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Abstract

Self-healing materials and, in particular, polymers are characterized by their ability to partially or fully restore
their original properties or functions after damage. Amongst the healable polymer classes, thermoplastic
polyurethanes have received increasing attention in the last years. This is mainly due to their broad application
areas, the variety of chemical platforms that can be used, and the potential use of hydrogen bonding to assist the
healing process. However, the combination of good mechanical properties and healing at near room temperature
remains challenging. In order to learn how to find a better balance between healing and mechanical properties,
dedicated studies on the impact of the monomer chemical architecture on the overall polymer performance are
needed.

In this work we study the impact of monomer mixtures with different chemical composition on the overall
mechanical and healing behaviour of self-healing thermoplastic polyurethanes based on CroHeal™ 2000,
biopolyol. The polymers are synthesized via one-shot technique, starting from three constituents: a long chain
diol (CroHeal™ 2000), a chain extender (EHD) and a diisocyanate (aromatics - MDI and PPDI, and aliphatic -
HMDI) or diisocyanate mixtures (MDI/HMDI and MDI/PPDI in different ratios).

Fracture tests using Single Edge Notch Tension specimens show a clear increase in mechanical properties and
interfacial strength recovery after damage for short healing times at room temperature when using higher
aromatic content in the isocyanate mixture. Furthermore, IR mapping showed that initial compositional
heterogeneity is decreased when more aliphatic isocyanates are used but also when longer annealing times are
applied in the case of aromatic diisocyanates. The presence of compositional heterogeneities does not influence
the healing response under the conditions studied.

Keywords: self-healing, polymers, TPU, polyurethane, aliphatic diisocyanate, aromatic diisocyanate.
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1 INTRODUCTION

or fully recover their functionality after damage. This novel type of materials entails a progress from the
classical damage management approach to a damage prevention concept [ 1] and provides clear advantages
for applications where high reliability is required and accessibly to repair is difficult or not possible [2].

S elf-healing materials are capable of mimicking the behaviour of biological materials, being able to partially

The self-healing concept started in the 1960s when self-healing properties were first observed in a polymeric
material [3]. Nowadays, the self-healing behaviour has also been extended to metals, ceramics and concrete. All
these classes of self-healing materials have one common requisite: local temporary mobility [4]. The recovery
of the initial properties of the material can be achieved from the microscale to the macroscale depending on the
type of material and healing mechanism [2].

Two different healing approaches can be distinguished in these materials. Intrinsic self-healing materials have
the capability of inherently healing due to the presence of reversible chemical bonds. Extrinsic self-healing
materials recover thanks to the addition of discrete particles containing external healing agents [2][5]. Intrinsic
self-healing materials have the advantage that they can heal several times in the same area in contrast to intrinsic
self-healing materials that can only heal once as they depend on a healing agent [5]. Structure, chain mobility
and density of reversible bonds are crucial for intrinsic self-healing materials [5][6]. Examples of intrinsic self-
healing systems that show healing behaviour at room temperature are based on hydrogen bonds and aromatic
interactions [5].

This work addresses the study of intrinsic self-healing polymers and, in particular, thermoplastic polyurethanes.
To outline the significance of this research and provide basic theoretical background to the reader, the following
pages briefly discuss the state of the art on this topic.

1.1 Introduction to intrinsic self-healing polymers and thermoplastic polyurethanes

Between the different healing approaches and classes of materials, intrinsic self-healing polymers stand out due
to their ease of mobility at low temperatures [2]. When a polymer network is subjected to mechanical damage;
chain cleavage and/or slippage occurs, leading to the formation of reactive groups. In self-healing polymers, the
reactivity of these groups is high and, therefore, these groups reassemble and repair the damaged area [7].

The dynamic bonds found in intrinsic self-healing polymers can be mainly classified as covalent chemistry and
supramolecular chemistry. Dynamic covalent bonds are a very powerful approach to develop self-healing
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2 Introduction

polymers. They can be found in Diels-Alder reaction, urea bonds, siloxane bonds, disulphide bonds,
acylhidrazone bonds, ester bonds, hemiaminal linkages, alkoxyamine linkages and diarylbibenzofuranone
linkages [8]. Supramolecular chemistry refers to the formation of non-covalent secondary interactions between
molecules [9]. Some examples of supramolecular chemistry used in self-healing polymers are H-bonding, metal-
ligand coordination and n- stacking [7]. Supramolecular interactions are specially interesting in comparison to
covalent bond interactions due to the reformation of the bonds at mild temperatures [10].

In particular, hydrogen bonds exhibit many beneficial properties. Although these bonds are weaker than other
supramolecular interactions, their directionality and affinity make possible to achieve high mechanical
properties. Moreover, it has been widely demonstrated that the combination of multiple H bonds into a unit of
urea isopyrimidone (Upy) leads to an enhanced strength in the association between Upy and polyesters,
polyethers and polysiloxane [7]. The concentration and the strength of H bonds highly influence the mechanical
strength and the healing response [10].

Apart from hydrogen bonds, studies of heterogeneous networks consisting of soft and hard segments
demonstrate their ability to rearrange upon mechanical damage. The local variations of T, of these networks
facilitate the spontaneous rearrangement of the network, exhibited by increased entropy and re-bonding. While
the healing of dynamic bonds occurs at Angstrom (A) levels; star, block and branched polymers show the phase
segregation at pm to mm scale [10].

Both H bonds and heterogeneous networks are found in a well-known type of polymers: polyurethanes (PUs).
A broad variety of structures are considered to be PUs, with the main common characteristic of the presence of
a urethane group (-NHCO-O-) on the macromolecular chain. This urethane group is normally formed by the
reaction between the alcohol and the isocyanate groups (Figure 1.1) [11].

H O
Il

R1I-N=C=0 + HO-R2 - R1-N-C-0 —-R2

\ ) J \ J
Y ! [

Isocyanate group Alcohol group Urethane group

Figure 1.1: Chemical reaction between an isocyanate group and an alcohol group to form an urethane group.

PUs are typically synthesized by reacting these constituents: a long chain diol or macrodiol, a small chain
extender diol and a diisocyanate [11]. This synthesis leads to the formation of (AB)n copolymers, consisting of
soft segments (SS) and hard segments (HS) (Figure 1.2 (a)). The SS are normally flexible and non-polar and
formed by the long chain diol (a polyether or a polyester macroglycol) [12][13]. The HS are rigid and highly
polar and formed by the diisocyanate and the chain extender [12]. The glass transition of the SS tends to be
below room temperature while the glass transition of the HS is frequently above room temperature. The urethane
groups are mainly located in the hard blocks and they tend to form intermolecular H bonds [11].

The HS are grouped into hard domains [11] that act as physical crosslinks and are responsible for the elastomeric
behavior of the material [13], as displayed in Figure 1.2 (b). The soft phase or soft domains are the result of the
concentration of the long polymeric chains that form the SS. In the micrometre scale, areas with a higher
concentration of hard domains, referred as microdomains or disperse phases, and areas with a dominance of soft
phases, referred as matrix, are evidence of the characteristic heterogeneous network of PUs (Figure 1.2 (c)). This
phenomenon of phase segregation at the micrometer scale has previously been studied with techniques such as
Atomic Force Microscopy (AFM) [14] and FTIR mapping [15]. FTIR mapping has the advantage that not only
information regarding the shape and area percentage of these microdomains is obtained but also compositional
information. The relation between healing and the appearance of these disperse phases shows promise for further
studies.

PUs can be either thermoplastic or thermoset. The behavior of thermoplastic polyurethanes (TPU) ranges from
a typical soft thermoplastic elastomer to a rigid thermoplastic depending on their chemistry. They are used in a
wide range of applications such as biomaterials, coatings, membranes, textile fibers and adhesives [16].
Furthermore, their flexible polymer network characteristics and presence of H bonds makes them good
candidates to develop self-healing polymers [5].
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(a) (b) (c)

Hard domains
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Soft segments (SS)
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Figure 1.2: Scheme of the phase structure of segmented polyurethanes: (a) block copolymer divided into HS
and SS, (b) HS are grouped into hard domains and SS into soft domains and (c) disperse phases or
microdomains detected in the um scale referring to larger presence of hard domains.

The performance of TPUs is typically influenced by their phase morphologies, consisting of hard domains
dispersed in a soft segment matrix. It is normally accepted that the driving force generating this phase segregation
is the strong hydrogen bonding that exists in the urethane hard segments [16]. Nevertheless, other factors also
influence the phase segregation of TPUs [11][16]:

Chemical structure of soft segments, isocyanates and chain extender.
Molecular weight of the soft segments.

Symmetry of the isocyanate.

Length distribution of the hard segments.

Ratio between hard segments and soft segments.

Crystallization of soft and hard segments.

Solubility between hard and soft segments.

Polymerization procedure: one step or two steps (prepolymer method).
Interfacial region between hard segments domains and soft segment matrix.

The polymerization procedure used to prepare polyurethanes can be classified according to the medium (water,
bulk, solution) or the order of addition of reactants (one step or two steps method). In the one step or one-shot
polyaddition method, all the reactants are added at once. The main consequence is irregular block sequences and
higher crystallinity due to the promoted reaction between the glycol and the isocyanate. Nevertheless, the process
is fast, reproducible and easy. In the two steps or prepolymer method, first the SS reacts with an excess of
diisocyanate and then the chain extender is added. The copolymers obtained through this second method tend to
have a more regular structure and better mechanical properties [11].

In [17] and [18] polyurecthane elastomers based on mixtures of diisocyanates (4,4'-Methylenebis(Phenyl
Isocyanate) (MDI) and 4,4’-Dibenzyl Diisocyanate (DBDI)) were synthesized via different procedures. One
procedure consisted of copolyurethane elastomers from two isocyanates that were randomly distributed. For
this, a mixture of MDI and DBDI was added to the polyol. Another procedure contemplated copolyurethane
elastomers from two isocyanates with selective distribution. In this second option, the polyaddition was
performed in two steps. Firstly, MDI was added to the macrodiol, obtaining a prepolymer and then DBDI was
dissolved into the prepolymer. The same procedure was also followed adding first DBDI. Different properties
regarding thermal transitions, mechanical resistance and morphology were obtained for the polyurethanes
synthesized. For polymers following the first procedure, higher tensile strengths and, in general, better
mechanical response were obtained. Moreover, smoother fracture surface was detected for these polymers. This
exhibits the impact of the synthesis procedure. Apart from the information already introduced, the data available
in literature regarding TPUs with mixtures of diisocyanates is limited, what makes it a potential area of research.

As well as the synthesis procedure, the type of isocyanate and its symmetry has a strong impact on the phase
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segregation and the mechanical properties of the polyurethane [11][19]. An increased symmetry may lead to the
crystallization of the HS and to better mechanical properties [11]. Two groups of isocyanates are generally
distinguished: aliphatic and aromatic [20]. Aliphatic diisocyanates have the advantage of providing color-stable
weathering resistance polyurethanes while aromatic diisocyanates tend to undergo discoloration when exposed
to UV light [11][20]. However, polyurethane elastomers based on aliphatic diisocyanates are subjected to
photooxidation processes degrading the material easier than polyurethane elastomers based on aromatic
diisocyanates [20]. The ease of photooxidation increases with the content of hard segments. Aliphatic
diisocyanates are costly in comparison to aromatic diisocyanates due to the expensive diamines used to
manufacture them [20]. Aromatic isocyanates typically provide high tensile strength and modulus as well as
increased thermal stability [11].

Some of the most used isocyanates are 4,4-Methylenebis(Phenyl Isocyanate) (MDI), 44'-
Methylenebis(Cyclohexyl Isocyanate) (HMDI) and 1,4-Phenylene Diisocyanate (PPDI). Hydrogenated MDI or
HMDI can be listed amongst the preferred aliphatic diisocyanates for polyurethane elastomers. Higher quantities
of HMDI increases tensile strength, split tear strength, hardness, resilience and elongation [20]. MDI is one of
the most used aromatic isocyanates. This monomer is normally used to manufacture segmented polyurethanes
elastomers in the automotive industry. It has a melting point of 41 °C [20]. PPDI is categorized as a highly
symmetrical aromatic diisocyanate. This leads to have a high tendency to undergo dimerization even in solid
state and, therefore, it is normally used only for prepolymers. The melting point of PPDI is around 94-96 °C. As
PPDI is around twice more reactive than MDI, catalysts are not generally used. PPDI based polyurethanes
present high mechanical properties at elevated temperatures due to its increased crystallinity [20].

1.2 Research objectives and scope

As seen above, TPUs show great promise as self-healing polymers due to their presence of H bonds and,
therefore, their ability to heal at mild temperatures. Furthermore, despite the existing body of knowledge on the
topic, it can be observed that additional research is needed on the effect of mixtures of diisocyanates. In this
respect, the current work addresses the effect of mixture of aliphatic and/or aromatic isocyanates (MDI, HMDI
and PPDI) according to different molar ratios on the healing properties of a TPU. Additionally, this project aims
at elucidating the impact of the micro-phase segregation on healing.

To achieve this, the synthesis of nine different TPUs was performed: three of them based on one diisocyanate
(designated as MDI-p, HMDI-p and PPDI-p) and the rest based on mixtures of diisocyanates (designated as
MS80/H20, M60/H40, M40/H60, M80/P20, M60/P40 and M40/P60). The TPUs based on mixtures of
diisocyanates were characterized via FTIR, TGA, DSC, FTIR mapping, theology and fracture tests. For the
TPUs based on one diisocyanate, the same characterization was conducted except for TGA and DSC due to the
extensive research on this topic already performed at NovAM group. Additionally, to elaborate on the
observations from these tests, natural ageing and induced ageing of a subset of these TPUs was conducted.

1.3 Outline

This report is divided into six chapters. Chapter 2 covers materials and methods, while chapters 3, 4 and 5 focus
on answering the research objectives just stated. Chapter 3 provides an overview of the TPUs based on one
isocyanate and introduces the relevance of mixture of isocyanates. Chapter 4 addresses the main research
question: effect of combination of isocyanates on the self-healing properties of TPUs. Chapter 5 aims at
clarifying previous results included in chapter 3 and 4 via the concept of ageing. Finally, in chapter 6 the
conclusions and recommendations based on this research are presented.



2 MATERIALS AND METHODS

covered is provided. Any specific change required for a particular polymer will be specified in the following

In this chapter a generic overview of the materials used in the project as well as the characterization methods
chapters.

2.1 Materials

The materials utilized for the synthesis of the polymers were: CroHeal™ 2000, a biobased polyol provided by
Croda Nederland B.V.; 2-Ethyl-1,3-hexanediol (EHD; 97%, mixture of isomers), a short chain diol purchased
from Sigma-Aldrich and used as chain extender; and three different types of diisocyanates: 4,4'-
Methylenebis(phenyl isocyanate) (MDI; > 97%), 4,4-Methylenebis(cyclohexyl isocyanate) diisocyanate
(HMDI; > 90%, mixture of isomers) and 1,4-Phenylene diisocyanate (PPDI; > 98%), all purchased from TCI
Europe N.V. The chemical structures of the different polyurethane components are shown in Figure 2.1. The
complete structure of CroHeal™ 2000 is not shown for confidentiality reasons.

Extension block containing hydrogen bonding

' o
RWR'G/\}R,JLR OH
o] m n

HO

OH
(d) (e) N=C=0
O=C=N/O/\Q\N=C=O e 0:C=N/©/

Figure 2.1: Molecular structure of: (a) CroHeal™ 2000, (b) EHD, (c) MDI, (d) HMDI and (¢) PPDI.
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2.2 Methods

Different characterization methods were used in order to assess the features of each polymer, emphasizing the
importance of the correlation microstructure and healing properties.

Fourier Transform Infrared Spectroscopy (FTIR)

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy in the range 4000 cm™ to
550 cm™ was used to first test all TPUs with a Perkin Elmer Spectrum 100 FTIR Spectrometer performing 16
scans with a resolution of 4 cm™. This test allowed to study the completion of the reaction and the hydrogen
bonds formed.

Thermogravimetric analysis (TGA)

Perkin Elmer TGA 4000 was used to determine the degradation temperature of the polymers. The analysis was
set from 30 °C to 600 °C at 10 °C/min under nitrogen environment to prevent oxidation.

Differential Scanning Calorimeter (DSC)

A TA DSC 250 was employed to measure the thermal transitions. The program used consisted of two full loops
of heating and cooling under nitrogen. First, the sample was stabilised at 30 °C, after, it was cooled down to -50
°C, staying at -50 °C for 5 min; then, it was heated up until 150 °C and kept at this temperature for 5 min. After
the first heating ramp the sample was cooled down again to -50 °C. Following the first cooling the sample was
exposed to the same heating-cooling profile (-50 °C — 150 °C and 150 °C — -50 °C). Finally, the sample was
heated up and stabilised at 30 °C. All heating and cooling rates were 5 °C/min.

FTIR mapping

FTIR mapping (also found in literature as FTIR micro-spectrometry) is an extension of ATR-FTIR spectroscopy
where an infrared interferometer combined with a microscope allows to obtain chemical maps of the surface of
a sample in the micrometre scale. This high resolution makes it possible to analyse compositional changes in
polymer systems [21].

A Perkin Elmer Spotlight 400 FTIR Imaging System was used in the range 4000 cm™ to 690 cm™ in ATR mode,
allowing to observe the local composition variations in the TPUs synthesized. The analysed area was 500 pm x
500 um and the selected pixel size, 1.56 um, with 2 scans per pixel. With the help of ImageSpectra Software, a
principal component analysis was carried out. This analysis provided images where two main components were
detected: disperse phases and matrix. The images showed a double colour scale (from black to bright green for
disperse phases and from black to bright red for the matrix) according to the different FTIR spectra obtained in
the area (Figure 2.2). Bright red showed a composition significantly different from bright green, while black/grey
was normally attributed to transition areas between both compositions. The percentage of disperse phases was
also provided by the software. At least three measurements per sample were conducted to precisely quantify the
percentage of disperse phases.
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Figure 2.2: Example of FTIR mapping image showing the colour scale.
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Rheology

Rheology was used to study the viscoelastic behaviour of the samples. The samples used were cylindrical with
8 mm diameter and between 2.2 mm and 3.2 mm thickness. Two tests were conducted in a Thermo Scientific
Haake MARS III Rheometer-FTIR with 8 mm parallel plates:

e  Oscillatory shear strain sweep test: from 0.001 % to 10 % shear strain amplitude at 1 Hz. The application
of this test was to identify a shear strain amplitude within the Linear Viscoelastic Region (LVR) for the
temperature sweep.

e  Oscillatory temperature sweep test: from 30 °C to 250 °C at 3 °C/min at 1 Hz. The shear strain amplitude
sweep used was 0.1 % for all polymers.

Fracture test

Instron model 3365 universal testing device equipped with 1 kN load cell and with wedge action grips was used
to conduct fracture tests. A crosshead speed of 0.5 mm/s and a temperature of 10 °C were set as testing conditions
based on facilitating the observation of the crack opening and propagation and on always being above the glass
transition temperature (T > Ty).

Single-Edge Notch Tension (SENT) specimens with dimensions of 70 mm x 20 mm (length x width) were
employed, as shown in Figure 2.3 (a). The average thickness of the samples varied from 2.50 mm to 3.00 mm.
In the samples subjected to longer annealing times, the thickness varied from 2.50 to 3.50 mm. The thickness
was averaged considering 6 different points in both sides of the 70 mm length of the sample. The standard
deviation of the measures of any sample did not exceed 0.15 mm. A sharp pre-notch until length of 10 mm was
made from the middle of the length, perpendicularly to it (Figure 2.3 (b)). When the samples were clamped,
there was a distance of 40 mm between the grips. Optical photos were taken during the test at 10 frames per
second (10 Hz) with an Optomotive Velociraptor camera. The total number of photos varied from 300 for the
most brittle samples to more than 3000 for the more ductile ones.

20 mm SENT specimen
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Figure 2.3: Scheme of the fracture test specimens showing: (a) samples obtained after demoulding and die
cutting, marking in blue the six measurement points to calculate the thickness and (b) samples with the pre-
notch made, outlining the area of clamping.

Healing characterization

Fracture tests were also used to assess the healing efficiency of the samples. According to [5], the fracture
procedure provides higher reliability in relation to healing efficiency as other mechanical methods such as tensile
tests tend to overestimate the maximum healing efficiency achievable for supramolecular chemistries at RT.

Once the fracture test was conducted, the sample was unclamped and the two parts were brought together until
contact by hand for about 10 s. Then, a PTFE film was placed in between the cracked surfaces of the pre-notched
area to prevent any healing at this location. After that, the samples were kept inside plastic bags with no external
pressure and left at room temperature (22 + 2 °C) for one week. To assess the reproducibility of the healing
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protocol, two samples were tested per polymer. For M80/H20 and M80/P20, the fracture and healing procedure
at the same location was repeated twice to test multiple healing events. The data reported regarding the healing
efficiency was calculated as the average value of two samples with the exception of PPDI-p which could only
be tested once.

The healing efficiency was calculated as the ratio between the properties measured for the pristine and the healed
states according to the equation:

Healing effiCienCy (HE)fracture = Phealed/Ppristine (1)

where P stands for the mechanical property of interest. The different properties considered were maximum load,
maximum displacement and work required to break the sample, as displayed in Figure 2.4.
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Figure 2.4: Load vs. displacement curve of a fracture test showing the different properties considered to
calculated the HE.



3 EFFECT OF THE AROMATIC/ALIPHATIC
CHARACTER OF HARD SEGMENTS ON
POLYURETHANE COPOLYMERS

properties and healing of TPUs. MDI-based polyurethanes (MDI-p), HMDI-based polyurethanes (HMDI-
p) and PPDI-based polyurethanes (PPDI-p) were synthesized and characterised, specifically focusing on
their microstructure and self-healing properties.

The main objective of this chapter is to analyse the influence of the diisocyanate selection on mechanical

3.1 Polymer synthesis

The molar mass and the molar ratios used for the polymerization are displayed in Table 3.1. It should be
underlined that the quantity of isocyanate finally used was calculated as a 10 % excess of the mols of CroHeal™
2000 and EHD. The excess was added to assure full synthesis completion. Moreover, it was demonstrated in
[22] that excellent mechanical properties were obtained for the TPUs synthesized when a small excess of
diisocyanate in comparison to the polyol mixture was added. The polymer was obtained via one-shot
polyaddition synthesis in bulk. The nomenclature for the different polymers refers to the diisocyanate name
adding -p to distinguish it from the diisocyanate itself (MDI-p, HMDI-p and PPDI-p).

Table 3.1: Molar mass and molar ratio of the materials used.

Molar mass [g/mol]  Molar ratio

CroHeal™ 2000 2000 1
EHD 146.23 0.6
MDI 250.26

HMDI 262.35 17
PPDI 160.13

9



10 Effect of the aromatic/aliphatic character of hard segments on polyurethane copolymers

First, CroHeal™ 2000 was placed in an oven at 100 °C in order to reduce its viscosity and remove the entrapped
air. After 25 minutes, approximately 30 g of CroHeal™ 2000 were poured in a propylene cup and put back in
the oven at 70 °C.

For MDI-p, MDI was removed from the freezer (kept at -20 °C) and left outside for 40 minutes before opening
in order to limit the moisture absorbance of the isocyanate. Afterwards, it was weighted in a propylene cup and
placed in the oven at 60 °C. While MDI was being heated, EHD was added to the CroHeal™ 2000 cup with the
help of a syringe and placed back in the oven at 70 °C. After approximately 30 minutes, MDI was removed from
the oven and added to the polyol mixture.

For HMDI-p, the liquid state of the isocyanate facilitated the synthesis. In this case, EHD was added to the
CroHeal™ 2000 cup and, after that, HMDI was injected.

For PPDI-p, PPDI was removed from the fridge (kept at 2 °C) and, similarly to MDI, left outside for 40 minutes
before opening. Then, PPDI was weighted in a beaker and placed in an oil bath at 120 °C inside a fume hood.
As for the case of MDI, while PPDI was being heated in the oil bath, EHD was added to the CroHeal™ 2000
cup and placed back in the oven at 70 °C. When PPDI has become fully liquid, it was removed from the oil bath
and added to the polyol mixture.

For all cases, the three reactants were mixed using a vacuum assisted high speed mixer (SpeedMixer™ DAC
400.2 VAC-P). In the mixer, the cup was degassed for 20 seconds and then mixed at 2300 rpm. Different mixing
times were used, depending on the reaction kinetics of each polyurethane, as reported in Table 3.2. This way,
the mixing time increases in the order PPDI-p < MDI-p < HMDI-p according to the higher reactivity of aromatic
isocyanates [11] and the higher reactivity of PPDI when compared to MDI [23]. The resultant mixture was
poured at room temperature on PTFE moulds with dimensions 70 x 20 x 2.5 mm and placed in an oven for 1
day at 60 °C to complete the reaction. In order to achieve constant thickness for the fracture samples, these
moulds were covered with a PTFE slab and with a stiff aluminium plate with weights on top to achieve a uniform
pressure of around 1.6 kPa.

Table 3.2: Steps in the SpeedMixer™ for MDI-p, HMDI-p and PPDI-p.

1% step - vacuum 2" step — mixing — 2300 rpm

MDI-p 135's
HMDI-p I5s 160's
PPDIL-p 105 s

After 24 hours, the moulds were removed from the oven and kept roughly 10 minutes at room temperature. To
avoid any deformation of the samples during the demoulding process, plastic bags filled with ice were placed
on top of the moulds and when the moulds were cold enough (after approximately 2 hours), they were placed in
the freezer at -18 °C. This way, when the demoulding procedure was executed, the samples were below their T,
and no large plastic deformation took place. As it was difficult to control the quantity of material poured in the
mould, some excess could come out when the pressure was applied. This overflow was removed on cut with a
shaped die with the target dimensions of 70 x 20 mm.

3.2 Results and discussion

3.21  Polymer synthesis

One of the difficulties of the synthesis was attributed to the high viscosity of the CroHeal™ 2000, although when
the material was heated enough the handling of the material was considerably improved. Another complication
was related to the high stickiness of the polyurethanes, what forced to use low surface tension materials such as
PTFE. The procedure previously described in 3.1 Polymer synthesis is the result of several modifications in
order to improve the sample quality regarding bubble free and transparent appearance, constant thickness and
quantity of unreacted isocyanate.
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The weight percentage of hard segments (HS) in the synthesized polymers can be calculated as:

weight (chain extender) + weight (diisocyanate) )

0 —
% HSwe = total weight polymer

Making this calculation, the percentage of hard segments obtained for MDI-p, HMDI-p and PPDI-p is 21 %, 22
% and 16 %. This is less than the typical 30-40 % by weight of hard segments normally found in TPUs [16].
The weight percentage of HS influences the mechanical properties, what should be considered when comparing
the three isocyanates. In general, higher tensile strength and less deformation is obtained for larger weight
percentages of HS as hard domains can be interpreted as rigid fillers that increase the physical crosslinking
content [24].

322 FTIR

The complete synthesis was confirmed in the MDI-p and PPDI-p. Nevertheless, a small peak at 2250 cm™ was
detected in the HMDI-p samples. This peak indicates the presence of free isocyanate (N=C=0O) groups, as shown
in Figure 3.1 with an arrow. The unreacted isocyanate due to slow reaction could influence the overall
mechanical properties and ultimately affect the interpretation of interfacial healing. Different ways to reduce this
unreacted isocyanate are included in the appendix. The representative amide I peak, which is widely used to
identify polyurethanes due to its relation to C=0 and C=N stretching vibration and, therefore, urethane linkages,
has been added to the plot. In the case of aromatic isocyanates, this peak appears at higher frequencies than
aliphatic isocyanates. This can be associated with a larger ordering of the urethane linkages in aliphatic
isocyanates due to their higher mobility.
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Figure 3.1: FTIR analysis of MDI-p, HMDI-p and PPDI-p.

3.23 FTIR mapping

FTIR mapping was used in order to characterise the phase segregation of the material. The characterization of
the phase segregation is highly important as it has been demonstrated that it influences the properties of the
polymer [16].

Figure 3.2 shows three composition maps obtained with IR mapping. The images show how the quantity of
disperse phases with a different composition than the matrix decreases in the order MDI-p, PPDI-p and HMDI-
p. These microdomains are characterised by a higher presence of hard domains, as the spectra obtained suggests
stronger H bonds in these areas due to the shift of amide I to lower frequencies in the micro-domains when
compared to matrix (Figure 3.3).
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MDI-p HMDI-p PPDI-p

Figure 3.2: ATR-image of MDI-p, HMDI-p and PPDI-p (on the surface of the samples) showing the micro-
domains (green) and the matrix (red).
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Figure 3.3: FTIR-ATR spectrum of MDI-p, HMDI-p and PPDI-p distinguishing between matrix (red) and
micro-domains (green). The relevant peaks are: N-H (3288 ¢cm™), aliphatic C-H (2290 cm™) and amide I
(1696-1688 cm™! for matrix and 1648 cm™ for micro-domains).

The principal component analysis of ImageSpectra Software used to obtain the images displayed in Figure 3.2
also allowed to conduct a quantitative analysis of the percentage of discretely dispersed phases, as presented in
Table 3.3. The values of percentage of microdomains obtained in this project are lower than the values reported
in [15] for the same polymers, although the spectra for disperse phases and matrix (Figure 3.3) is the same. One
explanation can be the different way to assess the microdomains percentage. Different threshold applied,
different software and/or different scale between samples can lead to very different results. For these
measurements a scale from 0 to 1 in red (matrix) and from -0.3 to 1 in green (disperse phases) was used.
Therefore, this method is used in this project to compare between different polymers synthesized but not to
compare them to other polymers whose data has not been processed the same way. Moreover, while in [15] only
one measurement is presented, here at least three measurements were effectuated, showing the standard
deviation some variability from one location to another. In agreement with [15] and [25], much phase
segregation is detected for TPUs based on more aromatic isocyanates than for TPUs based on aliphatic
isocyanates. This change can be attributed to a higher compatibility of the aliphatic long chain and the aliphatic
hard segments [25].
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Table 3.3: Microdomains percentual area coverage detected with FTIR mapping of the polymers based on one
diisocyanate.

Microdomains [%]

MDI-p 1.7+0.6
HMDI-p 0.6+0.5
PPDI-p 13+03

3.24 Rheology

Temperature sweep analyses were performed in order to stablish the temperature corresponding to the network
terminal relaxation, at the crossover between G’ (storage module) and G’ (loss modulus), evaluating the
dominance of viscous behaviour.

Figure 3.4 shows how HMDI-p starts already behaving like a viscous liquid at 38 °C. This clearly limits the
possible applications of the polymer. On the contrary, MDI-p and PPDI-p withstand much higher temperatures
due to its aromatic structures. Moreover, while the loss modulus of PPDI-p only becomes larger than the storage
modulus at 93 °C, for MDI-p it occurs at much higher temperature, probably due to its double benzene structure.
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Figure 3.4: Rheology analysis for temperature sweep of MDI-p, HMDI-p and PPDI-p.

3.2.5 Fracture tests of pristine samples

Figure 3.5 shows the results for the fracture tests for samples MDI-p, HMDI-p and PPDI-p samples. HMDI-p
exhibits a brittle behaviour and a higher slope load/displacement while MDI-p and PPDI-p show similar
behaviour, allowing large deformations and reaching higher maximum strength than HMDI-p.

More thermoplastic behaviour is observed for the more segregated samples containing more aromatics in the
hard block (MDI-p and PPDI-p), while more brittle behaviour corresponds to the least segregated with less
aromatics (HMDI-p). As already confirmed in [16], better mechanical properties are observed in thermoplastic
elastomers with good phase segregation such as MDI-p and PPDI-p. Furthermore, the lower hard segment
weight percentage in the case of MDI-p and PPDI-p compared to HMDI-p leads to an increase in the maximum
displacement and a decrease in the stiffness, as already stated in literature for tensile tests [25].
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Figure 3.5: Representative load-displacement curve at 0.5 mm/s strain rate of the fracture tests showing the
effect of the diisocyanate structure.

3.2.6 Healing characterization

As shown in Figure 3.6, HMDI-p shows almost no healing. Additionally, the results obtained for MDI-p and
PPDI-p indicate that significant healing has been achieved considering the testing method is fracture. In the case
of aromatic isocyanates, the aromatic interactions seem to play an important role in healing behaviour. In
agreement with this, in [26], they demonstrated that polymers with aromatic interactions (1-1 stacking) showed
higher tensile modulus, toughness and healing properties than other healable materials. It should be noted that
in all cases the facture surface obtained for the pristine samples, that was later healed, was always smooth, which
enables the later healing and re-fracture and reduces differences between samples. After a sample had failed,
nearly all deformation was recovered even before re-attaching the two parts of the sample. Some plastic
deformation remained in the sample, what could be noticed by a slightly larger length dimension. This plastic
deformation was almost inexistent for HMDI-p, as it can be observed in Figure 3.6.
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Figure 3.6: Representative load vs. displacement curve of the fracture tests for both pristine and healed MDI-p,
HMDI-p and PPDI-p. Healing conditions 1 week at room temperature (22 + 2 °C) with no external pressure.
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The healing efficiencies calculated for MDI-p, HMDI-p and PPDI-p are presented in Figure 3.7. The results
obtained suggest that it is easier to heal strength than ductility. No error bars are displayed for PPDI-p as only
one sample was tested. Although the error bars of HMDI-p may suggest higher healing for this polymer, it was
clearly observed that re-attachment between both parts after failure was rather difficult. The fact that aromatic
isocyanates present higher healing was not obvious, as normally higher healing efficiencies are expected for
softer polymers as they have more mobility.
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Figure 3.7: Healing efficiency for MDI-p, HMDI-p and PPDI-p according to maximum load, maximum
displacement and work to failure. Healing conditions 1 week at room temperature (22 + 2 °C) with no external
pressure Error bars are based on two repetitions except for PPDI-p where only one was tested.

In conclusion, the results advocate that the TPUs containing aromatic isocyanates (1) tend to have more micro-
domains due to major incompatibility between hard and soft domains, (2) have better mechanical properties and
(3) are capable of achieving higher healing efficiencies than cycloaliphatic isocyanates. However, the results do
not clarify if the presence of micro-domains mainly detected in aromatic isocyanates can have a direct impact
on the healing properties. This aspect will be addressed in chapter 5 with specific testing.






4 EFFECT OF THE COMBINATION OF ALIPHATIC
AND/OR AROMATIC ISOCYANATES ON
POLYURETHANE RANDOM COPOLYMERS

temperature while HMDI-p does not. This is mainly attributed to the aromatic content of MDI-p and

PPDI-p. However, HMDI-p has the advantage of low temperature terminal flow, which is favourable to
achieve high healing efficiencies at moderated temperatures. Nevertheless, the quick transition to viscous flow
at 38 °C and the low mechanical properties and healing efficiency, restricts its applications and potential as a
self-healing polyurethane. MDI-p and PPDI-p, in general, offer higher mechanical properties but also restricted
motion at molecular level, what forces to heat the polymer up to 100 °C to reach very high healing [15]. It is
therefore presumed that mixtures of aromatic and aliphatic isocyanates and two sorts of aromatic monomers
may lead to a good balance between mechanical properties, fast interfacial healing and high healing efficiency
at long healing times and relatively mild temperatures. For this reason, this chapter explores the impact of
isocyanate mixtures on the mechanical and healing behaviour of thermoplastic polyurethanes.

! ccording to the previous chapter, MDI-p and PPDI-p show significant healing efficiency at room

4.1 Polymer synthesis

In agreement with the polymer synthesis described in section 3.1, a molar ratio of 1:0.6 was used between
CroHeal™ 2000 and EHD. 10 % mol excess of isocyanates was added with respect to the polyol mixture
(CroHeal™ 2000 and EHD). Six different random copolymers were synthesized using two types of
diisocyanates and varying the molar content of each diisocyanate (Table 4.1). The nomenclature used refers to
the different isocyanates used (MDI, M; HMDI, H and PPDI, P) and to their molar composition; in this way,
‘M80/H20’ contains 80 % molar MDI and 20 % molar HMDI out of the total quantity determined for
isocyanates. The homopolymers (which would correspond to M100, H100 and P100) were already studied in
chapter 3 as MDI-p, HMDI-p and PPDI-p respectively.

All the polymers were synthesized in absence of solvent via one-shot technique in analogy to the process
described in section 3.1. Nevertheless, some adjustments to the mixing protocol used in chapter 3 were
implemented as shown in table 4.2 and described here below. The handling of CroHeal™ 2000, EHD, MDI,
HMDI and PPDI was done as stated in chapter 3.

17
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Table 4.1: Different polymers synthesised.

Polymer ID Diisocyanate content

MS80/H20 80% MDI + 20% HMDI
M60/H40 60% MDI + 40% HMDI
M40/H60 40% MDI + 60% HMDI
M80/P20 80% MDI + 20% PPDI
M60/P40 60% MDI + 40% PPDI
M40/P60 40% MDI + 60% PPDI

For M80/H20, M60/H40 and M40/H60, first MDI and, then, HMDI (already prepared in a syringe) were added
to the polyol mixture on a scale to verify that the quantities added of isocyanates were accurate. MDI was added
first to reduce its tendency to solidify in the cup. For M80/P20, M60/P40 and M40/P60, first PPDI was added
followed by MDI to the polyol mixture on a scale. PPDI was first added due to its higher tendency to
evaporate/solidify in the beaker. The order of addition of the diisocyanates was always the same, since it has
been demonstrated that altering it could lead to significant changes [18].

Finally, and for all the polymer types, the cup was placed in a SpeedMixer™ DAC 400.2 VAC-P. The time in
the speed mixer was modified for each TPU (Table 4.2) according to the reactivity of each isocyanate and the
times already used in 3.1 Polymer synthesis. It should be highlighted that in all cases the time difference between
pouring both diisocyanates was no more than a few seconds and that the cup with the mixture of polyol and
isocyanates was quickly placed inside the SpeedMixer.

Table 4.2: Steps in the SpeedMixer™ for the different TPU.

1% step - vacuum 2" step — mixing — 2300 rpm

MR&0/H20 140's

M60/H40 145 s

M40/H60 150's
15s

MS&0/P20 125 s

M60/P40 115s

M40/P60 110s

After mixing and for all the TPUs, the mixture was poured on PTFE moulds with dimensions 70 x 20 x 2.5 mm,
covered with a PTFE slab with an aluminium plate with some weights on top and placed in the oven at 60 °C
for 24 hours to complete the reaction. The demoulding procedure was as described in 3.1 Polymer synthesis.

4.2 Results and discussion

421 Polymer synthesis

The MDI/PPDI random TPU copolymers showed more yellowing than MDI/HMDI copolymers (which were
transparent) and signs of incomplete miscibility (Figure 4.3). This yellowing appearance is characteristic of the
aromatic rings. Furthermore, bubbles tend to appear in the material, especially in the last part of material poured.
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In the case of the fracture samples, small quantity of bubbles was detected (Figure 4.17) and always far from the
fractured area.

Applying some pressure to the material when poured in the PTFE moulds was essential to achieve a
homogeneous thickness. This constant thickness was desirable to conduct the rheology tests and it was crucial
for the fracture tests. The MDI/HMDI random TPU copolymers were more easily poured than the MDI/PPDI
ones. This can be attributed to the higher reactivity of the MDI and PPDI with respect to the HMDI.

The mass percentage of hard segments (HS) of all polymers is quite similar, as shown in Table 4.3, what reduces
the impact of the ratio hard/soft segments when comparing the polymers.

Table 4.3: Hard segment percentage of the synthesized polymers with mixtures of isocyanates.

HS [wt %]
MS0/H20 21
M60/H40 21
M40/H60 21
MBS0/P20 20
M60/P40 19
M40/P60 18

422 FTIR

The FTIR spectra shown in Figure 4.1 and Figure 4.2 provides similar results for all polymers. However, some
differences related to the aromatic/aliphatic structure of the diisocyanates as well as unreacted isocyanate in
MDI/HMDI random copolymers can be noticed. The characteristic peaks of amide I, amide II, amide III,
N=C=0 and N-H, that allows to identify TPUs and to study the H bonding and the influence of the diisocyanate
structure, have been marked in each of spectra.

The peak detected at 2262 cm™ for MDI/HMDI copolymers in comparison to MDI/PPDI copolymers denotes
the presence of unreacted isocyanate (N=C=0 group). It should be noted how the intensity of the peak becomes
higher as the content of HMDI increases. This indicates the lower reactivity associated with HMDI, as already
observed in Figure 3.1. This problem is further addressed in 5.1.1.

The amide I band is normally localized around 1700-1740 cm™ for diol extended polyurethanes [27] and it is
mainly related to the carbonyl (C=0) stretching vibration and, in less percentage, to the C-N stretch [28][29].
Normally, the carbonyl peak for TPUs with different diisocyanates show small differences [16]. As it can be
noticed in Figure 4.1 and Figure 4.2, all polymers have this peak in 1695-1696 cm!, similar to MDI-p and PPDI-
p (Figure 3.1). The exception is the sample M40/H60, which has the peak at a lower frequency (1684 cm™), very
similar to HMDI-p (1683 cm™, Figure 3.1).

The stretching vibrations of the N-H ranges from 3070 to 3500 cm™. The broad peak present in M80/H20,
M80/P20, M60/P40 and M40/P60 at 3317 cm™' and in M60/H40 and M40/H60 at 3325 cm™! denotes the presence
of N-H bonds in the urethane linkage.

Amide I band and N-H band tend to shift to lower frequencies with the formation of H bonds [27]. The vibration
of free N-H varies from 3300 to 3500 cm™ while the H bonded N-H varies from 3070 to 3350 cm™ [29].
Although in this case, the frequency of 3317 cm™ and 3325 cm! cannot directly be attributed to N-H H bonded,
the fact that amide 1 is shifted to lower frequencies (1695 cm™ against the normal 1700-1740 cm™), denotes that
H bonding interactions are formed (N-H...O=C). Furthermore, the fact that this peak is very close to 3350 cm'!
denotes stronger H bonds.

Yilgor et al stated in [16] that urethane groups with medium to strong hydrogen bonds have their amide I peak
at 1695 cm!, what coincides with the obtained results, except for M40/H60. Additionally, they also compared
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urethane compounds based on HMDI, obtaining a lower peak at 1685 cm™, similar to H40/H60. They attributed
this lower peak to the well-ordered structure of the H bonds present in HMDI based urethane compounds [16].
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Figure 4.1: FTIR analysis of the MDI/HMDI TPUs.
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Figure 4.2: FTIR analysis of the MDI/PPDI TPUs.

The amide II and amide III bands are normally used in polyurethanes to prove the formation of the urethane
bonds and H bond [30]. The amide II band is situated around 1530-1540 cm™ and it is principally associated to
the C-N stretching, N-H bending and also to the CCC deformation vibrations [27][29][30][31]. M80/H20,
M60/H40, M40/H60 and M80/P20 have the amide II peak located in 1533 cm™ while M60/P40 and M40/P60
have it in 1525 cm!. The amide III band is normally found in 1220-1230 cm™ and it is assigned to the C-N-H
deformation and the C-N and C-C stretching [29][27][30]. For M80/H20, M60/H40, M40/H60 and M80/P20
this amide I11 is situated at 1222 cm™'. For M60/P40 and M40/P60, it is slightly shifted to the right to 1219 and
1218 cm! respectively.

In previous studies of polyurethane soft and hard segments [27], it has been shown that the H bonding interaction
can be formed by NH...O=C (Type I) for hard segments and by NH...O (Type I) in soft segments. The amide
I band is mainly associated to the Type II H bonds in the soft segments while the amide I1I band is more related



Effect of diisocyanate mixtures on the healing of thermoplastic polyurethanes 21

to the Type 1. The amide I band as well as N-H stretching are mainly related to Type I H bonds [27].

In general, the amide I1 peak associated to soft segments (SS) is found at higher wavelengths than those reported
in literature while the opposite is detected for amide III [27]. In this case, the peaks of M60/P40 and M40/P60
have shifted to lower frequencies and, therefore, it cannot be attributed to a larger effect of the hard segments
(HS). As these two polymers were the ones showing more miscibility problems, the shifts in frequencies can be
related to it.

The frequencies between 1300 and 1500 cm™ refer to CH and CHj deformation vibrations while bands between
1000 and 1200 cm™ are related to the CHs rocking vibrations [29], mainly related to the long chain polyol.
Furthermore, the higher peak at 2922 cm™ of M60/H40 and M40/H60, associated to CH», denotes the influence
of the aliphatic character of HMDI [30].

4221 Miscibility problems detected in M80/P20, M60/P40 and M40/P60

As mentioned in 4.2.1 Polymer synthesis, when the thermoplastic polyurethanes made with mixtures of MDI
and PPDI were synthesized, it could be clearly distinguished some yellow areas non-uniformly distributed in the
samples. Figure 4.3 shows one of these areas. It should be noticed that, in general, these areas were rather smaller
(around 2-3 mm) than the one shown in Figure 4.3 and mainly present in M60/P40 and M40/P60. This image
was used for ease of visualization and not to characterize the dimensions of these macro-phases.

When these areas were analysed, the IR spectrometer revealed that they had the same composition as the rest of
the sample except for a noticeable peak at 2262 cm™ (Figure 4.4). This specific wavelength, as previously
discussed, refers to the group N=C=0 and indicates the presence of unreacted isocyanate. The IR signal for this
peak is larger for M80/P20, then for M60/P40 and, finally, for M40/P60. The segregation observed in these
samples can denote certain degree of incompatibility between the two aromatics. Another factor that strongly
influences the appearance of this segregation is the high tendency of the isocyanate PPDI to form crystals when
heating and to solidify while pouring it into the mixture of polyol and chain extender.

10 mm

Figure 4.3: Yellowish areas observed in TPUs with mixtures of MDI and PPDI
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Figure 4.4: FTIR analysis of the MDI/PPDI TPUs random copolymers for yellowish areas.
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423 TGA

The TGA was used to exclude any possible degradation of the polymer during any characterization method or
during its processing. The results obtained from the TGA are shown in Figure 4.5 and the degradation
temperatures (Tq) considering a 2 % weight loss, the temperature with highest decomposition rate (Tqmax) and
the temperature onset of the second stage observed in the graphs (Tqus) are detailed in Table 4.4. The two-step
curve obtained suggests the polymers are segmented polyurethanes.
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Figure 4.5: TGA results: on the left, evolution of percentage of residual weight with temperature marking with
dotted line the 2% weight loss and, on the right, derivative of the residual weight.

Table 4.4: Degradation temperature of the six TPUs.

Td [ °C] Tdmax [ °C]  Tdas [ °C]

M80/H20 317 412 444
M60/H40 310 403 436
M40/H60 315 417 452
MS80/P20 317 415 447
M60/P40 319 412 445
M40/P60 313 406 439

The degradation temperatures of all the polymers are similar, varying from 310 °C to 320 °C and, therefore,
showing high thermal stability. No clear tendencies are observed in relation to the composition of the TPUs.
Polyurethanes are generally considered to be thermally unstable due to the urethane groups, which start
degrading at 150 °C — 210 °C depending on the polyol, chain extender and isocyanate used [32][33].
Nevertheless, in this case, the polyurethanes synthesized are more thermally stable and do not start degrading
until 260 °C, as it can be observed in Figure 4.5, in the derivative of the weight loss. This can be due to the fact
that in a segmented polyurethane, the thermal stability is not necessarily determined by the weakest bond but by
the most frequently occurring one. The thermal stability of segmented polyurethanes depends on the length of
the segments and their concentration [33]. Therefore, as the HS structure and concentration is similar for
M80/H20 and M80/P20 (i.e. larger presence of MDI) similar results are obtained.

From the residual weight curve and its derivative, it can be easily observed two clear stages in the degradation,
as it is typical in polyurethanes [34][35][36]. The first drop in weight can be related to the SS as they represent
a larger weight percentage in the network in comparison to the HS and, therefore, the higher weight loss
percentage. The second weight loss can be connected to the degradation of the hard segments, present in less
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quantity. The fact of having stronger interaction within the hard blocks also contributes to more thermal stability.
An initial degradation temperature of the HS is found around 440 °C for all polymers. No clear difference
according to the type of isocyanate is observed. The differences observed between different TPUs can be
attributed to a matter of deviation.

424 DSC

Figure 4.6 shows that only one glass transition temperature (Ty) is detected which is associated to the soft
segments. As stated in [37][38], the heat flow variation during the T, of hard blocks is very small and almost
undetectable by the DSC. Figure 4.7 represents the first and second cooling curves where no exothermic peak
related to crystallization is found. The heat absorption for M40/H60 (observed in both Figure 4.6 and Figure
4.7) is slightly different when compared to the rest, this can be attributed to possible bending of the cup
containing M40/H60 and, therefore, more heat needed to heat up the sample.
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Figure 4.6: DSC heating curves marking the glass transition temperature (T,) and the endothermic peak (Tend)
of each copolymer.

The T, has been calculated as the maximum of the derivative of the heat flow for the second heating curve. As
expected, the TPUs with a larger content of aliphatic chains (HMDI) are characterised by lower T, due to their
increased mobility. The fact that MDI has a CH, between the two benzenes provides more flexibility to the
network in comparison to PPDI and, therefore, higher T, is obtained for MDI/PPDI copolymers with larger
percentage of PPDI. Thus, the increased number of aromatic rings of M80/H20 seems to have less influence on
the reduction of flexibility than the CH> linkage between benzenes.

There is a clear difference between the first heating curve and the second heating curve: an endothermic peak
around 40-50 °C. This thermal transition can be attributed to the relief of stresses created during the demoulding
process as the thermal variation that the polymer is subjected to is more than 40 °C. The endothermic peak can
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also be associated to the melting of the unreacted isocyanate. This way, it can be observed that the samples
which present higher percentage of this unreacted isocyanate (in decreasing order M40/H60, M60/H40,
MS80/H20, M80/P20, M40/P60 and M60/P40) show a more pronounced peak. In other studies with TPUs [39],
endothermic peaks in the range of 20 °C were related to the melting and, therefore, crystallinity of the soft
segments. They concluded the melting peak was related to the soft segments as both the polymers with and
without chain extender showed this peak. Another possibility is the melting of the physical crosslinking of the
HS, related to the crystallinity of these areas, which allows the TPUs to be moulded or extruded [11]. These
hypotheses are further discussed in 5.1.3 Thermal transitions.
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Figure 4.7: DSC cooling curves for each copolymer.

4.2.5 FTIR mapping

The segmentation of TPUs into hard and soft segments has been extensively studied to determine the structure
properties of the resultant copolymers. The hydrogen bonding and/or crystallization formed between the
dispersed hard segments act as pseudo crosslinks [40]. The phenomenon of segmentation has been previously
demonstrated by small-angle x-ray scattering, by SEM, by pulsed nuclear magnetic resonance, by observation
of the mechanical properties (e.g. dynamical mechanical analysis) and by calorimetry [11][37][41]. The phase
separation into hard domains and soft domains is normally incomplete, having the hard domains certain quantity
of soft domains and vice versa. The average size of these domains ranges from 10 to 20 nm increasing with the
HS content. The morphology of the hard domains varies from long needles 50-300 nm long and 5 nm thick to
spheres of 5-20 mm diameter [11].
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In the present work, micro-phase segregation is observed with the use of an ATR-FTIR microscope and a
principal component analysis. It should be highlighted that this micro-phase segregation is not directly related
to hard domains and soft domains, observed in the nm scale, but to the larger concentration of one of them, as
explained in Figure 1.2. This way, the micro-domains or disperse phases are characterised by a higher presence
of HS and the matrix, by a higher concentration of SS.

The analysis is based on local differences on composition detected with the FTIR mapping. Figure 4.8 displays
one of the ATR images obtained for each of the six TPUs copolymers while the rest can be consulted in the
appendix (Figure A.5). M80/H20 and M60/H40 are the ones which exhibit more dispersed phases (green areas)
in the matrix (red areas). Table 4.5 collects the results for the average percentage of disperse phases obtained for
at least three images per type of polymer and Figure 4.9 represents this data according to the TPU composition
(MDI-p, HMDI-p and PPDI-p have been added for completion). M60/P40 and M40/P60 show a very large
deviation, what is mainly attributed to the miscibility issues already discussed in 4.2.2.1.

M80/H20 M60/H40 M40/H60
M80/P20 M60/P40 M40/P60

Figure 4.8: FTIR mapping-image of all the polyurethanes synthesized (on the surface of the samples) showing
the micro-domains (green) and the matrix (red).

Table 4.5: Microdomains percentual area coverage detected with FTIR mapping of the polymers based on
mixtures of diisocyanates.

Microdomains [%]

MS80/H20 2.8+0.7
M60/H40 23+0.7
M40/H60 1.3+04
MS80/P20 09+0.5
M60/P40 22+2.0

M40/P60 2.1+2.7
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Figure 4.9: Microdomains average percentage detected with FTIR mapping of the polymers based on mixtures
of diisocyanates. Error bars representing the minimum and the maximum value obtained for each TPUs.
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Figure 4.10: FTIR-ATR spectrum of all the polyurethanes synthesized distinguishing between matrix (red) and

micro-domains (green).

IR analysis indicates there are two governing compositions related to the matrix and the phases as shown in
Figure 4.10. It is common in all polymers that a stronger absorption for N-H stretching and amide I are present
for the disperse phases, groups typically found in hard domains. Furthermore, the amide I peak, and the N-H
stretching is shifted to lower frequencies in the disperse phases, what denotes the existence of stronger H bonds.
Indeed, in homopolyurethanes synthesized from only chain extender and diisocyanate (main constituent of HS),
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the presence of H bonds is larger than in the homopolymers synthesized from only polyol and diisocyanate
(main constituent of SS) [11]. In the matrix, a higher peak in 2920 cm! is found, which is related to asymmetric
stretching of CH> and outlines the predominance of soft domains from the long and branched polyol [31]. For
the MDI/HMDI copolymers, it should be highlighted that the unreacted isocyanate already detected with the
FTIR is only detected in the matrix. Therefore, unreacted isocyanate tends to appear in soft segments rather than
in hard segments. Figure 4.11 shows the different characteristic peaks of PUs for matrix and microdomains,
already discussed in 4.2.2 FTIR. As already mentioned, it can be easily observed the lower frequencies of amide
I and the higher frequencies of amide II for the disperse phases.

The spectra obtained for the microdomains of M80/H20 is slightly different from the others as no peak but a
shoulder is detected at 1536 cm™ for amide II and the amide I peak is shifted to 1595 cm™ (1640 cm™! for the
rest). The other most similar compositions (M80/P20 and MDI-p) show a clear peak and no shoulder. In the
previous section 4.2.2 FTIR, the amide II has been mainly related to the SS; therefore, the disappearance of this
peak can be related to a stronger concentration of HS in the disperse phases detected. Moreover, the shift of
amide I to lower wavelengths can hinder the visibility of this peak.
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Figure 4.11: Values of the different representative peaks obtained for both matrix and microdomains for all
polymers.

426 Rheology

Figure 4.12 displays the temperature sweep results obtained for the six TPUs synthesized. In all graphs the cross
point between the viscous modulus (G”’) and the elastic modulus (G’) has been included. Above the crossover
the polymer starts behaving more like a viscous liquid. Therefore, the mobility of the network is higher as the
molecular interactions are lower, facilitating interchain diffusion and randomization.

The rigidity of the polyurethane network decreases in the order aromatic > cycloaliphatic > aliphatic [20], this
translates into higher crossover temperature and T, for polyurethanes based on aromatics. In the results, it is
clear how the cycloaliphatic chain present in HMDI provides more mobility to the network and, therefore,
polymers with larger percentage of HMDI show a lower crossover temperature. Moreover, polymers with more
content of HMDI show a more pronounced drop in the complex viscosity.

It is highly interesting how for MDI-p the cross point is located at 195 °C and for HMDI-p, at 38 °C (Figure 3.4),
and when only 20 % of HMDI is added in the synthesis, this value sharply drops to 52 °C. The increased mobility
of the new created network suggests that M80/H20 would be able to achieve higher healing efficiencies at
moderate temperatures for long times than MDI-p. For short times less healing would be expected as in principle
fast healing is related to aromatics, as suggested in 3.2.6 and concluded in [42].

Regarding M80/P20, M60/P40 and M40/P60, the results show no clear tendency. This can be related to the
difficulty to synthesize these polyurethanes and the lack of homogeneity shown in the final samples as discussed
in 4.2.2.1. M80/P20 shows lower crossover than M60/P40 and M40/P60 due to its lager content of MDI. This
is explained due to the CH; present between the two benzenes in the case of MDI, which provides more
flexibility to the structure (as discussed in 4.2.4 for the DSC results).
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Figure 4.12: Temperature sweep rheology for all polymers.

4.2.7 Fracture tests of pristine samples

In order to characterize the mechanical behaviour and, ultimately, the healing efficiency of the polymers
synthesized, fracture tests were conducted with a crosshead speed of 0.5 mm/s at 10 °C, which is above the T,
for all polymers according to DSC results. In Figure 4.13, the load-displacement curves for all samples is
presented. It should be noted that since not all the samples have the same thickness, the load has been divided
by the thickness, as it is normally performed in plane stress conditions. In all cases, the initial load was followed
by notch blunting and crack propagation perpendicular to the direction of the load applied.

Polymers with larger content of HMDI are characterized by a stiffer response and smaller plastic deformation.
Additionally, larger percentages of aromatic diisocyanates (MDI and PPDI) provide less stiffness and more
plasticity, as their benzene groups allow larger deformation without failure. Therefore, the use cycloaliphatic
isocyanates results in a more brittle structure, more characteristic of non-segmented thermoplastics, while
aromatic isocyanates give more ductility, more identified with the typical segmented elastomeric behaviour. The
peak that can be distinguished in M80/H20 and M80/P20 can be attributed to a partial healing of the pre-notch
during the clamping procedure.

The polyurethanes showing larger work to failure are M80/H20, M80/P20 and M40/P60. This confirms one
more time how the aromatic character of MDI and PPDI provides less mobility in the polymeric network and,
therefore, higher mechanical properties.
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Figure 4.13: Representative load-displacement curve at 0.5 mm/s strain rate of the fracture tests showing the
effect of diisocyanate mixtures. MDI/HMDI TPUs with solid line and MDI/PPDI with dashed line.

428 Healing characterization

The ideal self-healing material would have high mechanical properties while it would be able to heal at low
temperatures. However, the reformation of the H bonds in TPUs requires molecular mobility and high
mechanical properties and mobility are contradictory and hard to be accomplished simultaneously [8][6].
Although it has already been demonstrated that the mechanical response of supramolecular elastomers is
sensitive to strain rate (decreasing load and increasing deformation when strain rate is decreased), the healing
efficiency has been demonstrated mainly independent [5], what makes the results shown in this section highly
valuable for future applications.

As previously studied, MDI-p and PPDI-p possess high mechanical properties. Moreover, although HMDI-p
has lower mechanical properties, it also flows at much lower temperatures and so do the polymers combining
MDI and HMDI, as demonstrated in 4.2.6 with rheology. This is advantageous from the point of view of the
mobility required for healing and suggests that higher HE can be achieved for low temperatures.

In order to confirm the previous hypothesis, M80/H20, M60/H40, M40/H60 and M80/P20 were healed for 1
week at room temperature and, then, re-fractured. The healing procedure for M60/P40 and M40/P60 was not
possible due to the large plastic deformation in the interface and the absence of a smooth interface in contrast
with the rest of the samples.

Figure 4.14 depicts the results for the pristine and healed samples. It can be observed that it is easier to heal
strength than plasticity, as it is displayed in Figure 4.15. This is expected due to the memory effect of the material
as these samples have been previously loaded, afterwards healed and, finally, loaded again. Therefore, plastic
deformation remains in the sample. In [42], Susa et al also observed how the restoration of the mechanical
strength was easier than the restoration of the plastic deformation in polyimides. The most unexpected case is
the one of M80/H20 where the maximum strength is increased above the maximum strength experienced in the
pristine sample. This phenomenon would be analysed in the next chapter, in section 5.2. All cases have been
repeated twice confirming the data obtained.

Figure 4.15 gather the information regarding the healing efficiency. The highest HE, calculated as the average
of two samples, is obtained for M80/H20 followed by M60/H40, M80/P20 and M40/H60 in decreasing order.
Although the HE for M80/P20 is not as high as for M80/H20, the mechanical properties of the healed samples
remain being the best amongst all. In general, it is shown that even though aromatic diisocyanates allow less
mobility, they also provide higher healing. When comparing the data from MDI-p (Figure 3.7) and M80/H20
(Figure 4.15), it can be concluded that the higher flexibility provided by the HMDI results beneficial for the
healing, as higher HE based on work to failure is obtained. For the case of M80/P20 and MDI-p, similar results
are obtained.
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Figure 4.14: Representative load vs. displacement curve of the fracture tests for both healed and pristine
samples. Healing conditions 1 week at room temperature (22 + 2 °C) with no external pressure.
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Figure 4.15: Healing efficiency of M80/H20, M60/H40, M40/H60 and M60/H20 according to maximum load,
maximum displacement and work to failure. Healing conditions 1 week at room temperature (22 + 2 °C) with
no external pressure Error bars are based on two repetitions.

One advantage of intrinsic self-healing materials against extrinsic self-healing materials is their possibility to
theoretically heal an indefinite number of times. In order to assess the ability of the samples to heal a second
time, another fracture test was performed again one week after the previous one. This test was not possible for
M60/H40 and M40/H60 as due to their reduced ability to heal, it was not possible to reattach both parts after the

first damage-healing-damage cycle.

As it can be noticed in Figure 4.16, the mechanical properties in the second healing are reduced and no further
increment in strength is experienced. In this case, the healing efficiency with respect to the pristine work to
failure (HEvisine) and with respect to the first healing (HE* heaiing) is higher for M80/P20 (Table 4.6). This is
expected due to the larger content of aromatics present in M80/P20. All the results presented in Figure 4.14 and
Figure 4.16 can be confirmed with Figure 4.17, where it is clear how the samples start loosing ductility when
healing is conducted. It should be underlined how the crack always propagates in the same place, not diverting
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its path from the middle plane of the sample, perpendicular to the tensile direction. Moreover, it has been
confirmed that crack propagation observed in fracture tests provides information regarding the relation between
the mechanical properties and the polymer structure [5]. In this case, it can be observed from the photos that the
polymer structure shows an elastomeric character for M80/H20 and for M80/P20 while M60/H40 and M40/H60

present the typical thermoplastic behaviour.

Considering the rheology results for the temperature sweep (Figure 4.12), it can be speculated that at higher
temperatures (~ 50-60 °C) interphase healing would take place being able to heal multiple times achieving high

HE.
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Figure 4.16: Load vs. displacement curve of the fracture tests for samples healed twice. Healing conditions 1
week at room temperature (22 + 2 °C) with no external pressure.

Table 4.6: Healing efficiency for the second healing in comparison to the pristine sample (HErisine) and to the
sample healed one (HE;* heaiing) for healing conditions: 1 week and RT.

HEpristine [%] HE]St healing [%]

M80/H20 4 13
M&80/P20 5 35
M80/H20 M60/H40 MA40/H60 M80/P20

I

Pristine

Healing 1

Healing 2

Figure 4.17: Optical images at the moment just before fracture of the pristine and healed samples.






5 IMPACT OF INDUCED AND NATURAL AGEING
ON THE MICROSTRUCTURE AND HEALING OF
POLYURETHANES

the free isocyanate groups detected in the IR spectrum of MDI/HMDI polyurethanes suggest that longer

annealing times would be beneficial to promote higher reactivity of these groups to form urethane bonds.
On the other hand, the embrittlement observed in the fracture curves of the healed samples M80/H20 and
MS80/P20 indicates a change of properties over time. Therefore, further testing was required to explain the slow
kinetic change observed in these samples.

This chapter analyses the effect of temperature and time on the polymer microstructure. On the one hand,

5.1 Induced ageing: longer annealing times for M80/H20, M60/H40, M40/H60 and
M380/P20

The unreacted isocyanate detected in MDI/HMDI random TPU copolymers led to exposing the samples to
longer annealing times, as proposed in Reducing the amount of unreacted isocyanate in HMDI-p (appendix).
Rather than only observing a reduction in the quantity of unreacted isocyanate, changes in the microstructure
were also noticed. Therefore, M80/P20 was also studied in order to conclude whether these changes were
exclusively related to the unreacted isocyanate. In this section, the same synthesis procedure was followed with
the only alteration that samples were kept for 3 days in the oven instead of 1 day after mixing.

5.1.1 Reduction of unreacted isocyanate

The N=C=0 group band is associated to 2275-2270 cm™'. The MDI/HMDI TPUs showed a remarkable peak at
2262 cm! (Figure 4.1) what is related to certain quantity of unreacted isocyanate. Increasing the quantity of
HMDI in the random copolymers clearly led to an increase in the absorbance of N=C=0 peaks.

As it is shown in Figure 5.1 and in agreement with the results shown in the appendix (section Reducing the
amount of unreacted isocyanate), when the samples are subjected to longer annealing times, the peak associated
to N=C=0 is reduced. Thus, less unreacted isocyanate is left in the samples when longer annealing times are
used. The IR spectrum for 2 days and 3 days was similar, what suggest no further reduction of unreacted
isocyanate was achieved after 2 days. For the polymer M80/P20 no changes in the spectra were observed for
different annealing times.

33
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In conclusion, annealing times of 2 days or longer facilitate the complete reaction of free isocyanate in
MDI/HMDI TPUs.
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Figure 5.1: FTIR analysis of the MDI/HMDI random TPUs copolymers for different annealing times: 1 day
(solid line) and 3 days (dashed line) at 60 °C.

5.1.2 Microdomains

It can be easily deduced from the results shown in Figure 5.2, that there is a noticeable reduction in the number
and dimensions of the micro-domains detected when the annealing time is extended from 1 to 3 days. This effect
is stronger for samples with higher content of HMDI, where no clear disperse phase can be detected anymore.

M80/H20 - 1 day M60/H40 — 1 day M40/H60 — 1day M80/P20 — 1 day
. -
M80/H20 - 3 days M60/H40 - 3 days M40/H60 - 3 days M80/P20 - 3days

100 pm . - .

Figure 5.2: FTIR mapping-image for different annealing times (on the surface of the samples).

The decrease in the phase segregation detected can be attributed to a less quantity of unreacted isocyanate
originating from HMDI. As previously studied, HMDI-p shows almost no phase segregation (Figure 3.2);
therefore, when more HMDI is included in the network, its aliphatic character increases the dispersion, and these
hard domains are easily incorporated in the matrix. Nevertheless, this explanation is not applicable for M80/P20
where HMDI is not present and almost no disperse phases are found. Thus, it can be generally assumed that for
short annealing times the phases do not have enough time to disperse, while after these 3 days annealing the
microdomains increase their solubility in the matrix. The fact that nearly no phase segregation is observed in
HMDI-p or M40/H60 can be related to a faster dispersion. Moreover, the results obtained for longer annealing
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times agree with C. Prisacariu, who outlines in [11] a greater homogeneity of the polymeric network with
annealing time.

While all previous results are always shown for the surface of the polymer, it was necessary to study whether
this effect was only a surface or a bulk phenomenon. A thin slab of material was cut in the thicker area of the
sample; testing the inner part that was previously in contact with more material. Conducting IR mapping in the
bulk of the material, it was concluded that no significant difference could be observed regarding surface/bulk
except for M80/H20 where a decrease of disperse phases was found (Figure 5.3).

M80/H20 - 3 days — bulk M60/H40 - 3 days — bulk M40/H60 — 3 days — bulk

100 pm

Figure 5.3: FTIR mapping-image of M80/H20, M60/H40 and M40/H20 in the bulk. Annealing time 3 days.

5.1.3 Thermal transitions

As just demonstrated in 5.1.2 Microdomains, when the samples are subjected to longer annealing times, less
phase segregation is observed. This can be attributed to a major solubility of the disperse phases into the matrix.
In order to demonstrate whether this statement is accurate, DSC tests were conducted in the samples with longer
annealing time.

Figure 5.4 collects the results obtained for different annealing times. It should be noted that for the case of
M40/H40 the curve for 1 day has been shifted to higher heat flows to facilitate the comparison. When comparing
the results for 1 day with the ones for 3 days, three main differences are observed:

1. The endothermic peak detected in the samples annealed for 1 day is larger than the endothermic peak
detected in the samples annealed for 3 days. The samples which initially showed more disperse phases
(M80/H20 and M80/P20) have considerably reduced the peak more than the others. In the case of
M80/P20, no peak is observed.

2. The T, observed in all the samples annealed for 3 days is slightly higher (A~1-3 °C) than the T, observed
in the samples annealed for 1 day. Thus, although it could indicate that the solubility of the
microdomains into the matrix leads to more rigid networks, the variations are very small and, therefore,
irrelevant. These results are in agreement with other studies regarding polyamides [43] where no
significant changes in the T, were detected for different annealing times.

3. The endothermic peak still detected in M80/H20, M60/H40 and M40/H60 has been slightly shifted to
lower temperature. As for the Tg, these changes are small and, therefore, not relevant.

In conclusion, the fact that less phase segregation and a reduced endothermic peak are observed for the samples
subjected to longer annealing times does not provide enough information to support the theory of the hard
segments melting. Moreover, this temperature seems to be rather low for the melting of HS. Similar studies with
TPUs based on MDI and on HMDI (40 % wt. HS) [39] reported the melting of the HS at temperatures above
170 °C while the melting due to the crystallization of the SS was detected at 20 °C. In that same study, they
proved that aromatic isocyanates in TPUs hinder the crystallizability of the SS and no peak is detected, as it can
be observed for the aromatic based M80/P20. Additionally, the aliphatic character of isocyanates also reduces
the tendency to crystallization of SS but in lower degree, being able to observe a peak, as for the case of
M80/H20, M60/40 and M40/H60.

In order to shed light on the possible relation between the endothermic peak observed and the crystallization of
the SS, the long chain CroHeal™ 2000 was tested. Figure 5.5 displays the results of this test, where a clear
endothermic peak at 42.8 °C can be observed. This temperature is in the same range of the endothermic peaks
detected for all the TPUs synthesised (40.5 °C to 45.5 °C), what clearly demonstrates the relation between this



36 Impact of induced and natural ageing on the microstructure and healing of polyurethanes

melting point and the SS. Moreover, the probable large aliphatic side chains (brushes) present in CroHeal™
2000 (Figure 2.1) promote the crystallization kinetics, as proved by Vincenzo et al [44] for HDI based TPUs.
They also observed that local reactivation of mobility at temperatures below Teng Was possible for crystallized
samples, what supports the significant healing obtained for M80/H20. In [43], Susa et al concluded that the
observed melting point (~68 °C) of the polyimides synthesised was associated to the confinement of the side

chains by main chains with lower mobility.
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Figure 5.4: DSC first heating curve for different annealing times marking the glass transition temperature (Ty)
and the endothermic peak (Teng) for the longer annealing time (3 days).
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Figure 5.5: DSC first and second heating curves (on the left) and cooling curves (on the right) for CroHeal™
2000 (component of SS).

5.1.4 Mechanical properties

Figure 5.6 shows how an increase in the duration of the annealing has a direct effect in the mechanical properties.
In all cases the toughness and the maximum strength are reduced. M80/H20 and M60/H40 turn into more ductile
samples whereas M80/P20 reduces its ductility while keeping almost constant the maximum strength. It was
already observed in [18] how different annealing conditions, in that case varying the annealing temperature, lead
to significant differences in the mechanical properties of polyurethanes. In [42], different annealing times (1 day,
5 days and 11 days) were used resulting in slightly better mechanical properties except for the case where
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crystallization was induced, observed then a significant change.

In 5.1.2, it was shown how less disperse phases were observed after a longer annealing time as a probable result
of less incompatibility between hard and soft segments. The presence of less microdomains and, therefore, less
concentrated hard segments, could be related to the decrease of the mechanical properties of all samples. The
decrease of the mechanical properties could also be attributed to testing the samples too soon after the annealing
was completed. Therefore, the change in mechanical properties is not conclusive.
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Figure 5.6: Fracture test for the pristine samples for different annealing times.

5.1.5 Healing properties

Fracture tests after healing were performed in longer annealed samples, as shown in Figure 5.7. Unquestionably,
lower mechanical properties were obtained for longer annealing times, for both pristine and healed samples.
However, the results were not that conclusive for the healing efficiency. As displayed in Figure 5.8, the healing
efficiency obtained as the ratio of maximum displacement and the ratio of work done shows nearly no difference
for different annealing times. Nevertheless, a larger recovery in the maximum load was detected for M80/H20
and M60/H40 and in the work to failure for M80/H20.

Finally, considering the results presented in 5.1.2, it can be concluded that the disappearance of the
microdomains detected with IR mapping does not affect healing.
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Figure 5.7: Representative load vs. displacement curve of the fracture test of M80/H20, M60/H40 and
M60/H20 subjected to longer annealing time.
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Figure 5.8: Healing efficiency of M80/H20, M60/H40 and M60/H20 subjected to longer annealing times
according to maximum load, maximum displacement and work to failure. Error bars are based on two
repetitions.

5.2 Natural ageing: embrittlement and strengthening of M80/H20 and M80/P20

The fact that significantly higher strength and/or slope load vs. displacement is obtained for M80/H20 and
M80/P20 (Figure 4.14) suggests the existence of an embrittlement process at room temperature. There are
different explanations why a polymer can increase its brittleness. In general, the embrittlement of polymers can
be associated to chain scission due to exposure to light, heat or oxygen; to the crystallization of the material and
to an increase of crosslinks. In this case, the chain scission is not possible as the strength increases. The
crystallization is possible as it has already been proved in 5.1.3. Another explanation of this phenomenon is the
increase of the physical crosslinks existing in the polyurethane. These hypotheses were investigated via fracture
tests, FTIR, FTIR mapping and rheology.
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5.21 Fracture tests

As the embrittlement was already observed for the healed samples one week after synthesized, it was decided to
test the pristine samples aged for 1 month at room temperature to confirm this. Due to the impossibility to
synthesize more material and wait for one week, the samples used for the new test were scaled down to Y4 the
initial established dimensions (17.5 mm x 5 mm) and cut out of one of the previous original samples. The strain
rate applied in the test was also scale down to 0.125 mm/s.

As it can be easily deduced from Figure 5.9, in the case of the samples tested after one month, it can be observed
how the healed curve does not surpass the pristine in strength. Therefore, an embrittlement of the material with
time is observed.. It should be outlined that even if the mechanical characteristics change, the healing efficiency
calculated as the work to failure remains almost the same for the samples as produced and after one month (Table
5.1).

All in all, samples tested as produced led to much more plastic deformation before failure than those stored for
one month. This suggests that the former ones did not have enough time after production to homogenise and
relax and, therefore, they were tested too early. In conclusion, for future mechanical testing of self-healing
polymers samples should only be tested when sufficient time after manufacturing has passed.
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Figure 5.9: Fracture test of pristine samples just synthesized and after 1 month.

Table 5.1: Healing efficiency calculated as the ratio of work to failure for healing conditions 1 week and RT
for the samples as produced and after one month.

HE, as produced [%] HE, after one month [%]
M80/H20 29 30
M80/P20 13 12

522 FTIR

The fracture results suggest a change in the properties of the material. Hence, FTIR tests were conducted
approximately one month after the synthesis and compared with the results obtained for the samples just
synthesized.

As it can be perceived in Figure 5.10 and Figure 5.11, some changes in the spectra were found in the
characteristic amide I, amide II, amide III and N-H stretching. In both cases (M80/H20 and M80/P20), two
different signals were detected in amide I and amide II bands, in contrast with the sole signal detected in the
samples just synthesized, and a sharper peak for N-H was obtained. The broad peak around 3327 cm™ in the
samples just synthesized can be associated to the existence of alcohol groups in the molecule. The sharpening
of this peak in the samples after one month can be associated to a reduction in the free alcohol that might have
reacted with free isocyanate groups leading to more urethane bonds. Therefore, this indicates, as previously
speculated, an ageing process.

In the case of M80/H20, the amide I peak has been shifted to lower frequencies, from 1696 cm™ to 1683 cm™.
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However, a shoulder is detected in 1696 cm™. As already explained in 4.2.2 FTIR, the shift of amide I to lower
frequencies is due to H bonds, what supports the theory of higher degree of crosslinking and reaction completion.
Moreover, stronger peaks are observed for amide I and amide II, both related to the H bonds in soft segments
and hard segments. A new peak is also observed very close to the amide III band, in 1261 cm™, which can be
attributed to the group -C(=0)-O-C- present in the polyol. In relation to the spectra of M80/P20, a double peak
in the amide I band is found, in 1695 cm™ and 1684 cm™'. Moreover, a smooth shoulder is found close to amide
III band and stronger absorption for amide II is obtained. The stronger absorption is, as for M80/H20, related to

more H bonds presents.
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Figure 5.10: FTIR analysis for different moments after synthesis of M80/H20 and M80/P20.
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Figure 5.11: Magnified view of FTIR analysis for different moments after synthesis of M80/H20 and M80/P20.

5.2.3 Microdomains

For the sample M80/H20, a small decrease over time on the percentage of microdomains detected with the FTIR
mapping was observed, as also obtained for longer annealing times (Figure 5.2). These results suggest that a
more homogeneous distribution of the hard segments in the matrix can lead to an increase in the strength of the
overall network as long as sufficient time is left for the samples to homogenise and relax after production.
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Figure 5.12: FTIR mapping-images of M80/H20 as produced and one month after synthesis. The percentage
of disperse phase of each image is included in the top left corner.

5.24 Rheology

Another temperature sweep test (Figure 5.13) was conducted for the polymer M80/H20 after roughly one month
starting from the glassy region (-10 °C) until the rubbery region in order to compare the results regarding the T,
with the ones obtained from the DSC and to analyse possible changes in the crossover temperature.

10° T T 2
| 1 '
| I G.‘ 118
108 ! G
1 1 tan(d)
I | 116
| 1
7L
10 | | 114
| 1
@ 46 I I 1.2
10 I '
= | =
; ! 1 F
ED. 5 | | B
I | 1
v 10 | | 0.8
| 1
104 I | 0.6
| 1
I | 0.4
| 1
108 | |
I I 10.2
| 1
102 il L 0
0

20 30 40 50 60 70 80 90 100
Temperature [°C]

-10 0 1

Figure 5.13: Temperature sweep rheology for M80/H20 starting from -10 °C.

As displayed in Figure 5.13, the dynamic shear storage modulus (G’) starts decreasing at 1 °C and the relaxation
peak from the mechanical glass transition temperature of soft segments is detected at 11 °C when the damping
factor or tan(d) (i.e. ratio of energy lost per energy stored (G’’/G’)) is maximum. The mechanical T, is higher
than the thermal T, determined by DSC (-0.4 °C), which can be attributed to intrinsic differences between these
two different techniques. Tan(d) shows a stepwise glass transition (already reported in literature [43]) that can
be attributed to the copolymeric nature of the polymers. The rubbery plateau region starting from 11 °C is
extended until 40 °C where a sharp decrease in G’ is experienced. From 40 °C, the material starts flowing, having
its crossover around 57 °C. Thus, an increase in the crossover is also detected for the rheology test compared
with the results analysed in Figure 4.12 (conducted within less than one week after the synthesis). If more H
bonds are formed with time, then the flexibility of the network would decrease and higher crossover would be
expected, as confirmed by Figure 5.13.

It is also interesting to highlight how the sharp decrease in G’ is experienced at 40 °C, very similar to the
endothermic peak detected in the DSC. This clearly indicates that the peak obtained in the DSC is a melting
peak.
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In conclusion the embrittlement can be related to an increase in the H bonds formed (reaction completion),
clearly supported by the FTIR results, but also to the crystallization of the SS. To prove this last hypothesis, DSC
tests should be conducted for the samples as produced in order to compare with the ones already presented in
Figure 4.6 which already show crystallization of the SS and were conducted 1 week after the samples were
synthesized.
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6.1

6 CONCLUSIONS AND RECOMMENDATIONS

he results presented in the previous chapter analyse the characteristics and potential healing of nine
different TPUs. From all the testing procedures and results obtained some conclusions and future
recommendations should be exposed.

Conclusions

The use of different isocyanates to produce TPUs was investigated. TPUs with a mixture of different isocyanates
clearly showed potential as a self-healing material. The main conclusions that can be drawn from this research
project are:

The synthesis of TPUs based on PPDI was rather complicated due to the tendency of PPDI to from
crystals before melting and its rapid solidification when poured into the mixture of polyols.

Unreacted isocyanate was detected in the FTIR spectrum of the matrix of HMDI-p and MDI/HMDI
TPUs. The peak associated to the free isocyanate reduced with longer times at 60 °C to complete the
reaction.

Micro-phase segregation attributed to a larger content of hard domains was detected with IR mapping.
The presence of H bonds promoting healing was demonstrated. The percentage of phase segregation
decreases as follows: MDI > PPDI > HMDI. For MDI/HMDI TPUs, as HMDI increases, the phase
segregation decreases. For MDI/PPDI TPUs no clear tendency is found.

A significant decrease in the crossover in rheological studies for polymers combining MDI and HMDI
was observed, suggesting higher mobility of the polymeric network at lower temperatures. This
demonstrates the dominance of the aliphatic diisocyanate providing more flexibility.

The highest healing efficiency are obtained for M80/H20 and M80/P20, being the only ones able to heal
twice. The flexibility provided by the 20 % of HMDI results advantageous when compared with MDI-

p.
Longer annealing times contribute to the disappearance of the microdomains detected with IR mapping.

The samples subjected to longer annealing times showed no clear difference in healing. This suggests
that the microdomains do not affect healing.

Crystallization of the side branches in the SS is observed for all polymers based on mixtures of
diisocyanates. This crystallization is slightly reduced with annealing. For the case of mixtures of
aromatics, no crystallization is observed after annealing.
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e The embrittlement observed in the fracture curves of the healed samples was demonstrated to be related
to an increase of the degree of physical crosslinking.

o The larger plastic deformation of the samples as produced and the samples subjected to longer annealing
times in comparison with the samples after one month outlines the importance of sufficient resting time
between manufacturing and testing.

To summarize, M80/H20 and M80/P20 are the two random copolymers which have provided the most
promising results concerning healing at room temperature, being able to considerably recover their mechanical
properties even after second healing. On the one hand, although the mechanical properties and second healing
efficiency were higher for M80/P20, the use of PPDI entails a more difficult synthesis. Moreover, M80/H20
considerably increased its mobility in comparison to MDI-p, showing the largest first healing efficiency at room
temperature. However, its properties significantly change with time, suffering embrittlement.

Longer annealing times help homogenizing the polymers with lower presence of microdomains and more
complete reactions. Fracture tests revealed that no remarkable changes in the healing efficiency are experienced.
Therefore, the larger healing efficiency obtained for MDI-p, PPDI-p, M80/H20 and M80/P20 is associated with
the aromatic character of the hard segments rather than to the disperse phases observed.

6.2 Recommendations

The work done for this project can be extended and improved following some recommendations:
o The miscibility issues faced with PPDI can be improved using a two-step synthesis procedure.
¢ A minimum resting time of one week between manufacturing and testing is needed is recommended.

e Scanning electron microscope and confocal scanning laser microscope can provide additional
information about the healing mechanisms as a function of the surface roughness [5].

o Healing at higher temperatures (e.g. 60 °C) can provide further information about the interphase healing
response.

e Synthesis of polyol and diisocyanates and synthesis of chain extender and diisocyanates may further
elucidate the role of SS and HS.

e Frequency sweep tests are recommended in order to understand the dominance of the viscous or elastic
behaviour at the selected shear rate applied for the fracture tests and the relaxation behaviour of these
TPUs.

o The use of at least three samples per polymer and synthesis and healing conditions is highly
recommended to provide more accurate results.

o The use of certain manufacturing techniques such as injection moulding could help achieving a more
constant thickness for the fracture test samples.

o The research into alternatives to assess more efficiently the phase segregation is recommended. In this
project, more than 50 FTIR mapping tests were conducted, what translated into more than 34 hours
testing and changing sample every 41 minutes. Furthermore, the difficulty of achieving a good enough
contact between crystal and sample led to the failure of several tests.

e The printability already shown by MDI-p in previous works [45], suggests the polymers synthesized
can be a good asset for FDM applications. Therefore, further study is required following the
recommendations already stated in [45].
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APPENDIX

Reducing the amount of unreacted isocyanate in HMDI-p

HMDI-p showed considerably lower mechanical properties (see 3.2.5 Fracture tests of pristine samples) and less
healing efficiency (see 3.2.6 Healing characterization) than other polyurethanes such as MDI-p and PPDI-p.
This can be related to incomplete reaction of the isocyanate found in FTIR measurements (Figure 3.1). The
unreacted isocyanate outlines a lack of formation of urethane groups, key for the hard segments and, therefore,
for the overall properties of the material. Hereby, different ways to reduce the amount of unreacted isocyanate
were explored modifying the synthesis procedure for HMDI-p described 3.1 Polymer synthesis.

As found in literature [46][47], unreacted isocyanate has also been reported in previous researches with toluene
diisocyanate (TDI) even when less than the stochiometric amount of diisocyanate was used. On the other hand,
other studies which synthesised castor oil and TDI showed that when no excess of isocyanate was used, the
absorbance for these groups was zero [48].

As the reaction kinetics associated to HMDI are slower than with respect to other isocyanates [11], it was
suggested that longer times at 60 °C were needed in order to complete the reaction. Therefore, the same sample
was tested after 1 day (already shown in Figure 3.1), 2 days and 5 days kept in the oven after synthesis.
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Figure A.1: FTIR analysis of HMDI-p for different times in the oven (1 day, 2 days and 5 days) at a
temperature of 60 °C. The right plot shows a magnified view of the isocyanate peak.

Figure A.1 clearly shows a reduction in the quantity of unreacted isocyanate when the sample is kept for longer
times in the oven, with a significant drop between 1 and 2 days. The spectra for 2 days and 5 days in less
conclusive, attributed to the variability of the area tested, and advocates no significant difference in the quantity
of free isocyanate.

As longer times did not lead to the full disappearance of unreacted isocyanates, it was decided to increase the
mixing time in the SpeedMixer to achieve a more homogeneous material able to react more easily. It should be
noticed that when less quantity of material was synthesized (10 g of polyol instead of 30 g), the material obtained
was not homogeneous with clear miscibility problems were observed between the polyol, the diol and
isocyanate. This indicates the necessity to adjust the mixing parameters according to the quantity produced.

The new mixing times were 120 seconds to achieve vacuum, instead of the previous 15 seconds, and 180 seconds
at 2300 rpm instead of 160 seconds. The longer vacuum time had the target of achieving a totally bubble free
sample, although generally this was not a problem. The longer mixing aimed at increasing the homogeneity of
the sample during the mixing. Figure A.2 exhibits that a longer mixing time led to a small reduction unreacted
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isocyanate after 2 days in the oven. It should be noted that, contrary to what was expected, the FTIR after 1 day
in the oven showed higher isocyanate for the sample mixed for longer times.
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Figure A.2: FTIR analysis of HMDI-p for different mixing times (160 s and 180 s). On the right, complete
spectra and, on the left, peak of unreacted isocyanate. Both samples were 2 days in the oven at 60 °C.

In order to evaluate if the unreacted isocyanate was due to the initial excess of isocyanate (10 %), a new synthesis
with no excess isocyanate was prepared, thereby modifying the molar ratio between the reactants for the polymer
synthesis. The sample was kept in the oven for 2 days. As it can be observed in the Figure A.3, no appreciable
changes were perceived in the unreacted isocyanate peak when using 0% or 10% excess.
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Figure A.3: FTIR analysis of HMDI-p for N=C=0/OH ratios (1.1 and 1). On the right, complete spectra and,
on the left, peak of unreacted isocyanate. Both samples were 2 days in the oven at 60 °C.

Based on the previous tests it was concluded that the cause of the unreacted isocyanate was probably due to the
lower reactivity of the HMDI. For this reason, one last synthesis was conducted using a catalyst. For this purpose,
5 droplets (approximately 0.25 mL and 0.8 % weight) of DBTL were added to the composition using 10 %
excess of isocyanate and letting react for 2 days in the oven. Figure A.4 shows the comparison between this
catalysed sample after 1 day in the oven and the non-catalysed one after 2 days.

The results unquestionably demonstrate that a complete reaction of the isocyanate is achieved using the catalyst
even if the sample is only kept in the oven for 1 day (Figure A.4). Nevertheless, when handling the material a
clear alteration of its mechanical properties was noticed. While the material without catalyst presented normal
elastomeric properties such as easy to deform and flexibility, the polymer with DBTDL was highly brittle. This
material alterations have already been stated in literature: the use of catalysts for the formation of the urethane
linkages is not easy due to the fact that this type of reactions are subjected to various side reactions besides the
fact that the selected catalyst and quantity used can considerably alter the properties of the polymer obtained
[49]. Therefore, the brittleness of the resultant polymer can be due to an excessive quantity of catalyst.
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Figure A.4: FTIR analysis of HMDI-p with DBTDL as a catalyst (1 day in the oven) and without catalyst (2
days in the oven). On the right, complete spectra and, on the left, peak of unreacted isocyanate.

In conclusion, considering the results presented, the easiest way to achieve an almost unreacted isocyanate free
sample without altering the mechanical properties is to keep the polymer in the oven for at least 2 days. The use
of catalyst also shows promising advantages, but further tests should be done adding less quantity of DBTDL or
a different catalyst.

No further study than FTIR measurements was performed with the samples of HMDI-p kept for 2 days in the
oven and, therefore, no conclusion regarding the effect on healing or mechanical properties was obtained.

FTIR mapping

At least three FTIR mapping measurements were conducted for each type of TPU. The percentage of disperse
phases detected in each image is shown on a black square on the top left corner. For each polymer, the average
percentage of disperse phases and the standard deviation of these values is included. These values coincide with
the ones already shown in Table 3.3 and Table 4.5.
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Figure A.5: FTIR mapping-image of all the polyurethanes synthesized. In the right side, the average (aver) and
the standard deviation (err) is included.

Fracture test

All samples previously tested were healed at room temperature for one week. In order to explore the impact on
healing of applying healing temperatures above the crossover of the sample, one sample of M80/H20 was placed
in the oven at 60 °C after performing the fracture test. The results obtained (Figure A.6) show a considerably
high healing efficiency of 80 %. Nevertheless, it is remarkable how, in contrast with previous results where
samples tend to heal strength rather than ductility, for this case the sample becomes much ductile. The increased
ductility of the sample can also be attributed to the fact that after keeping the sample in the oven, micro-porosity
appeared, as observed in Figure A.7. These results are not conclusive and further testing would be needed.
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Figure A.7: Optical photos taken for the fracture tests of M80/H20 with healing conditions of 60 °C and 1 day.
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