methods, while MacieL er aL. (2017) per-
formed an LCA of solvent-, water-, and powder-based polyurethane
adhesives. Sato et aL. (2021) conducted a comparative analysis of the
ecological impact of adhesive bonding, with particular attention given
to the debonding methods as delineated by DIN/TS 54405. The envi-
ronmental impacts of adhesives are primarily attributed to the three
main mechanisms, greenhouse gas emissions, release of toxic sub-
stances, and utilisation of finite resources.

In summary, existing sustainability-focused studies principally
address the joining process and associated pre- and post-processing
steps. Conversely, the ecological assessment of debonding processes
remains unexamined mainly in quantitative terms. The current litera-
ture has predominantly focused on the technical feasibility of the pro-
cess and its subsequent classification. While Goobenouch ET AL. (2023)
evaluated debonding technologies for fibre-reinforced polymers, a sys-
tematic environmental assessment, including quantification of material
and energy flows, impact analysis, and comparative evaluation, has not
yet been conducted for structural adhesive joints in an industrial
context.

This study aims to enhance the traditional technological evaluation
of debonding methods by incorporating ecological factors into the se-
lection process. It involves analysing process duration, evaluating the
potential reusability of debonded components, and identifying potential
resource savings in repair scenarios. Furthermore, the study identifies
key environmental impact drivers within the debonding processes to
uncover optimisation opportunities for reducing current CO3 emissions.
The focus is on both established and innovative methods for debonding
structural adhesive joints, assessing their applicability in the contexts of
vehicle repair and recycling. The analysis utilises experimental in-
vestigations with component-representative demonstrators. The subse-
quent LCA follows the guidelines set forth by DIN EN ISO 14040 (ISO
2021a), DIN EN ISO 14044 (ISO 2021b), the International Reference Life
Cycle Data System (ILCD) guidelines (Joint Research Centre 2010), and
the Handbook on Life Cycle Assessment (Guinée et al. 2002).

Methods

The present study aimed to compare a traditional warm debonding
method with an innovative cold debonding method, which is funda-
mentally based on the proven mechanism introduced by CruupaLia
(2024) but adopts LN, as a substitute medium to pursue more efficient
and targeted approaches. It focused on their processing efforts, the ef-
fects on surrounding structures, and the environmental impacts result-
ing from the processes and any required reworking. Initially,
temperature change rates were measured using both stationary posi-
tioning and oscillating movement patterns of the thermal tools in the
adhesive layer intended for debonding. Subsequent analyses calculated
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the lead times for initial temperature changes in the profile section and
determined the holding times needed to achieve the target temperature.
These measurements laid the groundwork for the debonding tests. Both
methods were then employed to detach the cover sheet from the
demonstration structure. To evaluate the environmental impact, the
duration of the debonding tests and the associated material and energy
consumption were carefully documented. The recorded data were used
in an LCA of the debonding methods. Subsequently, l-samples were
extracted from the remaining demonstration structures to assess how the
separation process affected the residual load-bearing capacity of the
second adhesive layer. This analysis facilitated the estimation of po-
tential repair or maintenance costs.

Specimen configuration and adhesive system

To simulate realistic disassembly scenarios and facilitate ecological
and economic evaluation of repair strategies, a defined specimen
configuration was employed, which builds upon the methodology pre-
sented by Bartiey eT AL. (2023). The triple-sheet configuration, illus-
trated in Fig. 1, consists of an outer skin (CR4+Z), a cover sheet
(22MnB5 PHS), and a hat profile (HX340LAD), replicating the func-
tional composition of structural body-in-white assemblies. The outer
panel represents a typical contour part, such as a side sill, while the
cover sheet and hat profile mimic reinforcement and inner structural
elements, respectively. The mechanical properties of the individual steel
sheets are listed in Table 1.

The arrangement facilitates an evaluation of various debonding
techniques, emphasising the reduction of thermal and mechanical im-
pacts on the outer panel. Additionally, the geometry allows for the
assessment of the residual bond line integrity between the cover sheet
and the hat profile after disassembly. The experimental setup, along
with the thermocouple configuration within the adhesive layer, is
depicted in Fig. 1.

The adhesive used in this study, SikaPower®—-533 MBX, is a one-
component, heat-curing epoxy adhesive commonly applied in automo-
tive body-in-white construction. It is a high-strength structural adhesive
specifically designed and qualified for high-crash resistance and mixed-
material bonding applications, enabling the reliable joining of dissimilar
substrates. The key technical properties of the adhesive are presented in
Table 2.

Heat-Curing Epoxy Adhesive Layers
SikaPower®-533 MBX 0.3 mm
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Table 1
Mechanical properties of the steels used in this study, determined in (Bartley
et al. 2023).

Steel EN steel Thickness E- Rp0.2 Rm A50

designation number (mm) Module (MPa) (MPa) (%)
(GPa)

CR4 1.0963 0.7 196 161 302 46.4

HX340LAD 1.0933 1.5 208 358 456 29.4

22MnB5 1.5528 1.8 206 1153 1531 4.8

The specimens were fabricated under controlled laboratory condi-
tions. The adhesive was manually applied to ensure a 0.3 mm bond line,
using glass beads for consistency with automotive standards. The
effective bond area between the cover sheet and hat profile measured
12.5 x 500 mm. To ensure reproducibility and facilitate the comparison
of heat transfer data across experiments, positioning tolerances of the
steel sheets were maintained at +1 mm in the longitudinal direction
(specimen length) and +0.2 mm in the transverse direction (flange
width) for all specimens.

To enable an in-depth characterisation of the thermal behaviour,
specially instrumented specimens were equipped with 20 Type T ther-
mocouples, centrally embedded within the adhesive layer as shown in
Fig. 1. The thermocouples were arranged in two longitudinal rows of ten
sensors each, spaced at 50 mm intervals, while the outer two sensors
were positioned 25 mm from the edge of the metal sheets, thereby
providing detailed spatial resolution of the in-situ temperature distri-
bution during the heating and cooling experiments.

The selected spacing of 50 mm was intentionally chosen to ensure
methodological consistency with the setup described in (Bartley et al.
2023), thereby facilitating comparative evaluation. This decision re-
flects the typical geometries of cooling tools used in both industrial and
research applications, particularly those designed for bonded flanges,
which generally feature overlap lengths ranging from 85 to 100 mm. The
chosen sensor arrangement thus enables a representative characterisa-
tion of the thermal profile within the adhesive layer. With the defined
spacing of 50 mm, the local cooling behaviour can be captured with high
spatial resolution and in close alignment with various tool
configurations.

The adhesive curing was conducted in a laboratory convection oven
set to 180 °C. The thermal cycle was meticulously controlled and

Quter Skin CR4+Z 0.7 mm

Heat-Curing Epoxy Adhesive Layers
SikaPower®-533 MBX 0.3 mm

Cover Sheet 22MnB5 (PHS) 1.8 mm
Hat Profile HX340LAD 1.5 mm

Fig. 1. Component-representative specimen geometry used for the debonding assessment.
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Table 2
Technical properties of the adhesive used in this study, taken from (Sika 2011).
Adhesive Chemical Standard curing Tensile lap-shear strength 2/¢/P T-peel strength %F (N/ Elongation at break © ( E-Module ¢
base cond. * (MPa) mm) %) (MPA)
SikaPower® 533 Epoxy hybrid 30 min at 180 °C 27 20 20 850

MBX

A) substrate temperature.

B) steel, HDG, H420, 1.2 mm.
C) bondline thickness 0.2 mm.
D) ISO 4587.

E) bondline thickness 0.3 mm.
F) ISO 11,339.

G) ISO 527.

systematically recorded using a multi-channel thermogravimetric ana-
lyser. The temperature of the specimen was monitored with a Type K
thermocouple, positioned at the centre of the outer flange area of the hat
profile and secured with a magnet. This method allowed for the accurate
verification of the thermal profile, ensuring consistent cross-linking
present in all samples. Curing was maintained for 30 minutes after the
hat profile reached the target temperature of 180 °C.

Extended specimens for the investigation of thermal effects on the overall
structure

To assess the thermal impact of the thermal debonding processes on
adjacent structural components and retained adhesive layers, additional
specimens were extracted from the component-representative configu-
ration shown in Fig. 1, following the complete debonding of the CR4
outer panel. These specimens consist of modified 1-shaped samples
subjected to Mode I loading, as illustrated in Fig. 2. Precisely ten 1-
shaped specimens can be derived from a single debonded structure,
thereby facilitating a spatially resolved analysis of the thermal effects
across the adhesive joint.

This test series aim to identify any potential reductions in the bond
strength of the underlying adhesive layer, which is designed to retain its
functionality following disassembly. To achieve this, reference speci-
mens were prepared using identical bonding procedures and curing
conditions but without subsequent exposure to debonding thermal cy-
cles, thereby representing the original adhesive joint properties.

Debonding methodology and process definition

The debonding methods examined in this study are based on the
same physical principle, whereby the mechanical force required to
debond the adhesive layer is significantly reduced through a targeted
and temporary alteration in the adhesive layer temperature. Both
investigated methods differ in their mechanisms depending on the type
of thermal influence: while warm debonding involves heating the ad-
hesive beyond its glass transition temperature (Tg ~ 180 °C) and, in
some cases, inducing thermal degradation (> 200 °C), cold debonding
achieves embrittlement by reducing molecular mobility through
controlled subcooling (e.g., < —60 °C) using liquid nitrogen, thereby
weakening the adhesive interface (Bartley et al., 2023). In both
methods, mechanical separation is initiated using an Einhell TC-PC 45

pneumatic chisel hammer, subsequently referred to as “chisel hammer”
or “hammer”, operated at a system pressure of 7 bar. The thermal tools
applied in this investigation serve as representative examples. The
physical effects of both methods may also be achieved using other
comparable tools or process equipment. The experimental setup is
illustrated in Fig. 3 and described in more detail in the following section.
For all debonding experiments, specimens were securely clamped onto a
welding table to replicate the structural stiffness and boundary condi-
tions of a vehicle body during repair operations. This setup ensures that
the applied forces and structural responses are representative of
real-world automotive applications. Prior to each experiment, the
thermal devices were brought to their respective target operating con-
ditions to eliminate start-up variations from the measurements.

Warm debonding

For Warm Debonding, a hot air device of type LHS 21S SYSTEM from
Leister (8) was employed. This system operates with compressed air at
an overpressure of 1 bar combined with electrical energy. The temper-
ature of the emitted process air can be precisely adjusted on the unit,
reaching a maximum of 650 °C. To ensure realistic conditions that
reflect standard practices in automotive body shops, and considering the
observation that commercially available hot air devices typically attain
maximum outlet temperatures ranging from 550 °C to 650 °C
(Hutchinson et al. 2016), a constant air temperature of 550 °C was
maintained for all test series. To ensure reproducible thermal boundary
conditions, the hot air unit was securely mounted on a stand, main-
taining a fixed nozzle distance of 25 mm from the adhesive flange sur-
face intended for separation. Following the stabilisation of the air stream
at the set point temperature of 550 °C, the hot air was directed towards
the adhesive flange (see Fig. 3), initiating forced convection between the
heated airflow and the metallic outer sheet. In practical applications, it
is noteworthy that a hot air gun does not focus on a single flange area in
a fixed position. Instead, it is operated with rotational movements across
the flange to heat a more extensive area (Hotairtools 2024) uniformly.

As the bonded flange region was subjected to elevated temperatures,
the pneumatic chisel hammer (4) was strategically positioned at the
edge of the flange and briefly activated to create a controlled notch
within the adhesive layer. Upon reaching the requisite temperature of
the adhesive, the chisel hammer was continuously actuated and guided
along the bonded flange. The debonding of the adhesive bond was

0.

50 mm  Known Coparable Temperature in
the Upper Adhesive Layer
during Debonding

Fig. 2. Extended Mode I specimen geometry obtained from the debonded component specimen.
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Component Representative
Specimen Geometry

Welding Table

Rigid Clamping

Pneumatic Chisel Hammer
Einhell TC-PC 45

Compressed Air

LN, Dosing Cylindrical
Cooling Tool

Ethanol-Wetted Surface

Hot-Air Gun
Leister LHS 21S SYSTEM

ONONONONONONONG!

Warm Debonding

Fig. 3. Test configuration for comparative analysis of warm and cold debonding methods.

achieved through the application of oscillating, percussive mechanical
force directed at the thermally weakened adhesive layer. This repetitive
cycle was executed until the adhesive bond between the outer sheet and
the reinforcement plate was entirely debonded.

Cold debonding

For cold debonding, LN, serves as a heat-extraction medium,
lowering the temperature of the adhesive layer. The LNj is supplied from
a Dewar vessel via a micro-dosing pump through a flexible line to a
custom-designed cooling tool, which is schematically illustrated in
Fig. 4.

The cooling tool is fitted with a copper mesh insert to minimise
thermal contact resistance between the flange surface and the cooling
element, as well as to extend the residence time of LN, on the cooled
flange area. To mitigate the Leidenfrost effect, which significantly de-
grades heat transfer efficiency by forming an insulating vapour layer
(Zhong et al. 2017), ethanol (CoHgO) with a purity of 95 vol. % is also
applied directly onto the flange (7). The resulting mixture of LNy and
ethanol facilitates a uniform wetting of the surface, thereby promoting
efficient heat transfer from the flange to the cryogenic medium,

LN, Supply

Contact Pressure VLN2

Tightly Compressed
Copper Mesh

Distribution
d, =50 mm of LN,
d; =35 mm

Fig. 4. Design and operating principle of the LN,-dosing cylindrical cool-
ing tool.

primarily via natural convection. The methodological basis for cold
debonding is grounded in the approach delineated by Bartiey ET AL.
(2023), albeit with a differentiation in the cooling medium employed.
Given its laboratory nature, operations involving the movement of the
cooling head, operation of the chisel hammer, and ethanol application
are executed manually.

During the initial phase of cooling, the pneumatic chisel hammer is
positioned at the edge of the flange and briefly activated to create a
notch within the adhesive bond. The chisel tip effectively propagates the
crack front through the adhesive joint by means of impulse-driven force.
Should crack propagation experience deceleration due to insufficient
localised subcooling, ethanol is reapplied to the surface of the bonded
flange in advance of the chisel tip, and the cooling head is subsequently
repositioned. This systematic sequence of localised cooling and me-
chanical separation is reiterated until complete debonding of the ad-
hesive bond between the outer and stiffening sheet is achieved. Upon
conclusion of the procedure, the components are allowed to warm to
ambient temperature, wherein any excess LNy and ethanol fully evap-
orate, leaving no residual process media on the parts post-debonding.

Experimental design and measurement setup

In order to evaluate the impact of the investigated debonding
methods on the structural integrity of the adjacent components and to
gather all relevant measurement data necessary for an LCA, three
distinct experimental test series were carried out. The first series focused
on measuring the temperature within the adhesive layer designated for
separation, as well as in the lower adjacent adhesive layer, based on the
various thermal input methods employed. From this data, the lead time
and total process durations for both release methods were derived. A
total of five test runs were conducted for each debonding methods. The
second test series employed both methods on the component-
representative specimen geometry, capturing the resulting process du-
rations along with the associated material and energy consumption. In
the third test series, modified l-shaped specimens were subjected to
destructive tensile testing. The resulting force-displacement curves
enabled the calculation of the residual energy absorption capacity of the
adhesive layer, thus providing insight into the condition of the
remaining joint and the adjacent structure following the debonding
process.
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Temperature measurement

Two distinct types of movement for the temperature-modifying de-
vice were examined within this experiment. During the first trial, the
apparatus was positioned at the initial thermocouple point (“25 mm”),
aligned with the cover plate, and subsequently shifted to the next
thermocouple position when the designated target temperature was
achieved. This sequence was replicated until the final thermocouple
location was reached. The target temperature for the adhesive layer,
situated between the outer skin and the stiffening cover sheet, was set at
200 °C for the warm method and —70 °C for the cold method.
Throughout the experiment, the temperature across all 20 thermocou-
ples was monitored at a frequency of 1 Hz.

The distances from the temperature-altering device to the flange set
for separation were consistent with those measured during the station-
ary assessments. The real-part-like sample was segmented into three
overlapping sections based on its measurement positions. The first sec-
tion spanned measuring positions from “25 mm” to “175 mm”, while the
second section extended from “175 mm” to “325 mm”. Thus, sections 1
and 2 overlapped at “175 mm”. Similarly, the overlap area between
sections 2 and 3 was defined by the position “325 mm”. This designed
overlap was instrumental in ensuring the requisite temperature change
could be engendered in those areas as well.

The axis of the temperature-altering device played a crucial role in
determining the swivelling movement. The respective device was
manually manoeuvred at an approximate speed of 1 cm/s within each
section. Upon recording the necessary temperature at least at one of the
measurement points, the temperature alteration continued into the
subsequent section. This procedural cycle was reiterated until the
requisite temperature was confirmed across all three sections.

Investigation of the influence on the surrounding structure

The assessment of thermal effects on the surrounding structural
components was conducted by determining the residual mechanical
strength of the l-shaped specimens described in Section 2.1.1. The test
method adheres to the general principles of DIN EN 1464 (DIN 2010)
and DIN EN 1465 (DIN 2009) in a modified configuration, reflecting the
boundary conditions illustrated in Fig. 5.

In the test setup, the originally press-hardened cover sheet is rigidly
clamped, thereby restricting the degrees of freedom in the Z and Y di-
rections. Sliding bearings permit translational movement along the X-
axis, preventing the development of complex stress states induced by
tensile loading in the Z-direction. Therefore, a predominantly peel-type
loading is applied to the adhesive joint, analogous to the roller peel test

Direction of Tensile Loading

Constrained Degrees of Freedom
in X and Z Directions

-
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defined in DIN EN 1464 (DIN 2010a). Elastic spring-back caused by the
applied force could not be fully suppressed, because of the one-sided
clamping. Consequently, the adhesive-specific energy absorption could
not be directly derived from the force-displacement measurements.
However, given that all specimens were cut to identical dimensions and
the clamping setup exhibited high reproducibility, the total deformation
energy was calculated instead. This value accounts for both the elastic
deformation of the clamped steel components and the plastic deforma-
tion of the adhesive layer up to failure. Due to the consistent
manufacturing and boundary conditions, the elastic contributions can
be considered constant across all tests, enabling a comparative inter-
pretation of adhesive performance. The Zwick Z1486 tensile testing
machine operated at 10 mm/min crosshead speed.

Results —process parameters
Removal rate and resulting deformation

Process lead times were determined from temperature measurement
data to ensure reproducible debonding initiation. The results of the first
test series revealed lead times of 45 seconds for warm debonding and 25
seconds for cold debonding. The 20-second difference is attributed to the
respective target temperatures. While the adhesive layer must be heated
to at least 180 °C for warm debonding, it needs to be cooled below -65 °C
for cold debonding. Since both conditions are reached from a reference
temperature of 20 °C, this corresponds to temperature variations of at
least 160 K and 85 K, respectively. The device-dependent lead times thus
correlate with the necessary thermal gradients. Both the lead time and
the temperature difference for warm debonding are approximately twice
as high as those for cold debonding. Heating and cooling rates also
depend on the quantity and efficiency of the energy or medium used in
the process and are examined in detail in Section 3.2.

It is important to consider the boundary conditions when interpret-
ing these findings, as the thermal capacity of the specimen is signifi-
cantly influenced by the materials used, the adhesive system, the
geometry, and the ambient environment. In particular, the time required
to reach the effective debonding temperature is determined by the
thermal gradient between the heating or cooling medium and the sub-
strate, making any absolute process durations highly specific to the
applied setup. Therefore, a direct transfer to other structures is not
readily applicable. Nonetheless, a comparison of total debonding dura-
tions shows that the cold method can be applied nearly twice as fast to
the present specimen geometry as the warm method, which simulates

3 ‘-,JJ

&

B Constrained Degrees of Freedom|
in Z and Y Directions

Fig. 5. Test setup for mechanical evaluation of I-shaped specimens extracted from debonded structures.
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current practice in automotive repair. This ratio is also reflected in the
total separation times shown in Fig. 6. While warm debonding required
an average of 224.6 seconds to fully separate the outer sheet, the cold
method achieved complete separation in an average of 131.6 seconds.
When normalised to the underlying profile length, average debonding
speeds of 173.91 mm/min for the warm method and 353.57 mm/min for
the cold method are obtained. This indicates that the cold method
achieves more than twice the process speed of the warm method,
highlighting its efficiency advantage. The accelerated debonding con-
tributes to reduced overall thermal exposure, as shorter temperature
application durations are typically associated with higher energy effi-
ciency. However, it is important to note that this calculation excludes
the initial lead time. Since this lead time is only relevant at the beginning
of the process, its relative impact diminishes as the flange length in-
creases, thereby reducing its proportion of the total debonding time. The
assessment of process performance, especially with regard to potential
automation, should therefore focus on the stable debonding rate rather
than isolated initiation delays. Nevertheless, as previously discussed,
this component-specific lead time remains a relevant parameter when
comparing the practical applicability of the two methods.

Another contributing factor lies in the process characteristics. While
the LNs-ethanol mixture in the cold method remains on the flange sur-
face and extracts heat through evaporation, the heated air in the warm
method is continuously displaced by the airflow itself. As a result, the
residence time of the heated air is shorter, impeding complete heat
transfer to the flange and ultimately prolonging the debonding process.

The relative standard deviation of the total debonding duration was
found to be higher for the warm method (17.90 %) as compared to the
cold method (14.26 %). Nevertheless, both values are at a comparably
high level, which can be attributed to the inherently manual execution
of the process. Specifically, the involvement of two operators introduces
a degree of variability, underscoring the importance of operator expe-
rience in optimising performance outcomes. This observation signifies
potential improvements in both debonding methods, as the duration of
the process could be minimised through a precisely calibrated and
automated debonding setup.

During the experiments, it became apparent that adherence to the
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specified lead time was crucial for initiating a crack within the adhesive
layer. Distinct deformation characteristics were observed in the
debonded outer sheets between the two methods. The outer sheets
processed via warm debonding exhibited notably greater curvature
compared to those separated using the cold method, which showed
predominantly straight, less deformed areas.

Fig. 7 illustrates representative crack propagation patterns observed
during equivalent time intervals following chisel activation. The video
images suggest that under similar operating pressures, the chisel pene-
trates more extensively into the separating joint during cold debonding
compared to the warm method. This observation may indicate enhanced
crack advancement in the embrittled adhesive, potentially allowing the
chisel to progress with reduced mechanical resistance.

Video analysis revealed preliminary indications of differing crack
propagation lengths between the methods. In warm debonding, crack
advancement appeared to be limited to zones approximately corre-
sponding to the heated area (estimated 25-30 mm), requiring contin-
uous tool repositioning. In contrast, cold debonding suggested crack
propagation lengths potentially extending 60-80 mm beyond the cool-
ing head position after each chisel impact, indicating possible autono-
mous crack advancement through the embrittled adhesive layer.

Based on these visual observations and considering findings from
previous studies on adhesive embrittlement (Chudalla 2024), it is
hypothesised that the increased brittleness of the adhesive during cold
debonding facilitates more extensive crack propagation lengths. This
presumed mechanism could explain the reduced sheet deformation
observed in cold debonded specimens, as rapid crack advancement may
minimise the mechanical load transfer to the outer sheet. The mechanics
of crack initiation in cold debonding appear to differ fundamentally
from the propagation phase. While embrittlement may increase the force
required for initial crack nucleation (preliminary measurements suggest
approximately 15-20 % above warm debonding values), the subsequent
crack propagation appears to occur with significantly reduced resis-
tance. The initial higher force requirement seems to be quickly
compensated by the rapid crack propagation through the brittle adhe-
sive matrix, potentially resulting in the observed energy reduction. This
apparent contradiction could be explained by the two-phase nature of
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Fig. 7. Representative crack propagation patterns and resulting sheet deformation observed during equivalent time intervals following chisel activation for both

warm and cold debonding methods.

the debonding process: While crack initiation may require higher
instantaneous force in the cold method (due to increased material
strength), the crack propagation phase appears to be drastically accel-
erated due to reduced fracture toughness. However, these observations
require further investigation through quantitative crack measurement
techniques and additional optical analysis methods to establish defini-
tive correlations between thermal conditioning, crack propagation me-
chanics, and resulting sheet deformation. The current findings represent
preliminary indications that warrant more detailed mechanical analysis

in future studies.
Properties of the adjacent adhesive layer

A further critical aspect to consider when comparing these two
debonding methods is the mechanical residual properties of the adjacent
adhesive layer. Given that warm debonding is the prevailing method in
the context of repair applications, a predictable mechanical response of
the surrounding structure is imperative for ensuring reliable joint
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Fig. 8. Average values of maximum force and deformation energy of the modified 1-Tensile Specimen in relation to the debonding method.
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performance in the post-repair phase. The interdependence of me-
chanical properties on debonding duration, particularly in conjunction
with the high variability of process times, poses a risk to the perfor-
mance assurance of repaired structures. Therefore, modified 1-shaped
specimens have been tensile tested to obtain preliminary insights into
the mechanical performance of the surrounding adhesive bonds. These
bonds may have been subjected to thermal and mechanical loads due to
the preceding debonding processes.

Fig. 8 illustrates the mean values of maximum force and deformation
energy as a function of the debonding methods. The results from the
reference specimens show an average maximum force of Fpax g = 4.2 kN
and a total deformation energy of Egeformpr = 5.92 J. In terms of the
specimens from the warm-debonded profiles showed an average
maximum force of Faxw = 3.54 kKN and a total deformation energy of
Edeformw = 5.31 J whereas the specimens from the cold-debonded
profiles showed an average maximum force of Fpnaxc =3.76 kN and a
total deformation energy of Egeform,c = 6.08 J respectively. Although the
average values differ in respect to the foregone thermal load, the stan-
dard deviation in all parameter sets is so high, that the average values
are within the standard deviations of the other specimen groups.
Consequently, no clear correlation between debonding method and re-
sidual mechanical performance can be seen based on these results.

Despite the considerable number of specimens that were tested, the
relative standard deviation in maximum force and total deformation
energy is considerably higher for the warm debonding method (28.07 %
and 33.98 %) in comparison to the cold debonding method (14.76 % and
12.76 %). The standard deviation from the reference specimens (17.11
% and 11.07 %) is comparable to the standard deviation from the results
from the cold debonding method. This discrepancy in outcomes can be
attributed to the manual fabrication of the profile specimens. In this
experiment, the quantity of adhesive applied exerts a substantial influ-
ence on the degree of squeeze-out observed for each specimen. As the
profile specimens were designed to replicate a genuine adhesive appli-
cation, and the inner corners of the hat profiles were not accessible for
the removal of excess adhesive, the amount of squeeze-out could not be
controlled. This issue is particularly salient when testing a specimen
with peel-dominated loading, where the excess adhesive impacts the
maximum force, Fpax, which is observed during crack initiation in the
bond. This is due to the fact that the line of force and line of adhesion are
not perpendicular to each other. The standard deviations are also
affected by this circumstance due to the linkage between maximum
force and total deformation energy. Fig. 9 shows representative images
of the fracture surfaces of the modified I-specimens, depending on the
previously applied debonding method.

All specimens exhibited cohesive or nearly substrate cohesive failure
towards the stiffening sheet. The amount of residual adhesive was
comparable across all test series, indicating that the impact of expelled
adhesive on the standard deviation of the mechanical properties can
largely be ruled out. Since both debonding processes aim at a temporary
alteration of the adhesive layer condition while leaving surrounding
bonds unaffected, this outcome is to be considered positively in terms of
process selectivity. The absence of cracks, burn marks, or other visible
defects indicate that the debonding methods did not cause unintended
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damage to adjacent areas. Nevertheless, identifying the precise cause of
the elevated standard deviation in the results from the warm method
require further microscopic analyses and additional testing.

Temperature distribution within the adhesive layers

In order to assess the thermal implications of the debonding pro-
cesses on the adhesive layer and its surrounding components, a
comprehensive analysis of the spatial and temporal temperature distri-
bution within the joint structure was conducted. The in-situ measure-
ments obtained from the embedded thermocouples deliver an intricate
profile of the thermal loading during both the heating and cooling
phases.

Stationary thermal profiles: warm vs. cold debonding

The temperature profiles presented were recorded during thermal
loading of the component using the tools underlying the warm and cold
debonding methods, without initiating adhesive separation. Each dia-
gramme displays the temperature progression (y-axis) over time (x-
axis). The colour-coded curves correspond to the individual thermo-
couple measurings distributed along the adhesive flange. The analysis is
initiated with the evaluation of the stationary test series, in which the
thermal device is advanced stepwise from one measurement point to the
next (see Fig. 10). Progression to the subsequent position only occurs
once the predefined target temperature of 200 °C for the warm method
or —70 °C for the cold method has been reached at the current location.

For the warm debonding method, approximately 100 seconds are
required to heat the upper adhesive layer at the first measurement point
(solid black line) to the target temperature of 200 °C. As a result of
convective heat transfer, adjacent measurement points along the flange
are progressively preheated, leading to a stepwise acceleration of the
heating process. Complete heating of the adhesive flange is achieved
after 580 s, at which point the initially heated regions have cooled to
approximately 50 °C.

It is also evident that the temperature in the lower adhesive layer
(dashed lines) rises to 150-160 °C, significantly exceeding the typical
temperature tolerance of approximately 80 °C for structural adhesives
used in automotive applications. As a result of the system’s thermal
inertia, the lower adhesive layer is exposed to a critical thermal load
over an extended period, with an average peak temperature of approx-
imately 143 °C, which must be regarded as detrimental to its functional
integrity.

In contrast, the analysed cold debonding method achieves the target
temperature of —70 °C at the first measurement point after just 26 s. The
subsequent points reach this temperature successively at intervals of
10-18 s. Unlike the warm debonding method, the temperature in the
lower adhesive layer remains above the critical adhesive operating
temperature of —40 °C at all times. This is due to the significantly higher
efficiency of heat extraction during cold debonding and the faster sub-
sequent temperature equalisation, demonstrating a considerably higher
achievable cooling rate compared to the heating rate. The total process
duration for cold debonding in this configuration is 153 s. In addition to
the overall process duration, a significant difference between the two

a. Warm Debonding

10 mm

b. Cold Debonding

10 mm c. Reference 10 mm

Fig. 9. Representative fracture images of the second adhesive layer following tensile tests on the modified 1-samples, depending on the prior debonding method.
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Fig. 10. Process-induced temperature changes within the adhesive layers during warm and cold debonding.

debonding methods lies in the thermal rate of change. The heating rate,
defined as the convective energy input into the structure via the hot air
gun, was noticeably lower than the cooling rate achieved through
thermal extraction via direct LN, contact. This asymmetry reflects the
physical efficiency of thermal transfer mechanisms. While heating relies
on gradual energy accumulation, cooling by LNy permits an immediate
and rapid withdrawal of thermal energy. Beyond the generally faster
process execution, this leads to enhanced thermal recovery to ambient
temperature and improved process control.

Oscillating thermal profiles: practicality and limitations

The oscillating test procedures detailed in Supplementary Material 1
(warm debonding) and Supplementary Material 2 (cold debonding) do
not result in any measurable acceleration of the heating or cooling
processes. Due to the oscillating motion of the hot air gun across the
specified three flange sections, >350 seconds were required per section,
resulting in a total process time exceeding 1000 s. During this extended
period, the lower adhesive layer was once again subjected to critically
high temperatures surpassing 150 °C -this time for a significantly longer
duration compared to the stationary procedure.

Similarly, the oscillating cold debonding process exhibited clear
disadvantages. The cooling required 360 s, more than twice the duration
of the stationary process, rendering it comparatively inefficient. More-
over, it did not provide any practical benefit over the stationary cold
debonding method regarding process speed or thermal control. While
the oscillating procedures yielded relatively uniform temperature dis-
tributions across the defined sections, the extended process times are not
representative of realistic applications. In particular, the prolonged
exposure to critical temperatures during warm debonding poses an
additional risk to the integrity of the lower adhesive joint. Consequently,
the subsequent section will concentrate on the stationary thermal
application procedure pertinent to the debonding process itself, as it
embodies a more practical and efficient methodology.

Mean temperature evaluation and process window analysis
To assess the thermal load acting across the adhesive flange during
both warm and cold thermal applications, the average temperature
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variation over time was evaluated for the upper and lower adhesive
layers (see Fig. 11). These values embody the spatially averaged tem-
peratures obtained from all thermocouple readings along the bond line,
thereby offering a comprehensive assessment of the overall thermal
exposure throughout each procedure.

In the case of the analysed warm debonding method, the average
temperature in the upper adhesive layer gradually increases and exceeds
100 °C after approximately 420 seconds. Simultaneously, the lower
adhesive layer, though not directly exposed, surpasses the critical
operating limit of 80 °C due to heat conduction and thermal inertia. This
results in prolonged thermal load across the entire flange, including
areas that are not intended to be debonded, posing a risk of thermal
degradation or irreversible premature ageing. By contrast, the cold
debonding method exhibits a rapid decrease in the average temperature
of the upper adhesive layer, reaching sub-zero values within the first 30
seconds. Crucially, the average temperature in the lower adhesive layer
remains well above the critical threshold of —40 °C throughout the
process. This demonstrates that the cooling effect is confined to the
intended bond line, without adversely affecting the surrounding joint
area.

The comparison of both mean temperature curves clearly highlights
the process-specific differences in energy input. While warm debonding
results in a broad and prolonged temperature load across the entire
flange, the cold method enables a faster, more localised, and minimally
invasive thermal intervention. This targeted thermal management can
support the preservation of adjacent structures, qualifying cold
debonding as an approach for application-oriented, repair-capable sep-
aration processes with high potential for further investigation.

Life cycle assessment

The study was conducted using SimaPro software (Release 9.4.0.2)
and the Ecoinvent 3.0 database. The software enables both the creation
of individual data sets to replicate the analysed processes and the
detailed analysis of contributing categories.
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Goal and scope

Goal

The objective of the LCA is to scientifically analyse the environ-
mental factors and impacts associated with the investigated debonding
methods using a triple-layer adhesive joint, representative of a structural
connection in automotive body-in-white construction. The results aim to
support the evaluation of the methods based on relevant technological
and environmental indicators and to identify potential for resource-
efficient process optimisation within debonding operations.

Currently, ecological, social, and economic aspects are increasingly
assessed across the entire life cycle of joined products and integrated
into product development and customer consultation, as demonstrated
by the example of the Arnold-Group (Bose-Munde 2024). However, a
comprehensive evaluation and objective comparison of different
debonding technologies and processes remains constrained due to a lack
of available data. Nevertheless, suitable debonding technologies are
highly relevant for adhesive bonding. They are considered enablers to
improve the contribution of adhesive joints to the R-strategies of the EU
Waste Framework Directive, specifically, Repair (R4), Refurbish (R5),
Remanufacture (R6), Repurpose (R7), and ultimately to Recycling (R8)
(Directorate-General for Environment 2023).

The findings of this study are addressed to both public and private
research institutions to encourage further scientific and application-
oriented research aimed at expanding the state of knowledge and
facilitating industrial implementation. In addition, the study is intended
to raise awareness within the industry, promote the integration of LCA
into R&D processes, support the transfer of methods and know-how for
internal implementation, and contribute to the development of inno-
vative and resource-efficient products. Ultimately, this work seeks to
provide guidance for the ecological evaluation of debonding technolo-
gies in a defined application scenario and to identify current research
gaps in this field.

In order to assess the environmental impacts of actions and tech-
nologies, so called impact factors have to be chosen out of list. All of
them have been assigned a unit in form of a reference substance. Other
substances or gases than the unit can be more or less impactful in a
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certain period of time. For the scope and purpose of this journal, these
five categories are chosen:

- Global warming potential (GWP) allows to measure the impact of
greenhouse gases on global warming. The reference substance is carbon
dioxide (COy) with 100 years as an often-used period of time (EPA 2025)

- Stratospheric ozone depletion potential (ODP) expresses the po-
tential for damaging the ozone layer with the reference substance tri-
chlorofluoromethane (CFC11, also known as R-11).

- Ozone formation expresses the risk of high levels of ground-level
ozone on human health, by causing respiratory problems and exacer-
bating conditions such as asthma. The reference substance is nitrogen
dioxide (NOy)

- Fine particulate matter formation refers to the concentration of very
small particles in the air that can penetrate deep into the lungs and cause
respiratory and cardiovascular problems Reference substances are often
particles with a diameter of up to 10 or 2.5 "™, In this study, the latter
was chosen, expressed as PM2.5.

- Terrestrial acidification potential (AP) describes the harmful effect
on terrestrial ecosystems caused by a decrease in soil pH with the
reference substance sulfur dioxide (SO-).

Scope

The production processes under investigation encompass both a
manual warm and a cold debonding method for separating 0.5 m of a
structural adhesive joint within a component-representative specimen
geometry replicating the functional composition of structural body-in-
white assemblies. Accordingly, the assessed process serves the general
function of separating two structurally bonded components to facilitate
either the repair of a damaged part or the reintegration of materials into
the circular economy.

The study is conducted using a gate-to-gate system boundary. Offi-
cial input datasets from the Ecoinvent 3.0 database are employed to
account for raw materials and subprocesses not directly measured dur-
ing testing. This ensures the inclusion of relevant system inflows and
outflows that fall outside the defined measurement scope. The system
boundaries of the analysed processes are illustrated in Fig. 12. They
encompass all subprocesses, equipment, and devices required to perform
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the debonding operations, as well as to generate or convert the necessary
energy carriers. Only directly attributable foreground processes within
the debonding workflow are considered. The production and EoL-
disposal of machinery, along with indirect background processes such
as administration or planning, are excluded due to the lack of reliable
laboratory-scale datasets.

It is worth noting that the operational phase of debonding tools ac-
counts for the largest share of environmental impact over its lifecycle
—approximately 57.2 % (Shi et al. 2021). The choice of processing
technology (Narita et al. 2009), the energy source and consumption
(Santos et al. 2011), and the specific process parameters (Shi et al. 2021)
significantly influence the ecological burden of machine use. Machine
production accounts for an estimated 40 % of the environmental impact
(Santos et al. 2011). The recyclability of machine components is a key
factor for the environmental performance at EoL. Suitable recycling
strategies have the potential to reduce emissions by up to 194 t CO; eq.
per machine (Yan et al. 2024).

To evaluate the recoverable materials from the debonded compo-
nents in both repair and recycling scenarios at EoL, official output
datasets from the aforementioned database are used. A contribution
threshold of at least 1 % of total emissions was defined as a cut-off cri-
terion for outputs to maintain sufficient clarity in the system model.

Allocation of relevant and indirectly attributable elementary flows is
based on mass fractions. Time-dependent flows, such as human labour,
are allocated according to their share of time within the process. All
accessible datasets are used in a consistent manner, following the
“allocation, cut-off by classification” system model to assign re-
sponsibility for co-occurring emissions and waste to the respective
organisational unit. For impact assessment and interpretation, the
impact categories were analysed using the ReCiPe 2016 v1.07 method,
as midpoint indicators like GWP are currently the standard for product
evaluations by manufacturers. Method selection was guided by the ILCD
Handbook (Joint Research Centre 2010) and aligned with the recom-
mendations in Gumeée et aL. (2002). The data sources used include in-
ternal processes represented in high resolution by directly recorded
input and output flows. Primary data was collected directly from the
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process, secondary data was derived indirectly, and tertiary data was
assigned to the respective process modules through allocation. External
processes are treated as black boxes and integrated using appropriate
primary literature. All identified subprocesses include a comprehensive
capture of associated inputs and outputs. The use of objective mea-
surement data and widely accepted, publicly available databases en-
sures a transparent and reproducible assessment of the investigated
system. The specific data requirements applied are listed in Table 3.

Within the scope of this study, the authors acknowledge limitations
regarding the accuracy and validity of the data. Higher-level back-
ground processes are not fully represented due to the defined system
boundaries, cut-off criteria, and the restriction to directly attributable
elementary flows. Furthermore, the results depend on the investigated
demonstrator and the mass shares of its individual components, which
introduces a bias and leads to an underestimation of the overall envi-
ronmental impact of the evaluated process.

Table 3
Data requirements within the assessment.

Time-based scope of
coverage

< 10 years (after 2011)

Geographical scope of Germany > Europe

coverage
Technological scope of State of the art
coverage

Precision Variance < 10 %

Integrity > 90 %

Representativity The scope is covered due to the closed view of the
production processes within a company.

Consistency Consistency is ensured in all data collection and analysis
processes due to the consistent application of the
principles outlined in this report.

Reproducibility Reproducibility is accomplished due to multiple
reference measurements.

Uncertainties Shared processes, mass scaling to derive ecological

indicators for other products, transferability to other
systems, transferability to other production processes.
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To assess the influence of data quality and methodological choices on
the results of the environmental assessment, an uncertainty analysis was
conducted. Uncertainty factors, as described by Ciroth et al., 2016, were
determined using the pedigree matrix, based on data origin. This
included the categories of reliability, completeness, temporal correla-
tion, geographical correlation, and further technological correlation,
rated on a five-point scale, in conjunction with a basic uncertainty fac-
tor. The resulting quantitative uncertainty factors were processed in a
Monte Carlo simulation using 1000 iterations and a 95 % confidence
interval. The resulting probability distribution was then used to verify
the variability and uncertainty of the calculated assessment results.

Additionally, a sensitivity analysis was conducted to assess the
impact of key assumptions on the results. In this context, process times
were varied by 20 % to assess the effect of deviations in labour time.
Such deviations can result from various influencing factors. According to
Koruca er AL. (2024), the learning curve significantly affects process
times during the first 60 to 90 working days. Further deviations of up to
2.1 % may be attributed to the time of day of the work shift, up to 5 % to
worker fatigue due to shift duration, and up to 3 % to unforeseen process
disturbances. Other influencing factors include product mix, process
stability, equipment availability, and material logistics. In this context,
reduced production rates have been shown to result in average capacity
losses of between 9 % and 15 % across different industry sectors (Tattner
et al. 2020). Typically, deviations of 5 % to 20 % are defined to capture
the relevant factors in sensitivity analyses. Based on the identified un-
certainties in the measurement data, a broader variation range was
selected to avoid underestimating process sensitivity. These findings
assist the authors in estimating which deviations in partially subjective
process times can be expected under real-world conditions and enable
the identification of further efficiency potentials through improved
training or reduced cycle times via targeted measures.

Collection of data

Data collection was conducted through the measurement of the
identified elementary flows during the debonding experiments for the
two methods under investigation. Electrical energy consumption was
recorded in accordance with IEC 61000-4-30 Class A standards. For this
purpose, a Fluke 435 Series II power quality analyser was employed
(Fluke Corporation 2024). Phase voltages and line-to-neutral voltages
were obtained via direct connections to the power supply line, while the
individual and total currents for conductors L1, L2, L3, and the neutral
line were measured using current clamps.

The debonding experiments were fully recorded on video. Process
times were determined through manual evaluation of the video and
audio tracks. For this purpose, the process duration was defined as the
period from the start of the heating or cooling phase to the complete
detachment of the cover sheet. Compressed air consumption was
calculated based on the laboratory network system pressure and the
measured process time. Network pressure and any potential pressure
drops during testing were monitored and verified using a parallel-
connected barometer. LN, consumption was determined from the
sensor-recorded flow rate and the respective process duration. For this,
the system was initially flushed at 100 % delivery capacity. During the

Table 4
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experiments, a constant volumetric flow corresponding to 50 % delivery
rate was maintained. The correlation between set and actual LNy de-
livery was verified in preliminary trials. The amount of ethanol applied
was determined by gravimetric differential weighing before and after
the process.

Life cycle inventory (LCI)

Within the LCI, process data were identified according to the previ-
ously defined requirements based on the conducted debonding experi-
ments. The mean values and standard deviations of material and energy
flows for the investigated debonding processes are summarised in
Table 4. These values were calculated from five reproducible test runs
for each method.

The recorded process data indicate increased electricity consumption
for warm debonding, attributed to the energy-intensive heating process.
Furthermore, the data suggest a reduced debonding effort in the case of
cold debonding. The experiments show both a shorter overall and active
debonding time, alongside lower compressed air consumption for the
chisel, resulting from the reduced debonding work required to separate
the adhesive layer. In contrast, cold debonding involves the use of
process media that are emitted into the atmosphere, potentially
impacting air quality.

Results -life cycle assessment

The examined processes were modelled using suitable individual
process templates within the SimaPro framework, based on the
measured data sets.

The dataset for electricity (Market for electricity, medium voltage
{DE} | Cut-off, U) includes electricity inputs both produced in Germany
and from imports as well as the transformation to medium voltage, the
transmission network, direct emissions to air, and electricity losses
during transmission. However, it does not include the electricity losses
during the transformation from high to medium voltage, the leakage of
insulation oil from cables, and electrotechnical equipment (Ecoinvent
2024). In the data set for compressed air (Market for compressed air, 600
kPa gauge {RER} | Cut-off, U), all activities were considered from the
provision of compressed air generated by different technologies to the
supply of a market mix of compressed air to the customer. An external
supply of compressed air was therefore assumed. The assessment of
required human working time (undefined work, human {DE} | Cut-off,
U) may be applied to determine the human share in industrial processes.
An average CO3-eq. of 10.80 tons per year was assumed for a German
citizen (German Federal Environment Agency 2023). A scaling factor of
5.5559 results in an average annual working time of 1587.8 h a year and
the ratio of working time to total life of an average employee (Statista
Research Department 2024). A complete emission of the process agents
into the ambient air was assumed for the consumed volume of ethanol
and nitrogen. The impact of direct emissions in the process was
considered by the Emissions to Air process in the Life Cycle Impact
Assessment (LCIA) phase. The modelled processes were subsequently
utilised to assess the potential impacts in the LCIA phase.

Measured mean values and standard deviations of material and energy flows in the investigated debonding processes.

Unit Warm Debonding Cold Debonding
Mean Standard Deviation Mean Standard Deviation

Heating / Cooling Ethanol Volume in 1 - - 0.011 0.001

Nitrogen Volume in 1 - - 0.174 0.016

Electricity Energy in Wh 91.464 14.641 0.813 0.111

Compressed Air Volume in Nm?® 0.549 0.083 - -

Human Work Time in s 134.800 21.564 78.275 8.211
Debonding Compressed Air Volume in Nm® 0.558 0.026 0.249 0.043

Human Work Time in s 89.800 14.366 53.275 5.589
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Warm debonding

Table 5 presents the results of the LCIA phase for the warm
debonding process. The process, involving temperature elevation fol-
lowed by mechanical separation of the adhesive bond, is associated with
total emissions of 0.559 kg CO,-eq. in the impact category Global
warming.

Fig. 13 illustrates the contributions of the investigated material and
energy flows to the impact categories defined by the ReCiPe 2016 V1.07
method for the warm debonding process. The total emissions in the
global warming category amount to 0.559 kg CO»-eq., of which 62.41 %
are attributable to the heating phase and 37.59 % to the subsequent
mechanical separation process. Manual operations during heating
(47.41 %) and debonding (31.66 %) contribute most significantly to the
total impact. In contrast, electrical energy (9.19 %) and compressed air
(11.74 %) account for a comparatively small share of emissions within
the debonding process. As a result, the environmental impact is pri-
marily driven by process duration, which could be reduced by increasing
heating power and optimising thermal transfer from the heating device
to the adhesive joint.

In the assessment of further impact categories, a more balanced
contribution is observed between electrical energy and compressed air
consumption during heating, and the compressed air required for me-
chanical separation. Contrary to the distribution seen in the global
warming category, the compressed air consumption during the overall
process exerts a notably greater influence on the remaining impact
categories. Therefore, improving the environmental performance of the
warm debonding process can be achieved by reducing process time and
by switching to carbon-neutral electricity and fully electric devices for
both heating and adhesive separation.

Cold debonding

For the cold debonding process, the LCIA conducted results in a total
impact of 0.337 kg COz-eq. Of this, 0.216 kg COz-eq. (64.36 %) is
attributed to the cooling phase, and 0.120 kg CO,-eq. (35.64 %) to the
subsequent mechanical separation of the adhesive bond. Total emissions
in the global warming impact category are therefore approximately
39.89 % lower compared to the warm debonding process. The results for
the remaining impact categories are summarised in Table 6.

The overall contribution of manual operations during cooling (45.83
%) and debonding (31.25 %) to emissions in the cold debonding process,
as shown in Fig. 14, is comparable to that observed for the warm
debonding method. Electrical energy (0.14 %) and compressed air (4.38
%) represent only a minor share of total emissions. The process media
used, nitrogen (9.34 %) and ethanol (9.06 %), not only affect the GWP
but also exhibit significant negative impacts in the category Ozone
formation, human health (86.5 %). As nitrogen oxide equivalents are the
reference substances for these categories, the emitted nitrogen is iden-
tified as the principal contributor. Implementing exhaust systems to
capture process gases could therefore help reduce emissions during the
debonding operation. Furthermore, material consumption could be
lowered through automation and improved process parameterisation.
This would also lead to reduced process durations, consequently
enhancing the environmental performance of the cold debonding
process.
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Ecological comparison

Fig. 15 summarises the LCIA results for the investigated debonding
processes and compares the normalised impacts of both methods across
the different impact categories chosen. In this comparison, the higher
maximum value within each impact category is used as the reference
value for normalisation.

The results clearly show the lower impact of the cold debonding
method in the categories GWP and fine particulate matter formation. In
case of the acidification potential, this method shows slightly lower
values than the warm debonding. For ozone depletion and ozone for-
mation warm debonding is clearly in advantage and has a much lower
impact.

Uncertainty and sensitivity analysis

An uncertainty analysis and a sensitivity analysis were subsequently
performed to assess the impact of uncertainties within the study. The
results in Table 7 enable the verification of uncertainties within the
collected direct and indirect primary and secondary data, as well as the
cut-off and allocation rules, assumptions, and methods for impact
assessment described and employed in the study.

The ascertained standard deviation and variance in the results are
particularly attributable to the uncertainties within the data used. Data
sets with a different geographical correlation were used if no data re-
cords were available for processes in Germany. These include consum-
ables such as ethanol (Europe), LN, (Europe), and compressed air
(Europe). The increased variance in the debonding processes can further
be attributed to the integration of subjective manual work steps. The
average cycle times were measured and assigned a correspondingly
higher uncertainty, as these values depend predominantly on the
experience of the employees as well as their physical condition and level
of concentration.

Subsequently, a sensitivity analysis was performed to assess the
subjective share of manual work steps in the debonding process. For this
purpose, the required process time for the individual work steps was
varied both upwards and downwards. This study aims to assess both
measurement inaccuracies and the impact of various work experiences
and rates on the process flows that have the most significant influence on
the LCIA result in the global warming impact category. Within the
sensitivity analysis, three scenarios were created to represent the
different work situations. Scenario 1 represents the standard process
already investigated in Sections 4.3.1 to 4.3.3. Scenario 2 assumes 20 %
shorter manual working times, and Scenario 3 assumes 20 % longer
manual working times. The results of the sensitivity analysis are shown
in Table 8. According to the DIN EN ISO 14044 (ISO 2021b) standard,
the sensitivity analysis results are considered significant when they are
above 10 %. The results are significant if the process has a sufficiently
high contribution to the overall impact.

The results show a significant contribution of the human work steps
in both Debonding processes. Thus, a reduction or increase in manual
working time can result in an almost equivalent change in the impact on
the global warming category by a factor of 0.6. The result implies a
significant reduction in emissions within the investigated impact cate-
gory as a result of increasing automation and the parallel reduction in
cycle time.

Table 5
Ecological impacts of the investigated material and energy flows for the warm debonding process to the assessed impact categories.
Impact Category Unit Heating Debonding
Electricity Compressed Air Human Work Compressed Air Human Work
Global warming kg CO4-eq. 5.14E-2 3.25E-2 2.65E-1 3.30E-2 1.77E-1
Stratospheric ozone depletion kg CFCy1-€q. 2.67E-8 1.56E-8 - 1.59E-8 -
Ozone formation, human health kg NOx-eq. 5.22E-5 6.09E-5 - 6.19E-5 -
Fine particulate matter formation kg PM, s-eq. 2.55E-5 5.31E-5 - 5.40E-5 -
Terrestrial acidification kg SO-eq. 7.52E-5 1.33E-4 - 1.35E-4 -
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Fig. 13. Contributions of the investigated material and energy flows for the warm debonding process to the assessed impact categories.

Table 6
Ecological Impacts of the Investigated Material and Energy Flows for the Cold Debonding Process to the Assessed Impact Categories.
Impact Category Unit Cooling Debonding
Ethanol Nitrogen Emissions to Air Electricity Human Work Compressed Air Human Work
Global warming kg CO-eq. 3.04E-2 3.14E-2 - 4.57E-4 1.54E-1 1.47E-2 1.05E-1
Stratospheric ozone depletion kg CFCy;-eq. 2.70E-7 1.52E-8 - 2.37E-10 - 7.08E-9 -
Ozone formation, human health kg NOy-eq. 8.45E-5 5.87E-5 1.10E-3 4.64E-7 - 2.76E-5 -
Fine particulate matter formation kg PM s-eq. 4.31E-5 4.66E-5 - 2.27E-7 - 2.41E-5 -
Terrestrial acidification kg SO»-eq. 1.60E-4 1.17E-4 - 6.68E-7 - 6.02E-5 -
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Fig. 14. Contributions of the investigated material and energy flows for the cold debonding process to the assessed impact categories.
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Fig. 15. Normalised impact of the investigated debonding methods across the impact categories based on the maximum reference value.

Table 7
Uncertainty analysis based on the results for GWP of the investigated debonding
processes.

Process Mean Standard deviation Unit Variance

Warm Debonding 0.554 0.135 kg COz-eq. 24.40 %

Cold Debonding 0.337 0.079 kg CO»-eq. 23.30 %
Table 8

Sensitivity analysis based on the results for GWP of the investigated debonding
processes.

Process Scenario Scenario Scenario Unit Reduction /
1 2 3 Increase
Warm 0.559 0.488 0.630 kg -/+12.70 %
debonding CO,-
eq.
Cold 0.336 0.294 0.378 kg - /+12.50 %
debonding CO2-
eq.
Discussion

The presented findings enable a comprehensive evaluation of the two
investigated debonding methods, hot-air-based warm debonding and
cryogenic cold debonding, in terms of their process performance,
structural impact, and environmental potential. While certain aspects of
the discussion were introduced in Section 3 to support the interpretation
of the results, the following section offers a more thorough discussion,
including the environmental assessment from Section 4.

Process reproducibility

The general reproducibility of the recorded temperature profiles and
process durations confirms the robustness of the experimental setup and
demonstrates the methodological suitability of both the applied test
procedures and the debonding processes, regardless of their current TRL.
Particularly for the cold method, low deviations in temperature gradi-
ents and process times indicate high process consistency. In contrast, the
warm method exhibits significantly higher variability, primarily due to
the indirect convective heat transfer and its sensitivity to ambient con-
ditions. For repair applications under real-world conditions, where
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predictability and repeatability are essential, cold debonding, as inves-
tigated here using the selected tools and setups, better fulfills key re-
quirements for reliable process execution.

Mechanical integrity of adjacent adhesive layers in the re-use case

The evaluation of the 1-tensile specimen does not reveal significant
discrepancies in the mechanical behavior of the adjacent adhesive layer
following the debonding process. Despite the considerable number of
specimens that were examined, no clear correlation was identified be-
tween the debonding method employed and the resulting total defor-
mation energy, when compared with the reference. The results
demonstrated a relatively high standard deviation for all groups tested,
which was attributed to the uncontrolled amount of adhesive used and
the subsequent squeeze-out. However, the standard deviation from the
warm-method was double that of the standard deviation from the cold-
method. While this finding suggests a potential impact of the debonding
method on the predictability of the adjacent adhesive layer, the study
did not provide sufficient evidence to substantiate this hypothesis.
Consequently, the impact of thermal-based debonding methods on the
mechanical properties of the adjacent adhesive layer must be investi-
gated further in separate studies.

Environmental impact and process efficiency

The results of the LCA clearly favour cold debonding in terms of
GWP. Despite the use of LNy and ethanol, the GWP for cold debonding
amounts to only 0.337 kg CO,-eq., which is approximately 40 % lower
than the 0.559 kg CO3-eq. of warm debonding. This reduction is pri-
marily due to lower energy consumption and shorter process durations.
The warm method, by contrast, is characterised by a high demand for
heating energy and manual input, both of which significantly contribute
to overall process costs and emissions.

Nevertheless, certain impact categories, such as stratospheric ozone
depletion and ozone formation, exhibit higher contributions for the cold
method. These are mainly driven by emissions of evaporated process
media. Mitigation strategies such as process gas capture systems,
improved equipment design, or substituting ethanol with low-GWP
cryo-stable media could help reduce these effects. Overall, cold
debonding offers greater potential for optimisation and automation,
which in turn would further enhance its environmental performance.
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Holistic process evaluation

By combining the technical findings with the environmental assess-
ment, the present study demonstrates that cold debonding offers clear
advantages in terms of structural compatibility, reproducibility, and
sustainability. Especially for repair-oriented use cases, where the pres-
ervation of components and the integrity of remaining joints are pri-
oritised, this method enables a precise, minimally invasive, and
thermally gentle separation. While this study employed pneumatic
chiselling as the mechanical separation method for both debonding
approaches, the environmental advantage of cold debonding is expected
to remain consistent with alternative mechanical loading techniques.
Since the LCA comparison was conducted using identical mechanical
separation methods for both thermal approaches, the observed global
warming potential ratio is primarily driven by the thermal conditioning
phase rather than the mechanical separation process. Since both
methods demonstrate effectiveness for the investigated material com-
bination and geometry, their applicability is inherently limited by geo-
metric accessibility and material-specific constraints. The requirement
for direct contact in cold debonding may restrict its use in complex joint
geometries, whereas the convective heating approach offers greater
accessibility advantages in confined spaces. Here, the further develop-
ment of the cooling tool is a valuable approach for further investigations
and possible optimisations.

At the same time, it is essential to differentiate between the repair
and recycling use cases. While material integrity is crucial in repair
applications, it becomes secondary in recycling contexts. Here, the focus
is on complete disassembly and material separation to enable high-
purity material recovery. In such cases, the high thermal exposure
observed in warm debonding may be acceptable or even desirable to
facilitate the separation process. Therefore, it can be concluded that cold
debonding is preferable for component- and function-oriented applica-
tions, whereas warm debonding remains a viable solution for material-
oriented end-of-life strategies, particularly when factors such as tech-
nological simplicity, equipment availability, or lower process demands
are prioritised.

Conclusion

This study presents a comprehensive analysis and evaluation of two
physical debonding methods for structural adhesive joints: the conven-
tional warm debonding using a hot air gun and the innovative cold
debonding method based on a LNj-cooled tool. The objective was not
only to assess their thermal and mechanical effects on the bonded
component but also to evaluate their environmental efficiency in the
context of potential repair and recycling applications.

The experimental results reveal that the cold method offers signifi-
cant advantages in terms of process duration and thermal selectivity.
With an average debonding speed of 353.6 mm/min, cold debonding
was approximately 49 % faster than the warm method, which achieved
an average speed of 173.9 mm/min. This discrepancy can be attributed
to the distinct physical mechanisms involved: while hot air transfers
heat inefficiently to the component through convection, the LNy-based
tool removes heat more effectively and precisely through direct contact.

Differences in the thermal exposure of the lower, non-target adhesive
layer were particularly pronounced. Whereas temperatures of 150-160
°C were reached during warm debonding, the temperature in the lower
adhesive layer remained consistently above the critical threshold of —40
°C during cold debonding, thus staying within the functional range of
typical structural adhesives. The average temperature profiles along the
adhesive flange confirmed the higher thermal control in cold debonding,
characterised by both a faster and more spatially confined thermal
response. This enables more targeted processing with reduced thermal
impact on adjacent structural areas.

In terms of the structural integrity of the remaining adhesive bond,
cold debonding also demonstrated a clear advantage in terms of
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reproducibility. The l-tensile specimens, additionally extracted after the
debonding process, showed low scatter and force levels comparable to
the untreated reference, indicating minimal impact on the adhesive
layer. In contrast, warm debonding resulted in twice as high standard
deviation at a slightly lower average level of maximum force and total
deformation energy, suggesting irreversible thermal damage due to the
intense heat input. This phenomenon must be investigated further in a
separate study.

The environmental assessment, conducted via LCA, also showed a
differentiated picture. Despite the use of liquid nitrogen and ethanol,
cold debonding yielded approximately 40 % lower carbon footprint for
the warm method. This outcome is mainly attributed to the significantly
lower energy consumption and shorter process duration. Nevertheless,
cold debonding showed higher contributions in specific impact cate-
gories such as ozone formation and ozone depletion, largely due to
emissions from process media. These can potentially be reduced through
closed-loop systems or by substituting critical auxiliary materials, such
as ethanol.

It is crucial to evaluate both methods in the context of their intended
application. In repair scenarios, where the preservation of the remaining
structure and adhesive bond is essential, LNy-based cold debonding of-
fers clear advantages. In contrast, for material-focused recycling objec-
tives, where the complete separation of bonded materials is the priority,
the warm method using hot air may remain a viable and practical
alternative, particularly when infrastructure or technical requirements
are limited.

In summary, LN»-based cold debonding has been demonstrated to be
a highly selective, process-reliable, and ecologically favourable method,
particularly well-suited for the separation of bonded structures while
effectively maintaining their functionality. The suitability of cold
debonding for repair-oriented applications is clearly evidenced in this
study. Conversely, the warm debonding method remains applicable in
scenarios that impose lower structural or functional demands. It should
be noted that this investigation exclusively examined warm debonding
using a hot air gun. Other heating sources, such as induction heating or
contact-based systems, were not considered and represent promising
areas for future research. Both methods exhibit significant optimisation
potential, especially through automation, enhanced energy efficiency,
and the development of low-emission processes.
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