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CONCLUSIONS

Assessing the effects of

parameters in standoff

Motivation

Standaffs are essential parts of the thermal management system of spacecrafts, ensuring that MLT blankets are mounted and secured in place during the whole mission lifespan. However, due ta lack of
dedicated literature, adhesive selection and bonding technique might nat be suited to the application. The environment ta which the satellite will be subjected plays a major rale, and standoffs often de-bond
during qualification phases at extreme temperatures. This leads to long and costly delays, caused by poor design and preparation that could be avoided if more data was available. The findings of this study
aim to help increase the awareness in the space industry regarding standoff bonding design. We evaluate the effects of adhesive material, bondline thickness, and surface preparation on the bond strength.
One of the adhesive choices was an epoxy nana-enabled with graphene particles to assess the potential of such experimental functionalized product.

/" Lloyd LR5K plus tensile machine, available at ESTEC laboratories,
was used to assess the banding strength of pristine and thermally
cycled samples in shear and tension mode. Dedicated jigs were
designed for this study.

Standoffs made of Torlon 5030 were procured from FHP — Frezite
High Performance in two different geometries:

Shear: 2 12.5 mm, height 55 mm.

Tension: & 12.5 mm, height 20 mm.

Parameters of thermal cydling under vacuum:
From +90 °C to -100 °C at 3 °C/min (10 min dwell time),
P < 5E-3 mbar for 50 cycles.

For each unique set of parameters under investigation
(combination of adhesive selection and bondline thickness), three
standoffs were banded to CFRP/Aluminum sandwiches and tested
after curing according to the datasheets.

Pre-screening shear test

Scope: Tdentify best surface treatment.
Targeted adhesive bondline thickness: 120 pm
Adhesives:

*+  Epoxy adhesive 2216 (Gray]

+  Solithane 113/C 113-300

Surface treatments evaluated:

= No treatment

Shear & Tension tests:
Scope: Assess bonding strength for each configuration.

Targeted bondline thicknesses: 120 pm, 250 pm, 500 pm

Adhesives:

= Epoxy adhesive 2216 (Gray)

= Graphene nano-enabled epoxy adhesive
(developed by Adamant Composites]

+  Solithane 113/C 113-300

at the International

«  Solvent cleaning (Isopropy! alcohol)
«  Sanding (Glass-fiber pen)
Results: see graph 1

Figure 1 Standoff samples curing

Results: see graphs 2, 3,4, 5

8 -
Figure & Shear test setup

Figure 3 Fension test setup

(Pm-screenmg shear resul
Sanding proved to be the best surface preparation for 2216 epoxy
adhesive. For Solithane 113 the effect of surface preparation
seemed to be negligible and within the error limits.

Therefore, sanding was selected for all types of adhesives.

Shear and Tension results:

In shear and tension mode, 2216 epoxy with 250 pm bondline thickness presents the lowest band strength values compared
to the other 2216 thicknesses regardless of its thermal histary. The nano-enabled epaxy does nat present significant differences

as function of bondline thickness, apart from pristine tension made.

The effect of thermal cycling under vacuum is significant. Epoxies show an increase in bond strength after thermal cycling up to

15% while polyurethane does not follow a clear trend.
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Graph 1: Pre-screening shear bond strength
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Graph 3: Pristine tension bond strength
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Graph 4: Thermally cycied shear bond strength

Graph 5: Thermaly cyced tension bond strength
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*» Sanding was the best surface treatment for epoxies providing a 16% increase in bond strength. Palyurethane is not affected from surface preparations.

+  As expected, epoxy adhesives shaw a higher band strength than the polyurethane. In particular 2216 epaxy (gray] showed at least 96% higher band strength than Salithane 113.

«  Nano-enabled adhesive exhibited similar bond strength as the 2216 epaxy (gray).

= In pristine 2216 samples, 500 ym proved to be the best bondline thickness for shear and tension. After thermal cycling in vacuum, 120 pm bondline thickness result in the highest bond strength.

*  Pristine shear and tension present similar trends in the effect of bondline thickness of the epoxies, 250 pm being the waorst for 2216 while the best for Nano-enabled epoxy.

*» In tension, Solithane fractures were cohesive, 2216 were non-cohesive as the (FRP stayed bonded on to the adhesive, and Nane-enabled were a mix of the previous modes.

+ Thermal cycling in almast all cases increases the bond strength for epoxies but nat for polyurethane.

« Examination of more adhesive families and larger number of samples for better statistical distribution of results.

* Vibration or humidity conditioning before testing.
V Fracture abservation using SEM. )
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Abstract

In this thesis, chemical and physical characterization of polymeric and composite
materials suitable for space applications is presented. In addition, the effect of several

critical parameters in standoff bonding is assessed and analyzed.

Space materials and processes must withstand harsh environmental conditions
such as extreme thermal cycling, radiation effects, plasma, debris and more. In particular,
large temperature gradients can impact how structures and related materials behave due
to changes in properties such as the glass transition temperature, the coefficient of
thermal expansion, the storage and loss moduli etc. These properties must be considered
when designing a spacecraft since unexpected values can cause the deformation or even
breakage of materials, undermining their structural stability. However, the data provided
by the manufacturer is often not precise or complete enough, so dedicated testing is

needed.

To investigate the properties of some of these materials, thermal analysis was
performed. Nano-enabled materials were included in order to evaluate the effect of added
fillers on the basic properties. Results show that a trade-off must be considered between
such properties and the benefit of having additional functionalities such as thermal and

electrical conductivity.

To assess the effects of critical parameters in standoff bonding process, tensile
tests were performed for pristine and thermally cycled samples. For the latter, the aim
was to simulate the approximate temperature cycles a spacecraft will encounter between
-100°C and 90°C sustained during several orbits in Low Earth Orbit (LEO). Despite the
fact that standoff bonding is an integral part of the thermal management system of space
missions - by ensuring that the Multi-Layer Insulation (MLI) blankets stay in place - there
is a lack of dedicated literature and the bonding is often poorly designed. This results in
failures during qualification phases as the standoffs de-bond, causing long and costly
delays that could have been avoided if more data was available. The aim of this standoff

bonding assessment is to study how different adhesives, surface treatments and bondline

[5]
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affect the resulting bonding strength. The adhesives considered were epoxy, graphene
nano-enabled epoxy and polyurethane; the surface treatments under study were no
treatment, isopropyl alcohol (IPA) cleaning and fiber glass pen sanding and the bondline
thicknesses selected were 120 pm, 250 pm, 500 pm. Results confirm the expected higher
strength of epoxies vs polyurethane. Further, thermal cycling tended to improve the
bonding strength of most epoxy and nano-enabled epoxy samples, while polyurethane

seemed to not be so affected by temperature excursions.

Keywords: Adhesives, Composites, Standoff Bonding, Thermal Characterization, Nano-

enabled.
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NepiAnyn

v mapoloa SIMAWUATIKY €pyacio TAPOUCLAETAL O XMUIKOG KOl (PUOLKOG
XAPAKTNPLOUOG TIOAVUEP®V KAl CUVOETWV VAIKWV KATAAANAWVY Yl XP110T) O€ SLAOTNUIKES
epapuoyés. EmmAgov, aflodoyeital n emidpaon kplolwwy TapapéTpwy oTnv KOAAN oM
ATIOOTATWV.

Ta VAKA Yyt SLKOTNUIKEG EPAPUOYEG TIPETEL VAL AVTEXOUV OTI QVTIEOES
TEPPAANOVTIKEG OUVONKES, OTIWG akpaieg Bepupokpaclakes Sla@opés, aktvofolia,
mAdopa, Saotnuika Opavopata k.. Ewdwkotepa, ol peydres Swafabuioslg otnv
Beppokpacia utopoVv va EMMPEAGOVV TOV TPOTIO CUUTEPLPOPAS KATATKEVWV KAL TWV
VALKV IOV T ATIOTEAOVV AOY®W ALYV TNV SOUT TOUG KAl TIG ISLOTNTEG TOUG OTIWG N
Beppokpacia vadwdoug petantwong (Tg), o cuvtedeotn§ Bepuikng StaotoAng (CTE), Ta
HETP amwAelag kat amobnkevong (storage and loss moduli) ktAT. Ol ouyKeKPLUEVES
WBLoTNTEG MPEMEL va AN@BoUV LTIOYN KATA TO OYXESIHOUO EVOG SLACTNUIKOU OKAPOUG
KABWG ampoodOKNTEG TIUEG TWV SLOTITWVY UTTOPOVV VX TIPOKAAEGOUV TIAPALOPPWOT) 1)
akopa kal Opavon Twv LAK®V, VTTOVOUEVOVTAG TN SOLLKT Toug oTtabepotnta. QoTO00,
oLXVQ TA SESOUEVA TIOV TIAPEXOVTUL ATIO TOV KATAOKEVAGTN TWV VAIKWV SV €lval apKETA
akpL1 1) AT PY), EMOUEVWS ATIALTOVVTUL TIEPAULTEPW EEELSIKEVUEVEG AVAAVTELG.

[Ipoxewévou va SepeuvnBolv oL BOTNTEG TWV VAIKWVY, TPAYUATOTIOMmONKE
Bepuikn avaAvon. YAlka ota omola €xovv mpootebel vavoowuatidia cupumepAn@dnkay
TIPOKELUEVOL VA a€loAoynBel 1) emiSpaon TwWV TANPWTIKWV VAVOOWUATIS WV OTIS BACIKES
810N TEG TOL ap)lkoV VAKOV. Ta amoteAéopata SelYVouV TTwG TPETEL VA EEETACTEL 1)
QVTIOTAO Lo TWV OAAAY WV O€ BACIKEG IBLOTNTES LE TA TTAEOVEK TN LATA TIOV TIPOGPEPOVV
TO TANPWTIKA OTIWG 1) BEPLKT KAL 1] NAEKTPLKT] Ay WYLLOTNTA.

INa va a&loAoynBovv ol eMSPACELS ONUAVTIKOV TAPAUETPWY OTNG Sladikaoia
KOAANONG ATTOOTATWY, TIPAYUATOTTOMONKAV SOKIUEG EQEAKUGOV OTA APYLKA XAAX Kol
ota Selypata ta omola vmoBANONkav oe Beppikovg kOKAouG. Ot Bepuikol KOKAOL
TAPYHLATOTONONKAV TIPOKELEVOU VA TIPOGOHOLWO0UV oL cUVONKES TTOV Bt GUVAVTIOEL
évag dopu@opog petagd -100°C xat 90°C katd TNV SLApKELA TOAAWY TPOXLWV GTNV
XopnAn I'Mmuwn Tpoxia (LEO). Mapd to yeyovdg OtL 1 kOAANON AMOOTATWV Elval

QVATOOTIIOTO  MEPOG TOU  OLUOTNHATOG Oeppikng  Slayelplong Twv  SLXOTNUKWV

[7]
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ATOCTOAWY, UG KL SLAC@PAAL(EL OTL TA KAAVUUATA LOVWOTG TIOAAATIAWY CTPWHATWV
(MLI) mapapévouv otnv B€om toug, vtapxel EAAewPm egetdikevuévng BiAloypapiag Kot
£TOL GUYVA 1 KOAANON glval oxedlaopévn AaBog. AuTO €xel WG ATOTEAECUA TNV aoTO)(0
TWV KOAANOCEWV KL EMOUEVWS TNV ATOKOAANGON TOUG KATA TNV SLApKELA EAEYXWV
TIPOKOAWVTAG UEYAAES Kal Samavnpés kabuotepnoels mov Ba pmopovoav va eiyav
amo@evyxBel av vpyav meplocotepa dedouéva e€apxng. ZTOX0S TG A&LoAGYNONG TWV
KPLOLUWV TTAPAUETPWVY TNG KOAAN O G ATIOOTATWYV EVAL VA LEAETNOE TTWG OL SLAPOPETIKES
KOALEG, ETILPAVELAKEG EMECEPYATIEG KAL TO TIAYOG TNG KOAANONG EMNPEATEL TNV AVTOXT TNG
KOAAN 0N G. Ol KOAAEG TTOV €EETAOTNKAV NTAV ETTOLELSIKES, EMOEEISIKEG LE VAVOOWHATIOLA
ypaeviov, kat ToAvovpeddavng. Ot emipavelakés emegepyacieg Tov eEeTdoTNKAV NTAV,
EMUPAVELX XWPIG emeEepyaoia, eMPAvELX KAOAPLOPEVT IE LOOTIPOTIVALKT) aAKk0OAN (IPA)
KOl EMUPAVELX TPLUUEVT) HE XPNOT oTLAOV amod (veg yvaAwov (fiber-glass). Ta mdayn
KOAANONG Tov emAéxOnkav Ntav 120 um, 250 pm kot 500 pm. Ta amoteAéopata
emBefatwvouy TNV avapevopeva VIMAGTEPT avTox) KOAANOTG TWV ETOEELSIKWV KOAAWV
EvavTtL auTov NG ToAvovpedavng. Mepattépw, ol Beppikol kKUKAOL BEATIWOOV TNV AVTOXT)
TWV KOAAOEWV Kol TwV 600 EMOEESIKWV KOAAWY, EVW 1) KOAAQ TTOAVOVPEDAVNG @AVNKE

va PNV emnpealeTal amo TI§ SLHKVUAVOELS THG Oepuokpaaciag.

Aé&eig kAedia: KoAdeg, XuvBeta, KoAAnon Amootatav, Ospuikos Xapaktnptouog, Navo-

EVIOYVUEVQL.
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1. INTRODUCTION

Material selection and process design are crucial across all industries. They are
even more critical regarding space industry when they are subject to unique
environmental conditions. Case in point, BEPICOLOMBO spacecraft will orbit around
Mercury, the planet closest to the Sun, thus encountering mainly high temperatures (up
to 450°C (1)) and radiation doses as well as a significant amount of charged particles .
Contrastingly, JUICE spacecraft will orbit Jupiter and its three large moons, Ganymede,
Callisto and Europa (2). As they are relatively far from the Sun, the spacecraft will be
subjected mainly to extreme cold temperatures (down to -180°C) and harsh radiation (3)
filled with charged particles due to a strong magnetic field (4). The specific and unique
environmental conditions that each mission faces, are even more important as it is an
extreme engineering challenge to repair a spacecraft while in orbit, and most importantly
does not make much economic sense yet. Spacecrafts are not designed to be repairable,

but to be resilient with multiple back-up systems.

Credit: Airbus

Figure 1. Left: Bepicolombo spacecraft. Right: JUICE spacecraft

In this study, polymeric and composite materials, such as adhesives carbon fiber
reinforced polymers are analyzed to ensure their adequacy to space mission
requirements. For example, determining the glass transition temperature (Tg) of an
structural adhesive can help us understand that it must not be used in a mission if it will
reach a higher temperature than the Tg, as it will compromise the structural integrity of

the joint. An assessment of standoff bonding critical parameters is also investigated, with

[10]
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the goal to provide openly available data regarding the bond strength of different

parameter configurations in a domain that lacks dedicated literature.

In both studies nano-enabled materials were also used. Nano-enabling materials
with silver, graphene etc. enhances one or more target properties. For example, graphene
transforms an insulating adhesive into a thermally and electrically conductive glue.
However, the effect of these additives on the physical properties of the final product must
be studied. While thermal conductivity would increase, the coefficient of thermal
expansion (CTE) could vary from the pristine material, and if not measured it can lead to
stresses and failures due to CTE mismatch. For this reason, it is crucial to characterize the

main properties of enhanced materials such as Tg, CTE, viscoelastic properties etc.

Standoffs are used in spacecrafts to mount in place Multi-layer Insulation (MLI)
blankets. MLI is used as an insulator in vacuum environments, either for space missions
or cryogenics. Common insulation materials, such as the ones used in home construction
function by reducing heat transfer mainly by means of conduction and convection. In a
vacuum environment, for example between the spacecraft and the space environment,
conduction and convection mechanisms are not present and only radiation occurs.
Therefore, to reduce radiation heat loss to or from space, a radiative material such as MLI
must be used. If MLI was directly wrapped in contact with the structure of the satellite, it
would create significant heat transfer paths in which conduction would play a leading
role. To avoid these heat transfer channels, standoffs are used to mount MLI in place

eliminating the points of contact between MLI and the spacecraft.

Figure 2. An MLI standoff holding the MLI blanket to the substrate (5)

[11]
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European standards such as the European Cooperation for Space Standardization
(ECSS) require all new materials and processes to be verified, validated and qualified,
ensuring their suitability for the intended applications. Standoff bonding, currently is a
common cause of non-conformances (NC) occurring often as a result of poor design and
preparation. In such NCs issues with adhesive selection, curing or application procedures
emerge during the qualification campaign. Further investigations are required, often
considering different materials or processes, which imply additional delta-qualifications
and therefore costly delays. These unexpected issues could be avoided if more data were
openly available. Current open-source research, while adequate, only examines epoxies

and specifically in cryogenic temperatures .

The scope of this thesis is to characterize space-relevant materials and determine
basic properties, which would then be beneficial for the European Space community. The
material characterization was performed using thermal analysis techniques such as
Differential Scanning Calorimetry (DSC), Thermogravimetric analysis (TGA), Dynamic
Mechanical Analysis (DMA), Thermomechanical analysis (TMA) and Dilatometry.
Further, we focused on the bonding method and selection of adhesives in a very common
process in space industry: standoff bonding. In this case, the bonding strength was
measured using a tensile machine, pulling in shear and tension modes. The effects of
different adhesives, bondline thickness and surface preparation were assessed and
evaluated. We have also considered the effects of temperature cycling to conclude how
and when critical parameters affect the bonding strength. Residual stresses in the
adhesives are expected to have an effect on the bonding strength of pristine versus
thermally cycled samples. The effect of these stresses can be magnified by the bondline
thickness, and therefore the amount of adhesive material. Epoxy adhesive is expected to
show bigger strength than polyurethane and enabled epoxy. About surface preparations,
sanding is expected to work better than cleaning with isopropyl alcohol (IPA), and

cleaning with [PA is expected to perform better than no surface preparation.

In the next chapters, there will be a discussion about the types of materials tested

in this study, which techniques were used and what were the methods followed. Then a

[12]
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presentation of the results will follow and finally the conclusions. Datasheets of materials

and characterization results can be found in the appendixes.

[13]
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2. MATERIALS

In this chapter we present the materials that were characterized and used for the
standoff bonding assessment. We also discuss about the different types of these materials
such as sandwich panels, Carbon-Fiber-Reinforced-Polymers (CFRPs) and adhesives as

well as their typical uses and their importance in the space industry.
2.1. Adhesives

An adhesive is any non-metallic substance, used to bind two items together
chemically or physically . It can be applied either to one or to both surfaces, offering
multiple advantages in comparison to other binding techniques (such as welding,
mechanical fastenings etc). Some of the advantages include resistance to flex and
vibration, superior chemical and heat resistance, equal stress distribution, cost effective

while also offering a significant mass reduction.

The main disadvantage of adhesives is that they are organic substances that react
to the environment in space. Charged particles, Atomic Oxygen (ATOX) and UV radiation
usually degrade organic materials, decreasing their performance. For example, UV
radiation impinging over the adhesive can result in a change of color which, in turn, could
impact the absorptivity or emissivity. This effect, for an adhesive used in solar-cell cover
glass, can introduce substantial reduction in the solar array efficiency, decreasing the
power generated to the satellite instruments and components (6).Another example is the
effect of vacuum, which makes adhesives outgas and release unbound molecules which
can then stick to contamination-sensitive items - such as mirrors or glasses - and can end

up affecting the measurements. Curing is the cross-linking reaction of the adhesive.

As part of structural applications, adhesives are used very often. In particular,
relevant to this study, they are used to bond CFRP plates with aluminum honeycomb
creating a CFRP/Aluminum sandwich panel which is used as a main structural element

of most of the satellites (7). In sandwich structures the adhesives used are often in film

[14]
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form, as this implies a constant thickness throughout the whole structure and therefore
similar and expected properties.

They are also commonly used for bonding wires all over the spacecraft, and also
in all sorts of secondary structural applications (8). For example: optical lenses bonded
to the telescope structure, beam splitter geometries created by bonding glasses in

different orientations, or standoff bonding to CFRP.

Figure 4. Cured adhesives for material characterization

[15]
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Figure 5. Standoff bonding cured adhesives for DSC test

2.1.1. Epoxy resin adhesives

Epoxy resin adhesives, part of thermosetting class of plastics, are usually two-part
adhesives with a reactive prepolymer and a polymer that contain oxiranes (IUPAC for
epoxide groups, see Figure 6) (9). In order to cure, these adhesives react with a catalyst
present either by themselves or with other co-reactants referred as hardeners or
curatives. They have good mechanical properties, high bonding strength and are resistant
to chemicals. An important feature of epoxy resin adhesives is that they do not shrink
excessively during curing and most of them do not absorb moisture. Also, they have along

shelf life and electrical and thermal insulating properties.

Rlﬂ'.- ,-_"O"_n. 1R3
RZ R4

Figure 6. Epoxide group

2.1.2. Polyurethane adhesives

Polyurethane is a thermosetting polymer composed of organic parts connected by

urethane (-NH-(C=0)-0-) links (10). They can be manufactured from a variety of

[16]
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different materials resulting in different properties and therefore applications. To
produce it, diisocyanates react with polyols with a catalyst or UV light. The polyurethane
adhesives are either one- or two-part adhesives that offer good toughness under low
temperatures but they do not perform as good for long-term high temperature exposure.
Because of their low viscosity they are easy to process. Once cured they are flexible to
adapt to different complex geometries due to their softness and therefore are often used
in potting applications (11). Figure 7 shows the chemical reaction of a polyol, diol, with

diisocyanate to produce polyurethane.

HO—R—OH + O0=C=N—R—N=C=0 —» D_R_D_LH_R,_N_QJF

Diol Diisocyanate Polyurethane

Figure 7. Polyurethane synthesis reaction example

2.1.3. Silicone adhesives

Silicone adhesives are thermosetting polymers made up of siloxane, their basic
component is the silicon-oxygen chain (:---Si-0-Si-0-Si-0O--:+) where two organic groups,
such as methyl, attach to the silicon center. Silicones, compared to other adhesives, stand
out for their flexibility and resistance to high temperatures chemicals (12). In Figure 8 we

can see the silicon-oxygen chain connected with methyl groups.

CH5 [ CH4 1 CHg

HsC Si O Si (9] Si CH5

CH4 CH4 CH4
= —n

Figure 8. Chemical structure of siloxane (silicon-oxygen chain connected with methyl groups)

[17]
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2.1.4. Adhesives used for standoff bonding study

For the standoff bonding study, 3 different adhesives were used:
e 3M™ Scotch-Weld™ Epoxy Adhesive 2216
e Graphene nano-enabled epoxy adhesive

e Solithane 113/C 113-300

2.1.4.1. 3M™ Scotch-Weld™ Epoxy Adhesive 2216 (Gray)

Scotch-Weld™ 2216 epoxy adhesive from 3M™ (Figure 9), commonly known as
‘2216, is a two-part epoxy adhesive that is considered appropriate for applications in
which vibrations - such as the ones during launch - and thermal expansion and
contraction are present. It is also good for very low temperatures as it does not become
too brittle. These features, along with its high bonding strength make it a great choice for

standoff bonding.

The two parts consist of the accelerator (A) which is a modified amine, and the
base (B) which is a modified epoxy and they are mixed in a A:B=7:5 ratio by weight. After
mixing it has a work life of 90 minutes. According to the datasheet, several curing profiles
can be applied. In this study, we followed the recommendation to cure the mixed result

for 7 days at room temperature. The technical datasheet can be found in the Appendix A

(page 71).

Strwaturel Adhasive

AL 15000 4000160

\ .
! Epoxy Structural Adhesive

|

:

* Souple
¢ Floxibel
* Floxible

Figure 9. 2216 adhesive used for standoff bonding

[18]
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2.1.4.2. Graphene nano-enabled epoxy adhesive

Graphene nano-enabled epoxy adhesive was developed and supplied by Adamant
Composites LTD. In addition to the common advantages of an epoxy, it also has enhanced
functionalities such as high thermal and electrical conductivity (13). These properties can
make it a great candidate for innovative applications where it is not just a structural
component, but it also plays role in thermal management, electrical discharge etc. As
mentioned previously, before being applied to spacecrafts, it must be validated for use to
confirm its suitability. We present here some basic characterization, as a humble step

towards qualification of this nano-enabling process.

|
L R

Figure 10. Graphene nano-enabled a;ihesive used for standoff bonding

2.1.4.3. Solithane 113/C 113-300

Solithane 113/C 113-300 is a two-part polyurethane adhesive that is often used in
potting. It is not a common adhesive for structural applications as it has lower bonding
strength, and it is not UV resistant, so it often needs to be coated if it will be exposed to
the space environment. Solithane 113 has excellent resistance to ultra-high vacuum
environments. Also, it has been proven that it can be conductive when filled with silver

powder, and it is used extensively with an excellent manufacturing reproducibility and a

[19]



HELLENIC REPUBLIC _
UNIVERSITY OF WESTERN MACEDONIA .O o Chemical
FACULTY OF ENGINEERING e) Engineering
DEPARTMENT OF CHEMICAL ENGINEERING

low cost (14). Even though is not used in standoff bonding, its easy processing, low cost,
and relative easy procurement make it a possible candidate for future missions to use it
either pristine or filled with particles improving its stiffness. The two parts are the
accelerator and base and they are mixed in a ratio of A:B=73:100 by weight. Curing occurs
after 7 days in room temperature or in multiple temperatures and times that can be found

in its datasheet in Appendix B at page 74.

=

2.2. CFRP panels

Carbon Fiber Reinforced Polymers (CFRPs) are composite materials that are made
of resin matrix with carbon fiber reinforcement. They are an integral part of many
industries like automotive, marine, energy and aerospace where a material with high

strength to weight ratio is required.

As with all composite materials, the material properties of CFRPs depend on the
composition and ratio of matrix and reinforcement elements. In particular, the alignment
of the carbon fibers and the fiber-to-polymer ratio will dictate the final behavior of the
composite material.In general, there are two common ways in which the carbon fibers
can be orientated (15): Quasi-isotropically or anisotropically. The former orientation is
achieved by laying down carbon fiber plies in 0°/90° degrees and -45°/45° degrees, and

therefore results in the material having strength and stiffness equal in all directions in-

[20]
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plane. The later is achieved by laying the carbon fibers plies only in 0°/90° degrees (16),
which means that the CFRP plate will have different strength and stiffness in different
directions. The anisotropic orientation results in a material which is weaker against its

grains but stronger along the grains in comparison to its quasi-isotropic counterpart.

CFRP panels can also be enabled by doping with small quantities of materials that
introduce improved properties and functionalities. The new properties can be electrical

conductivity, thermal conductivity, or even increased toughness.

Figure 12. CFRP plates used for material characterization

2.3. CFRP/Aluminum sandwich structure

CFRP/Aluminum sandwich structures consist of CFRP plates that are adhered,
often by using film adhesives, to an aluminum honeycomb structure. This material falls
under the category of sandwich-structured composites. The core consists of a honeycomb
structure made of aluminum that, by itself, presents a low resistance against
deformations. When sandwiched between two plates of high strength material, the final
product presents very high stiffness, in particular to bending, with low overall density
(17). This low density is one of the core properties of this material composition. In space
applications, weight and precision are two paramount factors. On the one hand, the cost

of launching a spacecraft, can range up to 55000€ per kilogram. On the other hand, it is

[21]
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critical to maintain the desired geometry of the structure, which usually holds telescopes

and highly sensitive instrumentation.

In the figure below, the drawing A represents the whole sandwich structure, B is

the skin (CFRP plates) and C the core (aluminum honeycomb structure).

Figure 13. Composite sandwich structure diagram

Figure 14. CFRP/Aluminum sandwich used in standoff bonding shear test

2.4. Standoffs

Standoffs are used as spacers to ensure that Multi-layer insulation (MLI) blankets
stay fixed in place. MLI is the thermal insulation used in spacecrafts and it consists of
multiple layers of thin sheets. These sheets commonly include polyimide (e.g. Kapton),
dacron, or silver aluminized mylar. As explained in chapter 1, the function of the MLI is

to reduce the thermal loss due to radiation, which is the predominant way of heat transfer

[22]
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in vacuum. If the MLI was in contact with the satellite, then there would be heat transfer
by means of conduction. Standoffs reduce the points of contact between the satellite and

the MLI.

Typically, standoffs are made out of plastics and in some cases even metal. In this
study the standoffs used were made from Torlon® 5030 HF, a thermoplastic that is often
used for these types of applications. Torlon is resistant to chemicals and mechanical
stresses, and it has a low coefficient of thermal expansion as well as dimensional stability

(18).

Two geometries of standoffs made of Torlon® 5030 HF were procured from FHP:
e Long standoffs for shear testing (12.5 mm diameter base, 55mm height)

e Short standoffs for tensile testing (12.5 mm diameter base, 20mm height)

Figure 15. Left: Standoff used for shear testing. Right: Standoff used for tension testing

2.5. Materials tested

In Table 1 the reader can find the samples tested in the frame of this thesis using
thermal analysis techniques. First, we have CFRP plates that underwent TGA, DSC and
DMA (3-point bending) analysis. All of the CFRP plates were made from the same fibers
and epoxy. Then, there are the film adhesives, filled with nano-particles, that were tested
in TGA, DSC and TMA. In particular, for TMA, the film adhesives were sandwiched
between aluminum plates in order to be able to measure with the current set-up.

Measuring film adhesives is complicated and requires a specific instrument sample set

[23]
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up. TGA and DSC tests were also performed for some other adhesives comprising
common ones used in space industry (epoxies like 2216, AV138, Redux 312L or silicones
like 93-500 or RTV-S 691) and nano-enabled ones. The two silicone adhesives were
tested in DMA and in Dilatometer only with main scope to identify the glass transition

temperature and compare it with the value obtained from DSC.

Table 1. Material characterization test table

Tests

Material Sample ID Description
TGA DSC DMA TMA DIL
P36-CM-012-04 v ' v
P36-CM-013-02 CFRP plates (epoxy polymer) i v v
P36-CM-014-04 v v v
E P36-CM-031-01A v ' v
o P36-CM-025-02 v v v
P36-CM-026-02 Nano-enabled CFRP plates (epoxy polymer) s v/ v/
P36-CM-027-02 v v v
P36-CM-032-01A v v v
$120 Epoxy adhesive with fillers v v v
S121 Epoxy adhesive with fillers v v v
.g 8122 Epoxy adhesive with fillers v 'l v
a $129 Epoxy adhesive with fillers and supported v v v
5 S$133 Epoxy adhesive with fillers v v v
E S134/5135 Epoxy adhesive with fillers v
T S137 Epoxy adhesive with fillers and supported v v v
S$138/5139 Epoxy adhesive with fillers and supported v
P32-Ref Epeoxy adhesive with fillers and supported v
P36-DC 47/48151 Nano-enabled epoxy adhesive v v
» P36-Redux312L Redux 312L v v
.g P36-2216Grey 3M 22186 Grey v v
a P32-Araldite Araldite adhesive v v
s P36-AV138M-1/HV998 AV138M-1/HVO98 adhesive v v
; P36-DC-9-Th26 Epoxy adhesive v 'l
£ P36-M21-Th77 Epoxy adhesive with fillers v v
o DOWSIL 93-500 Silicone adhesive v v v
RTV-S691 Silicone adhesive 'l v v

Regarding the standoff bonding applications, two main test types were carried out.
Initially, a pre-screening test was performed in pristine samples in shear mode. This pre-
screening was performed using 2216 and Solithane adhesives and a 120 um spacer to
achieve a specific bondline thickness (Table 2). The purpose of pre-screening was to
identify which surface preparation was better, for which 3 standoffs were bonded for
each adhesive. The surface preparation methods considered were: (i) no treatment, (ii)
cleaning with just Isopropyl alcohol solvent (IPA) and (iii) sanding and then cleaning with

solvent.
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Table 2. Standoff bonding surface treatment test

Pre-screening shear test (Pristine)

Adhesive

Su

rface preparation

o, o Chemical

e

No treatment

Solvent (IPA)

Sanding

3IM™ Scotch-Weld™ Epoxy Adhesive 2216 (Gray)

3

3

Solithane 113/C 113-300

3

3

Engineering

After the pre-screening test, the best surface treatment was selected and tests in

shear and tension were performed, both for pristine and thermally cycled samples. For

these tests, in addition to 2216 and Solithane, a graphene nano-enabled epoxy was tested.

For each adhesive, three different bondline thicknesses were selected, 120 pm, 250 pm

and 500 pm. For each set of parameters, three standoffs were bonded and tested (see

Table 3).

Table 3. Test table: Number of standoffs bonded to each adhesive, in Tension & Shear

Shear test (Pristine)

Bonding thickness [um)
Adhesive
120 250 500
3M™ Scotch-Weld™ Epoxy Adhesive 2216 (Gray) 3 3 3
Solithane 113/C 113-300 3 3 3
Graphene nano-enabled epoxy 3 3 3
shear test [Thermally cycled)
Bonding thickness {um)
Adhesive
120 250 500

3M™ Scotch-weld™ Epoxy Adhesive 2216 (Gray)

3

3

Solithane 113/C 113-300

3

3

Graphene nano-enabled epoxy

3

3

Adhesive

Tensile test (Pristine)

Bondil

ng thickness (um)

120

250

3M™ Scotch-Weld™ Epoxy Adhesive 2216 (Gray)

3

Solithane 113/C 113-300

3

Graphene nano-enabled epoxy

3

500
3
3
3

Adhesive

Tensile test (Thermally cycled)

Bondil

ng thickness [um)

120

250

3M™ Scotch-Weld™ Epoxy Adhesive 2216 (Gray)

3

Solithane 113/C 113-300

3

Graphene nano-enabled epoxy

3

[25]
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3. METHODOLOGY: INSTRUMENTS AND PROCEDURES

In chapter 3 we introduce the instruments used to perform thermal analysis,
thermal cycling and tensile testing. All the testing presented in this thesis was performed
in the TEC-Q Materials and Electrical Components laboratory in ESA/ESTEC. In addition to
referring to the method principles of the instruments, we also analyze the specific

procedures that were followed for the material list discussed in the previous section.

In summary, the basic characterization of CFRP plates and adhesives was
conducted using thermal analysis (3.1). The goal was to assess physical or chemical
stability of the materials under heating and/or cooling. Thermal analysis can show the
presence of thermal or mechanical history in polymers, which makes it an excellent tool
for characterizing and designing manufacturing processes as well as to estimate the life
expectancy in various environments (19). This chapter presents the techniques applied:
Thermogravimetric Analysis (3.1.1), Differential scanning calorimetry (3.1.2),
Thermomechanical analysis and Dilatometry (3.1.3), and Dynamic mechanical analysis

(3.1.4).
Further, a bonding procedure was developed in this work for preparing the
surface, mixing and applying the adhesive and bonding the standoffs to the substrates to

ensure proper curing. This is presented in 3.2.

In section 3.3 the thermal vacuum chamber (TVAC) is presented. TVAC was used

to thermally cycle the standoff samples to identify changes in the bonding strength.

Finally, in section 3.4, the mechanical testing in tensile and shear mode is discussed

as to how it was used to determine the bonding strength.

[26]
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3.1. Thermal analysis

3.1.1. Thermogravimetric analysis (TGA)

In a TGA experiment, the mass of a sample is measured while undergoing a
temperature program. The program can be isothermal or a temperature scan, resulting
in mass loss versus time or temperature. Typically, the atmosphere is purged with inert,
dry-nitrogen gas, but if oxidation needs to be examined an air or oxygen purge is
available. Temperature scans can be performed from room temperature up to 1600°C at

controlled heating rates. Typical sample size is around 25 mg.

This technique is used as a screening test to investigate the thermal endurance of
a material. Mass loss at low temperature may be attributed to offgassing of water or
volatile additives. Distinct mass loss steps well above 100°C are likely to be the result of
(partial) decomposition. This can be a concern for materials that need to withstand an
elevated service temperature, such as thermal control materials for inner solar system
planetary missions. Reaction mechanisms of oxidation and kinetics of pyrolysis and
combustion processes can also be identified. Finally, TGA can also help to identify the

maximum temperature target for DSC.

The used instrument, that can be seen in the Figure 16, is a calibrated TGA/DSC 3+
of Mettler-Toledo available in ESTEC laboratories. The temperature program to which
the samples were subjected was the same for all the samples, starting at room
temperature up to 900°C with a heating rate of 10 K/min and N2 as inert gas with a flow
of 70 ml/min. Clean alumina sample holders with 150 pL capacity were used. This
crucible material was chosen at it is resistant to high temperatures, and its volume was
sufficient to hold a sample mass range of approximately 25-30 mg, which is high enough
to show a notable mass change, but low enough to minimize temperature gradient inside
the sample. Blank (empty) crucibles were also measured in order to remove the buoyancy

effect that is many times apparent in this type of analysis under gas atmosphere (19).
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Figure 16. TGA/DSC 3+ instrument

The table below (Table 4) shows the parameters that were selected for the TGA

tests, shown also pictorially in Graph 1.

Table 4. TGA method parameters

Segment Heating
Starting temperature 25.00 °C
Ending temperature 900.00 °C
Heating rate 10.00 K/min
Gas N2, 70 ml/min

[28]



HELLENIC REPUBLIC .
UNIVERSITY OF WESTERN MACEDONIA 'O.. Egemggrlin
FACULTY OF ENGINEERING > - S S
DEPARTMENT OF CHEMICAL ENGINEERING

TGA OB TGA RT__S006 10 N2@T0 1403 F022 1429006
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Ty

Lab: METTLER STAR GW 1800

Graph 1. TGA temperature method, from RT to 900 °C at 10 K/min under N2 atmosphere

3.1.2. Differential scanning calorimetry (DSC)

In a DSC experiment the temperature of a sample within an inert crucible is
compared to an empty reference crucible while undergoing a temperature program.
When the sample goes through a transition its temperature differs from the reference
crucible as heat is absorbed or released to undergo such transition. The apparatus keeps
the reference temperature synchronous to the programmed method, allowing the heat
flow to or from the sample material to be calculated. This technique reveals material
transitions that influence the specific heat as well as endo- or exothermal effects, such as
phase transitions, glass transitions or curing. Typically, the furnace, see Figure 19, is
purged with dry nitrogen gas to prevent oxidation. A distinction between reversible (e.g.,
glass transition, melting) and irreversible (e.g., curing) transitions can be made by heat-
cool-heat methods. Typical areas of interest are the cure verification of adhesives and the

transition temperatures of polymers.
Calibrated DSC 822 instrument of Mettler-Toledo available at ESTEC laboratories,

that can be seen in the Figure 17, was used in this study to identify if polymeric materials

were fully cured and to find the glass transition temperature (Tg). Tg is one of the key

[29]
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parameters in polymers; below Tg, they become glassy (stiff and brittle)(20), and above
Tg the polymer becomes rubbery and soft (21).

The temperature method for DSC was the same for each sample, except for the
maximum temperature limit which was selected depending on the material. The starting
temperature was 25°C and a heating rate of + 10 K/min was used. First the material is
cooled down to -50°C, and then heated up to the maximum temperature (see example for
CFRP in Table 5). The whole method consisted of 3 cooling/heating cycles (Graph 2). The
cycling method is really important as it can help identify in the first heating if there are
any pre-stresses in the material or any post curing effects. That way we can be more
certain of the actual glass transition temperature or other phase transitions that are
apparent to the material and method. N2 was used as inert gas with a flow of 50 ml/min.
The maximum temperature used was calculated by having the temperature that the
material loses 1% of its total mass in the TGA minus 50 °C. For example, CFRP plates had
a 1% mass loss temperature at least above 250 °C. Therefore, the maximum temperature
at DSC was selected as 200 °C. Finally, the sample mass was around 10-20 mg to minimize
gradient temperature in the sample. In DSC the sample pan was aluminum with a volume
of 40 pl and a hermetically sealed lid that was punctured in order of the volatiles to be
able to be released. The lid also allows the sample to remain in contact with the bottom
of the pan, which is important since the thermocouple is located in the bottom of the

sample and the reference pan.
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Figure 17. DSC 822 instrument

Figure 18. Left: Clamping device for DSC pans. Right: DSC sample tray
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Figure 19. DSC 822 open furnace

Table 5. DSC method parameters CFRP example

CFRP Method Segments
Cooling Heating Cooling Heating Cooling Heating Cooling

Starting 25.00 °C -50.00°C | 200.00°C | -50.00°C | 200.00°C | -50.00°C | 200.00 °C
Temperature

Ending -50.00°C | 200.00°C | -50.00°C | 200.00°C | -50.00°C | 200.00°C 25.00 °C
Temperature
Heating rate -10.00 +10.00 -10.00 +10.00 -10.00 +10.00 -10.00

K/min K/min K/min K/min K/min K/min K/min
Gas N2, 50 ml/min
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HELLENIC REPUBLIC .
UNIVERSITY OF WESTERN MACEDONIA 'O.. Eﬂemggrlin
FACULTY OF ENGINEERING 8/ =Ng S
DEPARTMENT OF CHEMICAL ENGINEERING

DSC OB DSC CHCHCHE 50 I00@10C 17.03. 2022 21:06:08

e ey
ATt

Lab: METTLER STAR® SW 16.00

Graph 2. DSC method showing three heat-cool cycles between -50 And 200 °C at 10 K/min

3.1.3. Thermomechanical analysis (TMA) and Dilatometry (DIL)

To calculate the coefficient of thermal expansion (CTE) of adhesives, TMA and
Dilatometer were used. These two techniques share some similarities. They are used to
measure the uni-dimensional change as a function of time/temperature. This
dimensional change is driven by the temperature range selected by the user in the
program. Is important to have a relatively low heating/cooling rate to ensure that
dimensional changes - due to expansion/contraction of atomic or molecular structure-
are allowed to take place. The sample is placed into the furnace of the instrument where
a probe applies a negligible force to ensure good contact. Then, while heating/cooling, the
dimensional change of the sample causes movement of the probe, which is used by the

instrument to determine the change of sample length (22).

CTE is an important value as spacecrafts often undergo extreme thermal cycles
during their missions. These extreme cycles, along with the fact that the spacecraft is
made out of many different materials, can introduce thermally induced stresses resulting

in structural issues. For example, a joint between a metal and a composite that have a
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significant CTE mismatch, will face thermally induced stresses after being subject to a
temperature difference, as the composite will work against the contraction of the metal.
Therefore for fastening and bonding applications it is necessary that the substrate and

adherend materials have a CTE as similar as possible to avoid such incidents.

The calibrated TMA and dilatometer apparatus used in this study, as they can be
seen in Figure 20 and Figure 21 respectively, were TMA 841 from Mettler Toledo and
DIL402C from Netzsch, available at ESTEC laboratories. TMA specimens must have two
flat and parallel surfaces in the measurement direction and the maximum dimensions
should not exceed 10 x 10 x 10 mm?3. Dilatometer specimens must also have two flat and
parallel surfaces, with a length between 10 mm and 30 mm and a diameter up to 8 mm.
In the figures below (Figure 22 and Figure 23) we can see the sample set up in the TMA

and Dilatometry instruments respectively.

I

Figure 20. TMA 841 instrument
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Figure 22. TMA sample set up
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Figure 23. Dilatometer sample set up

The methods for both types of measurements we identical. As it can be shown in
Graph 3, two cooling/heating cycles were performed between -150°C to 150 °C with a
rate of 3 K/min. The sample environment was purged with N2 at a rate of 50 ml/min and

the force that the probe was applying to the sample was 0.020 N.

TMA

OB TMA -150...150@3

24.05.2022 20:09:01

200~

N2

50 mijmin

D.0z0M

Nz

50 mi/rmin

D020 N

M2

50 ml/min

0.020 N

N2

50 mlfmin

0.020 N

Nz
30 mifmin

0020 N

Ewgerirrent settiing
Synchronization

1 1 2 3 4 5
0 w0 40 60 B0 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 min
STAR® SW 16.00

Lab: METTLER

Graph 3. TMA method applied to the samples to measure CTE
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3.1.4. Dynamic mechanical analysis (DMA)

In a DMA experiment visco-elastic properties of a sample material subjected to a
temperature program are determined. An oscillating load with a fixed frequency is
applied onto the sample and the response amplitude of the sample provides information
about the visco-elasticity and the modulus. This technique reveals any transitions that
influence these mechanical properties and it is especially sensitive to more subtle

secondary and tertiary (y) transitions at low temperature, besides the glass transition.

The storage modulus (M’, E’ or G’ in 3-point bending, tension or shear respectively)
is proportional to the energy stored elastically and reversibly. The loss modulus (M”, E”,
G”) is proportional to the energy transformed in heat and irreversibly dissipated. The loss
factor (tan 0) is the tangent of the phase shift (§) between the force amplitude and the
displacement amplitude. This loss factor, calculated by dividing the loss modulus with the
storage modulus. describes the damping behaviour: ideally elastic materials show no
phase shift, corresponding to a loss factor of zero, and ideally viscous materials show a

90° shift, corresponding to an infinitely high loss factor.

Specimens are scanned from -150°C up to 500°C under slow heating rates under
dry nitrogen atmosphere. The instrument can be equipped with different probes to
accommodate various sample shapes and a wide modulus range. Specimens can be tested
in shear, tension, compression, cantilever, three-point bending and creep-relaxation
modes. The instruments used in this thesis, see Figure 24 and Figure 25 respectively, are
the DMA 1 and the DMA 861 of Mettler-Toledo available at ESTEC laboratories. CFRP
plates were measured under 3-point bending tests using DMA1 and adhesives were

tested in shear mode using DMA 861.

The CFRP samples underwent a single temperature ramp up from room
temperature to 250°C. The parameters chosen were frequency of 1Hz, force of 5 N or
displacement of 30 um as well as an offset force of 2N. The offset force is usually necessary
for 3-point bending tests as it prevents buckling. It should be noted that pre-tests were

done in order to find the most suitable parameters. This means that the final parameters
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were chosen due to the sample showing linear behavior for the specific method. For some
samples, a force of 2 N and a displacement of 10 um was also tested, as the higher force
and displacement would permanently bend the sample. In Figure 26 we can see the 3-

point bending set up from top and side view.

Figure 24. DMA1 instrument
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Figure 25. DMA 861 instrument

Figure 26. DMA1 3-point bending sample set up. Left: top view .Right: side view

Adhesives were tested from -150°C to 100°C with a frequency of 1 Hgz,
displacement of 20 pm and force of 2 N to identify their Tg. In Figure 27 we present the
method parameters selected for shear testing, while Figure 28 shows the preparation of

shear sample as well as way it is set up in the DMA 861 instrument.

[39]



HELLENIC REPUBLIC N .
UNIVERSITY OF WESTERN MACEDONIA fﬁ ° Enemgzgr!in
FACULTY OF ENGINEERING .‘____:/ =ngir S
DEPARTMENT OF CHEMICAL ENGINEERING

DMA OB DMA -150..120@3 20um 2N 1Hz 691 BOL test 15.07.2022 15:44.37
*c] nz2 Nz nz Nz Nz nz Synchronization
50 mijmin S0 redrmln 50 mifmin 30 mil/min 50 mi/miy 50 mifmin
Single 1.00 Hz  Single 1.00 Hz Single 1.00 Hz Single 1.00 Hz Single L.00 Hz Single 1.00 HX
12300 K/ 20,00 ANO0 . +0.@OMMN /20,00 pm, =0.00 pm 2,000 N/ 20.00 pm, +0.000MMN / 2000 prr| +0, 00NN £ 20,00 pm, +0.00 pr
100 ] FARN /
1 / AN //
50 // \ S
I ", s
/ i
i y, \ /
@ // \\ s
/ e
\ s hY

A s \ /
1% N\ /
", / \\ S/
\\ s
0]
1 1 2 3 4 5 B
0 20 40 &0 B0 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 =20 40 min

Lab: METTLER STAR® SW 16.00

Figure 27. DMA method to which the shear samples were subjected

Figure 28. Left: DMA sample preparation in shear. Right: DMA Shear mode set up
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3.2. Standoff bonding

The first step in the adhesive bonding process was to study the effect of surface
preparation of sandwich panels and standoffs. All standoffs were cleaned with isopropyl
alcohol (IPA). For the sandwich panels the CFRP had 3 different preparations: (i) no
treatment, (ii) IPA cleaning and (iii) sanding using fiber glass pen and then IPA cleaning
to remove any sanding debris. Figure 29 below shows the sanding process of the CFRP,
after this step IPA cleaning was performed. Figure 30 shows the fiber-glass pen used to

sand the CFRP surface.

[
7z

o R‘- ‘
&,

Figure 30. Fiber-glass pen used for sanding

The screening test showed that the best surface treatment consisted of sanding
and cleaning with IPA. This method was then applied to the CFRP substrates to which

standoffs were bonded with different thicknesses.

After the surfaces were prepared, they were laid on top of clean poly-wipe. Then

the mixing of the adhesives took place. An empty plastic cup container was weighed, and
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then parts A and B were poured in accordance with the weight ratio suggested by the
manufacturer. They were then carefully mixed with a clean wooden spatula, aiming to
minimize entrapped air bubbles. After the adhesive was thoroughly mixed for at least 30
s, the cup was placed inside a vacuum chamber, and it was cycled 3 times between
atmospheric pressure and vacuum to remove any air pockets were introduced during the
mixing. Then, it was carefully inserted in syringes to help the adhesive application. Figure
31 shows the mixed nano-enabled adhesive after vacuuming, prior to inserting in the
syringe and Figure 32 depicts the nano-enabled adhesive in the syringe, right before the

application.

Figure 31. Mixed nano-enabled adhesive and empty syringe for standoff bonding

Figure 32. Syringe filled with nano-enabled adhesive
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With the adhesive and surfaces ready, the bonding procedure started. At first, a
small amount of adhesive in form of a blob was laid in the sandwich panel. Then the 3
spacers that would secure the bondline thickness were laid as evenly as possible
separated 120 degrees from one another. After the spacers were in place, a small amount
of adhesive was applied to the bottom of the base of the standoff and, using tweezers, it
was pressed firmly to the bonding area for a couple of seconds. While placing the standoff
onto the CFRP it was important to pay attention to the spacer wires as they would often
move resulting in a not ideal placement or even being removed completely. To avoid this,
it was important to try to keep them in place by holding them while also pressing down
the standoff. After this procedure was performed for one adhesive, the procedure was

repeated for the other ones, then the samples were left to cure for at least 7 days.

Before testing the samples, DSC tests were performed in the cured adhesives to
ensure that it had fully cured and that they were properly prepared and mixed. Results

are presented in 4.1.2.

Figure 33 depicts the standoff samples while curing, as well as the cups with the

remaining adhesive (allowed to cure in the same conditions prior to DSC testing).

Figure 33. Standoffs and extra adhesive curing in room temperature
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3.3. Thermal cycling vacuum chamber

To compare pristine samples with thermally cycled samples, a thermal cycling
vacuum (TVAC) chamber was used. The samples were kept for a about a day just in
vacuum, to reach high vacuum, as representative as possible for space applications. This

was the aimed temperature range, at sample level, in the TVAC chamber.

[t is worth noting that the maximum temperature of 90°C was also selected to
ensure the stability of the sandwich panel, as the CFRP was bonded to the Aluminum
honeycomb with a film adhesive that has a Tg of 90°C. We wanted to ensure that the

standoffs would not get displaced after the thermal vacuum exposure.

In total, the samples were exposed to 50 heat-cool cycles. We opted for 50 cycles
because they are enough to showcase differences with respect to pristine samples while
allowing for testing within a reasonable schedule. The heating rate was 3 K/min and a
dwell time after heating and cooling of 10 minutes, to reduce any thermal lag and allow
the extreme temperatures to be reached. To identify the correct method parameters, a
pre-test was performed using just sandwich panels without any samples. This was
needed because the sandwich panel, which is sitting directly in contact with the
heating/cooling plate (Figure 34) acts as an insulator for the top surface in which the

glued samples would be. Finally, a thermocouple was attached to the top surface of each

panel to have a good reading of the actual temperature that was present in each sample.
\/

Figure 34. Thermal cycling vacuum chamber with dummy samples for fit check
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3.4. Tensile & Shear testing

To measure the strength of the bonding the LR5K Plus tensile instrument by
AMETEK, as it can be seen in the Figure 35, was used. The following parameters were
chosen: pulling rate of 5 mm/min and 0.5 N pre-force. If the instrument sensed a drop of
more than 10% it would stop. This limit was sufficient to detect when the standoffs had

debonded.

Bl

. I

Figure 35. Lloyd LR5K Plus tensile instrument

As the sample geometry was not the standard lap-shar samples used in this
instrument, the available jigs were not able to clamp the samples correctly. For this
reason, it was necessary to design and manufacture dedicated custom jigs for the tension
and shear tests. The initial jig concept design was done in Fusion360 CAD software (see
Figure 36). After some iterations the final jigs were manufactured in collaboration with
the workshop at ESA. The jigs were made out of stainless steel, with some parts made out

of aluminum.
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B

Figure 36. Initial jig concepts. Left: Shear jig. Right: Tension jig.

Figure 37. Shear mode jigs fit check
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Figure 38. Custom tension jig set up
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Figure 39. Left: Shear mode testing. Right: Tension mode testing
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4. RESULTS

In this chapter the data obtained from thermal analysis (4.1) and the standoff
bonding study (4.2) are presented. For each thermal analysis technique only a few graphs
are displayed but the data for all sample are summarized in the corresponding tables.

More graphs can be found in the appendixes.

4.1. Thermal characterization

4.1.1. TGA results

The evolution of mass loss was recorded for all the samples, normalized to the
original mass of each specimen, and plotted as function of sample temperature. The 1st
derivative (plotted on the top right) was also calculated in order to be able to discern the

degradation steps responsible for the mass loss. The main parameters of interest were:

e The temperature at which it reached 1% mass loss
e The total mass loss in the whole temperature range
e The onset of the first degradation step

e The onset of the first derivative step

e The inflection point, where the mass loss rate peaks.

The graphs below present two examples of the TGA results obtained in this study.
Graph 4 corresponds to a CFRP plate in which one degradation step can be observed,
corresponding to the decomposition of the polymeric matrix. Since the fibers remain, the
total mass loss is less than 25%. Graph 5 shows the mass loss of an adhesive sample, in
which two degradation steps can be identified. Typically, a decrease of mass after 300 °C
corresponds to pyrolysis of organic compounds. In the case of non-filled adhesives, the
total mass loss is usually larger than the one of CFRP as they are made of mostly organic
material. The TGA results for all specimens analyzed in this study (see Table 1) are

summarized in Table 6. All the TGA graphs can be found in APPENDIX C: TGA graphs.
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Graph 4. Normalized mass loss vs sample temperature of sample P36-CM-031-01A. Top right: calculated 1t
derivative. Curves have been corrected for buoyancy.
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Graph 5. Normalized mass loss vs sample temperature of sample P36-DC48. Top right: calculated 1st
derivative. Curves have been corrected for buoyancy.
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From the curve showing normalized weight values vs sample temperature we
derive data regarding the % of mass loss and the temperature, while from its 1st

derivative we get information regarding the onset rate of the mass loss as well as its peak.

The amount of total mass loss between pristine CFRP and enabled CFRP plates did
not seem to have significant differences. As expected, adhesives had greater mass losses
than CFRPs. An interesting observation can be made regarding cured and uncured film
adhesives. The cured film adhesives had slightly more mass loss than the uncured ones.
This can be explained as uncured film adhesives used an amount of energy from the rising

temperature to cure, while cured adhesives had all the energy used for the mass loss.

In summary:

Table 6. TGA results

Total Mass
Material mass loss mass loss = Peak mass loss
loss — rate onset rate
(%) (°Q) (°Q) (°Q)
P36-CM-012-04 340 25.7 377 365 406
P36-CM-013-02 339 22.8 382 348 412
P36-CM-014-04 340 23 365 343 406
e P36-CM-026-02 347 235 383 372 425
(i
o P36-CM-027-02 342 25.2 377 364 423
P36-CM-025-02 344 25.7 388 373 416
P36-CM-031-01A 339 22.7 367 362 424
P36-CM-032-01A 345 23.1 377 373 422
P32-5120-C 280 66.3 343 330 374
o P32-5121-C 330 20.8 355 336 380
'§ P32-S122-C 248 74.5 354 340 385
§ P32-S129-C 267 74.2 354 329 407
£ P32-5121-U 328 20.4 355 336 377
= P32-5122-U 110 73.9 353 338 386
P32-S129-U 296 74 349 330 370
§ P36-DC47 268 80.4 355 327 370/(411)/449*
K P36-DC48 292 21.9 356 337 381/(413)/447*
§ P36-DC51 285 79.8 351 339 379/(413)/452*
_:1:": P36-Redux312L 242 92.5 374 345 438
o P32-Araldite 313 26.8 351 337 376
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P36-2216Grey 329 68.2 360 343 378/(413)/441*
P32-5133-ML 315 15.8 349 336 376
P32-5137-ML 206 72.3 351 323 381
P36-DC-9-Th26 188 96.5 369 356 | 402/(411)/432*
P36-M21-Th77 166 81.5 360 338 382/(414)/445*

For the materials in which the mass loss was observed to occur in 2 steps., a

dedicated Table 7 is presented.

Table 7. TGA additional results of samples with 2 step mass loss
1st

1** mass loss . 2" mass loss o
mass Intermediate 2"° mass
. peak . . peak
Material loss minimum peak loss
temperature . temperature
. step temperature (°C) . step (%)
(°C) o (°c)
] B v
P36-DC47 370 41 411 449 394
P36-DC48 381 39.6 413 447 39.8
P36-DC51 379 39.5 413 452 40.3
P36-2216Grey 378 31.64 413 441 36.6
P36-DC-9-Th26 402 46.64 411 432 49.9
P36-M21-Th77 382 42.01 414 445 39.5

4.1.2. DSC results

As mentioned in chapter 3, DSC measurements were performed after TGA analysis.
The maximum temperature was selected as 50°C less than the one at which 1% mass loss
was observed. Table 8 below presents the Tg values calculated from the 3rd heating
segment of each sample. The first heating ramp is applied in order to remove the residual
volatiles, and post-cure if applicable. The second and third heatings then measure the
polymer without a thermal history. The third segment is usually more stable, and
therefore used here to present the results. As an example, in Figure 40 we present the
normalized results of the three heating curves obtained for Araldite LY1556. The
evolution of the Tg between the first and subsequent heating curves is clear. In addition,
a small endothermic peak can be seen on the first heating curve (red) at around 65 °C.

For all the materials three samples were tested for statistical purposes. However, for two
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materials (P32-S133-ML and P32-S137-ML) there was enough material for only one

sample to be analysed.

fexo OB DSC P32-Araldite 1st Evaluati 26.04 2022 11:20:54

0.5
Wy | \

-4I|'. -3".‘ -}:D -lIU (!l lll'. pul {D 4'[ é:l GID ?ID Slﬂ :)ID |Eﬂ 1 iU l;] 130 1"10 ll5.'| |iﬂ) °C
Lab: METTLER STAR® SW 16.00

Figure 40. Example of DSC result, showing the normalized heat flow as function of sample temperature for
Araldite. The calculated Tg are presented for each heating curve.

Table 8. Glass transition temperature of all specimens under study obtained via DSC.
Tg (°C) obtained from 3rd heating

Material
2"Sample 3Sample Average StDev
P36-CM-031-01A 164 166 163 164.3 1.2
P36-CM-032-01A 175 174 174 174.3 0.5
P36-CM-012-04 179 177 177 177.7 0.9
e P36-CM-013-02 176 174 176 175.3 0.9
w) P36-CM-014-04 179 178 178 178.3 0.5
P36-CM-025-02 180 179 180 179.7 0.5
P36-CM-026-02 177 180 171 176.0 3.7
P36-CM-027-02 179 182 181 180.7 1.2
P32-S120-C 111 113 110 111.3 1.2
g P32-S121-C 94 94 94 94.0 0.0
E P32-S122-C 89 89 89 89.0 0.0
-<° P32-S129-C 114 116 115 115.0 0.8
é P32-S121-U 89 82 85 85.3 2.9
P32-S122-U 85 86 85 85.3 0.5
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P32-5129-U 100 100 100 100.0 | 0.0
P36-DCA7 18 22 22 20.7 1.9
P36-DC48 25 22 23 23.3 1.2
P36-DC51 21 21 21 210 | 0.0
P36-Redux312L 109 109 108 108.7 | 0.5
% P32-Araldite 108 108 108 1080 | 0.0
£ P36-2216Grey 27 26 26 26.3 0.5
g P32-5133-ML 76
g P32-5137-ML >90
RTV-$691 -115
DOWSIL 93-500 122
P36-DC-9-Th26 18 16 8 140 | 43
P36-M21-Th77 5 6 4 5.0 0.8

CFRP plates have higher glass transition temperature than adhesives and enabling
CFRP plates seemed to not have any effect in Tg. Uncured film adhesives have slightly
lower Tg than the cured ones. This could be due to the fact that cured adhesives have
stronger forces between their molecules making it harder for them to overcome this

higher energy and therefore to have an increase in molecular mobility.

It is worth mentioning that the Tg of P32-S137-ML was not identified in the DSC
test, as this was only performed up to 100 °C. However, a glass transition can be intuited.

Therefore, we assess that the P32-S137-ML Tg is above 90 °C.

Graph 6, Graph 7 and Graph 8 show the DSC curves of each adhesive used in
standoff bonding for pristine shear, thermally cycled shear, pristine tension and
thermally cycled tension. The graphs show that the adhesives were properly mixed and
cured by the time the standoff bonding tests started. All the DSC graphs can be found in
APPENDIX D: DSC Graphs.
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Graph 6. DSCs for 2216 adhesive used in standoff bonding
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Graph 7. DSCs for nano-enabled adhesive used in standoff bonding
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Graph 8. DSCs for Solithane113 used in standoff bonding

4.1.3. TMA and DIL results

The samples tested in TMA were consisting of two aluminum plates bonded with
different adhesives. This was done to enable the testing of the adhesive film as films due
to their thin nature are problematic when it comes to testing and they need a specific
sample set up. An example of analyzed graph for the sample P32-5S129-ML can be found
in the Graph 9. All the TMA graphs can be found in APPENDIX E: TMA Graphs.
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-90 -80 -70 -60 -50 40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 min
Method: OB TMA -150...150@3

1004  dtr00s
[1] 25.0..-150.0 °C, -3.00 K/min, N2 50.0 mlfmin0.020 N
[2] -150.0..150.0 °C, 3.00 Kfmin, N2 50.0 ml/min0.020 N
10024  [3] 150.0..-150.0 °C, -3.00 K/min, N2 50.0 mi/min0.020 N
[4] -150.0..150.0 °C, 3.00 Kfmin, N2 50.0 ml{min0.020 N
[5] 150.0..25.0 “C, -3.00 K/min, N2 50.0 m|/min0.020 N
Synchronization enabled

100.04

99.84

09,64+ T T T T T T T T T T T T T T T T T T T T T T
-90 -80 70 -60 -50 -40 =30 -20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 °C

Graph 9. TMA P32-5129-ML. Top: Normalized length vs time. Down: Normalized length vs temperature

For TMA results the first table includes all the samples and the average coefficient of
expansion for specific temperature ranges that were selected in order to calculate CTE in

the linear regions. It should be noted that the temperature ranges are an approximation.
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Table 9. TMA average results
Average CTE (ppm/K)

Aluminum sandwich Temperature range* (°C)
panel samples - 1T 1 ]
P32-5120-ML - 23.6 26.7 40.4 29.8 -
P32-5121-ML - 24.2 26.2 40.3 28.2 -
P32-5122-ML - 25.2 27.1 37.3 29.9 -
P32-5129-ML - 28.1 29.6 60.2 34.5 -
P32-5134-ML - 25.5 27.1 333 29.7 -
P32-5135-ML - 25.1 26.4 35.3 29.3 -
P32-5137-ML - 25.9 28.1 44.0 30.6 -
P32-5138-ML 17.7 24.0 24.1 34.7 25.4 40.2
P32-5139-ML 17.7 23.9 24.3 37.2 26.6 38.8
P32-Ref 19.1 24.6 26.6 35.2 29.9 37.2

** The samples, P32-S138-ML, P32-S139-ML and P32-Ref reached a wider
temperature range, even though there was no difference in the method, from the rest of
the samples. The instrument for the rest of the samples did not manage to reach the whole

temperature range that was specified.

It must be noted that these values correspond to the whole sample setup and not just the

adhesive itself.

Two different silicone adhesives were tested in the dilatometer. One was the RTV-
S691 and the other was the DOWSIL 93-500. Both samples were tested at the beginning
of life (BOL) meaning without having any thermal history, and the other were tested
AGED meaning they have been cycled 10 times between -150 °C and 150 °C. Below, in the
Graph 10, Graph 11, Graph 12 and Graph 13 the normalized sample length versus

temperature can be seen. These graphs were used to derive the CTE and the Tg.
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Graph 10. DIL RTV-5691 BOL

Graph 11. DIL RTV-5691 AGED
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Graph 12. DIL DOWSIL 93-500 BOL

Graph 13. DIL DOWSIL 93-500 AGED

The Dilatometer derived CTE results can be found in the tables below. Again, the
temperature ranges were selected to calculate CTE in linear parts of the graph. The Tg of
RTV-S691 BOL was -110 °C, RTV-S691 AGED was -95 °C, DOWSIL 93-500 BOL was -103
°C and finally DOWSIL 93-500 AGED was -102 °C.
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As it can be seen in the Table 10 and Table 11, both silicones seem to not be

affected by the aging as their CTE values are almost identical.

Table 10. DIL RTV-5691 results. Left: BOL. Right: AGED

CTE (ppm/K) CTE (ppm/K)
BOL RTV-S691 Temperature range* (°C) AGED RTV-S691 Temperature range* (°C)
Segment -140..-111 -111..102 -111..25 Segment -140..-111 -111..102  -111..25
1st cooling 99 - 231* 1st cooling 98 - 223
2nd heating 58 220 - 2nd heating 55 220 -
3rd cooling 98 222 - 3rd cooling 99 220 -
4th heating 58 222 - 4th heating 57 221 -

Table 11. DIL DOWSIL 93-500 results. Left: BOL. Right: AGED

CTE (ppm/K) CTE (ppm/K)
BOL DC93-500 Temperature range* (°C) AGED DC93-500 Temperature range* (°C)
Segment -140..-111 -111..102 -111..25 Segment -140..-111 -111..102  -111..25
1st cooling 205 - 302 1st cooling 207 - 299
2nd heating 122 303 - 2nd heating 117 299 -
3rd cooling 205 299 - 3rd cooling 205 297 -
4th heating 122 304 - 4th heating 117 301 -

4.1.4. DMA results

In Graph 14 we see the storage modulus and the tan delta values starting at room
temperature. We can see that the ability of the CFRP plate to store energy elastically is
reduced as the temperature is getting higher. Finally, as it is well known, we can also see
in the peak of tan delta that the Tg can be derived also from DMA giving us similar results

with the DSC analysis.
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Sample: OB DMA1 Adamant P356-CM-031-01A 25..250@3 1 Hz 2N 10um 900 orientation s1

MPa

3000 Onset 127.72 °C

Storage modulus

Signal Value 3376.28 MPa
at 2540 °C

Signal Value 3209.11 MPa
at 80.02°C

Signal Value 2305.97 MPa

1000 at 135.09 “°C

? Signal Value 266.88 MPa

at 206.96 °C

2000

30 40 50 60 70 80 0 100 110 120 130 140 150 150 170 180 100 200 210 220 230 240 °C

5 9
tan delta Extrapol. Peak 158.23 °C
Signal Value 7.23e-03

at 25.40 °C
0.2 Signal Value 9.362-03
at 80,02 °C

Signal Value 97.36e-03
01 at 135.09 °C

?Signal Value 61.48e-03
at 206.96 °C

0.0

3‘0 4‘0 SIU 6’0 7‘0 Bb 9‘0 1(‘)0 liD 1‘20 1‘30 130 léU léU 1‘70 1&0 150 ZIIJD 2;.0 2é0 ZI:}U 2"10 °«C
Graph 14. DMA curve of P36-CM-031-01A. Top: Storage modulus (M’) vs temperature. Down: Tan delta vs
temperature

The DMA results are in the Graph 15 below. The Graph 15 shows the storage and
loss moduli as well as the tan delta of the 90° and 0° orientation of unidirectional CFRP
plates as well as the quasi-isotropical CFRP plates.

As 0° orientation we have set the orientation that the force is parallel to the fibers
also known as the strong orientation. As 90° orientation of the unidirectional plates we
have set the weak orientation as the force is vertical to the fiber alignment. For some
materials, three different samples were tested depending on the material availability. All
the data values are referring to a temperature of 25°C. All the DMA graphs can be found

in APPENDIX F: DMA Graphs.

In the Graph 15 below there are the average storage and loss moduli values of
samples. There we can see that enabling CFRPs have a significant effect on loss and
storage moduli.

e Red marks = enabled CFRP
e Black marks = pristine CFRP
e Hollow marks = weak orientation 90 °

e Full marks = strong orientation 0 ° or quasi-isotropic plate
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LOSS VS STORAGE MODULUS

6.00E-01
. A P36-CM-014-04 UD Oo
5.00E-01 W P36-CM-026-02 UD Oo
# P36-CM-031-01A UD Oo
g a00c01 # P36-CM-032-01A UD Oo
e A P36-CM-014-04 UD 900
§ 00 P36-CM-026-02 UD 900
é Hooor ¢ © P36-CM-031-01A UD 900
E < P36-CM-032-01A UD 900
8 200601 @ P36-CM-012-04 quasi
MW P36-CM-013-02 quasi
] A
1.00E-01 - @ P36-CM-025-02 quasi
0 Y A A P36-CM-027-02 quasi
| JaN
0.00E+00

0.00E+00 1.00E+01 2.00E+01 3.00E+01 4.00E+01 5.00E+01 6.00E+01 7.00E+01 8.00E+01
STORAGE MODULUS (GPA)

Graph 15. DMA Loss vs Storage modulus average results

From the Graph 16 and Graph 17 the Tg values are derived from the onset of tan delta.

Sample: OB DMA -150.,.12083 20um 2N 1Hz 691 BOL s2, Diameter 7.6850 mm, Thickness 1.7770 mm, Geometry factor 18,1484 1fm
—t

st cooling Onset -108.68 “C
- 1=t heating Onset -109.09 T
- \\ 2nd cocling Onset -112.60 °C
.‘| 2nd heating Onsat -111.70 °C
1000 - \
MPa et b

240 220 200 <180 - 80 100 120 140 180 180 200 220 240 260 280 °C

Extrapol. Peak  -26.%6 °C 1st cooling
Extrapol. Peak  -97.5E8 °C 1st heating
Extrapol. Peak 87,85 °C 2nd cacling
Extrapol. Peak -99.90 °C 2nd heating oo

-200 -180 -160 -140 -120 -100 -0 -6 i -20 ) 20 40 &0 GO 100 120 °C

Graph 16. DMA shear RTV-5691. Top: storage modulus (G’). Down: Tan delta
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Sampie: OB DMA -150... 12063 20urr 2N 1Hz 33500 =2, Diameter 7.7100 mm, Thickness 1.2800 mm, Geometry factor 20.1340 L/m

Onset -116.39°C 1stcooling
Onser -117.70 “C 1st heating
Onset -119.28 °C 2nd cooling
Onset -124.77 °C 2nd heating

MFa

-150 - -a0 70 60 -50 40 30 -0

-109.50 °C
-108.62 “C 1st heating
-111.60 =C 2nd cooling
-114.61 °C 2nd heating

-10 o i1}
1st cooling

20 30 40 50 &0 70 &0 50

Extrapel. Peak
Extrapol. Peak
Exfrapal. Peak
Extrapol. Feak

0¢ 110 °C

-150 -140 -130 -120 -110 -100 890 B0 70 60 -0 4D

S0

0% 110 °C

Lab: METTLER

Graph 17. DMA shear DOWSIL 93-50.0 Top: storage modulus (G’). Down: Tan delta

STAR" SW 16.00

Derived from DMA method, RTV-S691 has a Tg around -97 °C while DOWSIL 93-

500 has around -111 °C. The difference in the Tg of both samples compared to the Tg

derived from DSC, where RTV-S691 had a Tg around -155 °C and DOWSIL 93-500 had a

Tg of around -122 °C, is due to the different technique, as well as the lower heating rate

of TMA (3 K/min) compared to the heating rate of DSC (10 K/min).

We also see that the Tg results of DMA are closer to the ones derived from

Diletometry, where RTV-S691 Tg = -110 °C and DOWSIL 93-500 Tg = -103 °C, than the

ones derived from DSC. This is due to the fact that both techniques are based on

mechanical principles and are performed with the same heating rate.

4.2. Standoff bonding results

As mentioned previously, the first step in the standoff bonding was selecting the

surface treatment. Graph 18 shows the results of the pre-screening test using both 2216

and Solithane, between CFRP/Aluminum honeycomb and standoffs, and pulled in shear.
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Pre-screening Shear

1.1
1

0.9
=048 )
E‘ 0.7 ) 0.65 2216 no preparation
s 0.54 m 2216 IPA
:;&D_E 0-56 m 2216 Sanding
c
;E_‘ 0.5 - Solithane no preparation
uh Solithane IPA
E 0.4 u Solithane Sanding
@ 0.3

020 %P oax

0.2 l
D-l .
0
Graph 18. Bonding strength in pre-screening surface treatment shear samples

Sanding was considered to be the best surface treatment, as it showed 17% higher
bond strength as compared to the lowest value in the case of the epoxy. This trend was
not confirmed in the case of the polyurethane adhesive, but in that case the differences

are less obvious.

After the pre-screening, the CFRP was sanded and [PA-cleaned, and then the rest
of the samples were bonded and tested in pristine and thermal vacuum cycling

configurations.

The graphs below show the bonding strength of pristine shear, pristine tension,
thermally cycled shear and thermally cycled tension tests.

Graph 19 and Graph 20 display the results of shear testing, with pristine and
thermal cycled samples respectively. It can be noted that thermal cycling benefits the
bonding strength of all epoxy based adhesives, while not having a clear trend regarding
the polyurethane based adhesive. In epoxy 2216, when pristine, the 500 um bondline
thickness is performing better than the rest thicknesses but after thermal cycling it gets
outperformed by the 120 pm bondline thickness. For nano-enabled epoxy, when pristine,
the 250 pm thickness is the option with the highest bonding strength but after thermal
cycling it is the 500 pm. Finally, for Solithane 120 um and 250 pm are performing
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identically and 500 pum is performing the worst. After thermal cycling, 500pum

outperforms the rest thicknesses, with 120 um being the second best and 250um being

the worst.

1.10
1.00
0.90
ED.SU
20.70
£
= 0.60
E 0.50
‘% 0.40
o 0.30
0.20
0.10
0.00

1.1

0.9
—0.8
&
=07
£
0.6
2os
E 0.4
@ 0.3

0.2

0.1

=

0.75
, 0.70
u.’r:; 0.63 0.63
0.49
0.25 025

Graph 19. Bonding strength in pristine shear samples

ohs

Pristine Shear

Thermally cycled Shear

0.81 0.80
0.75 o1 075
J
0.28 0.31
I 023 .

Graph 20. Bonding strength in thermally cycled shear samples

0.21

2216 120um

B 2216 250um
W 2216 500um

Nano-enabled 120um
Mano-enabled 250um

B Nano-enabled 500um

Solithane 120um
Solithane 250um
Solithane S00um

2216 120um

2216 250um

2216 500um
Mano-enabled 120um
Mana-enabled 250um
Mang-enabled 500um
Solithane 120um
Solithane 250um
Solithane S00urm

Graph 21 and Graph 22 show similar trends with Graph 19 and Graph 20. In

tension, epoxy 2216 and nano-enabled epoxy have the same best thickness as in shear

for both pristine and thermally cycled samples. Solithane is different as the identical
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performing thicknesses are now the 250 pm and 500 pum, with the 250 um being the best

after thermal cycling, contrary to thermally cycled shear where it was worst.

Pristine Tension

=

10
9 8.5
8. I}5
q 7.19 7.87
—_ 1 2216 120um
&7 | 6.56 ® 2216 250um
E W 2216 500um
= 6
f Mano-enabled 120um
%]
5 5 B Mano-gnabled 250um
:ﬂ".. m Nano-enabled 500um
- 4 Solithane 120um
g 3 2 49 2.53 Solithane 250um
e1]
B Solithane S00um
2
1
0
Graph 21. Bonding strength in pristine tension samples
Thermally cycled Tension
10
J 8. 9
8
—_ 7.07 721 2216 120um
& 7 B 2216 250um
= B 2216 500um
= 6
E MNane-enabled 120um
E 5 ® Nane-enabled 250um
@
= B Hang-enabled 500um
g 4 Solithane 120um
=
o 3 Solithane 250um
7]
1 m Solithane S00um
1.66 .
0

Graph 22. Bonding strength in thermally cycled tension samples

To sum up, regarding 2216 epoxy, if the sample will undergo thermal cycling, is
clear that the best option is to go with the smallest bondline thickness. For the same
conditions, the nano-enabled epoxy bonds stronger with the bigger bondline thickness.

Finally, Solithane did not show a clear trend for both shear and tension modes.
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5. SUMMARY AND WAY FORWARD

In this thesis, several materials were investigated in order to provide readily
available data that can be used for material selection and product design in future

missions.

Regarding standoff bonding, sanding the CFRP as a surface treatment, and cleaning
afterwards with isopropyl alcohol, provided an 17% increase in the bond strength for
epoxies. Polyurethane was not affected significantly by the surface preparations, as the
data values were in the error limits. Epoxy adhesives, as expected, showed a higher bond
strength than polyurethane. In particular, 2216 epoxy (Gray) result in atleast 96% higher
bond strength than Solithane 113. The nano-enabled adhesive showed similar bonding
strength as the 2216 epoxy (Gray). In pristine 2216 samples, 500 pum proved to be the
best bondline thickness for shear and tension, while for thermally cycled in vacuum 2216
samples, 120 pum bondline thickness outperformed the rest thicknesses. Pristine shear
and tension samples present similar trends in the effect of bondline thickness of the
epoxies, with 250um thickness being the worst for 2216, while the best for the nano-
enabled epoxy. Especially in tension, as it can be seen in the Figure 41 the adhesive
fracture joint mode was mostly cohesive for Solithane 113, non-cohesive for 2216 as the
CFRP stayed bonded on to the adhesive, and a mix of those for the nano-enabled adhesive.
In shear mode, as can be seen in Figure 42, adhesive fracture joint modes did not follow
a clear trend. Solithane 113 was cohesive, nano-enabled epoxy had some standoff
fractures and 2216 epoxy had only one standoff fracture. Lastly, the effect of thermal
cycling under vacuum was apparent as in most cases there was an increase in the bonding
strength for epoxies but not for polyurethane. In the Figure 42 where the Solithane113
samples were bonded, in the right top there was no sample bonded, and this explains why

there is no trace of adhesive.
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Figure 41. Tension CFRP/Alu after testing

2216 epoxy

- Solithane 113

Nano-enabled epoxy

Figure 42. Shear CFRP/Alu after testing

The standoff bonding study could benefit from a further examination of more
adhesive families and including a larger number of samples for a better statistical
distribution of results. Conditioning of the samples could also be performed e.g,
vibrations, humidity. Finally, a fracture observation using SEM would also provide

valuable insights regarding the mode the adhesive fractured.
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APPENDIX A: 2216 Technical datasheet

Below there are the 3 pages from 2216 technical datasheet regarding mix ratio, properties,
curing and surface preparation. More information can be found:

https://multimedia.3m.com/mws/media/1539550/3mtm-scotch-weldtm-epoxy-adhesive-
2216-b-a.pdf

Scotch-Weld™ Epoxy Adhesive

2216 B/A

Technical Data October 2018

Product Description

3M™ Scotch-Weld™ Epoxy Adhesive 2216 B/A is a flexible, two-part,
room temperature curing epoxy with high peel and shear strength,
available in three versions. 2216 B/A Gray meets DOD-A-82720.

Typical Uncured

Note: The following technical information and data should be considered

Physical representative or typical only and should not be used for specification
Properties purposes.
Product 3M™ Scotch-Weld™ Epoxy Adhesive
2216 B/A Gray 2216 B/A Tan NS 2216 B/A Translucent
Base Accelerator Base Accelerator Base Accelerator
Color: White Gray White Tan Translucent Amber
Base: Modified Modified Modified Modified Modified Modified
Epoxy Amine Epoxy Amine Epoxy Amine
Net Wt.: (Ib/gal) 11.1-11.6 10.5-11.0 11.1-11.6 10.5-11.0 9.4-9.8 8.0-8.5
Viscosity: (cps) (Approx.)
Brookfield RVF 75,000 - 40,000 - 75,000 - 550,000 - 11,000 - 5,000 -
#7 sp. @ 20 rpm 150,000 80,000 150,000 900,000 15,000 9,000
Mix Ratio: (by weight) 5 parts 7 parts 5 parts 7 parts 1 part 1 part
Mix Ratio: (by volume) 2 parts 3 parts 2 parts 3 parts 1 part 1 part
Work Life:
100 g Mass @ 75°F (24°C) | 90 minutes 90 minutes | 120 minutes | 120 minutes | 120 minutes | 120 minutes
Features « Excellent for bonding many metals, woods, plastics, rubbers, and masonry

products.

Base and Accelerator are contrasting colors.

Good retention of strength after environmental aging.
Resistant to extreme shock, vibration, and flexing.

Excellent for cryogenic bonding applications.

Excellent for potting parts subject to thermal cycling.

The tan NS Adhesive is non-sag for greater bond-line control.
The translucent can be injected.

Meets DOD-A-82720.
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3M™ Scotch-Weld™ Epoxy Adhesive

2216 B/A

Typical Cured Product 3M™ Scotch-Weld™ Epoxy Adhesive

Physical Properties 2216 Gray 2216 Tan NS | 2216 Translucent
Color Gray Tan Translucent
Shore D Hardness 50-65 65-70 35-50
ASTM D 2240
Time to Handling Strength 8-12 hrs. 8-12 hrs. 12-16 hrs.

Typical Cured Product 3M™ Scotch-Weld™ Epoxy Adhesive
Electrical Properties 2216 Gray 2216 Translucent
Arc Resistance 130 seconds
Dielectric Strength 408 volts/mil 630 volts/mil
Dielectric Constant@ 73°F (23°C) 5.51-Measured @ 1.00 KHz 6.3@ 1 KHz
Dielectric Constant@ 140°F (60°C) 14.17-Measured @ 1.00 KHz —
Dissipation Factor 73°F (23°C) 0.112 Measured @ 1.00 KHz 0.119@ 1 KHz

Dissipation Factor 140°F (60°C)
Surface Resistivity @ 73°F (23°C)
Volume Resistivity @ 73°F (23°C)

0.422-Measured @ 1.00 KHz e
5.5 x 1016 ohm—@ 500 volts DC —

1.9x 1012 ohm-cm-@ 500 volts DC | 3.0 x 102 ohm-cm
@ 500 volts DC

Typical Cured
Thermal Properties

3M™ Scotch-Weld™ Epoxy Adhesive
2216 Gray
0.228 Btu-ft/ftth°F
102 x 108 in/in/°C
between 0-40°C
134 x 106 infin/°C
between 40-80°C

Product

2216 Translucent
0.114 Btu-ft/ftth°F
81 x 106 in/in/°C
between -50-0°C

207 x 106 in/in/°C
between 60-150°C

Thermal Conductivity

Coefficient of Thermal
Expansion

Outgassing Data
NASA 1124 Revision 4

Typical Cured
Outgassing Properties

% TML % CVCM % Wtr
3M™ Scotch-Weld™ Epoxy Adhesive 2216 Gray 77 .04 .23

Cured in air for 7 days @ 77°F (25°C).

Handling/Curing Directions for Use

Information . . s .
' 1. For high strength structural bonds, paint, oxide films, oils, dust, mold

release agents and all other surface contaminants must be completely
removed. However, the amount of surface preparation directly depends
on the required bond strength and the environmental aging resistance
desired by user. For suggested surface preparations of common
substrates, see the following section on surface preparation.

2. These products consist of two parts. Mix thoroughly by weight or
volume in the proportions specified on the product label and in the
uncured properties section. Mix approximately 15 seconds after a
uniform color is obtained.

-2
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3M™ Scotch-Weld™ Epoxy Adhesive

2216 B/A

Handling/Curing
Information
(continued)

3. For maximum bond strength, apply product evenly to both surfaces to be
joined.

4. Application to the substrates should be made within 90 minutes. Larger
quantities and/or higher temperatures will reduce this working time.

5. Join the adhesive coated surfaces and allow to cure at 60°F (16°C) or
above until firm. Heat, up to 200°F (93°C), will speed curing.

6. The following times and temperatures will result in a full cure:

Product 3M™ Scotch-Weld™ Epoxy Adhesive
2216 Gray 2216 Tan NS 2216 Translucent
Cure Temperature Time Time Time
75°F (24°C) 7 days 7 days 30 days
150°F (66°C) 120 minutes 120 minutes 240 minutes
200°F (93°C) 30 minutes 30 minutes 60 minutes

7. Keep parts from moving until handling strength is reached. Contact
pressure is necessary. Maximum shear strength is obtained with a 3-5
mil bond line. Maximum peel strength is obtained with a 17-25 mil
bond line.

8. Excess uncured adhesive can be cleaned up with ketone type solvents.*

Adhesive Coverage: A 0.005 in. thick bondline will typically yield a
coverage of 320 sq. ft/gallon

Application and
Equipment
Suggestions

These products may be applied by spatula, trowel or flow equipment.

Two-part mixing/proportioning/dispensing equipment is available for
intermittent or production line use. These systems are ideal because of
their variable shot size and flow rate characteristics and are adaptable to
many applications.

Surface Preparation

For high strength structural bonds, paint, oxide films, oils, dust, mold release
agents and all other surface contaminants must be completely removed.
However, the amount of surface preparation directly depends on the required
bond strength and the environmental aging resistance desired by user.

The following cleaning methods are suggested for common surfaces.

Steel or Aluminum (Mechanical Abrasion)

1. Wipe free of dust with oil-free solvent such as acetone or alcohol solvents.*
2. Sandblast or abrade using clean fine grit abrasives (180 grit or finer).

3. Wipe again with solvents to remove loose particles.

4. If a primer is used, it should be applied within 4 hours after surface

preparation.

*When using solvents, extinguish all ignition sources, including pilot
lights, and follow the manufacturer’s precautions and directions for
use. Use solvents in accordance with local regulations.

-3-
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APPENDIX B: Solithane 113 Technical Datasheet

Below the Solithane 113 technical datasheet page regarding curing. More information can be found:
https://www.boeingdistribution.com/product/SOLITHANE+C-113/SOLITHANE+C-113-
300/SOLITHANE-C-113-1GL

SOLITHANE 113

BONDING

CURING
Cure Systems

As indicated in Table I, the physical properties of the cured compound depend upon the
type and amount of curing agent used, either alone or in combination with other
curatives. An increase in the amount of C113-300 curing agent:

Lowers initial mix viscosity of system
Increases pot life

Lowers durometer hardness

Lowers stress-strain properties
Increases low-temperature properties

[+ B+ I+ B+ B ]

An increase in the amount of TIPA:

@ Decreases pot life, cure time
& Increases durometer hardness
@ Increases stress-strain properties®

*When used in blends with C113-300 curing agent.

Alternate cure systems by polyfunctional curing agents containing active hydrogens are
also possible, (but not discussed in this bulletin). However, the use of the above cure
system minimizes the number of curatives necessary to formulate different applications.

The rate of cure for three formulations from Table IV, expressed as the change in
viscosity at |5 minute intervals at 140°F (80°C) is illustrated in Figure 1.

POST CURE

Optimum properties are generally reached after 7 days at B0°F (27°C) (R.T.).
SOLITHANE 113 resin compounds are relatively unaffected by additional heating at
temperatures up to 250°F (121°C). However, signs of instability become evident in some
formulations after three weeks exposure to 300°F (149°C). The effect on the physical
properties of cured SOLITHANE 113 compounds exposed to various temperatures is
shown in Table HI.

BONDING

SOLITHANE 113 resin compounds adhere to most substrates without the use of a
primer. Some substrates can be simply treated with a solvent wipe or light abrading with
sandpaper. However, bonding surfaces should be clean and free of oily films.
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APPENDIX C: TGA graphs

CFRPs

exo OB TGA P36-CM-012-D4 Evaluation 28.04.2022 10:20:12
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Lab: METTLER
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Graph 23. Normalized TGA results of P36-CM-012-04. First derivative shown on top right corner

~exo OB TGA P36-CM-013-02 Evaluation 28.04.2022 10:27:50
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Lab: METTLER

Graph 24. Normalized TGA results of P36-CM-013-.2. First derivative shown on top right corner

STAR® SW 16.00
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hexo OB TGA P36-CM-014-D4 Evalualion 28.04.2022 10:34:06
. e Ot 3BT
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Lab: METTLER STAR® SW 16.00

Graph 25. Normalized TGA results of P36-CM-014-04. First derivative shown on top right corner

OB TGA P36-CM-025-02 Evaluati

26.04 2022 10:57.48

100 Sampke: 08 P35-CH-025-02, 36,5000 mg onee
o

-0.0014

-0.0024

-0.003]

50
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Lab: METTLER

STAR® W 16.00

Graph 26. Normalized TGA results of P36-CM-025-02. First derivative shown on top right corner
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OB TGA P36-CM-026-02 Evaluati

26.04 2022 10:41:57

Sample; OB F36CM-026402, 29.2100 mg
{—— —
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Lab: METTLER

STAR® W 16.00

Graph 27. Normalized TGA results of P36-CM-026-02. First derivative shown on top right corner

OB TGA P36-CM-027-02 Evaluati

26.04 2022 10:49.48

Sampies 08 PI6-CM-087-02, 26,8100 mg
S——

-

P9ep 10042 %

Lefrumk  3215°C
RghtLmit 3200 °C

LeftLimt 321571

? Siep -25.1966 %
57552 g

Right Lkt 90976 °C

1°C
0.0004

-0.0014

0003

0.00H

000

00 200 300 400 500 00 D0 EDO C

50 100

150 200 50 300 350 400 450 500

650

700 750 EOD 850 °C

Lab: METTLER

STAR® W 16.00

Graph 28. Normalized TGA results of P36-CM-027-02. First derivative shown on top right corner
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rexo OB TGA P36-CM-031-01A Evaluation 30.03.2022 13:23:44
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Lab: METTLER
Graph 29. Normalized TGA results of P36-CM-031-01A. First derivative shown on top right corner

STAR® 8W 16.00

rexo OB TGA P36-CM-032-01A Evaluation 30.03.2022 13:43:55
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Lab: METTLER

STAR® 8W 16.00

Graph 30. Normalized TGA results of P36-CM-032-01A. First derivative shown on top right corner
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Film adhesives

OB TGA P32-5120-C Evaluation

30.03.2022 13:51:49
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Lab: METTLER

STAR® W 16.00

Graph 31. Normalized TGA results of P32-S120-C. First derivative shown on top right corner

$10B TGA P32-5121-C Evaluati

30.03.2022 13:58.03
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Graph 32. Normalized TGA results of P32-S121-C. First derivative shown on top right corner
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“exo OB TGA P32-5122-C Evaluation 30.03.2022 14.04:14
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Lab: METTLER STAR® SW 16.00

Graph 33. Normalized TGA results of P32-S122-C. First derivative shown on top right corner

OB TGA P32-5129-C Evaluation
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Graph 34. Normalized TGA results of P32-S129-C. First derivative shown on top right corner
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fexo OB TGA P32-5121-U Evaluation 30.03.2022 14:30:08
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Graph 35. Normalized TGA results of P32-S121-U. First derivative shown on top right corner
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Lab: METTLER STAR® 3W 16.00

Graph 36. Normalized TGA results of P32-S122-U. First derivative shown on top right corner
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rexo OB TGA P32-126-U Evalual 25.04.2022 16:44.47
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Lab: METTLER STAR® SW 16.00

Graph 37. Normalized TGA results of P32-S129-U. First derivative shown on top right corner

.
Other adhesives
rexo OB TGA P36-DC47 Evaluation 30.03.2022 14:38:10
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Graph 38. Normalized TGA results of P36-DC47. First derivative shown on top right corner

STAR® 8W 16.00
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Graph 39. Normalized TGA results of P36-DC48. First derivative shown on top right corner

fexo OB TGA P36-DC51 Evaluation 30.03.2022 15:00:55
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Graph 40. Normalized TGA results of P36-DC51. First derivative shown on top right corner
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OB TGA Redux-312-L Evaluati 30.03.2022 15:04.57
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Graph 41. Normalized TGA results of P36-Redux312L. First derivative shown on top right corner

OB TGA P32-Araldite Evaluation 26.04 2022 11:35:11
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Graph 42. Normalized TGA results of P32-Araldite. First derivative shown on top right corner
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" 1/oc ) vseh 312,55 °C
Onset 35976 °C g
Jop }§amPke: OB P36-2216Grey, 25.0900ma . i
i i -0.0024
a0 L5t total mass loss dep, -0.0044
? Step ~1.0096 % ? Step 316421 % Extrepcl Pesk 412,51 °C
-0.2533 mg o '1?[‘-";3929“9
Left Umit 30,81 °C LeftLimk  30.81 °C -0.006 . :
Right Limit 329,38 °C Right Limiz 412,60 °C Extrapol. Peak _377.93 “Extrapol. Pesk 44074 °C
20 200 400 600 8O0 °C
0] 2 sea! masish 10 a6
-17.1119 mg
LeftLimit 30,81 °C
Right Limit  909.44 °C
&0
2nd total mass |oss sh
50 Step 36,6508 06
5.1729 mg
Left Limit ~ 412.60 °C
Y Right Limir 90944 °C
404 \
104
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 L

Lab: METTLER

Graph 43. Normalized TGA results of P36-2216Grey. First derivative shown on top right corner

STAR® W 16.00

“exo OB TGA RT...800@ 10 5133 Evaluation 2007 2022 141221
% 1o Onsst 335.84 °C
Samnple: OB TGA RT...900@10 5133, 25,2100 mg sas a1 o =0.0000
o ST R P O dwni e
7 Step -1.0004 % += | <0.0005
EL 02522 mg |
Left Limit  32.00 °C
Right Limit  315.20 °C | 0.00104
961 |
| -0.0015+
7 |
| -0.0020+
92
7 Step -15,7749 % N §
3.9769 mg Extrapol. Peak  376.09 °C
| LeftLmt  32.00 °C 000254, - . - - . . .
90 | Right Limit 910,44 °C 100 200 300 400 500 600 7D0 800 °C
881 |
%- | \‘\‘_
| —_—
a4 _l________________:‘___—;:=—-___q—¢_
50 100 150 200 250 300 350 400 450 500 550 &00 G50 700 750 800 850 °C

Lab: METTLER

Graph 44. Normalized TGA results of P32-S133-ML. First derivative shown on top right corner

STAR® W 16.00
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o

fexo OB TGA RT.. 900 10 5137 Evaluation 20072022 14:21:52
o 1oc Onset 32270 °C
2 15ample: OB TGA RT.. S00@10 5137, 25,1200 mg P . .
L' /
100 —1— {
| -0.002 [
907 ? Step -1.0007 % | 0.0044
0.2514 mg |
LeftLimit  30.67 °C |
a0 Right Limit 206,00 °C | 0.006
V
| -0.008
704 Extapel. Pesk 381,24 C
100 200 300 400 500 S00 VOO oS00 °C
&0
| ? Step 72,2873 %
| 18.1586 mg
LeftLimit 30,67 “C
507 | Right Limit 90938 °C
40- I
30 N TTrhe— )
50 100 150 200 250 300 350 400 450 500 550 00 &S50 700 750 800 850 °C

Lab: METTLER

STAR® W 16.00

Graph 45. Normalized TGA results of P32-S137-ML. First derivative shown on top right corner

*rexo OB TGA RT...900@10 P26-DC9-Th26 Evaluation 20.07.2022 09:55:28
oy, { Sample: OB TGA RT...900@10 P36-DCS-Th26, 30.0000 mg /°c] Onset, JBtFaped Peak 411,46 °C
Onset 369,37 °C ! j ;
100 e e e 0,00 Right{Limit 437.33 %C
7 Step 1.0040 %
90 -0.3012 mg 0,004
Left Limit  30.89 °C
S . |
801 Right Limit 188.00 *C ? Step 46,6410 % -0,006
-13.9923 mg
701 Left Limit 32,00 °C -0.0084 Extrapol. Peak 431,76 °C
Right Limit 412.00 °C
-0.0104
607 Extrapol. Peak 401.73°C
0.0 2 e
501 100 200 300 400 500 600 700 800 °C
401 |
304 Step 49,8926 % |
-14.9678 mg
Left Limit  412.00 °C |
201 Right Limit 907.42 °C 2 Step 96,5329 %
| -28.,9599 my
101 | Left Limit 2089 =C
Right Limit  507.42 °C
N 4
0_
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 a00 as50 °C
Lab: METTLER STAR® SW 16.00

Graph 46. Normalized TGA results of P36-DC-9-Th26. First derivative shown on top right corner
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*rexo OB TGA RT...900@10 P36-M21-Th77 Evaluation 20.07.2022 10:05: 11
o 1°c Onset  338.45 °C
! L B00@ - - 22, 4
Sample: OB TGA RT...900@10 P36-M21-Th77, 22 ?1(]06:‘]@&l 360.19 °C
10 i —r————————l——
0 — — T -0.0024
? Step -1.0017 % 3
907 0.2275 mg -0.0041
Left Limit 30,71 °C
N L Extfapol Peak 414.12 °C
80 Right Limit 166.00 =C _0.0064
Extrapol. Peak 44547 °C
-0.008-Extrapol IPeuk 382 .35 *C i .
07 200 400 600 800 °C
60
501 Step -39.5006 %
-8.9706 mg
Left Limit ~ 414.00 °C
40+ Right Limit 909 .48 °C
2 Step 81,5102 %
304 -18.5110 mg
Left Limit  30.71 °C
i Right Limit 909,48 °C
204 e —
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 a00 as0 °C
Lab: METTLER STAR® SW 16.00

Graph 47. Normalized TGA results of P36-M21-Th77. First derivative shown on top right corner
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APPENDIX D: DSC Graphs
CFRPs

Aexo OB DSC P36-CM-012-04 1st Evaluation 24.05.2022 13:23:22

Sample: OB P36-CM-012-04 1st, 13,1400 mg

t %
05 \ 3rd Heating
I
g il Glass Transition
—_——— Onset 173.02 °C
2Znd Heating - Midpoint IS 175.49 °C
— _
] Glass Transition
Onset 171.17 °C
1st Heating — Midpoint ISO 178.04 °C

Glass Transition
Onset 165.70 *C
Midpoint IS0 175.65 °C

-0 30 -20 -10 1] 10 20 30 40 50 60 70 80 S0 00 110 120 130 140 150 160 170 180 180 *C
Lab: METTLER

STAR® SW 16.00
Graph 48. Normalized DSC results of P36-CM-012-04 S1. Calculated Tg values shown in 2st, 2" and 3™ curves

OB DSC P36-CM-013-02 1st E

24 052022 13:36:25

[

J\ Sample: OB P36-CM-013-02 1st, 13.8200 mg

i

.
1
0.5 —
W1 3rd Heatng ~ ~ —————

| adreg I ——
\\‘ e . Glass Transition

- Onset 168.02 °C
—— T Midpoint IS0 176,48 °C
1st Heating e e———

Glass Transition
T Onset 168,45 o 1

. _ Midpcint IS0 17891 °C

Glass Transtion

Onset 17245 °C
Midpaint IS0 178,12 °C
-40 -30 -20 -1 ] 10 20 20 40 0 &0 70 50 a0 100 110 120 120 140 150 160 170 180 190 °C
Lab: METTLER

STAR® W 16.00

Graph 49. Normalized DSC results of P36-CM-013-02 S1. Calculated Tg values shown in 2st, 2nd and 3rd curves
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“exo OB DSC P36-CM-014-04 1st E i 24052022 134722
H Sample: OB P36-CM-014-04 1st, 15,5500 mg
H'
M
I'J |
]
0.5 | T —
Wg"-1 3rd Heating T N
— —_—
——
| Ind FHeating T Glass Transtion ]
\H__‘_ e Onset  189.51°C
istHeating T ———— —————-tklpoint 150 _:si‘..__‘
—1
Glass Transition 1
Onset 169.92 °C
Midpoint SO 176.83 °C
-40 -3‘0 -2‘0 -]I.D (IJ lID 2.0 3‘0 4:3 5‘0 5‘0 ?:0 3‘0 9‘0 1[‘10 lll.O 150 130 1“10 1;0 1%0 150 160 léﬂ °C

Lab: METTLER STAR® W 16.00

Graph 50. Normalized DSC results of P36-CM-014-04 S1. Calculated Tg values shown in 2st, 2nd and 3rd curves

fexo OB DSC P36-CM-025-02 1st E i 24 052022 13:55:45

| Sample: O P36-CM-025-02 1st, 11.0000 mg

3rd Heating -

— —
e T —— — Glass Transttion +
|| 2nd Heating - _ Onset 168.88 °C
\_ - Midpcint[SO 179.73°C
. T——
istHeatng ——~ — ————— - B,T.i.Tra s 20,45
—_— t 170.45
— Midpoint IS0 179.54 °C
—_ . Midpoint

———
Glass Transtan

Omset 166,87 °C
Midpoint IS2 175,57 °C

-40 -30 -20 -10 Q 10 20 20 40 50 &0 70 30 a0 100 110 120 120 140 150 160 170 180 180 °C
Lab: METTLER STAR® SW 16.00

Graph 51. Normalized DSC results of P36-CM-025-02 S1. Calculated Tg values shown in 2st, 2nd and 3rd curves
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fexo OB DSC P36-CM-026-02 1st E i 24 052022 14:23:49

Sample; OB P36-CM-026-02 1st, 16.1200 mg

2nd Hesting - - T _ Glass Transition

T Oneet 166,55 °C
e ; o - ___,_ﬂt_lgcu”__:__[_SE)__i}‘s.sn oc
= : T —— Glass Transtion

T Onset 166,78 °C 1

e Midpoint 150 177.01 °C
T ——

—
Glass Transition i
Onset 164,86 °C [

Midpaint IS0 176.57 °C

-40 -30 -20 -10 Q 10 20 20 40 50 &0 70 &0 a0 100 110 120 120 140 150 150 170 180 180 °C
Lab: METTLER STAR® SW 16.00

Graph 52. Normalized DSC results of P36-CM-026-02 S1. Calculated Tg values shown in 2st, 2nd and 3rd curves

fexo 0B DSC P36-CM-027-02 3rd Evaluati 24 052022 14:35:42

Sample; OB P36-CM-027-02 3rd, 11.7800 mg

Q.
Wtk T S
3rd Heating — .
S - —
2nd Heating - Glass Transition
- Onset 17248°C |
_ o T T ———Midooint IS0 180,43 °C
N 15t Heating T —— Glass Transition }

Glass Transtion
Orset 17124 °C
Midpoint IS0 178.17 °C

-40 -30 -20 -10 0 10 20 20 40 50 &0 70 30 a0 100 110 120 120 140 150 160 170 180 180 °C
Lab: METTLER STAR® SW 16.00

Graph 53. Normalized DSC results of P36-CM-027-02. Calculated Tg values shown in 2st, 2nd and 3rd curves
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fexo OB DSC P36-CM-031-01A Evaluati 30.03.2022 15:40.58

Sample: OB DSC CHOHCHC -5, 200@10C P36-CM-031-014, 16.3000 mg

o
Wyl

d1'0 -_’:E -2'0 -;ﬂ UI llﬂ ?I:l ]ID ‘1.0 5‘] Slﬂ TID HID 9'0 l(!lD 1 iU ll?ﬂ 130 l‘lﬂl '.éD léﬂ l;ﬂ léD I:IJD °C
Lab: METTLER STAR® SW 16.00

Graph 54. Normalized DSC results of P36-CM-031-01A S1. Calculated Tg values shown in 2st, 2nd and 3rd
curves

fexo OB DSC P36-CM-032-01A 15T Evaluati 04.04 2022 21:28.36

Sample: 0B DSC CHCHCHE -50... 200100 P36-CM-E2-014 15T, 14.7000 mg

S

b

Trd Heating e
0.5 T -
w1 — 4
—— Giams Trarmitior
2rd Healing - Oreet 161.85 °C
—_— _ Midoork 50 17536 °C
—-_—
b o . —
Let Heatirg T 59 °C
"
-0 -30 -20 -10 a 10 20 n 40 50 &0 7 B0 a0 100 110 120 130 140 150 160 170 180 130 °C
Lab: METTLER STAR® SW 16.00

Graph 55. Normalized DSC results of P36-CM-032-01A S1. Calculated Tg values shown in 2st, 2nd and 3rd
curves
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fexo OB DSC P32-5120-C 15T Evaluation 04.04 2022 21:44.29

1]
sample; OF D50 50, F0E10 FR2-S10-C 157, 180400 mg

. < ~
05| _—
wr | Erp
1
\.
| oty -
15t Heatig
-4 30 20 -0 0 i) 0 30 P E) &0 7 & 50 100 110 120 130 =
Lab: METTLER STAR® SW 16.00

Graph 56. Normalized DSC results of P32-S120-C S1 . Calculated Tg values shown in 2st, 2nd and 3rd curves

fexo OB DSC P32-5121-C 15T Evaluation 04.04 2022 221816

Sample: 0B DSC -S5O, 1900 325121 15T, 11,7900 my

S
il Heating - . —
— e
s Transdior II
Onsat BLIESC
-~ Midpaint [50 5362 °C
5| *;ﬂ;_—— - .
~- el —
wig™1 Y e —— s :
1
- R [
1t Heating —
Glass Transiton — ]
Crnset 90,38 |
Midpoint 150 92.9 C
1
-40 -30 -20 -10 [ 10 bl 30 an 50 60 70 80 o0 100 110 120 130 °C
Lab: METTLER STAR® SW 16.00

Graph 57. Normalized DSC results of P32-S121-C S1. Calculated Tg values shown in 2st, 2nd and 3rd curves
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e OB DSC P32-5122-C 1st Evalual 0504 2022 17:01:31
Sampie; 08 D6C 50, 1608 W) FE25144C, 11,3600 mg
s
|
_ ?[
R
. METTL;i; -3 -20 -10 a 10 20 30 40 50 &0 T 80 o0 100 110 120 130 1403[AR:5;W IGT‘;G

Graph 58. Normalized DSC results of P32-S122-C S1. Calculated Tg values shown in 2st, 2nd and 3rd curves

fexo OB DSC P32-5129-C 15T Evaluation 04.04 2022 22:31:04

—

Sample: 08 D6C -50...140@10 PI2-5125-C 15T, 9.2600 mg

2 o~
1 E———

W1

Glass Trareton
Onset 10818 *C

S . Mcport 150 114.47 °C L

-‘IJ -1'0 I;ﬂ -10 IU |ID 2;] 3'[ ‘I:l 50 ﬂ':l ?Il: BIO 9'0 "I:U 1{0 120 lJIﬂ °C
Lab: METTLER STAR® SW 16.00

Graph 59. Normalized DSC results of P32-S129-C S1. Calculated Tg values shown in 2st, 2nd and 3rd curves
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“exo OB DSC P32-5121-U 15T Evaluation 05.04.2022 17:14:34
Sample: OB DSC -50...160@10 P51 2141 15T, 11,3400 mg . . — - o
ah Condrg T - T
¥t I _-—/f'
_._—-"//
|| 2nd cooing -
I-
15t Conirg
.5
wig™ lm \'_\
Glass Trarsbior
Oreet 881 °C f
- Mipoit 150 @047 °C
k . 3
3d Hesting
Glass Trarsibor
e - - | Mo w0 o
. — S —
b Glass Trarstion
AN Orset G700 %0
me— Midpoint 150 78,36 °C
15t Heating B ~ I e
— e ———
40 S 20 0 [} 10 20 30 a0 50 0 B B0 50 1o 110 120 130 0 150 °C
Lab: METTLER STAR® SW 16.00

Graph 60. Normalized DSC results of P32-S121-U S1. Calculated Tg values shown in 2st, 2nd and 3" hestinh
curves

hexo 0B P32-5122-U 1sl Evaluation 06052022 15.48:03

Sample: OB P32-5122-U 1st, 10.0600 mg

1l
b
"Jg“-l‘“ ) - _
3rd Heating
. —
H Glass Transition - —
T_ - Onset 78.18 °C !
srd Fentin _ o Midooint ISC  85.18 °C '
|| i e

—_—%
A

—_— O 7162 °C
158 Heatng —_— Midpaint 150 7863 “C -
\ P o
-40 -30 -20 -10 0 10 | 30 40 50 60 70 80 30 100 110 120 130 140 W0 °C
Lab: METTLER STAR® SW 15.00

Graph 61. Normalized DSC results of P32-S122-U. Calculated Tg values shown in 2st, 2nd and 3rd curves
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fexo OB DSC P32-5129-U 15T Evaluation 05.04 2022 17:26:50

Sampie: 08 DSC -50... 160810 F32512%-U 15T, 108700 mg

“th Coolrg

3 Cadling

£y
§\§

i S—
i

| 3 Heating
15t Heating T
40 30 0 0 0 10 20 30 40 50 &0 0 a0 50 100 11 20 130 140 150 o
Lab: METTLER STAR® SW 16.00

Graph 62. Normalized DSC results of P32-S129-U S1. Calculated Tg values shown in 2st, 2nd and 3rd curves

“exa OB DSC -50.._170@10 5133 Evaluation 31.07 2022 11:48:56

\ Glass Transition
i Onset 69.69 °C

Midpoint IS0 76.44 °C
- Glass Transition
T Onset 47.60 °C

T Midpoint 15O 74.84 °C
—_— Glass Transition T
Onset 62.03 °C
M
)

-40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 °C
Lab: METTLER STAR® SW 16.00

Graph 63. Normalized DSC results of s133. Calculated Tg values shown in 2st, 2nd and 3rd curves
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“exa OB DSC -50.._170@10 s137 Evaluation 31.07 2022 11:54:05

Wg”-1

\\

45 -40 -35 30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 °C
Lab: METTLER STAR® SW 16.00

Graph 64. Normalized DSC results of s137. Calculated Tg values shown in 2st, 2nd and 3rd curves

Other adhesives

fexo OB DSC P36-DC47 15T Evaluati 04.04 2022 22:52.02

i
Sampke: OB DSC -50.., MO@10 PI6-DCAT 15T, 10,7000 mg

-
Glss Transtion T
Onset 1n4°c J
Miquaint 150 1867 °C L
4 EN B 10 0 0 20 0 a0 50 50 0 ] 5 100 1o 120 130 140 o
Lab: METTLER STAR® 3W 16.00

Graph 65. Normalized DSC results of P36-DC47 S1. Calculated Tg values shown in 2st, 2nd and 3rd curves
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“exo OB DSC P36-DC48 15T Evaluati 05.04.2022 16:23:49
Sample: 0 D6C -50L., 17010 #36-DC46 157, 15,2100 mg

w\ 3 Heatig T “‘——»——-\
o \ T e 1 —— )
gt Mot 150 24.80 °C !
\ |
- ———-____'______———“__FF___'__'__._ 'J
- METTL;.; 30 20 -10 ] 10 20 30 a0 0 &0 70 [ o0 100 1o 120 130 140 IEDSMR.‘;OW IG:Q

Graph 66. Normalized DSC results of P36-DC48. Calculated Tg values shown in 2st, 2nd and 3rd curves

fexo OB DSC P36-DC51 15T Evaluati 05.04 2022 16:35:33

Sample: OB DSC -50...150@10 F36-DCSL 15T, 13.3800 mg

Glass Transkon

. et 9545 )
5 ., Midpaint 150 21.25 °C —
rel Heating —— -
\ - |
\ Glass Trarmian T~ L
. Crset 1745 —
— Midooirt 15 2157 °C —
1t Heal —
trg T L
Glass Transkion \
Ormet 383°C -
Mickoint 150 14.84 °C "“———-—_____ _1
4 EN B 10 0 1o 20 0 a0 50 ] 0 ] a 100 i 120 130 140 °C
Lab: METTLER STAR® SW 16.00

Graph 67. Normalized DSC results of P36-DC51 S1. Calculated Tg values shown in 2st, 2nd and 3rd curves
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fexo ‘OB DSC P36-Redux312L 15T Evaluati 05.04 2022 16:49.36

Sarmpie OB DAL 50 170610 F-Red3120 15T, 181300 mg

S

f (!
\
'\""— e
3 Heatng -_—
_._-_‘——\—._
0. =
W]}
i Gams Trareition e
Y Ornet 10201 %C i
e Mepork 150 10,03 °C L
2nd Heating T -_— o
| \\_‘_
151 Hestrg — _
Ot 100,44 °C - o
Moot 150 106,02 °C
P a0 0 10 0 10 20 0 a0 50 50 0 50 a 100 i3 179 13 0 150 180 c
Lab: METTLER STAR® 3W 16.00

Graph 68. Normalized DSC results of P36-Redux312L. Calculated Tg values shown in 2st, 2nd and 3rd curves

fexo OB DSC P32-Araldite 1st Evaluati 26.04 2022 11:20:54
v \
i
r Sample 08 DSC PR2-Ambdte 1st, 17 8900 mg
05
Wy | \
|\ M
| ——
| rd Heating -
- -
. Qs 'um-u\
- Crret 100,80 °C

\ — - - Midpoint I50 107,67 °¢

et 95,63 °C S
Midpokt 150 103,51 °C Il
]
-40 30 -20 -10 a 10 pul 30 40 50 &0 70 B0 aan 100 110 120 130 140 150 160 °C
Lab: METTLER STAR® W 16.00

Graph 69. Normalized DSC results of P32-Araldite S1. Calculated Tg values shown in 2st, 2nd and 3rd curves
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‘0B DSC P36-2216Grey 1st Evaluation 26.04 2022 11:01:46

Sample: OF DSC PI6E-221500ey 1st, 142400 mg

Wgt-1 4 | [

| Oinset 1.3 °C -

M Midpant 150 26,62 °C h
-

1
h
um:;::‘_‘*"————___,_

Onset 9.25%C -
Midpaint IS0 22.03 °C ——— e —
|
-40 -30 -20 -10 a 10 0 30 40 50 &0 70 B0 an 100 1o 1 13 140 150 160 °C

Lab: METTLER

STAR® W 16.00

Graph 70. Normalized DSC results of 2216Grey S1. Calculated Tg values shown in 2st, 2nd and 3rd curves

“exa OB DSC -150..130@10 P36-DC9-Th26 s1 E 31.07.2022 12:01:42
v
Glass Transition
Onset 10.23 °C
' Midpeint IS0 18.10 °C
0.5
Wg~-1
Glass Transition
Onset 8.45 °C _—
_— Midpoint IS0 16.86 °C —
W
Onset 5.81°C ———
—h
k_\_—_‘\—kxﬂ
-40 -30 -20 -10 0 10 20 30 40 50 60 70 80 S0 100 110 120 °C
Lab: METTLER

STAR® SW 16.00

Graph 71. Normalized DSC results of P36-DC9-Th26 S1. Calculated Tg values shown in 2st, 2nd and 3rd curves
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“exa

OB DSC -150._110@10 P36-M21-Th77 s1 Evaluation

31.07 2022 12:10:49

Glass Transition

Onset 9.04 °C
I Midpoint IS0 5.43 °C
. Glass Transition —_—
Wwg"- Onset 12,05 °C —_—
e — Midpoint IS0 13.44 °C

_

—_—
—H
\k Glass Transition
9

Onset .77 °C ——
Midpoint ISO  10.98 °C -
T
—t

__‘_\_—_\\——ﬁ,
45 -40 -35 30 -25 -20 -15 -10 5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 85 S0 95 100 105 °C
Lab: METTLER

STAR® SW 16.00
Graph 72. Normalized DSC results of P36-M21-Th77 S1. Calculated Tg values shown in 2st, 2nd and 3rd curves

First Heat
]
I', Second Heat
iy
VT Glass Transition
! g Onset -117.70 °C
\ % Midpoint 1SQ -115.45 °C
K
~ Py
o w, e
3
«,\
4., . Senl Elastosil S-691
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Graph 73. Normalized DSC results of RTV-S691. Calculated Tg values shown in 2st, 2nd and 3rd curves
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Graph 74. Normalized DSC results of DOWSIL 93-500. Calculated Tg values shown in 2st, 2nd and 3rd curves
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APPENDIX E: TMA Graphs

OB TMA P32-5120-ML-1 Evaluation 04.07_2022 14:51:53
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Lab: METTLER STAR® SW 16.00

Graph 75. Normalized TMA results of P32-S120-ML. Top: curves vs. time. Bottom: curves vs temperature (same
colors)
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Graph 76. Normalized TMA results of P32-S121-ML. Top: curves vs. time. Bottom: curves vs temperature (same
colors)
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Lab: METTLER STAR® 3W 16.00
Graph 77. Normalized TMA results of P32-S122-ML. Top: curves vs. time. Bottom: curves vs temperature (same

colors)
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Lab: METTLER STAR® 3W 16.00
Graph 78. Normalized TMA results of P32-5129-ML. Top: curves vs. time. Bottom: curves vs temperature (same

colors)
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OB TMA P32-5134-1 Evaluation 15.07 2022 13:54:49
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Lab: METTLER STAR® SW 16.00

Graph 79. Normalized TMA results of P32-S134-ML. Top: curves vs. time. Bottom: curves vs temperature (same
colors)
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Graph 80. Normalized TMA results of P32-5135-ML. Top: curves vs. time. Bottom: curves vs temperature (same

colors)

[103]



HELLENIC REPUBLIC
UNIVERSITY OF WESTERN MACEDONIA o. Elr:gmggr!mg
FACULTY OF ENGINEERING :
DEPARTMENT OF CHEMICAL ENGINEERING

OB TMA P32-5137-1-ML Evaluation 04.07 2022 15:49.05
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Lab: METTLER STAR® SW 16.00

Graph 81. Normalized TMA results of P32-S137-ML. Top: curves vs. time. Bottom: curves vs temperature (same
colors)
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Lab: METTLER STAR® SW 16.00

Graph 82. Normalized TMA results of P32-5138-ML. Top: curves vs. time. Bottom: curves vs temperature (same
colors)
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OB TMA P32-5139-3-ML Evaluation 04.07 2022 16:05:40
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Graph 83. Normalized TMA results of P32-S139-ML. Top: curves vs. time. Bottom: curves vs temperature (same
colors)
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Graph 84. Normalized TMA results of P32-Ref. Top: curves vs. time. Bottom: curves vs temperature (same
colors)
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APPENDIX F: DMA Graphs
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Lab: METTLER
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Graph 85. DMA results of P36-CM-012-04. Top: Storage modulus (M') vs temperature. Bottom: Tan delta vs
temperature
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Graph 86. DMA results of P36-CM-013-02. Top: Storage modulus (M') vs temperature. Bottom: Tan delta vs
temperature
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Graph 87. DMA results of P36-CM-014-04. Top: Storage modulus (M') vs temperature. Bottom: Tan delta vs
temperature
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Graph 88. DMA results of P36-CM-025-02. Top: Storage modulus (M') vs temperature. Bottom: Tan delta vs
temperature
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Lab: METTLER STAR" SW 16.00

Graph 89. DMA results of P36-CM-026-02. Top: Storage modulus (M') vs temperature. Bottom: Tan delta vs
temperature
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Graph 90. DMA results of P36-CM-027-02. Top: Storage modulus (M') vs temperature. Bottom: Tan delta vs
temperature

[108]



HELLENIC REPUBLIC _
UNIVERSITY OF WESTERN MACEDONIA .Q Lo E'ﬁem{e‘é}'in
FACULTY OF ENGINEERING -ngIr S
DEPARTMENT OF CHEMICAL ENGINEERING

MFa
50000

40000+

300004

200007

100004

0.254

0.207

0.154

0.10

0.054

e

0.004

30 4 50 60 70 & a0 o0 110 120 130 140 150 150 170 180 180 200 210 220 230 “C
Lab: METTLER STAR® W 16.00

Graph 91. DMA results of P36-CM-031-01A. Top: Storage modulus (M') vs temperature. Bottom: Tan delta vs
temperature
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Graph 92. DMA results of P36-CM-032-01A. Top: Storage modulus (M') vs temperature. Bottom: Tan delta vs
temperature
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