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Kurzfassung

Neue technologische Trends gehen mit steigenden Anforderungen an Materialeigenschaften
einher. Prepreg-basierte Materialien, wie sie in Leiterplatten (LP) verwendet werden, sind keine
Ausnahme, da die kurz- und langfristigen Einsatztemperaturen dramatisch zugenommen haben.
Ein Versagen des Trigermaterials ist oft die Folge. Dariiber hinaus haben RoHS-Konformitit
und gesetzliche Vorschriften den Einsatz von bleihaltigen L&tprozessen eingeschrinkt.
Bleifreies Loten erfordert Temperaturen, die um etwa 40 °C hoher liegen als bisherige Blei-
basierte Verfahren, wodurch das Wirmemanagement zu einer der Schliisseleigenschaften
moderner PCB-Basismaterialien wird. Derzeitig verfligbare PCB-Materialien auf
Polymerbasis, wie beispielsweise glasfaserverstirkte (GF) Duroplaste, haben diese
Anforderung aufgrund ihrer geringen inhdrenten Wirmeleitfahigkeit nicht.

Die Kombination von Baugruppen aus Metallen und polymeren Materialien in Leiterplatten,
zeigen bei Temperaturwechselbeanspruchungen ein unterschiedliches Ausdehnungsverhalten
(CTE). Neben dem Auftreten von Hot-Spots ist auch Materialversagen (= Delamination) die
Folge.

Die aktuelle Herausforderung liegt darin, das breite Spektrum der Anforderungen, die erfiillt
werden miissen, zu kombinieren. Die Erhoéhung der Wairmeleitfdhigkeit und anderer
thermischer Eigenschaften geht in der Regel einher mit der Verschlechterung anderer
notwendiger Eigenschaften von PCB, wie der Wasserabsorption, dielektrische und
mechanischen Eigenschaften.

Wie macht man das Unmogliche moglich?

Bei der Suche nach dem ,,Heiligen Gral in den Bereichen der PCB-Substrate wird nach einem
Material (-Kombination) gesucht, dessen Verarbeitung kostengiinstig ist, aber auch einen
kurzen Produktionszyklus erfordert (Serienproduktion), und im industriellen MaBstab
abbildbar ist. Dariliber hinaus muss das Basismaterial den geltenden Vorschriften entsprechen
und die Anforderungen erfiillen, die sich aus anspruchsvolleren und neuen Anwendungen in
schwierigen Umgebungen ergeben.

Ziel dieser Doktorarbeit ist es, ein Verfahren zu konzipieren, das umweltfreundlich,
kostenglinstig und im industriellen MaBstab anwendbar ist. Das hoch-Tg-Basismaterial ist auf
eine gleichzeitige Erh6hung der Warmeleitfahigkeit und des Flammschutzes ausgerichtet, ohne

dass andere wichtige Eigenschaften (d.h. Wasserabsorption, dielektrische Eigenschaften)



beeintrachtigt werden. Dazu wurden verschiedene Fiillstoffe unterschiedlicher Natur,
unterschiedlicher FiillstoffgroBe und -konzentrationen verwendet. AuBerdem werden
Fiillstoffkombinationen und deren Verhéltnisse untersucht. Die Verteilung und Orientierung
der Fillstoffe sind entscheidende Faktoren, die durch das optimierte, losungsmittelfreie
Verarbeitungsverfahren beeinflusst werden kann.

Experimentelle Studien werden in verschiedenen Stadien durchgefiihrt: gefiillte Harzplatten,
Prepregs und ihre GF-verstirkten Laminate. Eine Struktur-Eigenschafts-Beziehung wird durch
den Vergleich der Gesamtergebnisse unter besonderer Beriicksichtigung der Wirkung von GF
hergestellt. Das Hauptziel besteht darin, die Auswirkungen der kombinierten Fiillstoffe und die
Variation des Faservolumengehaltes (FVG) auf die Filtration von Fiillstoffen, die Ausildung
des Fiillstoffnetzwerks und den daraus resultierenden Eigenschaften zu verstehen. Die
Ubertragbarkeit von Kompositen auf deren faserverstirkte Systeme wird mit Fokus auf die
thermischen Eigenschaften untersucht. Es ist es von groem wissenschaftlichem Interesse, die
Abhidngigkeit von unterschiedlichen Faservolumengehalten (FVC) auf die thermischen
Eigenschaften zu verstehen und die Basis fiir Vorhersagen oder modellméBige Beschreibungen

zu schaffen.



Abstract

New trends in technology come at the cost of increasing demands on material properties.
Prepreg-based materials as used in Printed Circuit Boards (PCBs) are no exception. The short
and long-term temperature range which they need to operate in has increased dramatically,
critical material failures are often the consequence. Additionally, RoHS compliances and
governmental regulations limit the use of i.e., lead-based soldering processes have their share
as well. Lead-free soldering requires temperatures about 40 °C higher than State-of-the-Art
technologies, making thermal management one of the critical properties of modern PCB base
materials. State-of-the-Art polymer-based PCB materials such as glass-fiber (GF) reinforced
thermosets lack this requirement due to their low intrinsic thermal conductivity. Pairing high
thermally conductive metals that also possess a low CTE with polymers in PCBs creates a
challenge as both material classes show a different dimensional behavior under thermal cycling,
and PCB delamination or hot-spot formation is the result.

The current research is challenged by the broad spectrum of requirements that need to be
fulfilled. Increasing thermal conductivity and other thermal properties usually come at the cost
of other must-have properties of PCBs, like water absorption, dielectric and mechanical
properties.

So how does one make the impossible possible?

Searching for the “holy grail” in the fields of PCB substrates is finding a material (combination)
whose processing is cost-efficient material-wise with a short production cycle at an industrial
scale. In addition, the base material must comply with current regulations and has to meet the
requirements coming from more demanding and new applications in challenging environments.
Therefore, this doctoral thesis, aims to design a process and material that are environmental-
friendly and cost-efficient and applicable in industrial scale. The high-T; base material is
tailored towards a simultaneous increase in thermal conductivity and flame retardancy without
deteriorating other essential properties (i.e., water absorption, dielectric properties). The
workflow involves the screening of different fillers of different nature, different filler sizes, and
concentrations in feasibility studies. In addition, filler combinations and their ratios are
investigated. The fillers’ dispersion and orientation are vital factors that can be triggered by an

optimized processing method.



Experimental studies are conducted in different stages: filled resin plates, prepregs, and their
corresponding GF-reinforced laminates. The structure-property-relationship is established by
comparing the overall results with special attention to the effect of GF. The main aim is to
understand the impact of (synergistic) filler combinations, and the increasing FVC on filtration
of fillers, filler network formation and the final laminate properties. The transferability between
filled resin plates to their fiber-reinforced systems is studied to focus on thermal and mechanical
properties. It is of great scientific interest to understand the inter-dependency of different fiber

volume contents (FVC) with the thermal properties to describe models and give forecasts.
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Introduction and Motivation 1

1 Introduction and Motivation

Power electronics is one of the most crucial technologies for promoting resource-saving and
regenerative braking in electromobility. Because of the increased demand for sophisticated
infotainment and autonomous driving solutions (Figure 1), it is not surprising that the market
growth of PCB modules in the automotive sector is expected to grow by a further 8% by 2023
[1,2].

Interior Camera/ Smart Camera Rear—
Front View Driver Monitoring Remote Park Assist
Camera System Park Assist/Self-Parking

Night Vision/Surround
View Camera

Side Impact

Emergency Brake Assist

System and Adaptive
Cruise Control

Assist Ty 'i% y = / Blind Spot Detection/
S = Surround View

Radar Fusion
Center

High Beam
Control

Figure 1 Future of PCBs in automotive — electrification of sensor techniques, and info-&

entertainment [3].

According to the International Energy Agency (IEA), 50 % of vehicles worldwide should be
emission-free by 2030 and CO»-neutral by 2050 [4], which goes in hand with finding solutions
for quicker, wireless charging for electric mobiles. These electronic devices are primarily
manufactured using printed circuit boards (PCBs) which are structural, glass fiber reinforced
epoxy laminate sandwich boards. Onto PCBs, electronic components such as semiconductor
chips and capacitors are connected with the board, providing the electrical interconnections
between those components [5].

In addition to this growth, a revolution is taking place in the PCB industry as a result of the

Restriction of Hazardous Substances (EU Directive 2002-96-EC-27, RoHS) and the Waste
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Electrical & Electronic Equipment (EU, 2002, 96, EC, WEEE) [5] directive. Both directives
limit the use of certain toxic substances in the electronic industry. Toxic heavy metals such as
lead (Pb) must be eliminated from the manufacturing of printed circuit boards. This impacts
the soldering process, as the melting point of lead soldering alloys is around 180 °C. Lead-free
tin-silver or tin-copper-based alloys, on the other hand, only melt at about 220 °C but are 20 %
higher in production costs. With lead-free soldering processes, the material must withstand
briefly elevated temperatures without softening or degradation.

Current technological drivers in the electronic industry beyond miniaturization & cost
reduction are high-performance and long-term product reliability. The major drawback with
these trends is the significant heat production by power components, which must, in some cases,
operate under harsh environments with frequent deep thermal cycling. Local heat spots occur
close to the embedded chip (Figure 2a)). If heat is not removed correctly, the electronic system
will result in lower efficiency, less reliability, shorter service life, and even become a potential

hazard (Figure 2b)).

Figure 2 Current FR-4 PCBs: a) Heat spot detection close to the embedded chip [6]. The generated

heat cannot be adequately managed in current FR-4 materials leading to severe degradation (b) [7]).

The long-term stability of the electronic devices decreased by 10% with an increase of
temperature by 2° C and decreased lifetime by factor 2 [8,9]. Current State of the Art printed
circuit boards (PCB) and FR-4 laminates for lead (Pb) solder assembly will not withstand the
higher temperatures of Pb-free processing and are therefore not considered compatible with

lead-free assembly. Early material failure due to insufficient heat dissipation often manifests as
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delamination in the interlayer between the polymeric matrix (insulator) and the metallic-based
assembly parts (highly thermally conductive). The use of ceramic-based substrates may avoid
these problems, but their high cost makes them niche market products, such as high-frequency
applications. Current assembly concepts for cooling printed circuit boards are at odds with the
current trend towards miniaturization. The generated heat must be managed by the assembled
parts and the environment of the PCB [10]. Assembled components such as heat sinks and or
thermal vias increase the assembly time, which increases the overall cycle time, and requires a
lot of designed space [11].

Therefore, a novel approach is, therefore, the modification of the base material to sufficiently
distribute and manage heat. Organic matrices have a thermal conductivity of 0.2 — 0.3 W/mK,
which is poor compared to target values of > 0.7 W/mK. An increase in thermal conductivity
is only possible with the integration of fillers. In literature, it is well known that incorporating
ceramic fillers (i.e., AIN, BN, or Silica) with high intrinsic thermal conductivity (TC) will
increase the overall epoxy resins’ thermal transport behavior [12,13].

State-of-the-Art PCB materials based on polymers have not been able to meet these
requirements as their thermal conductivity is < 0.4 W/mK. Development work must be carried
out here, with the goal to produce a base material that offers simutaneously a higher Ty, higher
Tq, lower expansion of materials (CTE), and higher thermal conductivity [14]. Glassfiber-fabric
(GF) in PCBs provide structural/dimensional stability and bending strength. A possible
filtration and aggregation of the particles might occur with the prepreg processing route, due to
their small gaps (intratow-region). However, very few studies have investigated the impact on
processing, filtration effects, and overall laminate properties [15,16]. A further trend is to move
away from industrial standard solvent-based impregnation towards a completely solvent-free
route. The use of hazardous materials for the production of PCBs, such as formaldehyde or
dimethylformamide, which are known to be reproductive toxins and carcinogenic with
exposure of 6 times above the of 5 ppm [5].

The primary motivation is to develop a novel multifunctional, high-temperature base material
that applies to PCBs, with increased thermal conductivity and improved flame retardancy.
This doctoral thesis is based on research work as part of the public-funded project ,,.Smart PVI
box*“ (BMWi 0325916F), supported by project partners Siemens AG, Robert Bosch GmbH,
Isola GmbH, Schweizer Electronic AG, Lackwerke Peters, Fraunhofer IZM, ECPE European

Center of Power Electronics) and Huntsman Advanced Materials.
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2 State of the Art

2.1 Electronic Packaging & Thermal Management

2.1.1 Printed Circuit Boards — The Evolution of FR-4 towards High-Temperature
Applications

A printed circuit board (PCB) is a board or a substrate on which an electrical circuit is printed
or electronic assemblies of capacitors, resistors, inductors, and switches are mounted [10,17].
The interconnection of integrated circuit chips, their signal and power transmission, and
environmental protection can be summarized as FElectronic Packaging. Dr. Paul Eisler
developed the first printed circuit boards in 1943 during World War II [18]. Initially, the
material used in PCB laminates could be almost anything, from thin pieces of wood to Bakelite
and Masonite. With the widespread commercialization of transistors from the 1950s through to
the 1960s, demand for printed circuit boards expanded significantly. The laminate substrate
materials also shifted from paper-fiber to glass-fiber- thermosetting resins [19]. Automated
mass production of PCBs started in the late 1960s [17]. Glass fiber-reinforced epoxy laminates
have been the base substrate material in printed circuit boards for decades now. The challenging
demands of PCBs in aerospace, military, and computing applications have led to multi-layer-

and rigid-flexible-structures.

The PCB has two essential components: the base material (an insulating material that acts as a
mechanical supporting structure) and the conductor material (high-purity copper, which
interconnects the electrical junctions) [17]. The primary conductive material used in PCBs is
Cu foil or CU sheets with a thickness between 12 and 70 um and weights between 107 and
610 g/m? [17]. Base materials can be divided into organic and inorganic substrate materials.
Organic base materials are phenolic or epoxy impregnated paper or woven / nonwoven glass.
Inorganic substrates are composed of ceramics and metals (e.g, Al, Cu). The electrical
components are generally soldered to the electrically insulating substrate. In addition, layers
(depending on the PCB type) of the thin copper sheets are attached to the top layers of the PCB
to conduct heat and electricity (Figure 3). Usually, the primary function of the substrate or the

base material is to provide insulation to the electric components, and act as a support on which
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different electrical components can be etched or printed. The highly thermally and electrically
conductive layers consist of aluminum (Al) or copper (Cu) foils [10].

The base material (the “dielectric core”) of the PCB consists of a polymer, in general, a
thermoset, the reinforcement, woven fiber glass fabrics, the conductive foil, and (inorganic)
fillers [ 18,20]. These consist of woven fiberglass fabric to give structural stability, impregnated
with Epoxy resin, and exhibits excellent mechanical, electrical and thermal properties (Figure

3).

Applications include computers, telecommunication devices, satellites, automobiles,
aerospace, and industrial controls [18,21]. The demand for higher switching frequencies, the
PCB components (e.g., inductors, capacitors, energy storage devices) need to be designed to be
drastically smaller but must also withstand harsh higher temperatures. Currently, PCBs
applicable in automotive, such as wireless charging devices, are realized using ceramic
substrate materials. These ceramic PCBs are high-temperature stable but require lengthy
processing times and are therefore very high in costs. Currently available polymer-based circuit
board substrates, the “FR-4" substrates have glass transition temperatures between 130 and
200 °C [22,23]. Polymers such as cyanate esters or polyimides with glass transition
temperatures of > 200 °C are not in a competitive situation due to their high material costs

(factor 2-7) [24].
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Laminate
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Silk-screen
Solder mask

Copper
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Figure 3 Schematic set-up of a double-layer PCB (left), its layered structure (right) and cross-section

through the prepreg substrate laminate (bottom) [17,24].

In recent years, some variations of FR-4 substrates with higher Ty of up to 200 °C were
introduced into the market (Table 1). These FR-4 have a very low thermal conductivity (between
0.2 to 0.4 W/mK), which is unsuitable for HT-PCB applications.
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Table 1 Summary of common FR-4 substrates with their corresponding properties [18].

Specification Resin System Ty / °C Properties/Comments
Sheet
IPC-4101/82 Epoxy/Multi-functional Epoxy; Flame 110 °C UL-94 V1, Kaolin, or
resistant inorganic filler
IPC-4101/83 Epoxy/Multi-functional Epoxy <200 °C UL-94 V1, Kaolin, or
inorganic filler
IPC-4101/92 Epoxy/Multi-functional Epoxy; <150 °C UL-94 V1
Phosphorous flame retardant
IPC-4101/93 Epoxy/Multi-functional Epoxy; <150 °C UL-94 V1
Aluminum Hydroxide flame retardant
IPC-1401/97 Di-functional/Multi-functional Epoxy 110 °C UL-94 V0,
inorganic fillers
IPC-1401/121 Di-functional/Multi-functional Epoxy; 110 °C UL-94 VO; z-CTE, and
Modified (5 wt.% max) time to delamination
requirements
IPC-1401/124 Epoxy/Multi-functional Epoxy; 150 °C UL-94 V0; z-CTE, and
Modified (5 wt.% max) time to delamination
requirements
IPC-1401/126 Epoxy/Multi-functional Epoxy; 170 °C UL-94 V0;
Modified (5 wt.% max) inorganic fillers

In general, polymers are extensively used in electronic packaging and thermal management
systems such as packaging, molding, encapsulation, thermal adhesives, PCB substrates, and
thermal interface materials (TIMs) [10]. Compared to thermoplastics, thermosets possess
improved temperature performance (Tg) and thermal stability (Tq) due to their 3-D crosslinking,
which occurs during thermally- or chemically induced curing. During curing, the resin
undergoes a gradual conversion of its functional groups (gelation) [25]. However, thermosets
are used in niche applications like high-frequency and recyclable PCBs [10,26-28].

Common thermosets are Bismaleimide-triazine (BMI) epoxy, cyanate esters, polyimides,
polyurethanes, and phenolics. Epoxy resins are the most common thermosets for PCB
applications. Epoxy resins can vary with a T between 160 and 185 °C, whereas Epoxy Novolac

thermosets can reach glass transition temperatures from 180 and above 200 °C [29]. Di-
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Sfunctional epoxy resins have a Ty below 120 °C. These epoxies can be used in double-sided
PCBs or blended with other epoxies to provide superior temperature stability [18]. Tetra-/ or
multi-functional epoxies have more than two epoxide groups per molecule, which results in
higher crosslink efficiency. These epoxies have elevated thermal properties, i.e, Tg, Ty, but are
usually more brittle and expensive. The T ranges from 125 to 175 °C [18].

To reach a Ty > 175 °C, one must switch from epoxy to the phenolic resin chemistry, which is
a promising candidate. Two types of phenolics are commercially available: novolacs and resols.
Novolac can be used as is or as an intermediate reacting with an amine-based hardener to create
a 3-D structure. Resole is a multifunctional reactant and undergoes thermally-induced curing
[30]. Novolac needs a curing agent to crosslink, whereas resoles are self-curable [29,33]. In a
second reaction with Epichlorohydrin, Epoxy-Novolac (EPN) is formed [31] (Figure 4). The
reaction to novolac at higher temperatures under a condensation reaction of methylol phenol

with phenol and or / methylol phenol releasing water as a by-product [30,32].

o] o) o)
OH [ ow | o ﬁ /()
) ) ) . | O O o)
T o)
\+nL\> —»/,gz/‘\gz/
| N ¢ _nHcl TR “““\|
. —In
Phenol-based Novolac Epichlorohydrin Epoxy-Novolac

Figure 4 Reaction scheme of Phenol-Novolac with Epichlorohydrin [33].

A correlation between T, increase, CTE, and costs can be observed with the various Epoxies:
the higher the T, the higher the relative costs, and the lower the z-CTE. An even higher T,
range is only achievable by using cyanate esters or BMI epoxies. However, the raw material

price would increase by factor 2-3.

The most commonly used reinforcement materials are woven fiberglass fabrics, papers, or
aramid fibers. The advantage of woven glass is not only good mechanical and electrical
properties but also its price. In the PCB industry, carbon-based fibers are very uncommon.

Glass fiber (GF) reinforcement not only gives structural and dimensional stability but also

offers a low thermal expansion, high tensile strength, and low electrical conductivity (=
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isolators) [18,24,32]. E-glass (major component: boron silicate) is the most used fabric for
PCBs as it combines good electrical, mechanical, and chemical properties at an acceptable cost.
The CTE of E-glass is about 5.5 ppm/°C, its dielectric constant Dy is 6.6, and its dissipation
factor Dris 0.0012, both measured at | MHz. NE-glass has slightly better dielectric properties
but is more expensive [18]. The weaving process can produce different fiber orientations:
unidirectional fiber bundles, woven fabric, or multi-directional woven [30]. GF fabrics consist
of two rectangular crossing warps (in production direction) and weft threads and therefore have
a bi-directional strengthening effect [32]. In general, woven fabrics have good strength and
stiffness in two directions. Their areal weights vary between 20 up to 1.000 g/m? [34]. They
may also benefit from an applied surface finish (epoxy- or amino silanes) [18] to enhance the
interaction in the interface between the glass and the polymeric matrix. The surface finish
decreases water absorption and increases tensile and shear strength due to enhancing the

interfacial adhesion [32].

(c) 7628 Cloth

Figure 5 The most common fiberglass fabrics in plain-weave: a) US Style 1080, b) US Style 2116, and
¢) US Style 7635 with increasing warp and fill count leading to an increased cloth weight [18]. The

SEM micrographs are to be seen as schematics as scale bars are missing.

An international nomenclature has developed for woven GF, starting with US-style 106 with a
thickness of 0.0013” (0.033 mm) up to US-style 7635 with a thickness of 0.008” (0.2032 mm).
While the thickness of the cloths does not vary much, the gaps between warp and fill yarn

decrease (Figure 5).
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The design of the laminate structure can positively influence the overall cost and the final
laminate properties. Within the development, reverse engineering usually starts with the end-
use and then drafts and simulates the PCB design concept. The substrate thickness can be
triggered by using different US-style fabrics. With an increase in fabric thickness, the FVC
increases, and the resin content decreases. This leads to lower costs and a difference in the final
properties of this prepreg, such as thermal, mechanical, and electrical properties [24].

The resin content is directly dependent on the used GF style (refer to Figure 6). The lower the
resin content, the lower the impact on thermal expansion since polymers have a higher CTE
value in z-direction than the glass fibers. To improve dimensional stability, the resin content
should therefore be kept low. The GF cloths have an average x/y-CTE of 22.2, 18.1, and 15.6
ppm/K US Style 106, US Style 1080, and US Style 2116, respectively [18]. Higher FVC also
reduces the resin costs, help with dimensional stability, and can create issues with fabrication
steps, such as drilling (breakage!).

However, high resin content can positively impact the overall dielectric properties, since GF
has a higher Dy than resins and can help achieve a smooth surface finish of the prepreg [18].
Regarding prepreg manufacturing, the resin content can vary for each type of GF cloth within
a range of £ 10%. Higher resin contents aid in filling, i.e. circuit patterns, and directly

influences the ply thickness [18].
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Figure 6 State of the Art-laminate thicknesses, and their corresponding resin contents exemplarily for
US 106, US 1080 and US 2116 [18,35].

2.1.2 Thermal and Mechanical Properties of FR-4 Substrates

High-temperature applications are defined as the inflection point of performance decrease, in
definition between 150 °C to 300 °C [36-38]. The first critical parameter in HT-electronic
applications is thermal stability. A low degradation temperature can lead to adhesion loss and
delamination. The point at which degradation begins, usually indicated as Tq29 or Tase for
material decomposition of 2 % and 5 %, is a crucial parameter. At this point, volatiles can be
released, leading to overall mass reduction. State of the Art FR-4 materials, with a Tg of
<170 °C, commonly have a Tqs% of 345 °C. Novel developments shall at least have T, values

above 200 °C and a Tq;5% of > 350 °C [18] (Figure 7).
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Figure 7 Schematic decomposition curves (TGA) for traditional FR-4 material and enhanced FR-4
materials. With lead-free soldering processes, the Ty and the Tq values materials have to withstand
are shifted to higher values [18].

The glass transition temperature, T, of a base material is a critical parameter in PCB design
since operation below this temperature (rigid state) or above (softened state) can cause different
properties. In the softened state, the material undergoes physical, especially volumetric changes.
Thermosets increase the relative mobility of their linkages at Ty, resulting in lower mechanical
strength. The glass transition is influenced by the degree of cure and the reinforcing matrix [18].
A mismatch due to the difference in coefficient of thermal expansion (CTE) values will cause
deformation in the z-direction of copper pads on the surface of printed circuits, i.e., in between
the copper film and the base material. Sufficient thermal stresses from this deformation might
result in delaminations causing early failure. It is important to note that the z-CTE is usually
determined below Tg (known as ai-transition) [18]. Table 2 gives a summary of the Ty and CTE

values of State-of-the-Art-base materials.
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Table 2 Thermal properties, Ty, and CTE of State-of-the-Art-FR4 materials [18].

Material Tg/ °C z-CTE / ppm/K x/y-CTE / ppm/K
FR-4 140 4.5 13-16
Enhanced FR-4 140 4.4 13-16
Enhanced FR-4 (filled) 150 34 13-16
Enhanced FR-4 (filled), high T, 175 2.8 12-15
Halogen-free, filled, high T, FR-4 175 2.8 13-16

The T, values are a result of different Epoxy base resins, i.e., di-functional or multi-functional
crosslinking. Tg higher than 180 °C can only be achieved with blend systems or cyanate

esters [14].

Regarding the flammability of a base material, the trend shifts to the use of “green electronics”.
Demand for non-toxic smoke forming, halogen- and lead-free PCB materials [18,39]. The flame
retardancy can be increased by using of different flame retardant (FR) fillers: non-halogenic,
phosphorus, or aluminum hydroxide (ATH). The reduction of CTE values arises from the
incorporation of inorganics fillers, such as Al2O3, which is a commonly used FR in the PCB

market.

The demand for printed circuit boards that operate at high frequency requires materials with
good permittivity and loss characteristics. Some conventional PCBs cannot be used for such
high-speed devices due to their high dielectric constants (Dy) (= permittivity) and loss tangents
(Dr), which describe the insulating behavior of the base materials. The dielectric constant can
easily be influenced by the applied frequency, temperature, and humidity. Dk gives the capacity
of a material to store electric charge. The dissipation factor Dr is the ratio of the power loss
within a material to the product of voltage and current in a capacitor. FR-4 materials have a Dx
at | MHz of 4.7 and at 1 GHz of 4.3. The dissipation factor is for 1 MHz 0.023 - 0.025 and at
1 GHz 0.016 - 0.018. The dielectric properties strongly depend on the chosen resin system, the
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resin content, and frequency. With epoxy systems, the values for Dy are in the range of 4-5 (at
1 MHz); for cyanate esters, the range is between 3.5 -4.5 (at 1 MHz) (also see listed values in
Table 3).

With decreasing resin content, the Dk decreases. In contrast, the Dr increases with increasing
resin content. With increasing frequency, Dk values decrease. Regarding water absorption, both
values increase in direct proportion to water content. The curing agent also influences the
electrical properties: dicy-based curing agents usually perform better than phenolic-based

concerning D¢ [17,18,39].

Table 3 Overview of State-of-the-Art dielectric properties of high-T,; laminate materials [17,18,40].

PCB Material Tg/ °C Dx (at 10 GHz) D¢ (at 10 GHz)
FR-4 140 43-45 0.0016
FR-4 (filled) 150 4.4 0.0016
Enhanced FR-4 (tetrafunctional Epoxy) 175 4.4 0.0020
Enhanced FR-4 (filled), high Tg 175 43 0.0018

The moisture absorption resistance of the base material (either from the air or water immersion)
is essential for printed circuit board reliability. Water has a relative dielectric constant Dx of 78.
In addition, the most critical effect of absorbed moisture is the declining ability of a material to
oppose conductive anodic filament (CAF) formation when a bias is applied to the circuit.
Besides, because HT-PCBs may be exposed to high temperatures, evaporation of water will
influence structural stability and affect the performance of the PCB. Standard FR-4 products
have a moisture absorption between 0.1 - 0.5 % after 24 h exposure; halogen-free materials

have higher uptake [18].
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2.1.3 Benchmarks - Market Overview of High-Temperature Substrates

Currently, available prepregs for high-temperature PCBs range between Tg values of
150 — 200 °C (Figure 8). Higher glass transition temperatures can only be achieved with PI
matrices. The thermal degradation at 5 % has an average of 330 - 350 °C. Higher Tq s are only
achieved with the addition of fillers (whereas the suppliers do not list these on their SDS or
TDS due to confidential IP that is also protected by patents! (refer to [41—45]). Only PI matrices
can reach Tqsv% > 400 °C, and with PTFE Tgs% > 500 °C. Whereas the latter is only used in
particular niche applications, such as high frequency. The high-frequency ranges from
300 MHz to 300 GHz, with applications in aerospace (satellite communication) or automotive
(radar systems).

The overview below shows that there is still some gap (area in green) where more development
work can be done, of Ty > 220 °C and Tqs% > 380 “C. Depending on the application or the
frequency in the end-use, one can either use thermoset-based substrates or switch to PTFE-
based substrates. One must consider the overall costs as PTFE follow non-conventional
processing. However, PTFE has excellent electrical properties [46]. PTFE based material is
used for antennas (24 GHz) or sensors (77 — 79 GHz).

Rogers’ “92ML™ prepreg, applicable for power electronics, is advertised as a halogen-free
prepreg filled with ceramic fillers. Attaching an aluminum plate to the assembled PCB would
result in a z-thermal conductivity of 1.6 W/mK. The Ty is about 160 “C, with a Tq s of around
350 °C [47].

Isola’s “TerraGreen®” [48] and “PCL 370 HR®” [49], have T, values of 180 — 200 °C, with
“Terra Green” having a superior Tq;s9 of about 390 °C compared to Tq;s% of PCL 370HR of
340 °C.

In summary, all current suppliers of PCB prepregs materials do not offer Epoxy-based
systems with a TC of > 0.7 W/mK, nor with a Ty > 220 °C and Tq;5% of > 350 °C without
the need to switch to a different polymer (indicated in Figure 8, “gap”). Almost all current
prepregs have a TC of < 0.4 W/mK, unless additional cooling methods such as aluminum
heat sink. Standard FR-4 substrates made of E-Glass (at unknown FVC) have a TC of 0.3-
0.4 W/mK, PTFE ceramic based substrates a TC of 0.5-0.6 W/mK [50].
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Figure 8 Market overview of current State-of-the-Art high-temperature base materials (= prepregs)
for PCBs. (* = Terysiatiization) [47-49,51-58]

2.1.4 Thermal Management - Heat Dissipating Components in FR-4 PCBs

Over the years, thermal management has become an integral design consideration in today’s
electronic industry [59] (Figure 9).

Heat can be dissipated in different ways. The board-level techniques include thermal conductive
materials or assembled parts, such as heat sinks. On the chip level, i.e., microchannel cooling
or cooling by using conductive copper materials. The overall packaging can be cooled with air

fans.
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With the size limitation, the current research needs to find ways to incorporate thermal
conductive materials on the chip level into the base material. Choosing the right thermally
conductive material without sacrificing other essential properties, such as CTE, D, or even the
lightweight design [60].

Convection and Radiation apply directly to the PC boards' surface mounted components and
surface layers (Figure 10). They are predominantly dependent on the board’s environment,
which usually cannot be changed. Furthermore, forced convection, such as the help of
ventilation, is not possible in some cases because PCBs are in a sealed environment or because
this is not attainable for small applications. Thus, for heat management, getting an excellent
thermal conduction is more dominant in the design of PCBs. The goal is to produce the most

efficient thermal path with good heat conduction to the heat sink or environment [38].

Overall picture of thermal management in electronic packaging
* To ensure safe operating conditions; to meet lifetime, reliability and safety requirements
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Figure 9 Thermal management in different levels of electronic packaging [11].
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Figure 10 Three heat transfer mechanisms in a 4-layer Printed Circuit Board attached to an

aluminum heat sink [61].

Inefficient thermal management in PCBs will result in loss of efficiency, reliability, and lifetime.
Reliability reports have exhibited that almost 50 % of electronic system failures are caused by
high-temperature applications [62—64]. Several thermal management strategies are currently
used to cool the electronic components, which can be divided into two areas: primary material-
specific thermal conductivity and the actual secondary cooling units such as blowers, cooling
fins, or heat pipes and other currently used cooling systems include air-cooled heat sinks

(passive cooling) and radiators, forced air-flow and pumped liquid loops [10] (Figure 11).

a) heat sink b) combination of various methods

Thermal source

Copper

Ag film

Cool Chip Layer

Ti film

Heat Source Silicon chip

Figure 11 Latest heat management Components in Electronics. a) Active air cooling example using a

heat sink and b) Combination of heat spreading, heat sink and fan [10].

Heat spreaders are highly conductive plates (e.g., made of Al) serving as heat exchangers

between the heat source (chip) and the heat sink. Dielectric heat spreaders are applied between
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a high-power semiconductor to a PCB to transfer thermal energy. They are commonly thermally
conductive but electrically insulating material (i.e., BN, BeO, AIN, or Al>O3).

Conventionally, a combination between heat spreading, heat sink, and air cooling (fan) is used
when a high-powered system must be cooled.

Another method to distribute heat from the chip is via thermal vias. Thermal vias are
mechanically drilled, open through holes with a Cu plating thickness of 35 um. Thermal vias
act as connectors to the Cu insert x/y-plane and remove heat efficiently in the z-direction (Figure
13).

Buried vias are structures that connect two or more layers of a board buried inside the base
material board. Meanwhile, a blind via is a plated through-hole (PTH) which connects the
surface layer with the internal layers of the board (Figure 13) [17,18,65].

4-layered Multilayer PCB

Cu conductive layer } ~ SMD assembly
dielectric
ISt layer -
2" Jayer
31 layer 1.5 mm
4" Jayer
Through via Buried vias Blind vias

Figure 12 Set-up of a multilayer PCB [24] in cross-section.
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I D
AV § O ) N )
Power Ground/thermal I Direct connection
plane plane to ground plane

Thermal Electricalthermal
landing isolation

PCB

Thermal via

Figure 13 Application of thermal vias in a four-layer PCB (cross-setional view) [18].
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The PCB design, as described above, determines its performance and its end-use, i.e., high-
frequency applications. A standard FR-4 board is not suitable as it cannot withstand the
thermally dynamic environment. The overall design and development process balances

between choosing the suitable materials, cost, and requirements.

2.1.5 Thermal Conductive Mechanisms in (filled) Polymers

Heat is, in general, transferred by a movement of energy induced by temperature difference. In
contrast, heat flow is described as the movement of thermal energy, which is linked to the
kinetic energy of atoms or molecules [10]. The higher the materials’ temperature, the higher
the linear and vibrational motion of molecules. Heat is the actual transfer between two adjacent
particles and describes how much energy is transferred and how quickly and in which direction.
Heat directly correlates to thermal conductivity [66]. Fourier’s law describes the heat flow path

(dx) in solid materials as proportional to the ambient temperature gradient (dT). The constant

of this proportionality is called thermal conductivity A (%) [67].

d
q= —ld—i [10] Equation 1

Thermal Conductivity A is a material constant describing thermal heat conduction, independent
of material size, shape, or orientation [10,68].

Burger et al. describes in their review paper the correlation between thermal energy, heat, and
temperature [66]. Thermal energy is the vibration of particles on a microscopic level, whereas
temperature is a physical property that specifies the amount of the thermally vibrating particles.
Conduction is when heat flows through a solid, liquid, or gas or between several mediums that
are in intimate contact. Conduction through dielectric solids (isolators) is basically due to lattice
vibrations (= phonons), as the electrons of the atoms are tightly bound. These are susceptible
to scattering effects that occur at interfaces. Free electrons conduct heat much more efficiently
and faster than phonons and are less vulnerable to scattering effects. Metals, therefore, have a
significantly higher thermal conductivity than ceramics or polymers. The heat conduction
through metallic solids and carbon-based additives (carbon nanotubes (CNT), graphite,
graphene) are transported by free electrons [10,61,66,69,70].
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In polymers, the primary mechanism of conduction is based on phonon transfer, i.e., atoms
vibrating due to induced thermal energy in the molecule direction [67]. Polymers show a low
thermal conductivity due to their low atomic density. Amorphous polymers, compared to
crystalline, exhibit a higher number of defects, therefore higher scattering effects, leading to
even lower TC values (Figure 14). Polymer matrices play an important role when determining
the overall thermal properties. In general, crystalline polymers (e.g., PE) show higher thermal
conductivity than amorphous (e.g., PS or PI). Moreover, defects (e.g. impurities, chain ends, or
entanglements) lead to a heat flow loss due to scattering [70] (Figure 14). The presence of heavy
atoms or side chains can lead to higher TCs (e.g., HD-PE vs. PA and PS) [70]. Thermosets,
such as Epoxy and Phenol resins, results in 0.17 — 0.4 W/mK and 0.24 — 0.29 W/mK,
respectively [70].

Figure 14 Thermal transfer in (amorphous) polymers caused by phonon transfer, i.e., vibration of

molecules [66].

The thermal conduction mechanism can be described as an ideal Newtonian pendulum. The
heat transfer in amorphous substances is significantly inhibited since the vibration energy
cannot spread in a wave-like manner in the disordered structure of the material. The heat
diffuses into the material due to the uneven vibrational states of the molecular atoms; there is
phonon scattering [66]. The different vibrational states of the molecular atoms mean that the
heat is transferred significantly slower, and the material heats - the material's thermal

resistance. In polymers, the thermal resistance is strongly dependent on the molecular length



State of the Art 22

and the degree of crosslinking. Still, defects such as pores and foreign substances also increase

the thermal resistance due to thermal interface resistance.

The addition of fillers will influence mechanical properties or inherent flame retardancy and
increase the TC [67]. The acoustic and vibrational mismatch between the polymeric matrix and
the fillers can lead to a high scattering degree at their interfaces. These scattering processes

decrease the TC along the heat flow path (Figure 15).

Heat

Polymer
matrix

> X

Figure 15 Heat transfer in a filled polymer — interface between the filler and polymer is causing an

acoustic mismatch, leading to scattering effects and inefficient thermal transfer [66].

The formation of tight, continuous filler network paths in all three dimensions is inalienable.
Therefore, the nature of the fillers is dominating the TC, i.e., the crystal structure and lattice.
Figure 16 shows the thermal transfer in the crystalline matter. The vibrations of the crystalline
lattice result in a uniform thermal transfer in the material. In a crystalline material, such as
hexagonal boron nitride (h-BN), thermal energy firstly reaches surface atoms, gaining

vibrational energy. The thermal energy then propagates as a wave (phonon) and diffuses



State of the Art 23

through the filler. Due to its high degree of crystallinity, phonons can propagate quicker [66].
The spread of the phonon oscillation in crystalline materials depends on their intrinsic hardness,
the atomic density of their crystal lattice, and the bonding forces of the atoms. It is only inhibited

by defects such as grain boundaries, vacancies, or foreign atoms in the crystal lattice [66].

Thermal conduction crystalline matter

a) Temperature gradient

b) TC mechanism

Figure 16 Schematic of the thermal transfer in the crystalline matter: a) induced by a temperature

gradient and b) induced by thermal conductivity mechanism [66].
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2.1.6 Review of the current State-of-the-Research — (filled) Resins

The intrinsic thermal conductivity range of neat (= unfilled) Epoxy resins is in the range of 0.19
- 0.21 W/mK [71]. In literature, it is well known that incorporating ceramic fillers (i.e., AIN,
BN, or Silica) with high intrinsic thermal conductivity (TC) increases the overall Epoxy resins’
thermal transport behavior [12,13]. Many composite-based studies show that the filler size [ 72—
78], geometry [9,73,75], concentration [72-78], and the fillers aspect ratio [79] play a crucial
role in the 3D network formation of the fillers to build up a continuous channel for heat passing
through. Moreover, the thermal conductivity can be further enhanced by combining of two
fillers of different sizes [9,78] and of varying nature [74,80]. The filler dispersion,
distribution, and alignment can affect the overall packing density [10]. In addition, the
wettability of fillers with the matrix is important due to chemical or polar interactions, which
can result in a good interphase [10]. The matrix viscosity is dictated by the (maximum) filler
volume fraction concerning processing. Also, the higher the volume content, the higher the
resulting viscosity [81]. The more significant the difference between filler and polymer, the
higher the need for a high viscosity avoiding floating or sinking effects [81] causing filler
gradients. Therefore, it is primarily of scientific interest what happens during resin curing. Is
the network governed by the formulation preparation (ex-situ) or during composite processing

(in-situ) [81]. The interphase can also be improved by the surface modification of the filler [10].

High-performance composite materials provide tremendous advantages over conventional
materials for electronic packaging thermal control, including extremely high thermal
conductivities (more than twice that of copper), low tailorable CTEs, weight savings up to
80 %, extremely high strength and stiffness, low-cost, net-shape fabrication processes; and cost
reductions as high as 65 % [10,25]. Polymer-matrix-based composites are increasingly used in
the E&E sector. The polymeric matrix is reinforced with either filler, fibers, or fabrics. Whereas
the reinforcement acts as a performance enhancer, the fillers usually improve thermal, optical,
and flame-retardant properties. For the last decade, literature dealing with the increase of TC in
polymers especially filled Epoxies, is of great interest. However, the filled resin processing

method strongly restricts the filler(s) [81].

The research has different opinions on what causes the increase of the TC. Some conclude that

a continuous filler network is a reason, analog to electrical conductivity, with an existing
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percolation threshold. In contrast, other authors state that the polymer-filler interaction is
essential. The mismatch between the polymeric matrix and the filler is usually responsible for

scattering effects, therefore lowering efficient phonon transport [82].

Influence of Polymer Matrix and Filler Nature

The key to increasing the TC within the base material of a PCB substrate is the addition of
fillers. Many studies in the last decade show that the addition of BN, AIN, diamond, glass,
ceramic fibers, or even carbon-based fillers improve the polymer’s properties regarding its
thermal behavior. When polymeric matrix, the heat is diffused and progressing at a much slower
velocity over time compared to the filler [66] (Figure 15).

To improve the thermal conductivity of thermosets, either metallic, carbon-based, or ceramic
fillers are used. Because of their availability, oxides such as aluminum oxide (Al>03) and silicon
dioxide (Si0;) are often used for printed circuit board materials, which should also be
electrically insulating. Ceramic fillers are thermally conductive and electrically insulating
because, unlike metallic or carbon-based fillers, they have no free electrons. In particular, non-
oxide ceramics such as boron nitride (BN), aluminum nitride (AIN), silicon nitride (Si3N4), and
silicon carbide (SiC) have high thermal conductivities because of their strong atomic bonds and
high crystallinity. On the one hand, the disadvantages of these fillers are their high dielectric
constant of ~ 9 at 1 MHz of Al2O3 and the moderate thermal conductivity of SiO2, which only
makes a minor contribution to the overall thermal conductivity with 1.5 —3 W/mK [90]. Figure

17 summarizes common filler types and Epoxy resin plotted as TC with CTE.
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Figure 17 Physical properties of various matrices and filler materials from

literature [59,67,68,70,81,83—-89].

Concluding Figure 17 above, polymers, in particular, Epoxy resins have a very low TC of <0.3
W/mKon average. In addition, metal-based fillers offer the highest TC, followed by carbon-
based fillers. Neither of both candidates is suitable for the application in PCBs, as they are
electrically conductive.

E-glass has a TC of 0.9 W/mK on average due to its main component, boron silicate. Inorganic,
nitride-based fillers show a conductivity in the intermediate range (depending on their
orientation). Especially #-BN seems to be an ideal candidate to increase the overall TC. In
addition, metal oxides have a low dielectric loss at higher frequencies [90].

Currently, Silica is predominantly used due to its low CTE, good insulating properties, low

cost.
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Aluminum-based fillers are currently trending. Up to date, reported TC values are usually below
5 W/mK. Higher values usually only can be attained with very high loadings and pressing
techniques, where the resin is used as a binder rather than a predominant matrix. However, the
costs are higher due to the filler amount used, processing techniques are not relevant for
industrial applications. Since carbon- and metal-based fillers cannot be used in these
applications, non-oxide, inorganic fillers are preferred (4-BN or Silica). Al>03 or SiC are higher
in their hardness compared to BN. BN is a filler of softer nature, which can easily be deformed,
leading to a higher packing density and also to a higher thermal conductivity [91].

Hill et al. studied the effect of different platelet-shaped fillers with different intrinsic thermal
conductivities and found a correlation between the TC and the inherent filler hardness and filled
resin densities. With a concentration of 50 vol.% AlOs in the Epoxy Novolac matrix, a TC of
3.5 W/mK was achieved. According to the microstructure (Figure 18), at this concentration, the
fillers show a strong alignment in the 2D- direction of measurement, which causes the increase

in TC. TC measurements perpendicular to it resulted in much lower TC.
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Figure 18 SEM micrographs of the cross-sections of Al,Os-filled composites. a) 10 vol.%, b) 22 vol.%,
¢) 40 vol.% and d) 50 vol.%. With increasing content, the platelet fillers show a preferred alignment

in the measurement direction [91].
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According to the findings above, it seems that BN is a promising filler candidate to
increase TC efficiently. Therefore, the focus of the following chapters will be laid on this
filler.

BN currently in trend as it is known for its exceptional thermal resistance, low density, and
favorable processing influence (i.e., viscosity additive). The main advantage of BN is its soft
nature. Therefore a higher packing density can be reached at lower contents contributing with
its larger surface area in a better contact to the matrix [92]. BN was first synthesized from boric
acid and potassium cyanide, though in 1842, W.H. Balmain devised a method using NH3 or
Melamine [88]. The crystalline structure of hexagonal boron nitride (4-BN) can be seen in
Figure 19 and is similar to the structure of graphite, with alternatively linked boron and nitrogen
atoms ((BN)s-rings) [87,88,93]. The hetero-B-N bond is partially ionic. Compared to a covalent
C-C bond, the o-bonds localize the electrons closer to the N, whereas in the o-bond the
electrons of the nitrogen are less delocalized than the n-electrons in the C-C link. The electrons
can move freely, hence the electrical conductivity of graphite. The differences in properties
(optical, electrical, and chemical) compared to graphite are based on this phenomenon [87,88].
Hexagonal BN (h-BN) has a smooth surface with no functional groups available for chemical
bonding. However, at the edge of each plane, there are hydroxyl (-OH) and amino groups
(- NR3) available for chemical linkages [82]. Mechanical reinforcement and lubricious
properties arise from its intralayer 6-bonds and interlayer weak van der Waals forces [87]. The
non-toxic BN offers electrical insulation, a wide band gap, superior thermal (up to 3000 °C),
and chemical resistance [87,94]. Ishida [95,96] published a patent, using 80 vol% of 4-BN
flakes with a Dso of 225 um in a polybenzoxazine matrix, a TC value of 37 W/mK was

achieved. Rheological, mechanical, or fire-retardant aspects were not part of the study.
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Figure 19 Crystalline structure of hexagonal BN with N and B atoms in A-B crystal plane [59].




State of the Art 29

The intrinsic filler TC is critical, which is mainly governed by its perfect lattice or crystal
structure. However, fillers with different natures also have other scattering effects at the

interface of different phases [66,89].

Influence of Filler Geometry, Concentration, and Microstructure

In addition to the intrinsic properties of the fillers, the structure and shape of the filler particles
also can influence the thermal conductivity. Many studies on filled resins show that the filler
size and aspect ratio, their geometry, and the total filler content play a crucial role in the 3D
network formation [9,72—79].

Filled resin systems can have two configurations: random and segregated [81]. The random
state is governed by the percolation effect, whereas the network arrangement governs the
segregated state. In the case of high filler contents > 20 vol. %, the literature describes a heat
conduction path as the fillers are lined up in the matrix and close to one another.

Figure 20 shows the change in properties in dependency of the filler content, with a higher
loading, the higher the TC but also the costs. The elongation at break and the ease of processing
decreases directly proportional to it. Whereas the strength decreases above a critical filler

content.

strength
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Figure 20 Change in properties of a filled resin by adding electrically and thermally conductive

fillers with a higher modulus of elasticity than the matrix material [68,97,98].



State of the Art 30

The effect of particle size of BN on the thermal conductivity of filled Epoxy also draws much
attention [72,73,75-78,99]. The common understanding is that the larger particle size
provides higher thermal conductivity for the same type of filler at the same loading level.
Heat transfer in most polymers is driven by the flow of phonons or lattice vibrational energy.
Various phonon scattering processes such as phonon—phonon scattering, boundary scattering,
and defect or impurity scattering are the source of thermal resistance [77]. Therefore, the larger
BN helps to decrease the interfacial area between fillers and polymer matrix, leading to the
improvement of thermal conductivity of filled Epoxy resin by reducing the interfacial phonon

scattering.

The particle size also has a significant impact on the thermal conductivity of fillers. The particle
size also affects the dispersion properties - smaller particles result in a higher viscosity.

Smaller particles (nano-particles) have a higher thermal resistance than large ones because they
have a higher relative surface area, where interface effects can occur [82,100]. The Kusy model
describes the critical volume fraction and particle size ratio: segregated for large particle size
ratios, random for small particle size ratios [81]. According to literature, there are controversial
studies in particular the nm vs. um filler size [70,101]. In most cases, um-size fillers perform
better [66], nm-size can only reach high TC values when a controlled aggregation of the fillers
can be achieved. Therefore, a small number of larger fillers is more favorable than a larger
number of smaller fillers [89]. The concentration is especially important in terms of processing.
High loadings increase the viscosity and the risk of void formation tremendously. A good filler
dispersion is hindered and can create a barrier [66]. In Zhu’s et al. research [78], a filler loading
of 21.7 vol.% lead to a thermal conductivity of 1.2 W/mK and 0.7 W/mK by using micro-sized
BN particles (7 pm) and nano-sized BN particles (70 nm), respectively. However, large BN
particles have less edge plane areas than small particles, which may result in difficulties in
obtaining uniform dispersion and chemical bonding of BN-Epoxy [99]. Kim et.al. [99] achieved
thermal conductivity of 2.92 W/mK with 12 um BN particles and 2.15 W/mK with 1 pm BN

particles at a filler content of 70 wt.%.

The aspect ratio (AR) of fillers plays a vital role and results from the ratio of the surface to the
volume or the length to the thickness of the particle. With the same composition, fibers and rod-

like fillers have a higher aspect ratio leading to a low-inter-filler distance at a lower
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concentration [102]. Spherical particles have the lowest thermal conductivity and, at the same
time increase, the viscosity to a higher degree due to their high surface area [70]. High AR
particles are favorable for network formation, as explained in Figure 21 [103]. Higher aspect
ratio fillers perform better as their inter-particle spacing is lower at low concentrations [81].
Burger et al. demonstrate that small, spherical-shaped fillers have more boundaries which cause
more scattering effect and therefore induce a loss in heat transfer. Long fibrous or platelet
fillers, even in lower concentrations, have a higher ability for filler-filler-interaction (Figure
21).
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Figure 21 Schematic of difference in filler geometry and its impact on thermal conductivity. a)
spherical filler and b) fibrous filler [66].

Kochetov et al. state that BN with a platelet geometry has a higher potential to increase the
thermal conductivity than a spherical shaped BN. In particular, the filler distance of the platelets
is much smaller as their aspect ratio is much higher, and therefore, the heat flow is enhanced

(Figure 22) [104].
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Figure 22 Influence of filler aspect ratio on the effective formation of thermally conductive paths [105].

In addition, Kochetov [76] illustrated that an Epoxy resin filled with smaller particle size (0.5
um) of BN has a higher thermal conductivity compared to larger (5 pm) BN particles because
the larger one has a spherical shape and the smaller ones are in the shape of platelets. Below
50 vol.%, a particle network is formed; above 50 vol.%, a pathway is formed [81]. In general,
adding a filler to the matrix instantly decreases the overall CTE [81].

Kim et al. [9], Huang et al. [73], Gaska et al. [75], and some other groups [76,78] demonstrated
that enhancement of thermal conductivity of filled Epoxy resins depends strongly on the
geometry of BN fillers.

Platelet-shaped particles are strongly anisotropic and tend to orientate in a specific direction
and considerably decrease the thermal conductivity if measured perpendicularly to that plane.
Therefore, parameters such as mixing and curing must be considered to obtain a uniform
dispersion and optimal thermal pathway [79].

Hill et al. reported that the orientation along the x-direction increases for platelet-shaped
particles with increasing filler content. These platelet shape particles tend to orientate in parallel
due to their crystal structure during processing [106]. Orientation of the fillers is influenced by
the processing, i.e., extrusion, injection molding, or thermoset-based impregnation techniques
[70]. Some research “forces” a particle alignment with the help of an external field or by
pressing methods. The TC in this particular direction is increased [70]. Elliptical particles show
behavior in a fluid flow similar to fibers and platelets, but fibers have one preferred axes,
whereas platelets have two preferred axes [98,107]. In constant fluid flow, platelets constantly
rotate [98]. The higher the AR of the filler platelets, the more the elliptical particles stay parallel
to the actual shear flow. In diluted systems, the distance between the particles is high, with no

interaction. In higher concentrated systems, the probability of contact is given. The higher the
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AR of fibers, the higher their propability to interact. The transition happens in a lower
concentration area. For ellipticals, it is valid in lower concentrations since the transition is
depending on their AR. The transition at higher concentrations is influenced by the filler
loading.

Chen et al. established a model for critical, distinct angles for platelet fillers [108]. They
described h-BN and the matrix as a unit cell (two-coordinate system with x/y-coordinates with:
0° as perpendicular (factor of 1) to measurements direction and tilted as 45° which results in a
factor of 0.5, 90° parallel orientation. The orientation is directly correlated to the filler-filler-
interaction; the higher the concentration, the more likely is the interaction, and therefore, the

platelets can rotate around their axis.

l
(a) 'A (b)
rotating @

around C axis

'S K,

Figure 23 Schematic to describe the orientation and rotation of h-BN platelets [108].

With #-BN having an oval/elliptical, platelet-shape, the thermal heat spreading is, therefore,
more prominent in the planar level (300-600 W/mK), whereas in the perpendicular level, the
TC is as low as 2-30 W/mK [68]. In-plane, the heat is transferred via lattice vibrations of the
crystal structure, while scattering effects occur in the z-direction. A study by Yu ef al. shows
that with the forced alignment through applied vacuum-filtration of platelet BN, the TC reaches
values up to 9 W/mK with a 44 wt.% loading in-plane [109]. However, this procedure involves
additional processing steps increasing the cycle time, and only a 2D-heat transfer is resulting,

whereas the targeted application of PCBs requires a 3D heat spread.

The research of Donnay et al. [72] had shown that overall filler weight percentage had the most
substantial effect on thermal conductivity compared to other studied factors. The addition of

BN filler effectively increased the thermal conductivity of neat resin. An increase of up to 275%



State of the Art 34

with 20 wt% nano-BN was achieved. Even when the filler morphology appears as BN
nanosheets (BNNS), the same trend is presented in [74].

Isarn et al. studied the effect of BN related to size and concentration. They found a linear
increase in TC with a maximum reached 0.97 W/mK by using 40 wt.% of 6 um BN, whereas
the addition of 80 um BN led to 1.75 W/mK [82].

Tsekmes et al. showed that at a filler concentration below 20 vol.%, the thermal conductivity
of the matrix is still more dominant. In addition, the authors demonstrated that a surface
modification of fillers is only prevalent with decreasing filler size in nm-range rather than

affecting the thermal conductivity in um-range [105].

Figure 24 summarizes #-BN incorporated in various polymer matrices, and the resulting TC
values based on multiple effects, i.e., surface functionalization, concentration increase, or even
increased particle size.

Concluding the State of Art regarding filler nature, content, geometry, and morphology, firstly,
the intrinsic TC plays a crucial role (= filler nature). One-dimensional fillers increase TC
(fibers, rods, whiskers, platelets) with increasing AR [70]. Platelets with a high AR have a low
percolation threshold, and their thickness creates a 2-D TC and leads to anisotropy. According
to the figure below (Figure 24), the optimum filler degree is between 15 to 20 vol.%. However,
the studies show that only platelet sizes in the smaller filler size (nm or <5 pum) or larger size
range (> 80 um) were studied. Both filler sizes would not be applicable for the processing of
prepregs. Larger platelets would migrate into the GF fabric and will break. Filler sizes below
5 um or in the nm range would cause a tremendous increase in viscosity due to their higher

surface area. Surface functionalization only has a minimal effect on the increase of the TC.
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Figure 24 Overview of the effect of concentration and BN filler size in Epoxy (Novolac)
resins [77,82,94,95,110-114].

Relevance of Filler Combinations — Bimodal and Hybrid Mixtures

Recent research work focuses on optimizing the packing density and lowering the percolation
threshold by using two or more fillers [66,70,89]. Figure 25 summarizes literature findings on
fillers combinations with BN.

Usually, combining two fillers of the same nature leads to bimodal filler size (distribution)
differing in filler size, i.e., AR [9,78]. Hybrid combinations include using two fillers of different
chemical nature or size [74,115]. With these binary filler distributions, one or more

functionalities are often simultaneously introduced and combined (= synergism). Mixing two
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different filler sizes leads to a filler network formation and improves the thermal bridging [81].

Creating a high interface density within a nanolaminate material has produced a very effective

barrier to heat transfer and a material with a thermal conductivity three times smaller than a

conventional insulator. The heat flow is limited at the interface as the differences in lattice

vibrations between the materials restrict the transfer of energy across the interface [10]. Packing

density decreases proportionally with increasing AR. Packing densities with bimodal

distribution have packing coefficients of up to 84 % and trimodal of up to 88 % [88].

Thermal Conductivty / W/mK
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Figure 25 Summary of published work on bimodal and hybrid filler combinations focusing on the

use of 4-BN in Epoxy matrices [115-119].
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Bimodal combinations

According to Zhu et al. [78], at the same filler loading of 21.7 vol.%, the thermal conductivity
of Epoxy filled with 70 nm BN, 7 um BN, 70 nm + 7 um BN are 0.7 W/mK, 1.2 W/mK,
1.39 W/mK, respectively (Figure 26 a)). Epoxy resin filled with bimodal BN combination led
highest thermal conductivity. The authors suggest that the nano-BN fillers may fill into the
voids in the packed structure generated from micro-sized BN particles. This exhibits the higher
packing density, and good conductive pathways inside the matrix when mixed fillers are used.

This is also shown in the SEM micrographs in Figure 26 b).

a) TC results as function of filler content b) corresponding microstructure
. (a) and (b) unimodal BN and (c) bimodal BN
' —=—70nm BN
—#— T7um BN
184 | —4—70nmBN+7umBN
—v—2.3umAIN Al

1.4 4 2.3umAIN+0.5im AIN [ | /

Thermal conductivity (W/mK)

0 5 10 15 20 25 30 35 40 45
Volume fraction of filler (%)

Figure 26 a) Thermal conductivity of bimodal BN-filled composites in dependency of concentration

and b) morphology of hybrid combinations in the corresponding SEM micrographs [78].
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Hybrid Combinations

The combination of BN with two or more fillers in a polybenzoxazine matrix, mainly ceramic
fillers (Silica, A1,O3, AIN) to reduce the overall costs, is described in Ishida’s patent [120]. In
addition, Hong et al. [115] explored Epoxy resin filled with high thermal conductivity fillers of
aluminum nitride (AIN) and boron nitride (BN). The effect of the particle size and the relative
composition on the thermal conductivity of composites were identified. They achieved the
highest thermal conductivity of 8 W/mK when the volume ratio of AIN : BN is 1:1, and their
particle size is nearly the same. They demonstrated with their experimental methodology that
enhancement of thermal conductivity needs two factors. One is the two different particles
should be packed well to fill up the interstitial space. The other one is the contact resistance,
and the contact area of the fillers should also be optimized. Three different cases were used in
the research, which is case 1 (Daw>Dgn), case 2 (Dam=Dgn), and case 3 (Damw<Dgn). The
result of thermal conductivity is shown in Figure 27.

Platelet fillers generate a higher packing density compared to whiskers or (short) fibers. Higher
volume contents can be achieved, resulting in even lower CTEs or TCs [81]. However, with

these volume fractions, the ductility and the fatigue behavior are impaired [81].

Fu et al. studied the combination of pum-sized BN (0.5 um) with nm-sized AI203 (range of
20 nm up to 500 nm) in Epoxy adhesives.They found a synergy at a concentration of 40 wt%
in a ratio of 1:3 (smaller Al>O; with the um-sized BN) for all properties studies, i.e., thermal
conductivity, electrical insulation, and mechanical strength [121]. Figure 28 shows the
corresponding SEM micrographs. The authors explain that the larger BN fillers form a network
due to their inter-filler contact, whereas the smaller particles fill the gaps.

Hong et al. evaluated BN-containing polymer composites and the effect of adding metal, BN,
and AIN particles (1:6:6 ratio) to a DGEBA matrix. They reached a TC value of approximately
10 W/mK [122].
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Figure 27 Thermal conductivity and schematic of the morphology schematic of the filler combination

between AIN and BN in dependency of their ratios [115].



State of the Art 40

micro-BN nano-Al,O3 epoxy matrix

AlL,O5:BN 0:4 1:3 1:1 3:1 4:00

Thermal conductivity (W/(m:K)) 044 0.87 0.68 0.72 0.52

Figure 28 Hybrid combination of nano-Al,O; with micro-4-BN in various ratios. Schematic of the

filler network, corresponding SEM micrographs, and TC results [121].

To summarize the findings in the literature (Figure 25), the bimodal combination of two BN
sizes must not necessarily be the most efficient. Hybrid combinations can be more efficient and
can lead to higher TC values. The combination of carbon-based (MWCNT or graphene) with
h-BN shows lower TC values than combining BN with another inorganic filler. The ratio
between two fillers also plays a crucial role. BN in a higher composition with an oxide filler

seems to be the most effective but can have a negative impact on the price.
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Influence of Glassfibers - Thermal Conductivity in Laminates

The incorporation of glass-fibers or a glass-fabric (GF) is necessary to give structural stability
and bending strength in PCBs needed during operation. The intrinsic TC of the E-glass is 0.9 -
1.35 W/mK, according to the literature [123]. The incorporation of E-glass with Epoxy as FR-
4 resulted in a TC value of 0.3 - 0.4 W/mK, according to Vasoya et al. [60].

With the fiber incorporation, the particles' filtration and/or aggregation during processing is
possible due to the tight mesh and the overlapping strand that form small gaps (intra-tow region)
between the 0/90° - GF tows. The incorporation of GF into filled resins can lead to a lower z-
plane heat transport due to the barrier effect of the fibers. However, very few studies exist on
the relevance of processing, filtration effects, and the overall laminates’ properties [15,16,124].
Only very few studies on thermal conductivity in filled resins reinforced with fibers.
Devendra et al. studied the effect of incorporating thermally conductive fillers in glass-fiber
reinforced (GFRP) laminates produced with the hand-lay-up technique. The authors observed
that 10 vol.% of SiC particles the TC of the laminates from 2.89 W/mK up to 3.51 W/mK. They
suggested the formation of a conductive pathway, which contributed to enhanced heat transfer
[15]. However, the authors did not study the overall resulting microstructure.

Fan et al. incorporated 1 pm, BN into a carbon-fiber-reinforced (CFRP) bisphenol-F Epoxy
resin. At 20 vol.% of I um BN leads to a thermal conductivity of 7.9 W/mK (no reference value
given for 0 % of BN, also unknown fiber areal weight). A proper morphological qualitative
study that elaborates the structure-property relationship is missing [16]. SEM micrographs are
shown below. The authors also claim that there is only a weak bonding between the smooth BN

filler surface and the fibers.
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Figure 29 Morphology of 1 pm BN (20 vol.%) incorporated into a carbon-fiber reinforced

laminate [16].

Suchitra ef al. [125] studied ATH (2.6 um, 5wt.%), SiO2 (12 nm, 2 wt.%), and A1>O3 (12 nm,
3wt.%) in Epoxy (DGEBA) glass-fiber reinforced (FVC: 75 wt.%) produced via pultrusion.
Overall, all filler types increase the TC and thermal stability. The thermal conductivity of the
unfilled laminate was 0.28 W/mK. The hybrid combination with all three fillers reached a TC
value of 0.43 W/mK. The authors did not correlate the TC results with the microstructure to

explain the thermal pathway.

Ge et al. [126] introduced 4-BN (15 — 30 um, irregular shape) into a Polyphenylene ether resin
used to produce copper-clad laminates via the prepreg direct impregnation route. The BN filler
was studied as is and coated with SiO>. The SiO» particles only can adhere to the BN edges.
The thermal conductivity increased from ca. 0.3 W/mK to 1.08 W/mK at 48 wt.% filler content
(Figure 30). The authors suggest that at > 40 wt.%, a continous filler network is formed, which
helps to increase the TC. However, the SiO2-surface coated BN did not lead to the same TC
increase as the uncoated filler, as the SiO only adhere to the BN filler edges. They propose
barrier effects and the formation of pores within the laminate to be the reason for the lower TC

results.
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Figure 30 Thermal conductivity results of BN-filled GF laminates with and without SiO: surface

coating and their corresponding microstructure with increasing filler content [126].

Theoretical Modelling of the Thermal Conductivity

The intrinsic thermal conductivities of the components of a composite material limit their
theoretically achievable thermal conductivity. There are various analytical models for
predicting the thermal conductivity of filled resins. The simplest model is the rule of mixture -
also called parallel model - in which an isotropic, perfectly mixed material without interface
effects is assumed. The influence of the filler geometry is also neglected in this model, which
leads to an overestimation of the thermal conductivity if discontinuous fillers (particles) are
used. However, this model is relevant (Chen et al. [70]). The thermal conductivity of a
composite material made of resin matrix (M), glass fibers (GF), and thermally conductive filler
(F) can therefore be calculated using the following equation (2) if the effective thermal

conductivity of the filler in the composite (without fibers) Ag . swas determined.

A=@u*Ay+ Qgr*Agr + Qp * Ap sy Equation 2

Due to their high aspect ratio, thermally conductive fibers or platelets achieve higher thermal
conductivities in the composite compared to spheres or irregularly shaped particles at the same
filler proportion. However, the maximum expected increase in thermal conductivity due to the

addition of fillers is limited to a factor of 100 of the matrix thermal conductivity (efficiency
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threshold) for a filler content below 60 vol.%. In electrical conductivity, there is no percolation
threshold for the heat transfer [127]. According to the Nielsen‘s prediction, the potential of a
highly thermally conductive filler can only be used efficiently at very high filler contents [89].
The Nielsen model relates to the increase in the thermal conductivity of a composite material
by adding fillers and is plotted as the ratio of filled matrix A to unfilled matrix Ay over the filler
content. Figure 31 below shows the Nielsen forecast for different percentages of the thermal
conductivities of filler particles A, to Am.

The comparison of the dark blue and purple curve in Figure 31 shows that from a ratio Ay/Am =
100, there is no additional increase in thermal conductivity due to the increase in the filler
content up to 60 vol.%. According to the Nielsen model, the limitation of the effective thermal

conductivity is referred to below as the efficiency rule.
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Figure 31 Nielsen’s prediction of the TC of composites in dependency on content (adapted from [89]).

Hatta-Taya published in 1986 an explicit theoretical model based on a bi-component system,
i.e., matrix and filler, where the matrix defines the fundamental property (TC of the matrix).
This model calculates the TC based on filler volume and geometry, especially platelet or

elliptical shaped fillers with an aspect ratio are included in this model [68,98,128—131].
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Ac = Am + Equation 3

Si describes the filler geometry. For anisotropic fillers, the following equations are valid [98]:

for x/y-plane of the TC
Swy = ZTai Equation 4
for z-plane of the TC
S, == Equation 5
2ax

with ax the diameter of the platelet, and a, the thickness.

Soga et al. [131] published thermal conductivity studies with elliptical Al,O3 fillers (Dso of
6 um) focusing on their orientation. Platelet fillers are two-dimensional but can have a three-
dimensional orientation in the matrix, i.e., in-plane and out-of-plane or even a shift of 45° [132]

(Figure 32).

(a) In-plane orientation (b) Out-of-plane orientation (c) Definition of the angle

Figure 32 Theoretical orientation states of platelet/ elliptical fillers in a two-phase system: a) in-

plane, b) out of plane, and c) 45° shift [131,132].
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Soga states that low aspect ratio (AR) fillers give a high TC in in-plane, whereas high AR
fillers result in high TC in out-of-plane direction [131]. With a low AR, the average filler
distance is much smaller than with high AR fillers. A higher number of low AR fillers in a
two-phase system increases the heat flux. They showed that the Hatta-Taya model is in good
alignment with their results, especially at lower conductivities (< 10 W/mK). At higher TCs,
the models approach a plateau (Figure 33).
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Figure 33 Thermal conductivity of a filled resin in dependency on intrinsic filler conductivity and its

orientation [131].

In conclusion, the higher the filler concentration, the higher the TC increase. The increase in
TC is non-linear. The fillers may have to interact to form continuous paths [10]. According to
literature, Hatta-Taya delivers the most exact modeling for elliptical particles and high filler
degrees as orientation and geometry are considered. The major disadvantage is the
overestimation of the TC values compared to predicted TC as the model does not consider the

interaction between fillers [131].
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2.1.7 Overall Conclusion of the State of Research

Summary of the findings in the previous chapters [66,70]:

Concentration: TC depends on the chosen two-phase system consisting of the low
conductive matrix and intrinsic filler and intrinsic conductivity. Filled resins show
higher values in TC since the microstructure/percolating path dominates [133],
especially at concentrations > 15 vol.%. At lower filler loadings, the matrix is
predominating as being a thermal barrier. A specific concentration threshold of fillers
is needed to increase the TC. High loadings are easier achievable and processible with
“softer” fillers [91].

Filler Morphology and Size: geometry and AR, and the interfacial area play an essential
role in efficient heat transfer. In literature, fibers or platelets are known to perform
better than spheres. However, there are very inconsistent findings in the literature about
the filler size effect. Therefore, each study is to be treated as a case-by-case study or a
proof of concept, as literature findings are strongly depending on processing and
measurement techniques.

Filler combinations: to improve the packing density in the matrix and introduce a dual
functionality into the resin, e.g., flame-retardancy (hybrid combination) to exhaust
synergistic effects.

Surface functionalization: only plays a minor role in the increase in TC. Especially
below 20 vol.%, the TC increase only up to 0.1 W/mK, which is not in relation to
economic reasons (long production times) [113]. BN only has very few active functional
groups on its surface available for functionalization at their edges [134]. Yung et al. [77]
pointed out that the coating layer on the particles must be thick enough to make the
modification work. However, if the coating is too thick, the coating will become a
thermal barrier itself, hence decreasing the thermal conductivity. Similar findings are
published in [71,112,133-136].

Orientation: anisotropy can be an enhancing effect, depending on the chosen processing
method. Particularly, the filler orientation, dispersion, and distribution (3-D approach)

need to be process-controlled.
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e Processing techniques: pressing, sonication, roll-milling, mixing can improve the
dispersion but increase cycle time/production cost tremendously.

o Thermal conductive pathway formation: What happens during curing? When and how
is the filler network formed?

e Role of GF: not well described in the literature. In GF reinforced systems, the filler
orientation and location are even more critical since filler filtration may occur. To
overcome the thermal barrier caused by the GF, thermally conductive fillers need to be
introduced into the GF strands. There are very few studies on filled laminates but almost

no scientific studies on the increase in FVC.

The most efficient system described from the literature is a system containing a platelet filler
with a low AR in um-size (anisotropy is preferred!). Best performances are shown in
combination with another filler (hybrid combination) to evaluate possible synergistic effects.
Literature shows TC, thermal stability, CTE, Di/Dy, and mechanical studies, but almost no

published work on Flame Retardancy for BN particles or filler combinations!
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2.2 Fire Behaviour & Flame Retardancy of Polymers and their filled Resins

2.2.1 Thermal Degradation of Polymers & the Modes of Action of Flame Retardants

The development of fire is generally influenced by the following factors: energy/heat/fuel,
oxygen (concentration), and the polymer material itself.

In general, polymer degradation follows a cycle and influenced by energy, oxygen, and the
fuel, the polymeric material. The heat, which is generated is transported back to the polymer
surface. The polymer softens and decomposes into small fragments. The produced volatiles
(radical polymeric fragments) are constantly providing fuel [137] (Figure 35). The volatiles
migrate into the flame zone, into the gas-phase, and react with oxygen supplied from the
ambient air in a free-radical chain reaction. A fire develops through different stages (Figure
34): the ignition of the polymer material, where the ambient temperature is relatively low. The
fire grows if enough oxygen and fuel are available (= fire growth state). Simultaneously, the
ambient temperature increases. Locally, on the polymeric surface, a fully developed fire can
reach temperatures up to 1200 °C. An exothermic chain reaction between fuel, oxygen, and the
free radicals occurs (= thermal coupling). The so-called flash-over is indicated by the sharp rise
of temperature and the generation of heat. Smoke is a mixture of complete and incomplete
combustion, resulting in H>O and CO- or CO and soot, respectively. The remaining solid, the
residual char, mainly consists of carbon and ash [137-141].

EPA published a study on the major combustion by-products at different temperatures and
environments (pyrolysis versus oxidation atmosphere) when using no flame retardants. These
include phenol, toluene, and benzene [142].

Epoxy resins differentiate in their intrinsic flame retardancy. Aromatic groups offer higher

thermal stability compared to aliphatic and are also known as char-promoting agents [18,30].
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Figure 34 Temperature-time dependency of different stages of a fire [140,141].

Flame retardants (FR) can interfere with the degradation and burning cycle.

Typically, FR’s can inhibit the degradation mechanism via solid-phase reaction or gas/vapor-
phase reaction. In the solid-phase inhibition, the FR promotes the formation of char at the
polymer surface upon heating. The char functions as an insulating barrier between the heat of
the flame and the underlying neat polymer material, counteracting the production of new fuel.
The degradation rate will decrease [18,30]. Some FR’s also release water during their
degradation, cooling the surface and merging the energy needed to retain the flame. Secondly,
the gas-phase active FR’s change the chemistry of the flame. During combustion of the FR’s,
volatile components are released, which interact in the gas-phase above the burning material
and diffuse into the flame. They interrupt the ongoing free radical reactions, which increase the
amount of energy needed to sustain the flame (= flame poisoning) [143]. In some cases, FR’s
act in both the solid- and vapor-phase [18,30]. Intumescent FR’s contain an acid, a carbon, and
a gas source. The solid component degrades under dissipating thermal energy. The visco-elastic
material can entrap evolved gases or volatiles, resulting in an intumescence state (foamed). The
carbonaceous intumescence coating protects the material underneath [30].

Recently, legislative restrictions banned brominated FR’s from the use in the E&E market,
especially in PCBs. Since the 1960s, polybrominated compounds (i.e., polybrominated
biphenyl, PBB) or tetrabromobisphenol A (TBBA), which consists of bromine in the chemical
backbone, were used as standard FR’s for PCBs. Halogen-containing components (i.e., bromine

(Br), chlorine (Cl)) are known to be gas-phase active agents quenching the free radical reaction



State of the Art 51

and are very efficient in lower concentrations [18]. However, there are concerns with their
toxicity.

Alternatives to brominated FR’s are halogen-free FR’s, including phosporous (P)-, nitrogen
(N)- and inorganic-based compounds. They are further divided into reactive constituents or
inactive additives. Reactive components are directly bound to the resin‘s chemical structure /
backbone. They usually do not leach over time and are solvent-resistant, resulting in fewer
extractable/leachable but may alter the curing kinetics [144,145]. An example of this type of
FR is DOPO (epoxidized phosphorous). The primary decomposition reaction yields to char.
DOPO is incorporated into the backbone/Epoxy resin network; the P-H bond can link to the
Epoxy resin matrix. Since its chemically bound to the Epoxy, it can decrease the T, since it is
monofunctional [146,147].

Inactive, inorganic FR’s are known to be non-toxic, halogen-free, environmentally friendly, are
corrosion-safe, and reduce smoke production [144]. Commonly, inorganic additives (antimony
oxide) or hydrated fillers, such as aluminum hydroxides (ATH), or magnesium hydroxides
(MDH), release water in an endothermic reaction during combustion and can promote char
formation. These fillers are inexpensive and non-toxic. However, much higher loadings
(50 wt.% of ATH [30]) compared to DOPO are needed, which negatively impacts the overall
final properties [144]. Nitrogen-based FR’s (melamine) are char promoters usually releasing
N2 gas, which can “foam” the char (= intumescence) [18]. Nitrogen- or phosphorous-containing
FR’s need to be used in high loadings, and cause a decrease in Ty, can lead to increased moisture
absorption [144,145].

Inorganic FR’s include red phosphorous, which is widely used in wires/cables applications.
Red phosphorous is a char-promoting FR [144] that enables absorption of heat. During the FR
degradation, water molecules are released. These dilute the gas mixture and therefore reduce

the fire intensity [144] (Figure 35).

Boehmite, especially, is a good candidate for the new lead-free soldering requirements as
decomposition does not start before reaching 340 °C. Boehmite provides reliability in long-
term applications such as automotive. Since the overall efficiency of Boehmite is lower than
with ATH, it either needs to be used in combination with another FR or to be used with Novolac

based Epoxy resin [145]. Using new matrix resin systems can result in a trade-off of the FR-4
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performance [144]. Good FR’s combinations can be melamine-containing derivatives with

Phosphorous [146,147].
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Figure 35 Flame retardancy mode of action for metal hydroxides, such as ATH or Boehmite [145].

2.2.2 Characterization of the Fire Behavior

In the E&E industry, flame tests such as the LOI (limited oxygen index) and UL-94 test are
well known as standardized methods to classify the material for their flammability. These are
small-scale methods whose advantages are low material and time consumption.

The flammability of polymer materials is mainly assessed by their ignitability, heat release
(rate), smoke release (rate).

The Cone Calorimetry Fire Test is a medium-scale test method developed by the US National
Institute of Standards and Technology (NIST). It evaluates the materials’s response to a defined,
incident heat flux (usually between 35 — 100 kW/m?) simulating a forced flammability behavior
in a small-scale, real-life scenario according to ISO 5660 and ASTM E1354-92. The test
method is based on the principle of oxygen consumption during combustion, indicating a direct
relationship between the mass of oxygen consumed and the amount of heat released during
polymer combustion [25,148—154]. Since the intensity of the heat radiation can be set utilizing

an adjustable radiant heater, it is possible to simulate different fire scenarios: irradiation of an
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intensity of 35 kW/m? represents the strength of a wastebasket fire, whereas 70 kW/m?

corresponds to a room fire.
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Figure 36 Schematic set-up of a Cone Calorimeter apparatus [155].

At the beginning of this fire test, combustion is forced. The heat flux over the surface of the
sample leads to the release of volatile. Together with the ambient oxygen, this results in a highly
explosive mixture that is ignited by the spark igniter. During the combustion, ambient oxygen
is consumed, which is directly correlated to the heat being released by the actual material burned
(= heat release rate) and the time to ignition tig (from flash-over), which is corresponding to the

escape time in real-life fire scenarios [148—154] (Figure 37).
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Figure 37 Parameters accessed by the cone calorimeter and correlation to the fire stages [154].

The ignition (tiz) time depends on various criteria such as the thermal inertia, critical heat flux,
or critical surface temperature for ignition [154]. The heat release rate (HRR) is determined by
oxygen consumption and can be determined by material-specific properties, i.e., physical, and
chemical mechanisms during the combustion. Along with the heat released during combustion,
smoke and toxic gases are released. The oxygen concentration in the atmosphere is decreasing.
The total heat released (THR), the integral of the heat release rate (HRR) over time, represents
a fire's potential. Both CO and smoke production occur in incomplete combustion processes.
That is the case when there is flame-retardant (FR) activity in the gas-phase. In addition, an
increase of these values means flame retardants are active in combustion of a cone calorimeter
test. The mass of the sample is continuously monitored by a load cell and therefore gives the
mass loss rate (MLR) and the mass left as char. Usually, the higher the HRR value, the faster
the ignition process starts, and the flame spreads faster along the materials' surface.

The HRR versus time curve shape is affected when char-forming FR are used (Figure 38). The
time until peak heat release rate (tPHRR) is shortened when a superficial protective layer is
formed (e.g., inorganic FR). In contrast, non-charring FR’s shift the PHRR to higher times at

the end of combustion. This is caused by the thermal feedback when the pyrolysis zone reaches
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near the rear surface. While combustion occurs, energy is partially absorbed into the material,
which lowers the HRR values; the HRR increases again when the bottom of the sample is
reached [148-154]. Other specific parameters are i.e., the peak HRR (PHRR), total heat
released (THR), total heat evolved (THE), mass loss rate (MLR), total smoke produced
(TSP), total smoke released (TSR), CO, and CO; yields can be determined during one test.
The effective heat of combustion (THE/ML) and the effective smoke release (TSR/ML) can
be calculated when dividing the results by the mass loss [148—154]. With FR’s being active in
the gas-phase, the effective heat of combustion decreases, and the effective smoke release
increase simultaneously. In fire scenarios, both the CO and smoke production severely affect
the escape time, as most people die from smoke-poisoning rather than the actual flames [153].
Fire resistance is usually indicated with a decreasing trend of the PHRR and total mass loss

values and often an increase in tig.
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Figure 38 Typical heat release rate (HRR) curves exhibiting characteristic burning behavior of

different materials [154].

To facilitate the interpretation of the results of the Cone Calorimeter, two characteristic values
were introduced: the fire growth rate index (FIGRA) (kW/sm?) and the mean maximum heat
release rate (MARHE). The fire growth rate FIGRA in kW/m?s results from the quotient of
PHRR and the time tPHRR, i.e., the slope of the heat release rate at its maximum. At the same

time, MARHE is calculated as the mean value of the maximum heat release rate relative to the
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duration of the experiment. In the EU, the MARHE parameter is used for the regulatory
assessment of the heat-release potential of combustible materials and components, e.g., in the
field of rail vehicles [156]. However, Schartel et al. state that MARHE should be used with
caution because the parameter HRR calculates it and thus disregard factors such as surface
flammability and ventilation intensity. Ventilation plays a crucial role in the combustion
mechanism as it directly regulates the fraction of fuel in the gas phase. Before ignition, thermal-
oxidative decomposition occurs. After ignition, a uniform flame is formed, and pyrolysis is
reduced because most of the combustion of the sample takes place in the gaseous phase. The
decomposition of the sample mass under the combustion zone takes place under inert
conditions. Thermal-oxidative decomposition is only relevant before and during ignition, in the
absence of ignition, or minimal flame formation [157].

Schartel et al. reported that the HRR values measured at heat fluxes <35 kW/m? correspond
well with UL-94 and LOI measurements. Their studies showed that the UL-94 VO classification
(self-extinguishing) is following HRR values below 300 kW/m? [154,158]. Lyon et al. showed
a correlation of UL-94 and Cone Calorimetry when the intrinsic heat release is 125 kW/m?

[159].

2.2.3 State of the Research — Flame Retardancy

Epoxy resins' major drawbacks are their high flammability, which can restrict their use in
electronics and PCBs unless using FR’s [160]. Especially on the PCB substrate level, there is

very few studies published regarding flame-retardant mechanisms.

EPA, the US environmental protection agency, published a report on FR’s in PCBs [142]. The
scientific group studied various FR’s in substrate laminates: Phosphorous-FR, Brominated-FR,
and a benchmark with no FR. The laminates were tested with and without Cu foil at 50kW/m?
irradiation with Cone Calorimetry. All laminates had a thickness of 3 mm. The results can be
found in Figure 39. During measurement, the samples made a cracking sound, which is caused
by each layer's delamination. The samples re-ignited when reaching new, undegraded material
underneath. The re-ignition can directly be seen in the corresponding HRR results as the curve
progresses through multiple peaks. In a second study, the group tested non-halogenated FR’s

in these laminates. The ti; was increased from approximately 15 s to over 190 s.
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Figure 39 HRR curve of Epoxy laminates with brominated FR (left) and with no other FR
(right) [142].

Tsai et al. studied the fire behavior of Epoxy Novolac with UL-94 and with Cone Calorimetry
for unfilled and clay-filled GF prepreg substrates [160]. The unfilled laminate failed the UL-94
test, whereas the clay-filled laminate resulted in a V-1 classification. The authors mention a

rapid ignition and decomposition during the Cone test. However, the achieved tig value was not
published.

Compared to the commonly known inorganic aluminum trihydroxide (=ATH), Boehmite (=
AlO(OH)) is a relatively new but very promising candidate. Boehmite as a filler gained more
reception in literature due to some of its favorable properties, although it offers less bound water
molecules than ATH, thus being a less active FR. However, one advantageous property of
Boehmite is its good dispersion behavior in a polymeric matrix [161]. It is thermally stable up
to 350 °C during PCB soldering or assembly processes. Furthermore, it offers a low CTE, good
copper adhesion, and reduces the overall production costs of PCBs. Boehmite is a halogen-free

flame retardant (FR) with an intrinsic thermal conductivity (TC) of 3-10 W/mK. Boehmite is a

FR that acts in both the gas- and solid- combustion phase. The combustion process of polymers
and the roles of the two steps are well explained in the literature [143]. It decomposes in an

endothermic reaction, similar to ATH, to solid Al,O3 by releasing water molecules that cool
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down the burning system and interact with the ongoing free radical reactions in the gas-phase.
In literature, ATH or Boehmite fillers can act as “heat sinks” by inhibiting further pyrolysis due
to their endothermic decomposition reaction, which reduced the thermal feedback heat [143].
Additionally, the deposited Al2O3 acts as a thermal shield against heat and oxygen between the
polymer and the flame in the so-called solid-phase [162]. It is known that ATH is more efficient

concerning FR compared to Boehmite, however, it can improve charring [163].

Karger-Kocsis listed some favorable properties in his review [161]. Boehmite improves the
thermal conductivity, thermal expansion, electrical resistance and breakdown, and mechanical
properties (tensile, flexural strength) [161]. However, no mentioning of its flame-retardancy.
Sun et al. [164] studied Boehmite particles in a DGEBA matrix and evaluated the thermal
degradation via TGA, Tg, and oxygen index (OI). Incorporating 2.3 — 10.2 wt.% of Boehmite,
the T, increased by approximately 20 °C, the Tq,s% was 75 °C higher than the neat sample. They
claimed that the partial crosslinking ability between AIOOH and the epoxy matrix decreases
the decomposition rate and AIOOH acts as a thermal stabilizer. They published a decomposition

reaction of neat Boehmite at 480 °C releasing water [164]:

2 AIOOH - ALLO; + Hx0

Su et al. published a synergistic effect between 10 wt.% Boehmite in combination with 10 wt%
of Poly magnesium phosphate in IPDA-cured DGEBA [165]. They studied the FR with Cone
Calorimetry and TGA and found a synergy regarding PHRR, THR, and ti;. A twin-peak
appearance in PHRR near flameout was observed. The authors claim with the flame spread,
degradation of material underneath the sample holder started.

Neumeyer et al. studied Boehmite with a Dso of 1.8 um in Epoxy Novolac (cured with DICY)
combined with DOPO. Self-extinguishment of the samples during the UL-94 testing was
observed with the synergistic combination of 1.0 wt.% DOPO with 10 wt.% of Boehmite [166].
However, no testing was conducted using actual prepreg sandwich specimens, and no test
methods such as Cone Calorimetry were used to further explain the synergistic fire retardancy

mechanisms.
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Figure 40 Heat release rate of DGEBA with 20 wt.% of 2 pm Boehmite (orthorhombic shape) only

and in synergistic combination with melamine poly magnesium phosphate (from [165])

Published studies on the flame retardancy behavior of BN in any matrix are limited. Yu ef al.
studied #-BN on thermal stability and flame retardancy (TGA and Cone Calorimetry) [167].
They found an increase of the T, by 47 °C and a 50 % reduction of PHRR. They claimed that
the nano-BN sheets cause a tortuous pathway that delays the release of volatiles and therefore
also causes a decrease in heat.

Fischer et al. studied #-BN in a PA6 matrix [168]. At 20 vol.% A#-BN, a TC of 1.30 W/mK was
reached. However, a better flame-retardancy was achieved by adding 10 vol.% of a flame
retardant (Al- diethyl phosphinate). However, a TC value of only 1.14 W/mK was achieved due
to the lower intrinsic TC of the phosphinate. Overall, a V-0 rating and a higher LOI value were

found.

Summarizing the State of the Art for Boehmite or BN regarding flame retardancy, there is
very little information about these thermally conductive fillers and their performance in FR and

especially almost no coherent published work on Cone Calorimetric studies.
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In addition, there are still some remaining questions, i.e., what the effect of TC on FR is or what
the contribution of thermally conductive fillers on the flame retardant mechanisms is.
There are contradicting assumptions that can be found in the literature of TC linked to Flame

Retardancy:

a) With the increase in TC, rapid heat dissipation of heat from the pyrolysis zone and
shielding effects can slow down the ignition or degradation. In addition, the platelet-

shaped BN helps to increase the path length of volatile migration to the surface [167].

b) With the increase in TC, a faster ignition is assumed to occur, as the ignition

temperature might be linked to the degradation and release of volatiles [169].

Regarding the increased thermal conductivity by using glass fibers, both positive and negative
effects are discussed. On the one hand, a rapid dissipation of heat from the pyrolysis zone and
shielding effects can slow down the ignition or the burning. On the other hand, a faster ignition

is enabled, as the ignition temperature is linked to the thermal conductivity.
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3 Objective and Structure of the Thesis

Recently, the Printed Circuit Board (PCB) industry has faced new challenges impacting the
soldering process. With the new RoHS & WEFEE directives, the use of toxic heavy metals such
as lead (Pb) must be eliminated from this PCB manufacturing step. With lead-free alternatives,
the short-term heat distortion temperature that the PCB base substrate must withstand without
softening or degradation has increased from 180 °C to 220 °C. Although high-temperature
substrates based on bismaleimide triazine, cyanate ester, polyimide, or even PTFE matrices,
with a Tz > 220 °C, are already commercially available, their high manufacturing costs due to
complex processing steps is a significant downside [22].

Current State-of-the-Art FR-4 circuit boards, based on glass-fiber (GF) reinforced Epoxy
resins, are not compatible with the lead-free solder assembly at > 220 °C. Their Tgis < 200°C
as they are manufactured using a di- or multifunctional-Epoxy resin matrix [22]. To meet the
higher Tg requirement, a new thermoset matrix must be established. Epoxy Novolac resins,
cured with a suitable curing agent, can result in glass transition temperatures above 200 °C. In
this thesis, Epoxy Novolac cured with the aromatic diethyl toluene diamine (DETDA) is used
to achieve the excellent thermo-mechanical properties for the PCB base material. As a first
experimental step in this thesis, the curing cycle will need to be optimized, considering the

OVerall TProcessing 0f< 230 oC.

In addition, the power density of the electrical circuits has increased tremendously. Significant
heat is produced under thermal cycling, leading to hotspots, especially under or close to the
embedded chip. The substrate material must be able to dissipate this heat, as this might directly
result in severe degradation and even a potential fire hazard. State-of-the-Art FR-4 substrate
materials cannot overcome the thermal management sufficiently as their thermal conductivity
is known to be below 1 < 0.4 W/mK. Assembled thermal management parts, such as heat sinks
or fan cooling systems, contrast the current trend of “miniaturization” and lightweight design.
To manage the heat more efficiently, it is known from the literature that the addition of
thermally conductive fillers, such as Boron Nitride (BN), can result in thermal conductivities
(TC) of 2> 0.7 W/mK at filler contents of 15 — 20 vol.% in Epoxy resins [101,113]. Therefore,

a novel approach is the modification of the PCB substrate material itself. The project partner
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of this thesis, Fraunhofer IZM, simulated that a minimum of A = 0.7 W/mK is necessary to
distribute heat from the chip throughout the base material efficiently. This thesis aims to
introduce BN into Epoxy Novolac formulations of at least 15 vol.% and study the effect on the
thermal conductivity in cured resin plates and their GF-reinforced laminates. First, the addition
of fillers at these concentrations is expected to increase the viscosity. To ensure its prepreg
processability with the solvent-fiee direct impregnation route, ideal processing parameters must
be established by optimizing the correlation between filler content and temperature at the
coating unit. The known optimal processing window for the solvent-free prepreg processing
route is between 200 mPa.s and 50 Pa-s. Secondly, the evaluation of the thermal conductivity
with a focus on BN filler content is conducted. Special attention is laid on understanding the
interaction of particles and the thermal conductive filler network formation in combination with
GF and its increase in fiber volume content (FVC). Experimental results are correlated with

scanning electron microscopic images to establish structure-property relationships.

To ensure fire safety in PCBs, FR-4 substrates are manufactured using flame-retardant filler(s)
(FR) to meet the UL-94 V-0 requirement, with no melt dripping and a flame-retardancy of
< 10s after ignition. Especially in automotive applications, flame retardancy of the PCB
substrate material is essential. In case of over-heating of PCB material during operation,
ignition and a possible flame spread must be hindered to surrounding parts in a vehicle. These
parts are mostly made of polypropylene which easily ignites and degrades under severe melt-
dripping.

Primarily, tetrabromobisphenol-A (TBBPA) was used as a reactive FR for PCB substrates
which is covalently bound to the (brominated) Epoxy resin matrix [170]. TBBPA is very
effective in lower concentrations (ca. 50 wt.% of bromine), however, it is known for its acute
and chronic toxicity [142,170]. Furthermore, TBBPA is listed on California Proposition 65 as
a hazardous substance causing cancer [171]. With the RoHS directive, so-called “green”,
halogen-free FR were introduced into FR-4 substrates. Most commonly, inorganic aluminum
trihydrate (ATH), which are low-cost additives, with efficiency at contents of > 25 wt.%.
Unfortunately, ATH is not able to withstand the short thermal cycling at 220 °C. At
temperatures of 180 —200 °C, its thermal degradation is already initiated, and water is
released [172]. Boehmite, an aluminum oxide hydrate (AIO(OH)), is a relatively unknown

flame-retardant filler (FR). However, compared to ATH, Boehmite thermally decomposes at
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> 350 °C, however, is has a slightly lower efficiency due to the lower amount of crystal-bound
water [164].

Hence, the addition of Boehmite into Epoxy Novolac formulations will result in more thermally
stable material. Still, its effectiveness in correlation with concentration will need to be evaluated
to meet the UL-94 V-0 requirement. Moreover, the filler combination of Boehmite with BN
will need to be assessed in terms of a possible synergistic effect to enhance thermal conductive
and flame-retardant properties. Therefore, an optimal filler ratio between Boehmite and BN has
to be identified. The thermal degradation is examined with thermo-gravimetric analysis. The
flame and fire properties are characterized by Cone Calorimetry with a focus on heat release
and time to ignition. Especially, the time to ignition and smoke release is of scientific interest,
which Cone Calorimetry can assess. Post-combustion SEM-EDX analysis of the char samples
enables establishing modes of actions for BN and Boehmite in both filled resins and their
laminates. The role of BN on flame retardancy is not yet well established the literature. Thus,
this thesis focuses especially on the correlation between thermal conductivity and flame
retardancy with the final properties to establish structure-property relationships. A particular
focus was laid on understanding the relationship between the FVC and flame retardancy. In the
end, UL-94 classification, a test method that is more established in the PCB industry, was
conducted to help classify the novel base material. Lastly, the optimized laminates undergo
additional testing and evaluation for other PCB-relevant properties, such as z-CTE, water

absorption, and dielectric properties.

Summary of aims and hypotheses:

The overall aim of this thesis is to develop an innovative, high-Tg, and cost-effective FR-4
substrate with short production cycles that is thermally conductive, flame-retardant, and that

complies with regulatory directives.

Aim 1 — glass-transition temperature: To withstand the temperatures of lead-free soldering
processes, the matrix resin system under investigation needs to have a minimum T, of 220 °C.
Hypothesis: The current FR-4 matrix Epoxy resin needs to be substituted by a novel resin
formulation consisting of the phenolic Epoxy Novolac cured with aromatic DETDA towards a

T, of > 220 °C.
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Aim 2 — thermal conductivity: To efficiently support the heat management in PCB substrates,
a thermal conductivity of at least A = 0.7 W/mK of the resin formulation needs to be achieved.
Hypothesis: The incorporation of at least 15 vol.% BN will aid in reaching a thermal
conductivity of A =0.7 W/mK.

Aim 3 — flame retardancy: To ensure the overall fire safety of PCB substrates, the classification
of UL-94 V-0 must be achieved
Hypothesis: The substitution of aluminum trihydrate (ATH) as a standard FR by Boehmite will

lead to a more thermally stable and flame-retardant resin system.

The main technological goal of this Ph.D. thesis is to fundamentally study and tailor a next-

generation multifunctional, high-Tg PCB substrate that has higher thermal stability and flame
retardancy compared to the current industry’s “best in class” marketed PCL 370HR
benchmark (Figure 41) from Isola [173].
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Figure 41 FR-4 prepregs available at Isola GmbH, including the benchmark of this thesis, the high-
performance laminate PCL 370HR.

The experimental route of this thesis to achieve the above aims is described in the graphical

abstract in Figure 42.
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A “novel” generation of the FR-4 material should fulfill the technological targets specified
in Table 4.

Table 4 Overview of the technological targets in comparison to the Benchmark PCL 370 HR (Isola).

Benchmark
System PCL 370HR
P . A ENGINEERING
roperties l S o a ©LYMER
P Solvent-free direct
repreg- Solvent-based dip coating impregnation with a Tprocessin
Processing <230 °C :
z-Thermal 0.4 W/mK > 0.7 WimK
Conductivity
T, 180 °C >220°C
z-CTE 45 ppm/k <40 ppm/K
Tas% 340 °C >360 °C
Flame-Retardancy
(UL-94) V-0 V-0
Water Absorption o o
(24h) 0.15 % <0.5%
Dlelectg)c /l;;'f())pertles Di<4.17 Dy < 4.0
k
at 1 GHz Dr<0.0161 D: < 0.005
Mechanics - Flexural 620 MPa (warp) ‘;25({)) 11\\/[/[11))1 ((\\Zfirflt)))
Strength 530 MPa (weft)
Relative Price Ratio
(= based on FR-4 1 (=FR-4) <4x FR-4

substrate)
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4 Materials & Methods

4.1 Materials

All materials under investigation were commercial products and were used as received without

any further (surface) modifications.

4.1.1 Resin Matrix

A multifunctional, phenolic Epoxy Novolac (= EN) resin, D.E.N.™ 438 from Olin™ Epoxy
(Stade, Germany) with an Epoxy equivalent of 176 - 181 g/eq was used as a high T, reference
matrix resin (density of 1.23 g/cm?, the price ca. 5 €/kg).

Epoxy Novolac is a standard resin for PCB applications, selected based on the resulting high T,
values, low water absorption, and chemical resistance compared to other thermosets. Phenolic-
based resins offer good long-term thermal and mechanical stability. Due to their aromatic
structure, EN resins show excellent fire retardancy with high dimensional stability.

D.E.N. 438 does not contain any solvent, such as MEK (methyl ethyl ketone). Therefore, this
resin grade is highly viscous and does not allow high filler degrees at lower temperatures. Its
initial viscosity is 31.000 — 40.000 mPa-s @ 25 °C. Consequently, a particular focus was laid
evaluating of the processing window as a direct correlation between temperature and filler
content.

The Epoxy Novolac D.E.N. 438 was cured with diethymethylbenzenediamine (Araldite
XB3473), supplied by Huntsman Advanced Chemicals (Basel, Switzerland) in the
stoichiometric ratio of 100:24.1 (price ca. 40 €/kg) [174]. The chemical structures of the matrix
EN and the curing agent DETDA can be seen in Figure 43. The curing agent is in a liquid state
at room temperature, which helps to improve the processing properties of the Epoxy Novolac

resin.
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a) Epoxy Novolac b) DETDA curing agent
o [ o] o)
NH,
/r) J) JD H;C CH,CH;,3
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™

S g CH;CH,

= EN

Figure 43 Chemical structures of a) Epoxy Novolac and b) of the DETDA curing agent [174].

4.1.2 Fillers

Thermal Conductive Filler - Boron Nitride

As the thermal conductive component, Boron Nitride (BN) was chosen. BN is a non-toxic filler
with high electrical resistance, low water absorption, and low thermal expansion [175].
Initially, three hexagonal Boron Nitride (= BN) types, purchased from Henze BNP (Lauben,
Germany) with a Dso of 2.0 pm, 12 pm, and 45 um were used. All BN types are of (oval) platelet
shape and average filler density between 2.27 and 2.35 g/cm?.

After initial investigations, the main BN filler was chosen to be the 12pm-size (= BN 12pm).
This filler has an average particle diameter of 10.5 um and an aspect ratio of 17.6. The

theoretical thermal conductivity is 300 W/mK (x/y) and 30 W/mK (z).
The physical properties are summarized in Table 5.
The filler geometry of BN 12um can be seen in the corresponding SEM micrographs (Figure

44a) and b)). Its evaluated particle size distribution is shown in Figure 44c) indicating a Dso of

10.5 pm. The supplier TDS states a Dso of 12 um.
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Table 5 Physical properties of the supplier TDS of the thermal conductive Boron Nitride fillers.

Designation
& BN 2pum BN 12pum BN 45um
Properties (=BN2) (=BN12) (=BN45)
Commercial HeBoFill® 410 HeBoFill® 641 HeBoFill® 501
Product Name
Dso Particle Size / um 2 12 45
BET /m% g 20 7 1
Density / g/cm? 2.284 2.268 2.290
CTE (x%) ~ 1 ppm/K ~1 ppm/K ~ 1 ppm/K
Aspect ratio ~16 ~18 ~23
Dk (@ 8.8 GHz) - 4.0 -
Df (@8.8 GHz) - 0.0003 — 0.0012 -
Price / €/ kg 160 147 150

Weg

16 - 1100 2
2 <
~ 14 S
ks
2 S
@ 12 F75 3
S T
)
T 10 -‘Z
< 3
O 8- 50 o
5 2
2 6 s
I~ -
E -
8 44 F25
8 3

0o 2 Alt é 2I3 1I01I21I41I61I82I02IZZI42I6
Particle size | ym

Figure 44 SEM micrographs of the main thermally conductive component HeBoFill®641, BN12 (a)

500x and b) 2500x) and c) its particle size distribution indicating an actual D5y of 10.5 pm.
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Flame Retardant Filler - Boehmite

An (oval) platelet-shaped Boehmite (AIO(OH)) supplied by Nabaltec AG (Schwandorf
Germany) with a density of 3.07 g/cm?® and a TC of 10 — 30 W/mK was used (commercial grade
AOH EXS.). Table 6 shows an overview of the physical properties of the BT 2um. Its

corresponding filler geometry and its particle size distribution are shown in Figure 45.

Table 6 Physical properties according to the supplier TDS of flame-retardant filler.

Designation BT 2 pm (=BT2)
Commercial Product Name AOH EXS
Dso Particle Size / um 2.0
Specific Surface Area (BET) / 4
m’/g
Aspect Ratio 10
Cost / €/kg ~3

125
C) 0,040 -

0,035

0,030 +
0,025 F75
0,020
- 50
0,015+

0,010
25

Distribution density | %
Cumulative distribution | %

0,005

0,000 —~4——L+—F——Sp—+—7—+—7—"—7——7—0
o 1 2 3 4 5 & 71 8

Particle size | ym

Figure 45 SEM micrographs of the flame-retardant, Boehmite, AOH EXS® (= ) at (a) 1000x

and b) 2500x) and c) its particle size distribution with an actual Ds of 2.1 pm.
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4.1.3 Glass Fabrics

Three standard E-glass fabrics used in PCB manufacturing with varying areal weights were
purchased from PD Interglas Technologies GmbH, Germany (Table 7). The glass fibres have a
silane-coating to improve the adhesion to the Epoxy Novolac resin. The fiber bundles
(warp/weft) show a plain-weave pattern. Figure 46 shows microscopic images of the US Styles
106, 1080, and 2116 with corresponding areal weights of 25, 49, and 107 g/m>.

With increasing fiber areal weights, the thickness of the fiber rovings increases, leading to a
smaller mesh size. This is of scientific interest as this might result in barrier effects in highly

filled systems.

Table 7 Overview of the three E-glass fabrics used in this study.

Designation GF25 GF49 GF107
Fabric Areal Weight /
25 49 107
g/m’
Commercially known US 106 US 1080 US 2116
US Fabric Style
Finish Type and Content FES800 (Silane) FES800 (Silane) FES800 (Silane)
0.08 - 0.28 % 0.08 - 0.28 % 0.08 - 0.28 %
Yarn Count / threads /
56 - 56 60 - 40 60 - 58
inch

Designation

Areal Weight / g/m? 25 49 107

Figure 46 Overview of the fabric styles GF25, GF49, and GF107, and their corresponding light

microscopic images to illustrate the influence of increasing FVC on the mesh size.
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Table 8 shows a summary of all systems used in this thesis with their abbreviations.

Table 8 Overview of all systems and their abbreviations used in this thesis, including color-coding.

Matrix Thermal Flame- CoIr-Ill)l;li);;?ion
S Epoxy Conductive Retardant
ystems Novolac Component Component
(ratio 3:1 = BNI2 :
EN BN12 BT2 BT2)
Resin Plates EN EN_BN12 EN_BT2 EN_Hybrid

EN_GF25 EN _BN12 GF25 EN_BT2 GF25 EN_Hybrid GF25
Laminates EN_GF49 EN BN12 GF49 EN_BT2 GF25 EN_Hybrid GF49
EN_GF107 EN_BN12 GF107 EN_BT2 GF25 -

4.1.4 Benchmarks

The project partner Isola GmbH provided three FR-4 State-of-the-Art materials (= benchmarks).
All three benchmarks are produced using Epoxy resin as a base matrix. The fillers used in these
benchmarks are considered IP of Isola GmbH and were therefore not disclosed. It is assumed
that these are of inorganic nature, i.e., standard FR such as ATH or MDH. Table 9 shows the
physical properties of these base materials (provided as cured laminates without Cu

lamination!). The overall thickness of these laminates was 1.5 mm.
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Table 9 Physical properties of three commercially available FR-4 substrates that were provided from

Isola GmbH. PCL 370 HR is considered the benchmark for this thesis.

Commercial

Product DE 104 IS 400 PCL 370HR

Properties

Functionality of resin proprietary resin proprietary resin multifunctional
system system Epoxy resin
ot FR-4 for automotive/  FR-4 for automotive / E&E,
Application . : Automotive,
transportation transportation
Aerospace

35— 60 % E-glass

30 —70 % E-glass
25 - 60 % Epoxy

35-60 % E-glass ano Matrix

Product Compositions 40 — 65 % Epoxy 33 Z\(/}at/ﬁifpoxy 5-10%

per supplier SDS Matrix 10 — 25 % Inoreanic o
0 % fillers - o Inorg Inorganic Filler
iller (Si0O,)
(unknown)
Ty/ °C 135 150 180
Tasw / C 315 330 340
z-CTE (pre-Ty) / ppm/K 70 50 45
TC / W/mK (TDS) 0.36 0.36 N/A
TC / W/mK (measured
0.250 0.385 0.380
via hotplate)
Dy at 1GHz 4.37 3.9 4.17
(at S00MHz!)
Drat 1 GHz 0.022 0.022 (at 500MHz!) 0.0161

Moisture Absorption /

0.30 0.18 0.15
24h/ %

Flammability / UL-94 V-0 V-0 V-0
Flexural Strength / MPa 579 / 448 565/ 455 620/ 530
(length/cross-directional)

Young’s Modulus / GPa N/A 25.25/22.94 23.97/21.91

(length/cross-directional)
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4.2  Processing

4.2.1 Processing of filled Resin Plates

The solid resin was heated up to 90 °C in an air circulating oven for 20 min. Both fillers were
dried at 120 °C for 15 min to remove adsorbed water before their use. To ensure even wetting
and filler dispersion, the resin, and the fillers were mixed at 200 - 250 rpm for 4 min so that the
generated shear forces help in thoroughly wetting the fillers. Later, the mixing speed was
lowered to 180 rpm for about 15 min. After this homogenization step, the curing agent was
added, and the mixing speed was further reduced to 110 rpm to avoid the excess generation of
air inclusions. This formulation was then poured into the pre-heated molds (80 °C).

The mixing parameters (rpm, time, temperature), order of addition, and filler treatment (drying
steps to remove adsorbed water) were optimized to enhance the filler wetting and resin
flow [77].

The maximum filler content for all formulations was determined as 20 vol.%. This is the
maximum processable range for solvent-free prepreg production.

The mass fraction of inorganic fillers in volume percent was converted considering the different
filler densities for Boehmite 2um (3.07 g/cm?®) and the BN 2um (2.28 g/cm?) and BN 12um
(2.26 g/cm?). The resin and filler content were also determined via TGA.

The curing cycle of the composites was optimized with an additional post-curing step (120 °C
for 2 hr, 160 °C for 2 hr, 200 °C for 2 hr, 220 °C 2 hr). The curing rate was evaluated as having a

conversion > 99 %.

4.2.2 Prepreg Manufacturing

The completely solvent-firee prepreg production was carried out on a pilot production scale EHA
Composites Machinery, Germany. The resin formulations were prepared as in chapter 4.2.1.
and then poured into the heated (85 °C) coating unit (Figure 48a)). The uncured resin
formulations were then film coated on a siliconized release paper using the direct coating
method with a 1.5 m/min production speed. The GF fabric was then introduced onto the resin
film, covered with a second siliconized paper. As a release paper, a Mondi G02J1 (88wGLrh)

GO00J1 of the prepreg's inner and outer side was used. The actual impregnation took place in the
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calander unit at 85 °C (Figure 48b)). The prepreg material is heated in the heating zone (T =
80 °C) and then cooled and consolidated by the calander at a pressure of 5.5 bar. Finally, the
impregnated fabric is cooled in the cooling zone (T = 15 °C) and rolled up with a tensile force
of 70 N. With a circular cutter of an area of 100 cm? (weight x 100 = g/m?), quality control
checks of the targeted prepreg areal weight were executed. If the desired areal weight was not
achieved, the parameters like knife coating distance, calendar roll distance, and temperature
were adjusted accordingly. The prepregs with a 200 - 220 mm width was rolled up Figure 48c),
sealed in a vacuum-bag and kept at -18°C until further processing. The production parameters
are summarized in Table 10. Table 23 (annex) shows the overall production protocols of all

prepregs used in this work.

Figure 47 Lab-scale prepreg production on an EHA composites Machinery.

The prepreg surface quality, primarily due to the high filler content, was constantly monitored.
The production speed and calander roll gap distance were adapted for each system resulting in

a constant areal weight of the prepreg.

Table 10 Overview of the constant prepreg production parameters.

Line Speed / m/min 1.5
Tension (Liner Winding) / N 40
Tension (Prepreg Winding) / N 70
Fabric Tension Pull Station / N 5

PKalander / bar 5.5
PPulling Unit / bar 5.0
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a) coating unit b) calander ¢) prepreg roll-up

Figure 48 Detailed view of a) the coating unit, b) the calander, where the GF fabrics get impregnated

with the resin formulation, and c) the prepreg roll-up for further storage.

4.2.3 Production of the Laminates — Hand-Lay-Up and Autoclave

The prepregs were cut into 200 x 200 mm? single layers, and roughly up to 35 layers were
stacked up by hand-lay-up on a steel plate. The press force used was in between 30 - 45 N.
The average thickness of the unfilled prepreg layers of EN_GF25, EN GF49, and EN_GF107
were evaluated as 90 um, 110 um, and 150 pm (= cured ply thickness, CPT), respectively. The
filled prepregs have an average thickness of 110 um (for the GF25), 120 pm (for the GF49),
and 150 um (for the GF 107). The prepreg lay-up was cured in an autoclave set-up according
to the curing cycle under vacuum (< 25 mbar) and 3 bar air pressure (Figure 49). The detailed
temperature-pressure profile can be seen in Figure 49. The laminates were cured with the same
curing profile as their corresponding filled resin plates. The final laminate thickness for all
systems was determined as 3 = 0.15 mm at the 3 mm section of the laminate.

The following figure shows the autoclave set-up (Figure 50 a)) and an example of a cured

sample EP_ BN12 GF49 (Figure 50 b)) with the optimized laminate design.
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Figure 49 Temperature-pressure curing profile for the processing of the layered prepregs into

laminates.

a) Autoclave set-up b) Cured laminate

Figure 50 a) Autoclave set-up of layered prepregs in the vacuum bag and b) the cured laminate with

the respective ,,three-steps“ design layout, exemplarily for the EN_BN12_GF49 laminate.

The established completely solvent-free process in this work can be seen in Figure 51.
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4.3 Characterization Methods

4.3.1 Thermo-Analytical and Physical Methods

Heat Conductivity and Temperature Conductivity

Heat-Flow Meter

Thermal conductivity measurements were carried out for the through-plane direction at room
temperature of 23 °C using a heat flow meter Lasercomp FOX50 from TA Instruments (New
Castle, United States) according to ASTM C518 and ISO 8301 (and DIN 52612) in specimens
with the diameter of 60 mm and a thickness of 3 mm. The samples were polished before
measuring using SiC (Silicon Carbide) grinding paper of 500, 1200, 2000 grit sizes and
diamond suspensions as low as 1 um. (Equipment: Struers, Ottensoos, Germany). Each side of
the samples was ground on each paper for 4 minutes with 5 kN force and 150 rpm in an anti-
clockwise direction and thoroughly cleaned in an ultrasonic bath with distilled water after each
grinding step. All measurements were carried out at room temperature 23°C £ 2°C. Each sample
was measured three times, and the given values in this thesis are averaged. The accuracy of the

Fox50 equipment is * 3 %, and the reproducibility is + 2 %.

Transient Hot Point Sensor

The through- and in-plane measurement were carried out using the transient hot bridge method
(THB) THB 100 of Linseis (Selb, Germany). The laminate samples (40 x 40 x 3 mm?) were cut
in half at the mid-section and were stacked together, once horizontally on top of each other (for
z-plane measurement) and once vertically (x/y-plane). A highly temperature-sensitive Kapton-
sensor was placed in between using a thermally conductive TiO: paste. In addition, a weight of
5 kg (= 50 N) was placed on top of the sensor tip to ensure constant contact pressure on each
sample. This method measures the thermal conductivity values in the x/y-plane (in-plane) and
the z-plane (through-plane). The set-up was designed in collaboration with Ph.D. student

Johanna Zimmermann from the Chair of Ceramic Materials (University of Bayreuth).
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sample
sensor

general set-up z-direction x/y- direction

Figure 52 Experimental set-up of the THB (center: z, right: x/4).

Thermography

Real-time Thermographic images and time-temperature profiles were detected with a
VarioCam® hr from InfraTec, Germany. The specimens with a diameter of 60 mm and 3 mm
thickness were first subjected to an 80 °C pre-heated hot plate and then cooled down to room
temperature on a second hot plate set-up. The heating and cooling rates were evaluated using
the analysis software /RBIS® 3 professional [176]. Snapshots of the movies were taken at 0,
10, 20, 40, and 80 seconds.

Dynamic-Mechanical Analysis (DMTA)

Dynamic mechanical, thermal analysis (DMTA) was performed at a heating rate of 3 K/min
(N2- purge) from 25 °C- 260 °C in torsional mode at an elastic deformation of 0.1 % and an
applied frequency of 1 Hz using the ARES RDA III from Rheometrics Scientific (Germany).
The specimens had a rectangular geometry of 50 x 10 x 2 mm?* (DIN EN ISO 6721-7). The glass
temperature was evaluated using the maximum of the tan 6 curve. The standard deviation of

measured temperatures is £ 0.375 °C.
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Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry was used to evaluate the glass transition temperature and the
curing behavior. The measurements were performed under Nz purge (50 mL/min) with a DSC
SDTA 821e from Mettler Toledo. 10 mg of each sample was weighed in 40pL aluminum pans
and sealed with a lid. A heating rate of 5 K/min was applied in a temperature range of 25°C to
350°C. For the uncured resin samples, the curing conversion was determined. The T of the

cured samples was evaluated with the half-step method. Each sample was measured once.

Thermo-Mechanical Analysis (TMA)

The dimensional changes in the z-direction (coefficient of thermal expansion, CTE) of each
sample were measured with a TMA Q400 EM analyzer from TA Instruments in expansion
mode. The specimens of 20 x 10 mm? and 3 mm thickness were polished before testing. The
measurements were carried out within a temperature range of 25 °C to 300 °C with a heating
rate of 3 K/min under an N> atmosphere (50 mL/min). A force of 0.05 N was applied during the
measurements. The glass transition is determined at the intersection point of two tangent lines.

The z-CTE value represents the slope of the curve below and above the T,.

Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measurements were conducted using a thermo-gravimetric
analyzer (TGA/STDAS851e) from Mettler Toledo (Columbus, United States). The samples
(15 - 20 mg) were heated from 25 °C to 600 °C under nitrogen atmosphere (50 mL/min) and
from 600 °C to 900 °C in the air (50 mL/min) at a heating rate of 10 K/min to access the fiber
and filler residues. To characterize the char residue and the thermal degradation under inert
conditions, the samples (15 - 20 mg) were heated from 25 °C to 900 °C at a heating rate of
10 K/min under 50 mL/min nitrogen purge. The char yield was assessed at 800 °C. The
standard deviation of the mass is + 0.193. The degradation temperatures Tq 2%, and Tq 5% were
evaluated at 2% and 5 % reported weight loss. Each (filled) resin and their GF-reinforced

laminates were tested once.
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Rheology

Rheological parameters and the gelation behavior were studied with a deformation controlled
MCR 301 rheometer from Anton Paar. The dynamical characterization with a heating rate of
2 °C / min from 25 °C to 200 °C was set under an oscillatory mode at a frequency of 1 rad / s.
The measurements were performed with a plate-plate geometry with a diameter of 25 mm. The

gap distance between sample and plate was kept at 1 mm.

Particle Size Distribution

The particle size distribution was determined using a CILAS Ganulometer 850HR from

Chrome GmbH, Germany. The results were analyzed with the software “Quanta”.

Density

The density of cured plates was determined by displacement method using AG245 balance kit
from Mettler Toledo using the Archimedes Principle. By this method, the density of a solid
sample can be calculated with the aid of an auxiliary liquid whose density po is known (water).
All samples were measured in one day at room temperature of 22 + 3 °C, and the density of
water at this temperature is 0.99780 g/cm?. The cured plates were weighted in the air (A) and

then in water (B). The density p can be calculated with Equation 6.

P A Equation 6
= X
A-B N0

The density of the fillers was studied with a gas displacement pycnometer system (helium
pycnometer), AccuPyc 1330, Micromeretics Instrument Corp., USA. The accuracy for all tested

specimens was * 0.01 g/cm?.

Water Absorption

To assess the amount of water absorbed by polymer sample when immersed in distilled water

(IPC-TM  650-2.6.2.1). The dimensions of specimens used in the test were
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50 mm x 50 mm X% 3 mm with the edges polished. All samples were dried in the circulating air
oven for 1 h at 105 °C, cooled to room temperature, weighed directly after cooling. Afterward,
the conditioned specimens were placed in a container of distilled water at room temperature.
The water absorption was recorded after 24 h, 72 h, one week, two weeks, three weeks, and
four weeks (three samples for each formulation). The specimens were removed from the water
and all surface water was removed using a dry cloth. The specimens were weighed immediately.

Water content was calculated using the following Equation 7.

wet weight — conditioned weight Equation 7
increase in weight, % = g — - g x 100 quation
conditioned weight

Dielectric Properties

The Agilent E4991A RF impedance/material analyzer was used to measure the dielectric
constant (Dx) and dielectric loss factor (Dr) of the cured samples via the capacity method. The
dimensions of specimens were 20 mm x 20 mm x 3 mm, and the testing frequency range was
from 10 MHz to 1 GHz according to IPC-TM 650-2.5.5.9. To simulate the standard condition
for typical applications, the composite samples were dried at 160 °C for 72 h and then kept in
the climate chamber for seven days at 25 °C with 50 % relative humidity. The laminate samples
were also conditioned at 23 £ 2 °C and 50 + 5 % r.A. for one week. The samples were clamped
between two electrodes and measured at the same spring pressure over a frequency range from
1.5 MHz to 1 GHz each time three times at different locations. Three samples each were tested,

and the average was used. The standard deviations for the Dy are in the range of + 0.3 and for

D¢+ 0.0015.

4.3.2 Pyrolysis and Fire Behaviour

Cone Calorimetry

A Cone Calorimeter, iICONE™ Fire Testing Technologies (West Sussex, UK) was used to
evaluate the flame retardancy and other essential fire properties. The samples, with a geometry
of 100 x 100 x 3mm?, were measured in a horizontal set-up with an applied heat flux of

35 kW/m? and 23 mm distance between sample and cone heater (Figure 53). The irradiated
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surface was 96 x 96 mm?. The FIGRA value is calculated by dividing PHRR by the time to
PHRR (t PHRR). All samples were conditioned according to ISO 5660-1 at 23 £ 2 °C and 45 %
r.h. for 24 hours. Two samples of each composition were tested and averaged. The char residues
were investigated as received after the cone calorimetric tests with SEM/EDX. All laminate
samples were tested with the smooth surface facing the Cone Calorimeter. The cone data
reproducibility was tested with three samples of the unfilled, neat EN polymer and with a filled
composite sample. The reproducibility was within 1280 + 168 kW/m? (in respect to PHRR).

a) Sample holder b) Sample in aluminum «¢) Sample under the cone
holder before ignition heater just before ignition

Figure 53 a) and b) Sample preparation for the Cone measurements exemplarily of the laminate
EN_BN12_GF49 (adapted from [157]) and c) horizontal set-up of the Cone Calorimeter. A sample before

its ignition is shown.

UL-94

The Vertical Flame Test is a test, samples of the geometry of 125 x 13 x 3 mm? were vertically
fixed to the upper end with a tripod and ignited with a gas burner flame from the bottom. Cotton
was placed 300 mm below the sample to indicate any melting drops that may drip off the sample
and cause the cotton to ignite upon impact. With a small methane gas burner of about 19 mm
height, a small flame was held to the sample twice for 10 seconds, with the time between fire

was 10 seconds [157].
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4.3.3 Mechanical Properties

Bending Properties (3-Point Bending)

A three-point bending test is carried out to determine the flexural properties of the filled
composites (ASTM D-790-03 and DIN EN ISO 178:2003 [177]). The sample size was 80 x
10 x 4 mm?. The cut samples were conditioned at 23 + 2 °C and 50 + 5 % r.A. for 48 hours. Five
specimens from each sample were measured and averaged using a Zwick Z2.5 (Zwick Roell,
Ulm, Germany). The sample was placed onto two bearings at a defined distance (L = 64 mm),
and a force of 2 N was applied on all the specimens with a strain rate of 2 mm/min. The elastic

modulus (Er) and the flexural strength (o) were calculated according to the standard [25,177].

4.3.4 Morphological Characterization

Optical Microscopy and Hot-Stage

To study in-situ filler network formation of uncured resin formulations and their prepregs, a
combination of optical microscopy with a hot-stage was used. A droplet of resin formulation or
a pre-cut prepreg sample (5 mm x 5 mm) were placed on a microscopic slide with a coverslip
on top. The microscopic slide was then affixed inside a Mettler Toledo FP82HT hot stage. The
sample was heated from 25 °C to 200 °C with a 10 °C/min heating rate. Microscopic images
were captured for different magnifications (2.5x, 5x, 10x, 20x, and 50x) every 5 °C increase
using the DM6000 optical microscope by Leica. The images were later visually edited. To
assess the morphology of the laminates, optical microscopy was employed at various
magnifications. The samples were embedded in Epoxy resin (at RT) and then polished with an
automatic grinder. The grinding media used: silicon carbide paper and diamond suspensions

with particle sizes of 6 um, 3 um, and 1 pm.

Scanning Electron Microscopy (SEM)

Scanning electron microscopic (SEM) measurements for the laminates were obtained with a
Jeol JSM 6510 instrument operating at 15 keV. Samples were embedded, polished (diamond
suspension of 6 pum, 3 um, and 1 pm), and then carbon-sputtered (thickness of coating: 20 nm).

All micrographs are in BEC-mode (= backscatter electron composition).
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Energy-dispersive X-ray spectroscopy (EDX) was used to study the combustion residues of the
tested samples from the cone calorimetry test. These measurements were obtained on a Zeiss
Leo 1530 instrument operating at 15 keV. Then the pre-conditioned samples were studied by
SEM with a field emission cathode for high-resolution micrographs using 15 keV acceleration

voltage and 100x magnification. The quantification of the elements was given in wt.%.

Ultrasound-Analysis

Non-destructive ultrasound testing was performed by using HFUS 2400 (Air Tech) test
machine to assess the quality of the laminates. The tests were done in distilled water at 23 °C
at room temperature. A pulse-echo with a velocity of 5900 m/s and an optimized signal
processing of 45 dB and adapted high- and low-pass filters were applied. The resulting defect
images were created by adjusting the aperture settings for maximum visibility of material
defects. C-Scans were then used to study the possible inhomogeneities (pore formation,

entrapped air, filler agglomerates) within the laminate.

Transmission Electron Microscopy (TEM)

TEM analysis was performed to investigate the dispersion quality of fillers in the composites.
The selected samples were cut to the cube with dimensions of 10 mm % 5 mm x 4 mm, and then
thin sections of 50 nm were cut on a Leica Ultracut microtome equipped with a diamond knife.
The prepared samples were subjected to a bright-field TEM, LEO922 A EFTEM Carl Zeiss
AG, at an acceleration voltage of 200 keV.
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5 Results and Discussion
5.1 Material Selection

5.1.1 Matrix

The selection of suitable polymers for PCB base materials should align with the current higher
high-temperature requirements. With lead-free soldering, the short-term heat distortion
temperature that the PCB base substrate must withstand without softening or degradation has
increased from 180 C to 220°C. Although high-temperature substrates based on bismaleimide
triazine, cyanate ester, polyimide, or even PTFE matrices, with a Ty > 220 °C are already
commercially available, their high manufacturing costs due to complex processing steps is a
significant drawback [22]. FR-4 and FR-5 base materials are made of di- and multi-functional

Epoxy resins resulting in T of <200 °C, respectively [22].

To meet this T requirement of > 220 °C, Epoxy Novolac (EN) resin as a new thermoset matrix
has been established. Curing with a suitable curing agent can result in glass transition
temperatures well above 200 C. In this thesis, Epoxy Novolac cured with the aromatic DETDA
(diethyl toluene diamine) is used as a matrix resin for the PCB base material to achieve excellent
thermo-mechanical properties for the PCB base material. Epoxy Novolac, which is already used
for PCB applications, was selected based on the resulting T, values, low water absorption, and
chemical resistance compared to other thermosets. Due to their aromatic structure, their fire and
smoke properties are excellent with high dimensional stability. The overall ignitability of Epoxy
Novolac is known to be delayed compared to other thermosets [30,32].

The very low viscosity of DETDA as a curing agent aids by mixing with EN in reducting the
absolute viscosity of the resin-hardener mixture, which helps in incorporating higher filler
loadings. The advantage of aromatic amines is their higher Ty and better chemical and thermal
properties compared to aliphatic amines [25]. The curing of EN with DETDA leads to T,
usually > 177 °C and even higher with the right curing program, including post-curing
steps [178]. The reduced viscosity of the DETDA curing agent compared to phenolic resins is
based on the nature of the intermolecular interactions they form. While phenolic resins can form
intermolecular hydrogen bonds, the intermolecular binding forces of the DETDA are based on

the weaker van der Waals forces.
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The temperature-dependent viscosity of EN mixed in a stoichiometric ratio with DETDA is
plotted in Figure 54. The viscosity characteristics are typical for Epoxy resins. With increasing
temperature, the viscosity decreases until the offset of the crosslinking starts. The curve follows
a minimum at 110 °C with a viscosity of 2.5 Pa-s and a maximum of 4.86 - 10*¢ Pa.s at > 160 °C.
The process range for the prepreg pilot line at the University of Bayreuth has a range for
viscosities between 50 mPa-s and 200 Pa-s. For this resin system, the cut-off temperature would

be at ~ 140 °C.
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Figure 54 Viscosity of the unfilled Epoxy Novolac (+ DETDA) in dependency of temperature.

As a first experimental step in this thesis, the curing cycle will need to be optimized for the
processing of prepregs, taking into account the overall Tprocessing 0f <230 C. Figure 55 shows
DSC measurements of the uncured EN (EN+DETDA) and the curves for the cured samples. A
curing profile was suggested by the supplier (curing cycle 1 in Figure 55). A second curing
cycle with an additional post-curing step at 220 °C for 2hr (curing cycle 2) resulted in almost a
horizontal curve indicating a conversion rate of > 99%. Curing cycle 2 was implemented for all
(filled) resin formulations and their laminates. The onset temperature of the curing reaction

between DETDA and EN starts at < 100 °C reaching a maximum at 180 °C.



Results and Discussion 89

Endo up
0.3 - 120 °C
¥ 2 hr, 160 °C 2 hr, 200
0.2 -
°C 2 hr
§’ 01
; 120 °C
0.0 @
S N . for 2 hr, 160 °C for 2
no reaction
= 0.1 4 hr, 200 °C for 2 hr,
O
I 220 °C 2 hr
-0.2 1
-0.3
-0.4 ,

T T T T T T T T T T
0 50 100 150 200 250 300
Temperature / °C

Figure 55 Differential Scanning calorimeter thermograms of uncured and cured EN for selecting the

optimal curing rate.

In conclusion, for the prepreg processing, according to the viscosity plot and DSC results, a
temperature window of below 90 °C must be chosen to impregnate the fibers fully with the
resin. In the case of filled resins and the prepregs, curing cycle 2 will result in the desired high

Tg range of > 220 °C in the laminates.

Table 11 shows the thermal (-mechanical) properties of Epoxy Novolac (DEN 438) cured with
DETDA (= EN). The resin system offers a Tgpma of 242 °C, which is well above the desired
target of > 220 "C. Measurements with TMA and DSC resulted in Ty of 233.1 and 233.3 °C,
respectively.

The z-CTE (pre-T,) is 71.40 ppm/K. The mechanical properties were also evaluated: Epending-
modulus resulted in 3,050 MPa, the K¢ in 0.63 MPa./m and a Gic of 122.05 J/m2. The amine-
cured, multifunctional EN resin has a brittle nature. Due to the aromatic and the phenolic ring
structure, the thermo-mechanical performance is higher but results in low fracture toughness.
In addition, the intrinsic thermal conductivity is very low, with a value of 0.199 W/mK, due to

its polymeric nature.
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Table 11 Thermo (mechanical) properties of DEN 438 cured with DETDA (=EN).

Thermal Water
Propel‘ties Tg,DMA/ OC CondHCtiVity / Df Dk absorption /
W/mK @1 GHz @1 GHz 24
(hot-plate)
EN 242.7 0.199 0.02303 3.634 0.157

5.1.2 Fillers

Based on the motivation of this thesis, the substrate material must be able to dissipate heat. It
is known from the literature that the addition of thermally conductive fillers, such as Boron
Nitride (BN), is helpful to fulfill the requirements. Boron Nitride (BN) is well-known for its
excellent thermal conductivity and its lubricious rheological properties. Three sizes of 4-BN
were chosen: 2 pm, 12 pm, and 45 pm. The detailed investigations and results can be found in

chapter 5.2.2.

Electrically insulating and non-harmful fillers were selected for this Ph.D. study. Boehmite
(BT), a FR filler, is currently “trending” in the PCB market. Boehmite is an intermediate
product of the degradation of ATH to Al,Os. Although ATH has more water bound and has a
higher ability to interact with the gas-phase during combustion, its degradation temperature, Tq,
is much lower (ca. 230 °C) than Boehmite (ca. 350 °C). ATH would not be able to withstand
the lead-free assembly processing and initiate early material failure.

Initially, three different Boehmite filler sizes were chosen, a nano-size and two 2 pm-sized filler
sizes with different geometry (TEM micrographs in Figure 57). The thermal conductivity
results and their corresponding microstructure results can be found below (Figure 56). The
highest thermal conductivity (through-plane) values at 45 wt% filler content (~ 15 vol.%) were
achieved with the Boehmite 2 um platelet (0.45 W/mK (125 % increase)) and 0.38 W/mK
(90 % increase) for the nano-sized as compared to neat Epoxy (0.20 W/mK). Comparing the
results of all the fillers, the thermal conductivity of composites filled with BT 2 pm-platelet
(=BT?2) was slightly better than the other Boehmite filler geometries. This can be attributed to
the high aspect ratio of the platelet shape of the filler. It provides a higher surface area in contact
with the polymer matrix, thus promoting phonon transfer through the composite by reducing

interfacial thermal resistance [125]. The corresponding TEM micrographs (Figure 57) show
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that a conductive filler network was indeed established. The nano-sized filler is well distributed
but does not form any contact point to enable an efficient heat distribution. The evaluation of

flame retardancy can be found in chapter 5.2.3.
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Figure 56 Thermal conductivity of different Boehmite fillers at 15 vol.% (approx 45 wt.%) content in

Epoxy Novolac.
a) EN_BT2 b) KN BT2 ¢) EN_BT
orthorhombic platelet nano-sized

Figure 57 TEM micrographs of various BT-filled ENresins at 45 wt.% content. a) EN_BT2-
orthorhombic (*14.6 vol.%), b) EN_BT2-platelet (<14.7 vol.%) and ¢) EN_BT nano-sized
(=14.9 vol.%).
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5.2 Processing of filled Resin Plates and their Thermal Properties

5.2.1 Process Optimization — filled Resin Formulations

To process the above-selected materials, the process from mixing to curing needed to be
optimized. Overall, the maximum filler content was set to a maximum of 20 vol. % (~ 45 wt.%)
for the BN fillers to ensure optimal processing and impregnation with the prepreg line. All
fillers were dried at 120 °C for 15 min before their use to remove adsorbed water.

The mixing parameters (rpm, time, temperature), order of addition, and filler treatment (drying
steps to remove adsorbed water) were optimized to enhance the filler wetting and resin flow.
Firstly, the solid resin was heated up to 90 °C in an air circulating oven for 20 min. To ensure
even filler wetting and filler dispersion, the resin and the fillers were mixed at 200 - 250 rpm
for 4 min. The generated shear forces reduce in thoroughly wetting of the fillers. After that, the
mixing speed was lowered to 180 rpm for about 15 min. After this homogenization step, the
curing agent was added, and the mixing speed was further reduced to 110 rpm to avoid the
excess generation of air inclusions. This formulation was then poured into the pre-heated molds

(80 °C) to support the formulation to flow and distribute within the mold evenly.

5.2.2 Optimization towards the desired Thermal Conductivity

Influence of Filler Nature

The z-thermal conductivity range of the neat (= unfilled) Epoxy Novolac resin (EN) was
evaluated to be 0.1995 W/mK in the previous chapter 5.1.1. In addition, it was found that the
optimal size resulting in the highest achievable thermal conductvitivy for the flame retardant is
the 2 um-sized Boehmite with a platelet shape. According to the State-of-the-Art, a platelet
geometry presents the most efficient network formation.

The thermal conductivity (TC) of both the platelet-shaped 2 pm Boehmite (BT 2) and the 2 pm
Boron Nitride (BN 2) are plotted as a function of their filler content in Figure 58.



Results and Discussion 93

b) EN_BN2 (19.7 vol.%)

1]
-

z-Axis, RT, 50% r.h.
0.6

05 (- _'

¢) EN BT2 (14.7 vol.%)
e ’

Thermal Conductivity / W/mK
o
¢

EN
0.2
. process range -
014 > J
0.0 — 1 —
0 5 10 15 20 25 30

Concentration / vol.%

Figure 58 a) Effect of filler nature on the thermal conductivity of filled EN resins depending on filler
concentration. b+c) corresponding TEM micrographs of the filler network of b) EN_BT?2 and b) of
EN_BN2 at 45 wt.% (~ 20.vol.%) filler concentration.

The individual addition (= unimodal distribution) of Boehmite (BT) and Boron Nitride (BN) to
an Epoxy Novolac (0.199 W/mK) shows that the thermal conductivity of the composite was
improved with increasing content (Figure 58). The BN2 platelets have a higher impact on the
thermal conductivity than the 2 pm BT, resulting in 0.53 W/mK. The TC of BT 2 at 20 vol.%
is 0.42 W/mK. The TEM micrographs in Figure 58 show that both fillers are well and dispersed,
with a random orientation. The TC value of BN2 is higher than Boehmite, which is mainly
governed by its higher intrinsic TC due to its crystal structure. Also, to some extent, BN2 tends
to form more agglomerates than BT2, resulting in higher scattering effects of thermal heat. This
effect is well-known in literature and is caused by the fillers’ difference in intrinsic thermal
conductivity. The above results are in alignment with findings in literature - from Zhang et al.

[179], Duwe et al. [180], Chiang et al. [94], and Yung et al. [77].
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Influence of BN Concentration and BN Lateral Size

The effect of increasing content and different lateral BN platelet sizes and their content in Epoxy
Novolac were evaluated in Figure 59 and Table 12. The highest TC results were achieved with
BN12 at 19.7 vol.% with a TC of 0.719 W/mK. These results in Figure 59 suggest an optimum
filler size of BN12.
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Figure 59 Effect of different lateral BN platelet sizes on the z-thermal conductivity of EN as a

function of filler concentration.

The increase in TC is not only influenced by the filler content but also strongly triggered by the
filler aspect ratio (AR) and the BET (Bauer—Emmett—Teller/theory of gas adsorption on solid
surface) of the BN. The larger the lateral length (diameter) of BN platelets, the higher their AR,
resulting in a higher TC. The BET shows a contrary trend, which is decreasing with increasing
AR. Moreover, the larger the surface area of the BN fillers, the smaller is their interfacial area
shared with the Epoxy Novolac matrix, and the smaller is the TC resistance [135]. Furthermore,

the surface appearance affects as well (SEMs in Figure 60).
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Table 12 z-Thermal conductivity of the BN-filled EN resins at 45 wt.% (~ 19 7 vol.%) with varying
AR.

Composition Filler Concentration Al WimK BET/ Aspect
/vol.% z-direction m’/g Ratio
EN - 0.19 - -
EN BN 2 19.7 0.53 20 16
EN BN 12 19.8 0.72 7 18
EN BN 45 19.6 0.66 1 23

Figure 60 shows the microstructure of the EN BN2, EN BN12 and EN BN12 filled resins.
The micrographs show a random dispersion and distribution of the BN platelets independent of
their aspect ratio at a fixed 19.7 vol.% (£ 0.1 vol.%) filler concentration in the EN matrix.

At concentrations < 5 vol.%, the barrier effect of the polymer matrix (EN) limits the phonon
transport. At a critical filler content of > 15 vol.%, the increase of the thermal conductivity is
more prominent. Similar findings were published by Yung et al. [77]. They found a critical
concentration of various BN filler sizes at ca. 20vol.%. An interfacial bonding between the BN
and the matrix seems to be established at the platelet edges, where -OH groups are present.
Furthermore, the interparticle distance is much lower, which leads to a misalignment/rotation
of the platelets in the direction of flow. A random filler orientation is established (Figure 60),
which helps explicitly the heat transport in the z-direction.

BN2 shows a much lower increase in TC as the heat spread is hindered by the scattering effects
at each material boundary of the formed agglomerates. Furthermore, it was observed that the
viscosity of resins containing BN2 and BN45 was higher, and therefore, filler incorporation and
wetting were more difficult. It was observed that the BN45 particles tend to get broken during
the processing of the formulation, which was even more evident during the prepreg production
and impregnation. Therefore, these two fillers were not considered moving forward in these
studies. The smoother, more planar surface of BN 12 is more effective in thermal transport

due to fewer scattering effects.
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Figure 60 Influence of the BN platelet aspect ratio on the conductive filler network formation. The
SEM micrographs show a) unfilled EN b) EN_BN2 (19.7 vol.%), ¢) EN_BN12 (19.8 vol.%) and d)
EN_BN45 (19.6 vol.%).
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A theoretical model based on Hatta-Taya was employed to confirm the above experimental TC
results (z-direction, via heat flow meter) and the corresponding morphological observations.
The Hatta-Taya model includes the actual filler geometry in its equation and is, therefore, more
accurate than other theoretical models. This model predicts the “ideal” thermal conductivity for
platelet-shaped fillers for in- and out-of-plane orientation, in the direction of the BN plane and
perpendicular to it (equations 5 and 6). The boundary conditions were defined with
0.1995 W/mK for the TC of the EN matrix, 200 W/mK as TC for the BN, the average platelet
length of 15 um, and thickness of 0.84 um (evaluated with the help of SEM micrographs of the
filler). Figure 61 shows the thermal conductivity results in dependency of the concentration,
exemplarily for the EN BN12. The linear fits of all three plotted lines, out-of-plane,
experimental and in-plane, resulted in an R? of > 0.98 for the theoretical values and R? of > 0.97
for the experimental, data indicating good approximation. The experimental TC values,
especially at higher concentrations, are precisely within the values of the calculated boundaries
of 100% z-plane versus an orientation 100% x/y-plane. This model, therefore, confirms the

apparent random orientation per the SEM micrographs.
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Figure 61 Thermal conductivity comparison of the experimental and theoretical values based on the

Hatta-Taya model, exemplarily for the EN_BN12-filled resin in dependency of concentration.
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Evaluation of Filler Combinations and the Variation of their Ratios

Subsequently, the influence of filler combinations and their ratios were studied to improve the
overall packing density. In the previous chapter, BT 2 and BN 12 were selected based on their
TC results.

By incorporating both 2 um and 12 um BN-platelets (= bimodal combination), the packing
density of the fillers can be tailored in a smart way, and therefore, the heat transport through
the filled resin bulk volume can be optimized. Furthermore, substituting 2 um BN-platelets with
2 um Boehmite-platelets (= hybrid combination) shows the potential to simultaneously
establish a low-cost and thermally conductive and flame-retardant-filled resin. The evaluation
of the TC of the bimodal combination of BN (= BN2 and BN12) and the hybrid combination
of BN with the flame-retardant Boehmite (= hybrid, BT2 and BN12) is shown in Figure 62.
The results of the bimodal and hybrid combinations are at a constant filler content of 45 wt.%
(= 18.3/19.8 vol.%). The corresponding SEM micrographs of the highest TC values are shown
below in the graphs.

The thermal conductivity of both formulations, bimodal and hybrid, is higher than their
corresponding unimodal formulations (grey data points). There is a maximum value for the
TC in both cases, which directly correlates with the BN filler size. The thermal conductivity at
constant 45 wt% filler content was increased from 0.59 W/mK (unimodal 12 um BN) to
0.66 W/mK for the bimodal BN combination, BN2 and BN12 (1:1 ratio). Furthermore, the
relative composition ratio variation from 1:1 to 1:3 by increasing the BN12 fraction, an even
higher TC value was achieved (0.71 W/mK).

The substitution of the BN2 with the Boehmite 2 um (hybrid combination) shows a similar
trend. The relative combination of 1:3 Boehmite 2 pm with BN12 in the 45 wt.% formulations
(= 18.3 vol.%) leads to an increase from 0.66 to 0.81 W/mK.

The corresponding microstructure shows a homogeneous filler dispersion in the SEM
micrographs with random orientation of the BN12 platelets. It can be assumed that the heat path
is established mainly with the inter-filler contact of the BN12 platelets at or above the critical
filler concentration. These larger BN ellipticals have a slight tendency to be more oriented in z-
direction. This leads to a higher heat transfer in the vertical plane of the sample since the
intrinsic TC of the BN platelets is strongly dependent on the BN orientation (also see illustration

in Figure 61). In both cases, the smaller 2 um particles fill the gaps between the larger platelets.
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With the larger platelet size, the probability for inter-filler contact is higher and, therefore, more
likely that form a uniform conductive network is formed. The larger BN12 platelets form the
main micro-structure, and the smaller platelets fill the gaps in between, which leads

simultaneously to an increase in the packing density but also a higher TC.

a) Bimodal - EN_BN2+BN12 b) EN BT2 + BN12
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Figure 62 z-plane thermal conductivity results and corresponding SEM micrographs of a)
EN_Bimodal and b) EN_Hybrid. (ratio 1:3 =2 pm : 12 pm filler size)
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Influence of Fillers on Viscosity and Network Formation - In-situ Hot Stage Microscopy

Study

To understand the temperature-dependent formation of the filler network, the microstructure of
the EN Hybrid formulation was studied. With the help of in-sifu hot-stage optical light
microscopy, optical micrographs were taken during the cross-linking reaction. The images were
taken at 6 different temperature stages (marked in Figure 63) of this hybrid formulation. The
corresponding viscosity plots for the neat EN and the EN_Hybrid are shown in Figure 63.
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Figure 63 Viscosity plot of the unfilled EN and EN_hybrid formulation. EN_Hybrid was studied with in-

situ hot-stage microscopy, and the highlighted temperatures represent the microscopic images taken.

Firstly, the introduction of both fillers into EN does influence the overall viscosity. The
minimum viscosity was evaluated to be at 110 °C. The curve progressions for both unfilled EN
and the EN_Hybrid are similar. However, the onset of the curing reaction is about 10 °C lower
for the hybrid formulation ( vs. 140 °C for the unfilled EN). With temperatures
below <90 °C at the coating unit, both resin formulations can be processed with the prepreg

line as both are within the processable viscosity range of 50 mPas to 200 Pas.
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To study the filler network formation during the thermally induced curing reaction, a
microscopic image was taken at the lowest temperature at 60 °C (Figure 64). At this stage A,
the hybrid formulation shows an excellent random filler dispersion and distribution, which was
only achieved by the process optimization as explained in chapter 5.2.1. At this temperature,
the resin viscosity of the formulation is high, with no resin mobility at all. With the temperature
increase to 90 °C, the viscosity slowly starts to decrease. The fillers are still immobile and show
an overall random dispersion. At 110 °C, the resin viscosity reaches its minimum. With this
onset of resin mobility between 90 °C and 110 °C, the fillers slowly begin to move (Figure 63c¢))
At this stage, an initial agglomeration can be noticed. Reaching 135 °C (stage D), the gelation
is initiated. The fillers self-assemble, and self-aggregate are forming a continuous network
(indicated by the arrows) as their intrinsic attractive forces are higher than the shielding forces
of the matrix. The filler-filler interaction causes a filler rotation and changes to their prior
orientation. At stages £ and F at temperatures > 160 °C, the viscosity reaches its maximum
during the crosslinking reaction. The filler network is “/ocked-in”. The microscopic image in
polarized mode (Figure 65) shows that the SEM images in Figure 62b) can be correlated to the
findings in the previous chapter: BN12 (green particles) help to establish the main “skeleton”
of the network structure, whereas the BT2 fillers assemble into the gaps or adhere to the BN

platelets.
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EN_Hybrid formulation after crosslinking at 180°C

Matrix — EN

BN12 filler

BT2 filler

Figure 65 Optical micrograph of the cured state of the EN_Hybrid formulation in polarized mode.

Influence of apparent Filler Network Formation on the z-and x/y-Thermal Conductivity

The TC findings, measured with the heat flow meter in the z-direction, were further verified
with the THB (Figure 66). The advantage of the THB is that the TC can also be measured in
the x/y-axis, whereas with the heat flow meter, the measurements are strictly restricted to the z-
plane only.

The direct comparison of the TC results measured with THB for both z- and x/y-directions is
shown in Figure 66.

The results indicate that in the z-direction, the TC is slightly higher than the results
perpendicular to it (x/y-direction). The linear trends for the fillers and their combination can be
described as y = ax+b with a slope (= @), intercept b at 0.2 for the EN matrix. The R? for all
systems is > 0.99. The linear fits are in good correlation with the measurements with the heat
flow meter in the z-plane. The THB results for both planes show a similar trend.

In summary, these filled resins show a 3-directional heat spread, aligning with the overall target
(chapter 3). Current State-of-the-Art base materials are restricted to 2-directional heat
management. FR-4 base materials have a TC of 0.25-0.3 W/mK in z-plane and
0.6 - 0.8 W/mK in x/y-plane [18].
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Literature results also can strongly vary based on the type of gauge and the measurement
techniques. Quite often, results are based on simply applying pressure on the samples. Higher

pressures can alter the TC result positively.
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Figure 66 z- and x/y-plane thermal conductivity results for the EN_BN12 and EN_BT?2 filler and
their EN_Hybrid combination (evaluated with THB).
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Xie et. al. [181] studied the in-plane and out-of-plane thermal conductivity of #-BN polyvinyl
alcohol (PVA) composites of a size range between 4 um and 13 um and at 19.6 vol.% content.
Tape casting forced the alignment of the platelet-shaped fillers. A TC value of 4.41 W/mK (x/y-
plane) was reported. However, the results perpendicular show a decrease by 50 % due to the 2-
directional filler alignment. Similar results were published by Su ef al. [103] using #-BN of
20 um in a cycloaliphatic Epoxy resin (CER) matrix. At 15 wt.% filler content, z-plane values
of 0.5 W/mK and 0.8 W/mK in x/y-plane were reported. A significant TC increase was found
above a filler content of 35 wt.%, with 1.1 W/mK (z) and 1.6 W/mK (x/y’). Their study is based
on thin-film resins, and a strong anisotropy of the BN fillers in the x/y-plane was claimed to be

the main contributor to the high TC values.

Calculation of the effective Thermal Conductivity according to Nielsen

According to Nielsen’s efficiency rule (Nielsen model), the effective TC is significantly below
its intrinsic thermal conductivity. Thus, it leads to an increase for the TC in a moderate range.
The model by Nielsen was evaluated by using the experimental results for the model
calculation. For the intrinsic thermal conductivities of neat EN resin, a theoretical value of
0.20 W/mK and 200 W/mK for EN_ BN12 were used. The calculated ratio 4, / 4. (p = particle,
m = matrix) for the formulation investigated in this study is 1000. The mean filler content was
determined via TGA of the investigated systems and resulted in 19.7 vol.%.

The effective TC of the BN 12um filler Agy ¢y was calculated using equation 2. For this, the
experimental TC values of BN (= 1.183 W/mK at 19.7 vol.%) and the matrix (= 0.26 W/mK),
both measured with THB, were utilized.

The Agpyesr tesulted in 6.05 W/mK for BN 12um (literature value: 200-300 W/mK!) and
Boehmite a Apyepp of 2.19 W/mK (literature value: ca. 30 W/mK!). The value Apyprig err Was
calculated to be 5.08 W/mK. A similar Agy ¢ Was published by Suplicz et al. with 8.8 W/mK

with #-BN of 3-5um in size in a PP matrix. His calculations also show that the experimental

values are below the anticipated literature values [182].
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Interim Summary — Studies on Thermal Conductivity

Firstly, three Boehmite fillers with various sizes and shapes were studied. It was found that the

platelet shape of Boehmite with a Dso of 2 um (= BT2) resulted in the highest TC.

Secondly, the influence of the filler nature, which is well known in the literature, was
demonstrated by using BN2 and BT2. BN has a higher intrinsic TC and therefore is more
efficiently conducting heat. The BN2 showed higher results but only at concentrations
> 10 vol.%. This strongly suggests that interaction between individual filler particles is still
required to absorb and transport heat efficiently. Below 10 vol.% filler contents, the TC is
independent of the filler nature. From the literature, it is known that higher concentrations also
lead to higher TC results [66]. The rule of thumb states at least a filler content of 15 - 25 vol.%
is necessary to increase the TC by 10 % [66].

The investigation of various BN platelet sizes at 19.7 + 0.1 vol.% filler content resulted in
selecting the optimal platelet filler size of 12 um. A good filler dispersion was achieved with
process optimization. A random filler microstructure was established during curing. This
confirms that with increasing lateral size (= increasing aspect ratio), and decreasing BET of the
particles, the TC increases. The larger the filler’s AR, the sooner a filler-filler interaction was
established. BN has a nearly perfect crystal lattice, similar to graphite, which is advantageous
for phonon transport with minimal scattering effects [77]. At a critical filler content
below < 10 wt.%, the thermal conductivity is low due to the polymer matrix's thermal barrier
effects, limiting the phonon transport. The random microstructure was also confirmed by
applying the theoretical model by Hatta-Taya that takes the filler geometry, size, and intrinsic
TC into account.

Finally, the best thermal conductivity was evaluated as the hybrid filler combination with the
combination of BT2 with BN12 in a 1:3 ratio. The fillers were well dispersed in the EN matrix,
with a BN12 having a random orientation. It was noticed that a filler network has been
established during the curing reaction at the point of the lowest viscosity and hence maximum
resin mobility. The well-dispersed fillers self-assemble and -aggregate to a network structure,

with BN12 forming the main filler chain and BT2 adhering to the BN or filling into its gaps.
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5.2.3 Optimization towards the desired Flame Retardancy

Pyrolysis and the flame-retardant behavior are highly important for applying a resin as a matrix
for a PCB base material. This thesis evaluated a novel flame-retardant type of Boehmite, which
is suitable for the higher soldering processes. In addition, there are not many studies on the role
of BN and its thermal conductivity on flame retardancy mechanisms in literature.

The thermal stability and the thermal degradation, especially under air atmosphere, were
investigated with thermal gravimetric analysis (TGA). The Cone Calorimeter was used to
evaluate time to ignition (tig), the heat release rate (HRR) and its peak value (PHRR), the total
heat release rate (THR), the total smoke release rate (TSR), and the residual mass of the
laminate samples. Post-combustion morphological investigation of char residues was
conducted via SEM-EDX. Based on these morphological studies, the role of each filler type
regarding the prevailing flame retardancy mechanism could be identified and used to establish

structure-property relationships.

Influence of BN and Boehmite Fillers on Thermal Degradation and Pyrolysis Behaviour

This chapter investigated the influence of the two fillers species on pyrolysis, thermal stability,
and flame retardancy in the oxidative and non-oxidative atmosphere.

The concentration of the fillers in the EN matrix was kept constant at 45 wt.% (~19.7 vol.%).
The thermo-oxidative degradation of selected filled resin formulations was studied with TGA
(Figure 67). The results are summarized in Table 13. The most important characteristic values
are the thermal decomposition temperatures at 2 wt.% (Tq.2%) and 5 wt.% (Tq,5%), indicating the

beginning of thermal instability.

The overall glass transition temperature (Tg) resulted in a range of 242 + 2 °C. In general, the
thermal stability of the systems has the following order:
EN BT2>EN_Hybrid > EN_BNI12 > EN (= highest to lowest stability).

The unfilled, neat EN has the lowest thermal stability with no char residue left. The thermoset
degrades fully under thermo-oxidative (air) conditions. The thermal decomposition is strongly
influenced by the monomer, the curing agent, and the crosslinking density [183]. In general,

the thermal stabilities of aromatic thermosets are higher than aliphatic [183].
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Table 13 Overview of all filled EN resins' thermal stability and degradation behavior in correlation

with their resin- and filler volume contents.

Composition  Tgpma®/ Ta2%?/ Tasn®/ Charyield®/  Resin Filler
C T e oo omm
EN 242 352 363 0.00 99.7 -
EN_BN12 244 353 368 30.45 86.3 13.7
EN_BT2 242 359 373 29.10 89.6 10.4
EN_Hybrid 242 358 370 29.64 87.8 12.2

* Tg values determined by maximum of tan 9.

b Degradation temperature at 2% weight loss under N-.
¢ Degradation temperature at 5% weight loss under N:.
 Residual weight at 800 °C under Air.

In N> (inert) environment, a C-C bond scission is initiated at elevated temperatures, while under
O, atmosphere, a radical chain reaction is triggered [ 184].
The overall Tqse of the matrix EN is 363 °C (Tgs%). The minimum requirement for base

materials applicable in PCBs is Tq,;5% =350 °C. This novel resin (EN cured with DETDA) meets

this higher requirement.
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Figure 67 TGA thermogram of selected EN formulations at constant filler concentration of 45 wt.%.
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The incorporation of Boehmite and BN fillers each shifts the onset of the decomposition
temperatures, Tq,29% and Tq 5%, by up to 10 °C compared to the neat EN resin. This indicates that
the incorporation of (low and high) thermally conductive fillers help to spread the surrounding
heat and inhibits the diffusion of decomposed volatiles through shielding [125]. A good filler
dispersion and interfacial interaction between matrix and filler also lead to higher thermal
stability [125], which was achieved in this thesis (compare results in Figure 63a) by process
optimization.

Comparing the Tq29 and Tq 5% results, the highest thermal stability shows the EN BT2, which
is ~ 5-6 °C higher than EN_ BN12. The degradation of the Boehmite-filled resin starts after the
initial decomposition of the EN matrix. A closer look at the TGA thermogram shows that the
EN_BT2 has two significant mass loss steps (indicated by an in Figure 67). The first step
(=360 °C) can be associated with the crystalline lattice change and dehydration of AIO(OH),
leading to a phase transition to y-Al>2O3 (intermediate product) [162]. At> 500 °C, Boehmite
decomposes entirely by converting to Al,Os, which is indicated by an increasing char yield
[185,186]. Sun et al. studied Boehmite incorporated in DGEBA resin. Their results correlate
with the findings above: a higher Tq ;s BT-filled DGEBA than the unfilled matrix. However,
increasing the concentration of BT did not lead to a further shift of Tq s [164]. Boehmite helps
absorb heat and supports stabilizing the gas phase above the solid phase by releasing water
molecules. Cooling down the gas phase helps to slow down the degradation reaction and
therefore shifting the degradation temperature.

The char residues examined with TGA in oxidative conditions show that the incorporation of
fillers leads to higher charring effects compared to the neat EN. This indicates condensed-phase
activities for both fillers. The amount of char formed under oxidative conditions is much higher
for the filled resins than the unfilled EN. A high char yield in combination with high initial
degradation temperatures describes the effectiveness of flame retardation [187]. BN12 has a
slightly higher char yield than BT2, which might be attributed to the initial slightly higher filler
volume content and because BN does not decompose in this temperature range.

In general, the matrix decomposes in a first step for the filled resins, as all fillers are more

thermally stable. This indicates that there is no interaction between the matrix and the fillers.
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Influence of BN and Boehmite on Flame Retardant Behaviour

The flame retardancy of the filled resins was studied by a Cone Calorimetry. Cone calorimeter
tests enable the evaluation of a forced combustion and access to valuable information of the
fire-retarding behavior of these materials.

The heat release rate (HRR) in dependency time for the neat EN, EN BT2, and EN_BN12 is
plotted in Figure 68. Their filler combinations, bimodal and hybrid, are plotted separately in
Figure 69a). The results regarding the total smoke release (TSR) and the heat release (THR) are
plotted in Figure 69b and c).

Concerning Figure 68, the exposure to external heat leads to slow degradation of the polymer
surface, which causes the release of small fragments/volatiles from the solid- into the gas phase.
At a specific critical concentration, these volatiles are ignited by irradiation. The samples start
to decompose in air atmosphere under the release of heat and smoke particles into the gas

phase [188].
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Figure 68 Heat release rate (HRR) of the unfilled EN, the EN_BT?2 - and the EN_BN12-filled EN
resin (applied heat flux 35 kW/m?).
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The neat EN sample curve progression follows a sharp increase and decreases with the shortest
tig of all systems. Similar results were published by Unlu et al. [189]. This is an indicator for
materials with almost no residue formation directly correlated with the TGA results (Table 13)
[154]. The neat Epoxy Novolac degrades in the condensed phase (= pyrolysis zone) under
random chain-scission into radicals, CO, and CO, under a high heat release with a maximum
at 1198 kW/m?. Especially for amine-cured Epoxies, the first decomposition is undergoing
dehydration (or dehydrogenation) of the secondary alcohol, which is formed during those
mentioned above radical cross-linking reaction yielding to allylic amines. These radicals cross-
link to a more (thermally) stable char [190]. This can be observed in Figure 68 (tiny shoulder)
with the reduction of heat release. In a second step, the allylic oxygen bond (C-O) is less stable
and can be further scissioned by O». Since the curing agent is amine-based, its weak C-N bond
dissociates by forming volatiles [146,189]. These decomposition reactions contribute to the
overall charring as amines tend to remain in the solid phase [189,190]. During combustion, it
was observed that the EN samples burned uniformly with an intensive flame spreading fully
over the total sample surface area. Some char was left, indicating activity mainly in the gas and

some extent in the condensed phase, but mainly in gas-phase above solid phase.

A closer look at the HRR curves shows (Figure 68) that the time to ignition (tig), the time to
peak heat release rate (tpurr), and the PHRR are strongly influenced by the presence of the
inorganic fillers. Compared to EN, the curves for EN BT2 and EN BN12 show a gradual
decrease until flame-out due to char formation.

EN BT2 shows a significant decrease of 40 % of the peak heat release rate resulting in
674 kW/m?2. The ti; was increased by almost 30 s compared to the unfilled EN. The reduction
in PHRR and increase in ti; were also published by Laachi ef al. using 20 wt.% Boehmite in a
PMMA matrix [191]. The curve of the EN_BT2 follows a tiny shoulder before reaching its
peak maximum. The appearance of this double peak might be correlated to the TGA results, as
Boehmite decomposes in two significant steps [164,165]. Wilson et al. [192] reported a
dehydration reaction of Boehmite at elevated temperatures. At high temperatures (> 340 °C).
Boehmite undergoes a dehydration reaction. Water is released, and a thermally stable Al2O3
layer (= ceramic barrier) is formed. The release of water is an endothermic process, and it

lowers the heat to which the filled resin is exposed, thus lowering its degradation rate. By
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releasing water during the degradation reaction, the system is cooled down by reacting with
pyrolyzed volatiles in the gas phase and forming an Al>Os-barrier in the condensed phase.

The PHRR and THE values are affected by gas- and condensed phase flame retardancy
mechanisms [193]. While the gas-phase activities suppress the flame, the condensed phase
forms active FR residues char, inhibiting the underlying material from decomposing [193]. The
much higher char content of the BT- and BN-filled resins indicate higher condensed-phase
activity. Compared to the unfilled EN, the total smoke released decreases by 38 % (Figure
69b)). The platelet BT shields the surface by limiting heat transfer and slowing down the
degradation reaction [184]. In addition, the decreased smoke release can also be explained in a

way that smoke particles (soot) can adsorb to the Al>Os filler surface [145,194].

For the EN_BN 12 resin, there is no considerable effect on the PHRR. However, BN causes a

significant shift of the tig by a total of ~ 60 s. This might imply that:

a) the formation of volatiles is either decreased by an efficient barrier effect due to
its platelet nature
or,

b) the time to attain a critical, ignitable volatile concentration in the gas phase above

the sample is longer due to its thermal conductive nature.

The barrier effect given by the platelet shape increases the path length for volatiles to reach the
surface [188]. Jin ef al. investigated ~2-BN (3 um, 20 wt.%) in a Bismaleimide-matrix [195].
They have published similar observations: an increase in ti; and a slight decrease in PHRR.
However, the amount of char residue was negligible. They claimed the poor filler dispersion
did not form a heat-protecting layer. Gu et al. [169] studied graphite platelets (40 um) in
DGEBA and found a similar phenomenon. They claimed the higher thermal conductivity
(1.48 W/mK @ 30 wt.% filler content) for this reduced ignitability. The platelet-shaped BN
only reduces the smoke release by 14 % compared to the Boehmite-filled composite. However,
the BN shows an influence on the fotal release rate (THR). It can be assumed that the BN sheets

migrate to the surface and act as a ceramic barrier inhibiting heat and mass transfer [167]. Also,
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the BN supports the heat transfer away from the surface. By spreading the heat, the temperature

on the samples' surface changes, and therefore the samples are longer thermally stable.

Filler Combinations and their Effect on Flame Retardancy

The influence of the filler combination on HRR, TSR, and THR was evaluated in Figure 69.
For comparison reasons, the bimodal BN filler combination was also studied.

The bimodal combination of BN2 and BN12 leads to the same phenomenon described in the
previous sub-chapter for the BN filler: a significant shift of tig from 113 s to 164 s, which equals
an improvement of 51 s of the ti;. However, there is no significant effect on the PHRR value
(Figure 69a)).

By substituting BN2 with the BT2 (= hybrid combination), the PHRR was significantly
decreased by 38 %, from 1198 kW/m? (neat EN) to 729 kW/m?, respectively. In addition, a tig
shift was observed, which can be attributed to the thermal conductivity of the BN filler (Figure
68). This shows the dual effect of the hybrid formulation compared to the bimodal, which does
not contain a FR. This might result from the better dispersion of the BT fillers in the hybrid
formulation compared to the BN2 in the bimodal formulation. BN2 tends to agglomerate
resulting in a less homogenous distribution. The BT2 particles showed a good dispersion in the
EN matrix and higher filler packing density filling the gaps between the BN12 filler. This
presumably led to a higher restriction of the migration of volatiles. The pyrolysis gases
accumulate underneath the barrier, consisting of Al2O; and BN, resulting in a significant
decrease in TSR (Figure 69b)).

In general, all filled resins showed a higher char residue compared to unfilled EN. Especially,
phenol-containing Epoxies, i.e., Epoxy Novolac, are reactive and more inherently fire-retardant
and known for their significant heat release and their contribution to charring due to the
aromatic component [183]. EN_BN12 shows a higher TSR but a lower THR compared to the
EN Bimodal formulation. This can be explained by the more considerable platelet length,

which has a higher ability to shield heat.
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Figure 69 Evaluation of fire-specific values via Cone Calorimetry for the unfilled and filled EN
resins. a) heat release rate (HRR), b) total smoke release rate (TSR) and c) total heat release rate

(THR).

In summary, it was found that with only BN (EN_BN12) alone, the tig can be significantly
increased, and the TSR decreased. This is due to BN's thermal conductive nature and due to its
barrier effect as BN does not decompose. The EN Bimodal and EN BN12 formulations
showed similar overall trends. BN2 was supposed to fill the gaps between the larger BN12
platelets, but no significant effect on the TSR was observed. The EN_Hybrid and EN_BT2 both
impact FR with the initial endothermic release of water, the smoke release increases slightly,
and the formation of the Al,Os (especially for EN_BT2 in Figure 69b)).

The THR results are very similar for all formulations. The difference between EN_BN12 and
EN_Bimodal might result from the higher effectiveness of BN12 platelets and their higher
intrinsic TC, therefore shielding heat by conducting heat away from the surface.

Furthermore, the fire growth rate index (FIGRA), PHRR, and t (PHRR) ratio were calculated.
FIGRA is an index for fire spread and the size of a fire and is used for rating fire-hazardousness
[184,195]. The FIGRA value was reduced from 6.6 of the unfilled EN resin to a value of 3.5
for EN_Hybrid.
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Post-Combustion Analysis of Char Residues with SEM-EDX - Fire-Retardant

Mechanisms

To establish a correlation between the evaluated characteristic Cone Calorimeter parameters
and fire-retardant mechanisms, the char residues were evaluated with SEM coupled EDX. The
EDX quantification was conducted by scanning the surface of the charred samples (Table 14).

The SEM micrographs show top- and side perspectives of the char residues (Figure 70 - 72).

Multifunctional Epoxies with an aromatic component offer a high crosslink density and a high
pyrolysis resistance, contributing to a stable layer formation [183]. The char formation is
generally correlated to the release of “fuel”, which is described as the total heat evolved (THE)
parameter [184]. A reduction of heat released is caused by the formation of char or based on a
lower polymer content [184]. Levchik ef al. report in their review that inorganic fillers generally

tend to catalyze the degradation of Epoxies [183].

Table 14 EDX quantification results of the char residues after Cone Calorimeter measurement.

B (K)/ CK)/ N (K)/ 0K/ AIK)/
Composition
wt.% wt.% wt.% wt.% wt.%

EN - 100 - - -

EN BNI2 37 33 9 13 8
EN BT2 - 68 7 14 11
EN_Bimodal 61 6 30 2 -
EN Hybrid 39 36 8 10 6

First, for all filled resins, the char resulted in a “foamed” structure after degradation, known as
“intumescence ”. This implies that the top layer must be of dense material, restricting the release
of volatiles formed during the degradation of the polymeric matrix into the gas phase [184].
Moreover, a foamed material, in general, has lower thermal conductivity and leads to a
temperature gradient from top to bottom of the sample [188].

The char residue of the neat Epoxy Novolac sample is very unstable with a very smooth surface

(Figure 70a)).
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It is majorly composed of carbon, highlighting a complete degradation of the matrix in air
atmosphere. Since the char is unstable, the fragmentation of the sample during combustion
helped to release the volatiles (oxidized components such as CO, COy) into the gas-phase [188].
The addition of Boehmite led to a more rigid char at the surface with a foam-like/porous
structure in the core (see side-perspective). The zoomed-in SEM (Figure 70b)) shows a dense,
platelet-like surface on the top surface. The elemental composition of this layer consists mainly
of carbon, oxygen, and aluminum, indicating the formation of CO, CO», and Al,O3 during the
matrix combustion and filler degradation. It is assumed that the volatiles (CO and CO.) are
trapped under the AlO; barrier and contribute to the overall intumescence of this
sample [165,191].

The BN-filled char (Figure 70c)) has a compact top, and the main elements detected were boron,
carbon, and oxygen. The platelet BN does not decompose at these temperatures, and therefore
the filler migrates to the surface, forming a compact layer. This barrier delays the diffusion of
pyrolysis gases and the initial ignition. This can be directly correlated with the TSR and THR
results from the previous chapter. EN_ BN 12 was higher than EN_ BT 2, as EN_ BN 12 has
more microporous channels. BT degrades to Al,O3 and acts as a barrier more efficiently. The
elemental quantification indicates a higher probability of matrix degradation into the gas phase.
The bimodal char morphology is compact at the surface and shows microporous channels in
the side perspective (Figure 71). The main elements detected were B and N. The combination
of two different platelet sizes of BN, 2 um and 12 pm (Dso), forms even more diffusive paths
since the smaller platelets can fill the gaps between the larger platelets. The morphology led
not only to an increase in thermal conductivity but also to lower TSR and THR. Therefore, the
principal mechanism is increasing the diffusive path length and the formation of an insulating
barrier restricting heat/oxygen exchange and stabilizing the char [189]. Since the BN platelets
migrate to the top surface in an early degradation stage, the volatiles is entrapped, leading to a
high level of intumescence.

The hybrid char (Figure 72) shows a dense surface but slightly less microporous in the core
compared to the EN_ BT 2 sample. The Boehmite decomposes, forming an Al,Oj3 barrier, the
remaining volatiles “foam” the sample leading to a porous structure. The surface scan with
EDX identified mainly B, N, and O, but a lower carbon percentage was detected than the

bimodal sample.
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Interim Summary — Studies on Flame Retardancy

Correlating THR and TSR results with the apparent char morphology indicates that the matrix
degradation is higher for the BN-containing formulations EN BN 12 and EN Bimodal. BN
particles remain in the solid phase as an inactive “FR” and delay the volatiles' release. In
contrast, the Boehmite-containing formulations EN_Hybrid and EN_BT?2 restrict the matrix
degradation more efficiently by forming the Al,O; layer. The additional activity in the gas
phase resulted in decreasing both the THR and TSR values.

Lewin and Weil [186] proposed the synergistic effectiveness index to identify and verify if a
“real” synergy between the two fillers exists. Possible synergism is known to show beneficial,
improved, or even a superposition of effects using two or more fillers. This synergistic
effectiveness is defined as the ratio of flame retardant effectiveness (EFF) between one filler
and the EFF of both fillers [186,196]. Yang et al. describe synergistic effects if both the
condensed- and gas-phase activities lead to improved fire properties [197]. Sut and Schartel et
al. introduced the synergy index (SE), which can be calculated based on the PHRR or THE
values [165]. If a real synergism exists, then the SE would be > 1. If the ratio < 1, then a
combinatoric or even an antagonistic effect is more likely.

The calculated synergy indices indicate combinatoric/antagonistic effects regarding PHRR and
THE results. The lowest values regarding PHRR and TSR were accomplished with the
unimodal Boehmite, whereas the longest tig was attained with unimodal BN. For the hybrid
system, the synergy index is slightly higher. However, the SEs indicate a strict combinatoric

effect (Table 15).

Y(Epoxy Novolac)-Y(combinatoric system)
X(filler 2)
X(Filler D+X (filler 2)

SE =

X(filler 1) Equation 8

m-(Y(Epoxy Novolac)-Y(filler 1))+

. (Y(Epoxy Novolac)-Y(filler 2))
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Table 15 Comparison of calculated synergy indices for the bimodal and hybrid-filled resins for

PHRR and THE indicating combinatoric effects only.

System Synergy index (PHRR) Synergy index (THE)
EN Bimodal 0.13 0.20
EN Hybrid 0.22 0.25

5.3  Thermal Conductive and Flame-Retardant Properties of Laminates

In this chapter, the influence of glass-fibers on the thermal conductivity and the fire behavior
of corresponding composites are evaluated. A relation to previous findings of filled resins on
filled resins to the behavior of the resin in prepregs will be drawn. For this study, systematically,
the FVC was increased under the constraint that the filler content is kept constant! The increase
in FVC was achieved using three different standard fabrics with varying areal fiber weights of
25 g/m? (= GF25), 49 g/m? (= GF49), and 107 g/m? (= GF107). As matrix resins the unfilled
Epoxy Novolac (EN_GFXX), the BN 12 um-filled Epoxy Novolac (EN_BN12 GFXX), and the
Epoxy Novolac with the hybrid filler combination (EN_Hybrid GFXX) were selected.

5.3.1 Solvent-free direct in-line Impregnation — Prepreg Properties

Prepreg Processing Window

Before prepreg production, it was concluded from rheology experiments that the process
temperature needs to be kept at <90 °C (Figure 54). During prepreg process optimization, a
tiny processing window between 75 - 85 °C was determined. A homogenous matrix film was
formed within this temperature range on the release paper, whereas higher temperatures led to
droplet formation (= porous matrix film) (Figure 73). An inhomogeneous film can directly lead
to improper impregnation and the appearance of pores. In general, the overall advantage of the

solvent-free hot-melt impregnation route is the lower risk of pore formation as there is no
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solvent-based volatiles that can be trapped within the prepreg and their corresponding

laminates.
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Figure 73a) Viscosities of EN and EN_Hybrid in dependency of temperature. b) A temperature of

80 °C at the coating head was determined to be optimal to reach a homogeneous film formation.

Higher temperatures lead to a droplet ,,island“ film on the release paper.
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Prepreg Areal Weight

A key parameter for quality inspection is the prepreg areal weight which defines the final cure
ply thickness. To compare all laminates, it is crucial to monitor the prepreg areal fiber weight.
Both the matrix content and the prepreg areal fiber weight can directly be controlled via the
film thickness (= gap distance of the coating unit) and the gap in the calander. The prepreg
width was kept constant at 220 = 1 mm. The prepreg areal weights were adjusted as close as
possible to the calculated target weights. Table 16 shows, exemplarily for the EN_ GFXX and
the EN_ BN 12 GFXX laminates, the theoretically calculated target prepreg area weight and
their actual achieved prepreg area weights. 3 samples were taken from different spots on the
prepreg during production. The targeted values were determined based on State-of-the-Art resin
contents, ca. 80 £ 1 wt.% resin content (= GF25), 66 + 2 wt.% (= GF49), and 47 + 2 wt.% resin
content for GF107 and prepreg areal weights [18].

The areal weights of the produced prepregs (exemplarily for the 25 g/m? fabric) were kept
constant with a deviation of 129 + 3.1 g/m? (or 2.4 %) (Figure 74). The overall filler content

was successfully kept consistent with a tolerance of = 2.5 vol.% with the solvent-free route.

Table 16 Overview of the calculated and practically achieved prepreg areal weights.

Targeted areal weight / Actual areal weights /
Laminates
g/m’ g/m’
EN_GF49 3.32 3.05+£0.15
EN_GF107 3.90 3.88 £0.01
EN_BN12_GF49 3.32 3.38£0.01
EN_BN12_GF107 3.90 3.94+£0.06
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Figure 74 a) Prepreg areal weights measured during prepreg production exemplarily for the GF 25

prepregs and b) prepreg surface exemplarily for the EN_Hybrid_GF49.

Table 23 (annex) shows an overview of all produced laminates that are discussed in this thesis.
Table 24 (annex) lists the resin, filler, and fiber content in both weight and volume percentages
and their corresponding cured ply thickness (CPT) and laminate densities. All values were
averaged, and the standard deviations are given.

The high standard deviation for the resin contents is based on the high deviation of the unfilled
EN laminates. All filled formulations have a higher intrinsic viscosity than the neat EN and
therefore showed less matrix “bleeding” during the curing of the prepregs. The FVC is in the

range of 9.5 £ 1.5 vol.%; the filler contents have an average of 14.2 + 1.5 vol.%. The resin
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content for the unfilled laminate is the highest with 91 vol.%, whereas the resin content in the
filled laminates ranges between 75 £ 3 vol.%.

The average cured ply thickness of the unfilled prepreg layers of EN_GF25, EN GF49 and
EN_GF107 were evaluated as 90 um, 110 pm, and 150 pm, respectively. The filled prepregs
have an average thickness of 110 um (for the GF25), 120 um (for the GF49), and 150 pm (for
the GF107). The benchmark, PCL 370HR, is offered in CPTs of 51 um, 64 pm, 102 pm for the
GF25, GF49, and GF107. However, it is produced with different fillers at different filler
concentrations.

In summary, considering all produced laminates, the increase in FVC was compensated with a
decrease in resin content to keep the overall filler concentration constant (tolerance of between
+ 1.5 and 2.5 vol.% depending on the formulation). Therefore, both the resin and the fiber
content will most influence the final properties, i.e., mainly thermal conductivity and flame

retardancy.

Prepreg Shelf-Life

The shelf-life is an important parameter to determine the storage time and aging behavior of
the prepregs. Exemplarily, the EN_Hybrid GF49 was studied in an uncured prepreg state.
Prepreg cuts were simultaneously stored at 23 °C r.4. and at -18 °C at low r.h. for 12 weeks.
Figure 75 shows the results for T and the reaction enthalpy that was evaluated via dynamic
DSC.

The shelf life of the EN_Hybrid GF49 prepreg conditioned at RT shows only a short period of
storage stability of several days. However, whereas kept frozen, this sample is stable for up to
10 weeks before the reaction enthalpy decreases.

The T, of the uncured prepreg is an indicator for its tack. The results in Figure 75 indicate a
constant Tg for 12 weeks. Industry-standard for FR-4 prepregs is a stable storage time of 12
weeks below RT and 6 months below 5 °C.
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Figure 75 Shelf-life evaluated exemplarily for of the EN_Hybrid_GF49 prepreg over a storage time

of 12 weeks. The T, was evaluated at RT only. The enthalpy was assessed at both RT and — 18 °C

conditions.

Impregnation Quality

In general, compared to solvent-based impregnation routes, the degree of impregnation with

this solvent-free method is excellent, despite the absence of solvent (Figure 76). The cavities

between the GF strands and the intra-tow areas are well impregnated with the matrix.

Moreover, the fiber distance between two different locations of the EN_ BN12 GF49 sample

was determined on polished sections via SEM (Figure 76). An average tow distance of

107.5 £ 14.8 um was selected for the EN_ BN12 GF49 laminate. Both sample locations show

8 prepreg layers at the same magnification (100x). The SEM micrographs in Figure 76b) show
the comparison of fiber tow distance between the EN BN12 GF49 and EN BN12 GF107

specimens. The introduction of the GF107 fabric leads to a lower tow distance, and, the single

GF strands increase in width size. Both the inter-and intra-tow areas become smaller and

therefore build a much tighter barrier than the GF49 fabric.
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Figure 76 Evaluation of the tow distances in a) same prepreg, i.e., two different locations of the
EN_BN12_GF49 and b) difference between EN_BN12_GF49 and EN_BN12_GF107 prepreg

(magnification of 100x).

Ultrasonic C-scans were used to detect any defects. Figure 77 shows the back wall and the
defect echo exemplarily of the EN BN12 GF49 laminate with the three different thickness
sections (see laminate design in Figure 77 b). The laminate shows a good uniformity and well-
dispersed fillers with only some pores on the lower side of the laminate edges. However, no
extensive resin bleeding was observed for all filled systems. One laminate was prepared from
one prepreg roll with three different thicknesses, 2 mm, 3 mm, and 4 mm, to accommodate the

various testing methods.
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Figure 77 a) Ultrasonic C-scans of the EN_BN12_GF49 laminate. b) corresponding prepreg lay-up

on the left and the cured laminate to show positions of each sample that were prepared.

Glass Transition Temperature — Evaluation of the long-term service temperature

The glass transition temperature (Tg) is defined as the temperature at which the glassy state
changes into the rubbery or melt state. The material loses its dimensional stability. The
temperature at which the long-range translational motion of the polymer chain segments is
active [198]. For electronic substrate applications, the glass transition temperature must be
above the service temperature of the substrate material, i.e. 200 - 220 °C, especially considering
the new lead-free soldering processing at elevated temperatures.

The results of the DMTA measurements are shown in Figure 78 for all systems. The T for all
tested laminates is in the range of 230 — 234 °C. The target of > 220 °C was thus achieved for
all systems. State-of-the-Art FR-4 materials have a T, in the range of 140 — 180 °C [14,199].
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The results of all three benchmarks, which are currently advertised as “high-T, State-of-the-
Art” materials, only reached values of 150 -180 °C. The T; slightly decreases with increasing
fiber volume content by a maximum of — 5 °C. The influence of the fiber volume content on
the Ty is shown in Figure 78. The slope of the fitted curve is negative. A decrease in
- 0.300 °C/vol.% °C / per vol.% GF for the hybrid system was calculated, followed by the
BN 12 formulation (- 0.222 °C/vol.%), and the EN with a decrease of - 0.061 °C/vol.%.
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Figure 78 Glass transition temperatures for the filled resins and their corresponding prepregs (EN,
EN_BN12, and EN_Hybrid) in dependency of FVC. All systems achieved the target of > 220 °C.

Ratna ef al. state that the thermoset matrix mainly governs the T, since the GF fibers are highly
heat resistant [30]. Droste et al. pointed out that if the interaction or interfacial adhesion
between the fillers and the resin matrix is good, this will inhibit the polymer chains' mobility,
resulting in a higher glass transition temperature [200]. Additionally, the incorporation of
organosilane-modified GF increases the adhesion between the matrix and the fibers, as the
fibers are usually organosilane-modified [30]. Boehmite can establish strong bonds with the
EN matrix regarding the fillers due to its -OH functional groups. On the contrary, BN has a
smooth surface with almost no functional groups that can initiate any chemical bonding. Only
their hydroxyl- and amino-groups at their edges can form linkages with the polymer matrix

[82,101,119]. Especially when the BN fillers are well dispersed, the crosslink density increases
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and therefore also the Tg. A better bonding can lead to a stiffer network due to higher filler-
matrix interaction, resulting in a higher T,. A lower glass transition temperature might indicate

a lower crosslink density.

5.3.2 Thermal Conductivity of filled GF Prepreg Laminates

Influence of Glass-Fibers on the Thermal Conductivity of filled Resin Formulations

The influence of the glass-fibers on the overall morphology (filler dispersion and filler network
formation) was studied exemplarily on the GF25 prepreg laminates. TC was evaluated in both
x/y- and z-direction since the glass fabric has a strong in-plane orientation. The effect of an
increasing FVC on the TC and the morphology of the laminates was evaluated. The focus was
on the following systems: unfilled EN GFXX, EN BT2 GFXX, EN BNI2 GFXX, and
EN Hybrid GFXX.

Thermal Conductivity in z-direction of filled GF Prepregs — Interaction of Fillers and GF

The thermal conductivity (TC) value was measured in through-plane (= z-plane) of the polished
laminate samples with a heat flow meter. The TC values of the highly filled GF-laminates and
the corresponding filled resin plates are plotted in Figure 79. The filler contents are in the same
range for both the filled resins and their corresponding GF25 laminates.

The TC value for EN__GF25 is 0.181 W/mK, whereas the EN has a value of 0.20 W/mK. The
deviation might arise from scattering effects. The thermal conductivity of E-glass is known to
be between 0.9 and 1.35 W/mK, depending on the measuring method [123].

Regarding the influence of different filler nature, the overall trends are analogous to the
previous chapter of the (filled) resins. However, the impact of the GF fabric acting as a thermal

barrier is apparent (Figure 79).
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Figure 79 Thermal conductivity in z-direction of filled EN resins and their GF25 laminates measured

via a heat-flow meter.

The TC of all laminates is slightly lower than the TC of their resin counterparts. Although the
GF has a higher TC (= 0.9 W/mK) than the matrix (= 0.2 W/mK), the results indicate that the
GF acts as a barrier by presumably interfering with the filler microstructure formation. The heat
transfer is decreased due to additional scattering effects at the interfaces between matrix-GF,
matrix-filler, filler-GF, and filler-filler.

The dispersion quality and the morphology of the fillers in the GF25 laminates were studied
with SEM. The laminate cross-sections at a magnification of 500 x and 1000 x can be seen in
Figure 80. The first row of the micrographs (Figure 80a) and b) shows the unfilled laminate.
The GF tows are well impregnated with the resin matrix. In between the GF tows, one can find
the resin-rich area (colored in dark grey).

In general, it was observed that the incorporation of various fillers (BT, BN, or hybrid) did not
lead to any concentration gradient of the filler particles throughout the laminate. Especially no
filtration effects along the x/y-axis in between the different prepreg layers are visible due to

undergoing resin flow during curing.
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g) EN_Hybrid_GF25 ( region) h) EN_Hybrid GF2S5 (; region)

Figure 80 SEM micrographs of the highly filled prepreg laminates in through-thickness direction indicating
the filler dispersion, orientation, and eventual filtration effects for a+b) EN_GF25, c+d) EN_BT2_ GF25 e+f)
EN_BN12_GF25 and g+h) EN_Hybrid_GF25.

The addition of 12.7 vol.% of BT2 particles increases the TC of the laminates from
0.181 W/mK to 0.359 W/mK. However, the z-plane TC of Boehmite is known to be
approximately 30 W/mK in literature. This increase can be attributed to the excellent dispersion
and random orientation of the Boehmite particles in the resin matrix, which leads to a dense
filler network in the laminate (Figure 80 c¢) and d)). It can be observed that the BT particles are
not only can be detected in the inter-tow areas but also infiltrated the intra-tow areas.
Moreover, the EN_ BN12 GF25 exhibits a TC value of 0.545 W/mK at 15.1 vol.% filler content.
The fillers particles are uniformly distributed but predominantly within the inter-tow areas of
the laminate (Figure 80 e) and f). The filler arrangement of the 12 pm BN platelets visible in
the SEM micrographs confirms a random orientation with a good-filler-filler interaction similar
to the filled resins. Per contra, the infra-tow region is not infiltrated by the BN12 filler, as its
aspect ratio is too high to infiltrate the tight rovings. The platelets are filtered at the outer corners
of these GF rovings and orientate themselves horizontally in x/y-direction.

The highest TC value was achieved with the EN_ Hybrid GF25 laminate (0.560 W/mK at
14.0 vol.%). Thus, the partial replacement of 12 pm-BN with 2 pm Boehmite results in a TC
value comparable to the EN BNI12 resin formulation. The SEM micrographs (Figure 80g)
and h)) show that the larger BN platelets form a filler network in the inter-tow region which

effectively contributes to the thermal conductivity. The smaller particles attach to the BN



Results and Discussion 135

platelets, fill their inter-filler areas, and therefore an optimal packing density can be reached. In
addition, the BT fillers can also be detected in the intra-tow area suggesting, that their main
contribution to the thermal conductivity is to “bridge” the GF barrier. Therefore, the small
particles act as “connectors” or “links” between the BN filler network in the infer-tow area and

the GF barrier.

In-plane- & Through-plane - Thermal Conductivity in GF 25 Prepreg Laminates

The thermal conductivity of the GF25 laminates in x/y- and z-direction-dependent was
determined by a transient hot bridge (THB) sensor (Figure 81). This enables to confirm the

findings of the previous chapters concerning the filler network formation and the role of the GF

fabric.
a) z-plane THB, RT, 50% r.h. b) x/y-plane
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Figure 81 Thermal conductivity measured with THB a) in through-thickness (z-plane) and b) in-plane

(x/y-plane) direction of the various GF25 laminates.

Values obtained with the THB (Figure 81) are slightly higher than those measured with the heat
flow meter (Figure 79). As seen in Figure 81, the z-plane TC of the neat Epoxy laminate is
0.314 W/mK, which is considerably higher than the 0.181 W/mK obtained from the hot-plate
measurements. This implies that the surface roughness might have a crucial effect. Although
the samples for the hot-plate measurement were polished down to 1 pm roughness, the contact

area between the measurement plates and the individual sample seems to be lower than the
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Kapton sensor. The THB measurement was optimized by embedding the sensor in a thermally
conductive paste (TiO2) to improve the sensor and sample surface interface. In addition, a
weight of 5 kN was placed on top of each sample during measurement.

The values in the x/y-plane are lower than the values measured in the z-plane. For the BN12 pm,
for example, a slight anisotropic effect in z-plane can be observed. The SEM micrographs show
that the BN12 platelets have a random orientation (Figure 80). However, only a few are
orientated in the x/y-direction. The majority is slightly tilted or are oriented in the preferred z-
plane resulting in a higher thermal heat transfer. These values are comparable with the

commercially available FR-4 materials with a TC of 0.3 - 0.4 W/mK [201].

Thermal imaging cameras are ideal tools to map the heat distribution in electronic components
visually. The overall performance load on a circuit board has exceptionally increased due to the
miniaturization trend in the electronic industry. The heat generated during use can lead to
temperatures as high as 165 °C [123]. The heating rates of different highly filled GF laminates,
the EN Hybrid GF 25 and the EN BN12 GF25 laminate, show the highest and fastest
increase in temperature (Figure 82). The EN_GF25 attains the lowest temperature increase. In
general, the non-linear heating/cooling profiles (temperature = f(time)) match the trend
accordingly with the measured thermal conductivity. The faster a sample heats up, the faster it
cools down as well.

The corresponding Infra-Red (IR) images can be seen in Figure 83. Each sample was recorded
for a total of 2 minutes. However, the first 30 seconds are most important for heat absorption
and heat transfer. The slope of the heating curves lowers after about 40 s approaching a plateau
niveau. The EN_GF25 laminate shows an uneven heat distribution within the sample diameter,
indicating that heat absorption, and therefore the thermal conductivity is low. The BN 12um-
filled laminate has the highest heating rate, closely followed by the EN_Hybrid GF25.
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Figure 82 Heating rate profiles of the GF25 laminates recorded with Infra-Red (IR)-thermal imaging.
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Influence of FVC on the Thermal Conductivity

The influence of an increasing FVC is especially of interest since not only in the PCB- but also
in the automotive industry, a wide range of glass fabrics are used to achieve lightweight designs.
The chosen fabrics, with areal weights of 25 g/m?, 49 g/m? and 107 g/m? are commonly used
for PCB applications: US Style 106, US Style 1080, and US Style 2117 to adjust different
substrate thicknesses in terms of PCB design. Therefore, it is of high interest to analyze the
effect of areal weights on the filler microstructure and the resulting thermal conductivity.

The influence of the FVC on the z-thermal conductivity measured with THB in for z- plane is

plotted in Figure 84.
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Figure 84 Influence of FVC on the z-thermal conductivity measured with THB.

The z-plane measurements for all systems show that the TC converges to the TC of the glass-
fibers, which is 0.9 W/mK. In particular, the EN BN12 GFXX and EN Hybrid GFXX
laminates approach this value with increasing FVC. The BN 12um filler content is between
15—-11 vol.% for the GF25, GF49, and GF107, respectively. The TC of the hybrid filled
laminates behaves similarly with an increase in FVC. The linear slope of the EN GFXX
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laminates is directly proportional to the increasing FVC and, consequently, the resin volume

content reduction. The results demonstrate that the FVC plays a crucial role.

Figure 85 shows the cross-sections of the neat EN _GFXX laminates in increasing order of the
FVC: GF25, GF49, and GF107. All three laminates offer good fiber wetting. It can be observed
that with increasing FVC, the individual prepreg layer distance decreases. Therefore, the fiber
distance is reduced, which leads to a better heat transfer between the prepreg layers. This results

in a more efficient heat transfer in both z- and x/y-plane.

The SEM micrographs of the EN BN12 GFXX filled laminates are shown in Figure 86.
Similar to the results above on the unfilled laminates, the inter-layer distance of each prepreg
layer decreases as the FVC increases. However, in all laminates, the BN platelets can be mainly
detected within the inter-tow areas in a random orientation and good dispersion. Since the BN
is not infiltrating the intra-tow area, the GF acts directly as a thermal barrier. This effect is even
more pronounced with increasing FVC and caused a lower TC.

A closer look into the resulting microstructure of the EN_Hybrid GF49 formulation in Figure
87, shows that the filler dispersion is good, associated with a random filler orientation.
Furthermore, as already discussed in the previous chapter, the BN 12 um filler is mainly
responsible for forming the macro filler network. In contrast, the smaller Boehmite particle fills
the BN inter-gaps in the inter-tow area. BN 12 particles can also infiltrate the inter-tow GF area
forming a micro filler network (Figure 87 intra-tow /inter-tow area). Boehmite particles are,
therefore, able to contribute to the overall TC by overcoming the GF barrier.

Nonetheless, the TC of the hybrid systems is still mainly governed by the high FVC and only

little affected by the presence of conductive fillers.
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EN_GF25

100pm
Figure 85 SEM micrographs of the unfilled, neat laminates in the z-plane direction with increasing
FVC for EN_GF25, EN_GF49 and EN_GF107 (200x left, 500x right).
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Figure 86 SEM micrographs of the EN_BN12_GFXX laminates in z-plane direction in dependency of

FVC. The filler dispersion and orientation are visible (200x left, 500x right).
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EN_Hybrid GF49

a) Overview
el A

- 100pm

Figure 87 SEM micrographs of the EN_Hybrid_GF49 laminate in z-plane. Filler dispersion,
orientation, and infiltration into the intra-tow area. a) Overview in 200x magnification, b) inter-tow
area between two prepreg layers (1000x), and c) intra-tow area of one prepreg layer (500x and
1000x).
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Comparing these micrographs with the base material developed in this work above with
the microstructure of the benchmark prepregs is very similar although the absence of
solvent (Figure 88). The samples studied below are using the GF107 fabric, US Style 2116.
The benchmark DE 140 does not contain fillers, whereas IS400 and PCL 370HR contain
inorganic fillers. The filler size is assumed to be in the range of Dso 2 um. Furthermore, it is
assumed that either ATH or MDH in a higher concentration were used. Isola did not disclose
the filler nature. Considering the production route via solvent-dip, the fillers show a good
dispersion with a random orientation. However, it was observed that during this solvent-dip
prepreg production, due to the high filler content in the formulation, with time, a gradual filler
concentration gradient was formed.

The intra-tow area is infiltrated with the small fillers to some degree. The thermal conductivity
was studied with hot-plate only, resulting in values of <0.38 W/mK in the z-plane. This
supports the assumption that only hydrates, such as ATH and MDH as fillers, were used, which
only have an intrinsic TC in the range of the Boehmite. This value is comparable with other

commercially available FR-4 (0.3 - 0.4 W/mK) [201].
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Figure 88 Photograph of the cured laminates and below their corresponding SEM micrographs of

the mictrostructure of State-of-the-Art benchmark systems: DE 140, IS 400 and PCL 370 HR (100x
left, S00x magnification right).
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Thermal Imaging

Figure 89 shows the results of visual thermographic imaging demonstrating the effect of
increasing FVC for the EN_ GFXX and EN_ BN12 GFXX laminates. Due to the high number
of fibers in the GF49 and GF107 laminates, teat absorption occurs very quickly compared to
the GF25. Compared to the unfilled laminates, heat absorption in the BN 12 pum filled laminates

appears faster.
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Figure 89 Infra-Red images exemplarily for the unfilled EN_GFXX and the EN_BN12_GFXX

laminates in dependency of their FVC.

Interim Summary — Studies on Thermal Conductivity

In summary, the addition of GF led to TC values that are not exceeding the results of the
findings in the filled resins. Furthermore, with the increase in FVC, the TC approached the
value of the intrinsic TC of the glass fibers, which is 0.9 W/mK. This was expected since the

fibers take up a certain volume content of the resin so that the overall thermal conductivity
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increases for the unfilled systems. Furthermore, even the addition of highly thermal conductive
BN at the cost of matrix resin (the filler content was kept on the same level with = 2.5 vol.%!)

could not enhance the TC further.

Although the GF volume content governs the overall thermal conductivity, the filled laminates,
EN BNI12 GFXXand EN Hybrid GFXX, presented TC values above the target of 0.7 W/mK.
Even though the GF fabric “interferes” with the filler network/microstructure (= barrier effect),
it contributed to the overall TC of 0.9 W/mK, which helps tremendously in the heat absorption.
The filler network formation mechanisms, however, are very similar to the findings in the filled
resins. The BN forms a macro-sized filler network mainly in the inter-tow areas, whereas the
smaller Boehmite filler fits into the small gaps. Furthermore, the BN is also able to infiltrate
the GF tows. This micro-structure leads to an improved TC, comparable to EN BNI12
formulations. This helps lower the GF barrier for the TC and is also cost-effective since the
expensive BN is partially substituted with less expensive Boehmite.

In summary, the addition of GF led to TC values that are not exceeding the results of the
findings in the filled resins. Furthermore, with increase in FVC, the TC approached the value
of the intrinsic TC of the glassfibers which is 0.9 W/mK. This was expected since the fibers
take up a great volume of the resin so that the overall thermal conductivity increases for the
unfilled systems. Furthermore, even the addition of highly thermal conductive BN at the cost
of matrix resin (the filler content was kept on the same level with + 2.5 vol.%!), was not able

to enhance further the TC.

Although the GF volume content governs the overall thermal conductivity, the filled laminates,
EN BNI12 GFXX and EN Hybrid GFXX presented TC vlaues of above the target of
0.7 W/mK. Even though, the GF fabric “interferes” with the filler network / microstructure
(= barrier effect), it contributed to the overall TC of 0.9 W/mK which helps tremendously in
the heat absorption. The filler network formation mechanisms, however, are very similar to the
findings in the filled resins. The BN forms a macro-sized filler network mainly in the inter-tow
areas, whereas the smaller Boehmite filler fits into the small gaps. Furthermore, the BN is also
able to infiltrate the GF tows. This micro-structure leads to an improved TC, comparable to
EN_BNI12 formulations. This helps not only to lower the GF barrier for the TC but is also cost-

effective since the expensive BN is partially substituted with less expensive Boehmite.
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5.3.3 Pyrolysis- and Fire Behaviour of filled GF Laminates

Thermal Degradation and Pyrolysis Behaviour of filled Prepreg Laminates

Table 17 shows the thermal decomposition temperatures at 2 wt.% (Tq.2%) and 5 wt.% (Tq,5%).
The values indicate an initial degradation.

First, it can be observed that with the incorporation of the filler particles into the EN matrix,
the decompositions temperatures are shifted by at least + 5 °C. The Tap and Tqs% show a
difference of + 10 °C for the EN systems, and + 15 °C for the filled systems, which is in
alignment with the findings of the previous chapter (5.2.3).

Secondly, the addition of glass fibers resulted in slightly lower Tq2, values, and an increase in
Tq,5% in the GF 25 laminates. However, with increasing in FVC, the thermal stability increases
tremendously. The thermal stabilities of conventional FR-4 materials are in the range of Ta,s%
305 -315 °C and are on average 60 “C lower than the novel laminates developed in this thesis.
The target value of > 360 “C was achieved for all systems. The highest thermal stabilities were

reached with the EN_ BN12 GF107 and the EN_BT2 GF107 specimens exceeding 380 °C.

The char yield of BN-filled laminates is higher compared to the BT-filled systems. In addition,
the char yield increases with the increase in FVC. Both effects can be correlated to their high
thermal stability, as both BN and the glass fibers do not decompose and remain in the condensed
phase.

It has been shown that BT, due to its decomposition step, is active both in the gas and in the
condensed phase (see Figure 67), and therefore, the char yield is lower. In addition, the different
rheological behavior, especially with the laminates GF49 and GF107, indicates a higher

residual strength of the sample, which is vital in the event of fire [202].
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Table 17 Overview of the thermal stability and degradation behaviour of all (filled) Epoxy Novolac

resins and their corresponding laminates measured with TGA.

Composition Ta2%?/ Tas%?/  Char yield/
°C °C wt.%
EN 352 363 0.00
EN_GF25 344 370 31.91
EN_GF49 356 373 33.28
EN_GF107 361 378 53,29
EN_BN12 353 368 30.45
EN_BN12_GF25 348 372 39.06
EN_BN12_GF49 356 377 48.59
EN_BN12_GF107 363 380 62.07
EN_BT2 359 373 29.10
EN_BT2_GF25 342 371 36.43
EN_BT2_GF107 367 385 62.23
358 370 29.64
341 367 39.51
356 373 49.21

* Degradation temperature at 2% weight loss under N..
b Degradation temperature at 5% weight loss under N-.
¢ Residual weight at 800 °C under Air

Influence of Glass-Fibers on the Flame Retardancy of filled Resin Formulations

The time dependency of the heat release rate (HRR) and the total smoke release rate (TSR) are
plotted in Figure 89. To discuss and correlate the results from the cone calorimeter
measurements, the fiber, resin, and filler volume contents are given in Table 18.

With the addition of glass-fibers to the (filled) resin formulations, two distinct observations can

be made: first, a decrease of the PHRR and, secondly, a shift of the tig by - 20 s. Compared to
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the results of the filled formulations in Figure 68 and Figure 69, the EN GF25 shows the
shortest time to ignition (tig) (88 s) and the highest PHRR (686 kW/m?). This can be directly

correlated to the much higher resin content (approximately 15 vol.%) than the filled laminates.

Table 18 Overview of the various (filled) prepregs and their corresponding fiber, resin and filler

volume contents.

Composition FVC/ Resin content / Filler content /
vol. % vol. % vol. %

EN - 99.7 -
EN_GF25 8.4 91.6 -
EN_BN12 - 86.3 13.7

EN_BN12_GF25 10.7 74.1 15.2
EN_BT2 - 89.6 10.4
EN_BT2 GF25 8.6 78.6 12.7
- 87.8 12.2

9.2 76.84 14.1

Furthermore, the glass fabric layers tremendously hinder the overall intumescence of the GF 25
laminate samples compared to the resins.

The suppression of the "intumescence" of the sample with 8.4 vol.% fibers (EN_GF25) leads
to higher dimensional stability and a lower loss of rigidity. Intumescence is also an important
parameter in a fire scenario since a collapse of the “burning” material can lead to the spread of
the fire. Like the unfilled resin, its GF25 laminate shows a double-peak formation during
degradation (HRR curve in Figure 90), which is even more pronounced in the laminate.
During the Cone Calorimeter measurements, it was observed that the EN_GF25 laminate
repeatedly ignited. It is assumed that the stacked layers of the individual GF layers shield the
underlaying matrix from combustion, thus preventing the diffusion of flammable gases to the
surface. When the flame reaches the resin-rich area, i.e., the inter-gap area of overlapping GF
strands, the heat release increases due to the discharge of volatiles. The non-combustible fibers

remain at the surface. The locally slightly lower resin content (91.61 vol.%) compared to the
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surroundings (99.71 vol.%) is an advantage since less “fuel” is locally available for combustion
(Table 18). Consequently, the PHRR is reduced by 42.8 %.

The tig is reduced from 113 s to 88 s for the EN systems with the incorporation of fibers. This
can be linked to two different mechanisms. The EN_GF25 laminate (0.314 W/mK, through-
plane) shows a slightly higher thermal conductivity compared to its neat resin (0.1995 W/mK
(through-plane)).

Fischer et al. conclude in their study that the shorter tig is related to the intrinsic thermal
conductivity of the GF (approx. 0.9 W/mK) [168]. With an increased thermal conductivity, the
heat can be more rapidly transported from the pyrolysis zone (heat dissipation effect) [154,168].
This directly leads to an overall lower burning rate. Also, some studies of GF reinforced
polymers claim that the so-called “Wick”-effect is responsible for the quicker ignition
[168,203].

The Wick effect is a physicochemical anomaly that is strongly dependent on the fiber length
and the viscosity parameters and the wettability, spreadability, and flowability of the polymer
on the surface of the glass fibers. Due to the surface modification with Si-OH groups, the molten
polymer can be easily absorbed, which leads to an increase in the interfacial tension, which
improves the flame spread [168,204].

By adding 12.7 vol.% Boehmite (EN_BT2 GF25) as a filler, the resin content is reduced to
78.6 vol.%, and the PHRR is reduced from 686 to 383 kW/m?. Boehmite is stable up to 350 °C.
At temperatures above, it decomposes after the initial degradation of the Epoxy Novolac in a
two-step reaction to form an Al,O3 barrier on the surface of the burning sample. This results in
a tig shift of 23 s and the lowest TSR of all GF 25 laminates. Boehmite, in general, shows a
higher effective heat of combustion (THE/ML), indicating a higher activity in the gas phase.
The addition of 15.1 vol.% BN (EN_BN12 GF25) increases the tig even further by up to 130 s.
Due to its intrinsic thermal conductive nature and high thermal stability of up to 1200 °C, it is
assumed that the external heat flux is dissipated from the surface into the sample, i.e., the
surface temperature decreases, and ignition is delayed. However, its PHRR is comparable to
the PHRR of EN GF25. The hybrid combination of both fillers results in the highest ti; and
t(PHRR). The PHRR of 593 kW / m? results from a combinatorial interaction between the FR
fillers Boehmite and BN.
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a) HRR of GF25 laminates
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Figure 90 a) HRR in dependency of time and b) the corresponding total smoke release rate (TSR) in
dependency of time for different GF25 laminates measured at an applied 35 kW/m? heat flux. The

reinforcement with the GF25 fabric led to less intumescence and higher dimensional stability.

The total smoke release rate (TSR) (Figure 90b) is an important parameter when discussing
hazardous fire materials since the release of volatiles (smoke) starts with the ignition of the
material. Comparing the TSR results in Figure 69b) for the (filled) formulations with the GF25
laminates can identify the main effect of the glass fabric. The TSR maximums were reduced by

almost 50 % for the EN system. The EN_BT2 GF25 laminate showed the highest FVC with
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10.7 vol.% followed by EN BN12 GF25 and EN Hybrid GF25 with 8.6 and 9.2 vol.%,
respectively. The resin contents were in the range of 76.5 £+ 2.5 vol.%. The high efficiency of
the FR filler Boehmite is reflected in the lowest TSR, although its filler content of 12.7 by
volume is at the lower end compared to the hybrid and BN-filled GF25 laminates. The TSR of
the EN_GF25 and EN_BNI12 GF25 are at the same level, as their FVC is 8.5 = 0.1 vol.%. The
reduction of the resin content from 91.6 vol.% for the EN _GF25 to 76.8 vol.% and
incorporation of 15.2 vol.% platelets BN12 did not lead to a decrease in the smoke release rate.
In summary, similar findings can be observed between the GF25 laminates and their
corresponding resin formulations. The HRR and TSR values are the lowest for Boehmite,
correlated to its flame-retardant nature and dual activity in the condensed and gas phase.
Overall, the addition of glass fibers helps to provide structural stability during combustion. Yet,
the GF decreases the tig at the same time. This effect is described in the literature as the Wick-
effect. BN acts primarily heat-stable barrier that counteracts the decreased tiz due to the presence

of the glass fibers. However, BN does not necessarily suppress smoke release.

Influence of FVC on Flame Retardancy

The heat release rate (HRR) and their corresponding TSR are plotted in Figure 91a) and b),
focusing on the increase in FVC. The dotted line in the HRR and TSR plots corresponds to the
resin results; the increase in FVC of the laminates is represented by a color change from light
to dark. Table 19 provides an overview of all evaluated parameters for the main laminate
systems. The corresponding fiber, resin, and filler contents are shown in Table 20.

During this Ph.D. experimental work, it was found that the sample thickness and the sample
surface roughness have a significant influence on the overall ignition and the fire behavior
[154]. All results shown in all figures were measured with the smooth side facing the Cone.
The sample thickness of the tested laminates was 3 mm with a tolerance of + 0.2 mm, whereas
the samples with lower FVC had a thickness at the lower limit of this range, the samples with
the highest FVC had a thickness at the upper limit. A smaller sample thickness can result in a
lower PHRR, and a faster ramp-down of the HRR as less combustible material is available.
With increasing FVC, for all systems, EN, BN12, and Hybrid, the PHRR decreases (Figure
91a)). The lowest PHHR values were achieved with the GF107 laminates. PHRR values of

<400 kW/m? were achieved, an overall reduction of 75 %. In addition, it is noticeable that for
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all formulations, the tig and the t(PHRR) shift from the highest values for the (filled) resins,
with GF25 and GF49 having the shortest values. The values increase again with the GF107,
thus not reaching the same level as the resin formulations. The shift of the time to ignition (tig)

can directly be correlated to the increase in fiber- and filler content.
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Figure 91 a) HRR versus time curves and b) their corresponding total smoke release rate (TSR)

versus time plotted separately for the neat, BN, and hybrid systems in dependency of FVC (applied

35 kW/m? heat flux). Dotted lines are the filled resins, gradual color intensity = increasing FVC.
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Table 20 Overview of the various (filled) prepregs and their corresponding respective fiber, resin,

and filler volume contents.

Composition FVC/ Resin content / Filler content /
vol. % vol. % vol. %
EN - 99.7 -
EN_GF25 8.4 91.6 -
EN_GF49 31.1 68.9 -
EN_GF107 37.9 62.1 -
EN_BN12 - 86.3 13.7
EN_BN12_GF25 10.7 74.1 15.2
EN_BNI12_GF49 22.5 63.2 14.3
EN_BN12_GF107 422 46.7 11.1
- 87.8 12.2
9.2 76.84 14.1
23.1 65.1 11.8

The shift to shorter ignition time for GF25 and GF49 compared to their resins is due to the so-
called “Wick”’-effect (see discussion in the previous sub-chapter) and because glass fibers do
not decompose. On the other hand, the increase in ti; for the GF107 laminates results from the
reduced resin content and, therefore, lower diffusibility rate of the flammable gases.

The curve progression changes from a sharp (single) peak (resin formulations) to a broader
curve with multiple peaks for the laminates with the highest FVC. Shortly before reaching the
maximum, a typical sound for cracking was usually heard during the Cone experiment,
triggered by the delamination between the GF layer and the matrix due to thermal deformation.
Therefore, these alternating fluctuations can be explained by the gradual spread of the flame
and the simultaneous breakdown of the individual prepreg layers. When the flame reaches
unexposed material, volatiles are immediately released into the gas phase, “re-igniting” the
flame. This behavior was accompanied by repeated “thermal feedback” to the sides of the
samples during measurement (Figure 92). A similar observation was published by Yang et al..

They explain the occurrence of multiple peaks for the HRR. The pyrolysis zone reached the
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backside of the sample, causing an accelerated degradation with higher activity in the gas phase

and even a partial perforation of the barrier layer on the surface [197].

Figure 92 “Thermal Feedback” during combustion of the EN_BN12_GF49 laminate: a) before, b)

during, and ¢) immediately after the “cracking” sound occurred.

The TSR (Figure 91b)) is the lowest with the highest FVC. The EN_GF107 laminate shows a
TSR value reduced by 60 % compared to its neat resin; the EN_Hybrid GF49 resulted in 50 %
lower smoke production. This is due to the interaction between an increase in FVC, which
restricts release when GF remains in the condensed phase, and a decrease in the volume fraction
of the EN matrix. In addition, the incorporation of fillers also helps in the suppression of gases.
Comparing the GF49 laminates, the lowest value was achieved with the hybrid formulation
(Table 19). Primarily the platelet-shaped BN filler helps to restrict the pathway for the volatiles
in the condensed phase. The Boehmite filler mainly improves the reduction of the PHHR by its
endothermic degradation reaction releasing water, and then the secondary formation of Al,O3
leads to a decrease in TSR.

The reduction in TSR can be correlated to a decrease in the total heat evolved (THE) which
follows a similar trend: EN >> BN > Hybrid in dependency of FVC. The THE/ML gives hints
about the apparent flame-retardant mechanisms. The THE/ML increases with FVC for the EN
formulations. Although the resin content decreases, the main activity for the unfilled laminates
is in the gas phase. In the BN-filled laminates, the THE/ML is almost constant, whereas the
Boehmite-filled laminates show a reduction in THE/ML. This supports the assumption that the
main FR activity of the Boehmite-filled laminates is in the condensed phase due to the

formation of Al>O3, which is more effective than BN-filled laminates.
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Correlation between BN and GF and their Effect on Flame Retardancy

The following sub-chapter will focus on the role of the thermally conductive filler BN and its
interaction with GF, especially on the influence of the FVC on flame-retardancy, since there
are not too many studies on this topic published in the literature.

Figure 93 describes the correlation between the PHRR and the increase in fiber volume
content in the (filled) systems in the EN_GFXX and EN_BN12 GFXX laminates. The trend
lines, which have an exponential decay fit, indicate a direct dependency of heat release rate and
the increase of fiber content, and therefore directly correlated to the reduction of resin content.
The (filled) resins show the highest PHRR, whereas the PHRR decreases with increasing FVC
reaching a minimum with the GF 107. The PHRR is almost on the same level between the
unfilled and BN-filled laminates by partially substituting matrix content with the BN filler.
Consequently, it can be concluded that the BN filler only has a minor impact on the overall
PHRR. Therefore, the main contributor to the PHRR reduction is strongly dependent on
the FVC and independent from the incorporation of the BN.
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Figure 93 Peak heat release rate (PHRR) as a function of FVC for the (filled) resins and their
prepreg laminates of EN (black) and EN_BN12 (grey).
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Figure 94, shows the correlation between ti; and the increase in FVC. The curves have a

parabolic fitting, which approaches a minimum with the GF49 laminates.
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Figure 94 Time to ignition (ti;) plotted in dependency of FVC for the EN_GF and the EN_BN12 GF

systems.

The addition of filler particles mainly influences the tig. This is indicated by a parallel shift of
the curves upwards. The addition of #-BN thus has a positive effect on the fire behavior (gray
curve), which can be attributed to the intrinsic thermal conductivity of the resin and the sample
geometry. The thermal conductivity of the BN-filled laminates is higher compared to the
unfilled. The BN reduces local heat spots by spreading the external heat into and throughout
the sample. Furthermore, the filler platelets hinder the release of flammable gases as their
diffusion path increases. The combination of higher thermal conductivity and reduced gas
diffusion causes a delay of the ignition time of about 40 - 60 s.

However, the tig is the lowest, with the GF49 increasing with the GF107 fabric. One reason for
this phenomenon might be the 50 % increase in fiber content between the GF25 and GF49. The
filler content is constant, and the described “wick”-the effect is triggered by the glass fibers. In
addition, the fabric appearance changes from GF49 to GF107. FVC increases not necessarily
the fabric thickness, but the single GF strands broaden, which results in a much tighter mesh.

This tighter mesh also hinders gas diffusion and thus impacting the time to ignition.
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The decrease in mesh size of the fabric impacts the smoke release (TSR) (Figure 95). With the
increase in FVC, the total amount of the smoke released is reduced, and the slope of the smoke
release changes, indicating a slowed down or hindered smoke discharge. The FVC is the main
contributor to reducing the diffusion of flammable gases from the condensed- to the gas phase.
The inhibition is because neither the glass fibers nor the BN actively participates in the

combustion reaction in the gas-phase.
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Figure 95 Total smoke release (TSR) as a function of FVC of the EN_GF and the EN_BN12 systems

as (filled) resin and their prepreg laminates.
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Figure 96 Total heat evolved (THE, maximum value) as a function of FVC of EN_GF and the
EN BNI12 systems as (filled) resin and their prepreg laminates.

The total heat evolved (THE) as a function of time is plotted in dependency of FVC in Figure
96. THE is the integral of the HRR concerning total heat output at the end of the test is the THE
(total heat evolved) and is, therefore, equal to the fire load on the specimen [154]. The THE
strongly depends on the total mass loss (= the difference between the specimen mass and char
yield), the effective heat of combustion of the volatiles, and the combustion efficiency in the
flame zone. The THE is directly dependent on the FVC content. The THE values decrease
rapidly < 10% FVC and then approach a curve plateau at approx. 15 vol.% FVC, very similar
to the TSR graph in Figure 95 and the results concerning the PHRR.

Based on these findings above, it can be summarized that the FVC has the main influence on
flame-retardancy, and the BN filler has only had a minor influence. A comparison between the
unfilled and the BN-filled systems shows that the filler platelets inhibit gas diffusion and shield
the released heat. The absorption of external heat from the gas phase leads to a lower THE

value.
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Post-Combustion Analysis of Char Residues with SEM/EDX

The charred samples from the cone calorimeter test were further investigated with SEM / EDX.
The quantification of the main elements can be found in Table 21.

These results help identify flame-retardant mechanisms and correlate them with the results of
the calorimeter made in the previous subsection.

Figure 97 shows the corresponding SEM micrographs for the various GF25 laminates. Both the

top surface (x/y-direction and the side of the char (z-direction) were scanned.

Table 21 EDX quantification of the char surface of the GF 25 combusted laminates.

Composition B(K)/ C(K) NK)/ OK)/ AIK)/ Si(K)/
wt.%  /wt.% wt. % wt. % wt. % wt. %
EN_GF25 6 68 6 9 6 4
EN _BN12 GF25 15 2.3 80 1.7 - 1
EN_BT2_GF25 5 16 3 50 25 2
10 7 26 33 17 5
7.6 64.5 7.8 16.2 2.2 1.9
7.3 56.9 73 20.8 4.3 3.1

Samples with GF reinforcement show higher structural stability on the SEM images in Figure
97 since no pore formation/intumescence or expansion is visible in the z-axis. The surface
morphology of the EN_GF25 specimens is covered with a very brittle carbonaceous char.
Carbon followed by oxygen is the main element of the surface (Table 21). The fibers are
covered with a visible glassy or protective layer (side view of the neat sample in Figure 97). It
is assumed that the GF strands, impregnated with EN, shield the matrix from decomposition.
The main driver for thermal and fire stability is the addition of glass fibers, which do not
decompose and therefore provide structural stability.

Chow et al. studied the char morphology of DGEBA/GF laminates produced via vacuum-
assisted resin infusion [205], and found very similar results. The char of the unfilled
DGEBA/GF specimens was very brittle, and cracked GF layers are visible. Their EDX study

shows oxygen in the layers, which indicates complete matrix degradation [205]. However, no
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Cone measurements were conducted. It is known in the literature that the decomposition of
Epoxy laminates leads to a release of heat, smoke, soot, and toxic volatiles [146].

The filled GF25 laminates have a surface morphology that is smooth with a noticeable
continuous, compact char on top. Also, in the z-direction, a distinct char covering the GF fabric
is notable.

With the FR filler Boehmite (EN_BT2 GF25 laminate) addition, a thick char formation on the
surface and throughout the sample can be observed (compare Figure 97). The EDX
determination shows mainly Al (K) and O (K) as a result, which indicated the formation of an
AlO3 ceramic barrier that covers the glass fabric (Figure 98 and Table 21). This compact layer
hinders the degraded matrix from reacting with surrounding oxygen to CO and CO;. Therefore,
the layer is not able to merge into the gas phase Low TSR, THE, and PHRR values, especially
for the laminates filled with Boehmite in Figure 90. The gas diffusion is drastically reduced,
resulting in a low TSR and THE/ML value, demonstrating the higher effectiveness of Boehmite
in the condensed phase. The low PHRR and THE results explain that barrier properties of the
surface of the condensed phase not only inhibit the exchange of oxygen and heat but also affect
heat dissipation due to their low intrinsic thermal conductivity.

This is in line with the results of Sut et al., which indicate that the main mode of action for
Boehmite is an increased formation of intumescent residues, and Boehmite acts as a char
stabilizer [165]. The Al>O;3 layer suppresses the exchange between ambient air and the release
of volatiles. The superficial carbon load is very low, illustrating the (degraded) polymer matrix
below the ceramic barrier. This layer, therefore, limits the oxidation of carbon to CO and CO»,
resulting in the lowest PHHR and TSR of all samples. Charring of the surface is associated with
lowering these characteristic values [184] and is in strong alignment with the findings in Figure
90 of this thesis. The relatively high carbon amounts detected for this laminate, compared to
the EN BN12 GF25 and EN Hybrid GF25, indicates that smoke particles adsorb onto the

filler or char surface [194].
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The char layer of the EN_ BN12 GF25 laminate is compact on the surface but cross-sections
the char layer is microporous. The char is mainly composed of B (K), N (K), O (K), and C (K)
(Table 21). The carbon content compared to the Boehmite sample is lower. This demonstrates
that the BN platelets possibly migrate to the surface during combustion (Figure 97, side view).
In addition, it is assumed that BN is forming a barrier as the well-dispersed platelets do not
decompose. The layer is not as dense as the formed Al,O3 layer in EN_ BT2 GF25 (Figure 97)
[168]. By releasing CO and CO; during the matrix degradation, the TSR value increases. The
TSR value of the BN samples is the highest smoke release of all laminates (compare with Figure
90 and Figure 91). Unlu et al. also described in their findings that boron-based compounds'
primary mode of action is forming an insulating layer in the condensed phase [189]. The BN
laminates, however, showed the highest Ty and also a slightly higher thermal stability. TGA
results in Table 17 and T, results in Figure 78 indicate that the BN plays a crucial role in fire
resistance. Some studies also showed improvement in thermal stability and flammability for
BN fillers [168,206]. The correlation with THE/ML value shows that BN is less effective in the
condensed phase than Boehmite. It is too porous in order to properly shield the release of smoke.
However, compared to Boehmite the BN-filled laminates had a higher tig, where its intrinsic

higher thermal conductivity is the main driver. BN therefore is considered as an inactive FR.

The quantification by EDX of the hybrid-filled laminate (EN_Hybrid GF25) confirms the
occurrence of Al (K) and O (K), which are formed during the degradation of Boehmite.

The C (K) content in Table 21 is very low. (The SEM micrographs in Figure 97 show a dense
char in both x/y- and z-direction. The formation of Al2O3 can be detected on the char surface,
whereas the BN is seen on top of the GF strands (Figure 98). It is assumed that the migration
of the AlbO; predominates the migration of the BN platelets.

The comparison of the char residues measured with TGA (Table 17) and the detection with
SEM/EDX shows an evident condensed-phase activity of both fillers [193].
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Moreover, the SEM / EDX analysis of the EN_Hybrid GF49 (Table 21, Figure 98 and Figure
100) also shows Al, O, B and N due to the incorporation of both fillers (Boehmite and Boron
Nitride). In the GF49 laminate, the Carbon content is higher (> 56 wt.%) compared to the
EN_Hybrid GF25 hybrid laminate. This indicates that an even better insulating layer has been
formed, limiting the exchange of volatiles and polymer fragments. The crust layer can be found
in both the top and side view of the sample in Figure 99. Additionally, in the condensed-phase,
multiple processes can be observed: BN migrates to the surface, helping to shield heat and
lower the degradation of Boehmite to AbO3, which helps as a barrier against the exchange of
volatiles and oxygen. This is associated with the lowest quotient of THE / ML and very early
self-extinguishing during the combustion in the cone calorimeter. The side-view of the charred
samples reveals that the GF has a glassy coating (see marking in Figure 99. The EDX
analysis also shows that the Al and O elements can be found on the very top surface layer, with
Al primarily adsorbing to the GF. It is most likely that the BN will be localized in the inter-tow

area of the fabric.
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EN_Hybrid GF49

top view side view

Figure 99 SEM micrographs of the char morphology of the EN_Hybrid_GF49 laminate (top and side

views) at different magnifications.
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Interim Conclusion - Correlation of Thermal Conductivity with Flame Retardancy

To simplify the Cone Calorimeter data interpretation, FR indices have been introduced to assess
the hazard of developing fires. These are the FIGRA (fire growth rate = maximum quotient of
HRR (t)/t, which equals to PHRR/time to PHRR) and MARHE (maximum average rate of heat
emission) [154]. The FIGRA and MARHE values of all studied systems can be found in Table
19. The MARHE index is a measure of the acceleration of the speed of fire [184]. The lowest
FIGRA and MARHE values were achieved with the BT2 directly followed by the hybrid
systems. Since the heat emission is drastically reduced with Boehmite, both the MARHE and
the FIGRA indices are the lowest for all systems. This is due to the filler’s flame-retardant
nature and dual activity in the gas- and condensed-phase. The FIGRA value is directly
influenced by the increase of tig, time (PHRR), and the maximum heat release.

For better visibility of the relation between heat release and fire development, Petrella proposed
plotting THE (as the fire load) against PHRR/t;; (as the fire growth index) to give a
comprehensive assessment of the fire hazard [158,207]. The Petrella plot can be found in Figure

101.
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Figure 101 Petrella plot — Correlation of THE with FIGRA (fire growth index) summarized for all

systems, i.e. (filled) resins and their laminates, in dependency of FVC.
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This plot demonstrates clearly that the additions of fillers help to decrease the THE. The THE
can be further reduced by adding GF since the fabric reduces mass loss in the condensed phase.
The FR boehmite thus influences the flame retardancy and the dominant flame retardant
mechanisms. In the filled resins and all laminates, the Boehmite achieved the best results in
each FVC category. Due to the missing synergism by using both filler types under investigation.
The hybrid system is not able to achieve similar improvements. However, the combinational,

hybrid systems still show effective flame-retardancy, followed by BN and the unfilled systems.

One main target of this Ph.D. thesis was to establish a scientific correlation between thermal
conductivity (TC) and flame retardancy. A good indicator for flame retardancy is tiz. The
thermal conductivity is plotted against the ti; for all systems in Figure 102.

The unfilled systems have the lowest tig and the lowest TC. With the incorporation of fillers,
the tig is delayed, but TC values are higher.
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Figure 102 Correlation of the through-plane thermal conductivity and the t;; of the (filled) resins and

their corresponding laminates.

The shift in tig, therefore, is directly related to the TC. With respect to this correlation, the
addition of Boehmite, a filler with a relatively low TC, already helps to shift the ti;. This effect
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is also mainly driven by the higher thermal stability due to the flame-retardant nature of
Boehmite. The hybrid and BN12-filled systems remain on the same level in terms of ti;. The
increase in TC is achieved with the addition of BN. However, the tig is on the same level
compared to the hybrid systems. In terms of ti, the hybrid filler combinations lead to a
synergism; however, it is strictly a combinational effect regarding the TC. Finally, with
increasing FVC, there is no further improvement of the tiz. The “Wick "-effect is assumed
to be responsible for an earlier ignition for the GF 25 and GF49 laminates. The ti; is therefore
directly dependent on the TC and the thermal stability of the filled systems. The FVC of GF
only affects the TC because the overall TC reaches the intrinsic TC of the GF (0.9 W/mK). GF

increases tig as they limit the release of volatile substances.

In summary, the fire-specific indices (such as FIGRA, PHRR, ti;) show that with the
incorporation of fillers, a combinatoric effect can be achieved utilizing both fillers’ positive
aspects with both fillers. This can also be seen in the significant increase in ti; when BN is
added and in the inhibition of heat transfer due to the shielding effect of the ceramic barrier
formed by the decomposition of Boehmite. The char formation of the laminates indicates
condensed-phase actions of the fillers. Consequently, the combinations between BN and
Boehmite suppress the volatile release and increase the materials’ flame-retardant behavior.
Moreover, it can be stated that the fire behavior is strongly influenced by the resin content of
the laminates and, therefore, also by the increase in FVC. Neither the BN fillers nor the glass
fibers are actively involved in the combustion processes, but they indirectly influence the
combustion process due to the reduced resin content. In addition, the A-BN filler, and the
glass fibers, improve the thermal conductivity of the material, which affects the delay of
the ignition. The overall results indicate that the filled resins show the highest fire hazard. They
have very high activity in the gas phase due to their high heat release. With their short ignition
time and the short time to reach the maximum of the HRR, the FIGRA is also very high. In
contrast to this, the fabric laminates mainly have a solid phase activity due to the barrier effect
of the fillers and the glass fibers.

In addition, the thermal conductivity of the fillers and GF lead to a heat spread and simultaneous
cooling of the fire zone. The laminates have a tig that is shifted to lower values, but also the
laminates have a much lower PHRR, and finally a lower FIGRA. With increasing FVC, the

THE decreases even more due to the even lower matrix content and significant solid-phase
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activity of the fillers. The lowest values were reached with the unimodal-filled Boehmite but

directly followed by the hybrid system and BN laminate with the highest FVC.

UL-94 tests are used to classify flame-retardancy in the PCB industry. UL-94 test was only
conducted on some of the laminates. The results are listed below in Table 22. All (filled) resin
specimens showed severe dripping due to their high resin content and failed the UL-94 test.
The unfilled EN_GF25 laminate failed due to its long time until flame extinguishment. The
filled GF25 laminates achieved V-1 classification. Overall, V-0 was only achieved with all
filled GF107 laminates, i.e., EN_ BN12 GF107 and EN_Hybrid GF107. With the hybrid filler
combination, it was also possible to achieve V-0 (EN_Hybrid GF49 laminate). This
demonstrates that BN is not able to provide good FR. The combination with either a high FVC
(GF107) or the partial substitution with the FR Boehmite (hybrid) leads to V-0 ratings. It was
observed that the EN_Hybrid GF49 also self-extinguished during the Cone Calorimeter tests.
These overall results are in good alignment with the Cone Calorimeter measurements. It was
shown that excellent fire-retardant properties could be achieved with the filler combination, i.e.,
high ti; and low PHRR values. The incorporation of fibers has a significant role in providing
the samples' structural stability, which helped prevent melt dripping. An increase in FVC leads
to an improvement of the UL-94 ratings.

Their UL-94 classification, in general, is V-0. The HRR, THR, and TSR results can be seen in
Figure 103.

When evaluating the results, it must be considered that the benchmark laminates provided had
a total thickness of 1.5 mm. In contrast, the novel base materials examined in this doctoral thesis
had a thickness of 3 mm. Therefore, the decrease in thickness by factor 2 has an enormous
effect on flame retardancy as the overall amount of fuel is 50 % less in the benchmark.
However, comparing the benchmark with the novel substrate, the resin, filler, and FVC are in
a similar range (resin content ~ 45 — 46 %, filler volume content 10 — 11 %, and a FVC of
43 — 45 %). With a lower resin content in these benchmark laminates, the heat — and smoke
release are strongly reduced.

The HRR curves follow a sharp in- and decrease for the IS400 and the PCL370HR; the DE104

has two main peaks.
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Table 22 UL-94 results for the main laminate systems.

Composition Aftertime /s ignition of cotton rating

EN_GF25 132" no NR
EN_BN12_GF25 35" no
EN_BT2_GF25 > 35" no
EN_Hybrid, GF25 28" no
EN_BN12_GF49 > 35" no

17.8" no V-0

EN_BN12_GF107 10" no V-0

EN_BT2_GF107 10" no V-0

* Individual specimen

** set of 5 specimens

The results below correspond well to the GF107 laminates of this thesis. If extrapolating the
results, a 3 mm thick sample of the benchmarks would result in a PHRR of 300 - 500 kW/m?.

The PHRR of all three benchmarks is in the same range as the EN_Hybrid GF107. However,

the tig is significantly lower compared to the EN Hybrid GF107. The benchmarks already

ignited at ca. 50 s, whereas all systems in this work produced with the GF107 have a t;; range

of 100 -150 s, increasing up to 300 %!

The TSR of the benchmarks is approx. 50 % lower than the systems in this work, and their THR

values are approx. 75 % below the values of the hybrid system. The laminate thickness of the

benchmarks mainly causes this.
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Figure 103 a) HRR in dependency of time curves and their corresponding THR (total heat release

rate) versus time and b) the TSR (total smoke production rate) in dependency of time for State-of-

the-Art benchmark systems measured at 35 kW/m? heat flux.
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5.4 Other PCB-relevant Properties

This chapter evaluates the transfer of these new thermally conductive and flame retardant
prepregs towards their application as PCB base material. In the following, the mechanical
properties, the coefficient of thermal expansion in the z-direction (z-CTE), and the water uptake

will be discussed. The focus will be laid on the influence of an increasing FVC.

5.4.1 Mechanical Properties — Flexural Three-Point Bending

GF-reinforced prepregs, used as base materials in PCBs, are often subjected to cyclic and
flexural loads during their application. Compared to metals, GFRP laminates are known to resist
flexural loads and fatigue loading because the matrix can redistribute loads to the reinforcing
fibers. Moreover, glass fibers/fabric as a reinforcement phase take up more load and act as a
“crack arrester”, especially in the transverse direction. To study the effect of different fillers
and the increasing FVC, the bending properties were studied. The flexural modulus and flexural
strength in dependency of FVC can be seen in Figure 104 for the unfilled EN_ GFXX and the
EN BNI12 GFXX laminates.
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Figure 104 Three-point bending modulus results in dependency of FVC for the unfilled EN and

BN12 filled systems (resins and their laminates): a) flexural strength and b) flexural modulus.

Flexural modulus and strength increase linearly with the fiber volume content. For the unfilled
laminates at a higher FVC of > 10 vol.%, the modulus exceeds the modulus of the BN12-filled
systems. This is likely due to the ratio between matrix and fiber content. The GF is the major
contributor to the modulus increase due to their intrinsic stiffness.

The results of the BN12 laminates suggest that despite a higher interfacial area of these fillers
have poor adhesion with the resin matrix. Poor matrix-filler interaction was already proven by
the SEM in the previous chapters (5.2.2), as BN only offers functional groups on their edges
but not on their smooth, planar surface.

In addition to the increase in flexural modulus, the FVC causes an increase in flexural strength
(Figure 104). Sreekala et al. reported a similar correlation between fiber content and tensile and
flexural properties with GF-reinforced phenol-formaldehyde [208].

The flexural properties of the tested laminates primarily depend on their fiber volume content
and the fabric orientation in relation to the applied load direction. Since the GF fabric is under
tension during prepreg production, some anisotropy is possible. To study this potential effect,
flexural strength was also exemplarily tested in 0° and 90° direction for the unfilled EN_GF49
laminate (Figure 105). The fabric tension has a negligible impact on the gap size; the main

contributor to the overall stiffness are the fibers/rovings in warp-direction (0°-direction). The
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results in 90°-direction are lower, as these weft fibers break more efficiently at their interfacial
area overlapping the warp fibers. A difference of approx. 100 MPa in strength was observed at
the highest FVC.

The benchmark systems have an overall higher flexural strength of > 565 MPa in length (warp)-
direction and > 450 MPa in a cross (weft)-direction. This difference may be caused by either a
difference in FVC (difference to the novel substrate of 2 vol.%) or filler volume content

contrast to the novel substrate of 1 vol.%), filler geometry, or nature.
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Figure 105 Flexural strength of the EN_GF laminates in dependency of fabric orientation.

5.4.2 Coefficient of Thermal Expansion (z-CTE)

When laminates are subjected to a temperature change, the mismatch in the coefficients of
thermal expansion (CTE) of fibers, fillers, and the matrix is causing local stresses, which can
take part in local matrix cracking or delaminations [125]. BN has a z-CTE of 1 ppm/K and E-
Glass of 4.6 ppm/K [32], and therefore it was expected that fillers or fibers to have a positive
impact on the overall z-CTE.

The z-CTE results are plotted in Figure 106 in dependency of their FVC of the laminates. It can
be observed that for all systems, the results follow a parabolic fit. The graph also indicates the

values of the benchmarks in which FVC is in the same range as the GF107 laminates (ca.
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40 vol.%). DE104 has a z-CTE in the same range as the EN Hybrid GF49 and the
EN BNI12 GF107. However, IS400 and PCL370HR have an even lower z-CTE. This can be
attributed to the use of MDH/ATH or SiO: fillers.
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Figure 106 z-CTE in dependency of the FVC for all systems.

The target of 40 ppm/K was not achieved for any of the tested laminates. However, the filled
systems are much closer to the target than the unfilled, neat composites and their corresponding
laminates. FR-4 has a known z-CTE of 50 ppm/°C below T, and 320 ppm/ C above T, [22].
Parallel to the surface, in x/y-direction, the FR-4 substrate has a CTE of 20 ppm/°C, which is
close to copper [22].

The CTE of the neat Epoxy Novolac is approximately 65 ppm/K. The addition of BN12 results
in z-CTE of about 65 ppm/K with a fiber content of 0 % by volume. The addition of 15 -
19 vol.% filler and reduces the z-CTE by -25 % (~ -1.4% /% by volume) in the GF25 laminates.
In the filled resins, the filler content is slightly higher than in their corresponding laminates.
With increasing temperature, fillers can restrict mobility much more than compared to the GF25
laminates. The covalent bonds between the fillers and the Epoxy matrix might lead to a stronger
reduction of the matrix mobility, the latter expressing itself in a more substantial shift of Ty
[125]. Chiang et al. reported a mechanical interlock between the organic matrix and the

inorganic 4-BN that restricts the CTE mismatch [94]. Mismatch in CTE can be influenced by
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the intrinsic CTE, dispersion, loading, filler size, and shape [89] Apeldorn’s research on foamed
PEI filled with 25 vol.% of Talkum showed a z-CTE of 64 ppm/K. In the x/y-plane, the CTE
was significantly reduced below 20 ppm/K [24]. The z-CTE, evaluated between 50 and 150 °C,
reached values much closer to copper. This shows that hydrated fillers help to lower the CTE
(see benchmark prepregs), whereas BN seems to increase the CTE although having a very low
intrinsic CTE. A study by Tsai ef al. shows the potential to implement 3 wt.% clay into the EN
matrix to reduce the CTE. Their GF laminates showed CTE values between 45 and 56 ppm/K
[29]. However, by incorporating clay-based fillers, the water uptake is higher compared to BN.
The respective laminates, especially GF25, the microstructure of the fabric consists of
overlapping GF strands, forming “pockets”, the so-called inter-tow areas. Since the fillers are
restricted in their mobility by the fabric, the polymer chains can move slightly more. Similar
results were reported by Ehrenstein et al. Their studies on GF reinforced laminates in

dependency of their FVC [32] also revealed a parabolic slope.

5.4.3 Dielectric Properties

The dielectric constant (Dx) and the dielectric loss factor (Dr) of the studied laminates were
measured with impedance measurements. The relative permittivity of the dielectric materials
was measured, which indicates how easily the material can be polarized in the electric field.
The real part of the complex relative permittivity corresponds to the ability of the material to
store the energy of an electric field. It is referred to as the dielectric constant Dx. The dielectric
constant of a material should be kept as low as possible to achieve high signal speeds in the
application. The imaginary part of the complex relative permittivity ratio to Dx is given as loss
factor Dr. The lower Dy, the smaller the signal loss from surrounding electrical signals. A low
Dx value is preferred as high Dk values increase the signal loss probability. D¢ is a measure of
how much an electromagnetic field is absorbed or lost while passing through a dielectric
material.

The results for Dx and Dy in dependency of FVC are plotted in Figure 107.

All laminates successfully resulted in a Dy of < 4.0 (= target).

The lowest dielectric constant Dk was measured for EN BN12 GF107, the highest for
EN_GF49. At the same FVC, for both laminates, a parallel curve shift can be observed.

Therefore, the ceramic filler particles (the content of 19.7 vol.%) significantly improved the
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overall dielectric properties due to their intrinsic electrical insulation and the higher ability for

polarization. FR-4 materials (same FVC) have a Dx of 4.3.
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Figure 107 Dielectric properties in dependency of increasing FVC. a) Dy and b) Dx.
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The addition of fillers might lead to a sudden change in polarization of the fillers at higher

frequencies [209]. The BN laminates showed the lowest Dk value compared to the neat Epoxy

Novolac and hybrid laminates. The Dx was reduced by almost a factor of 1. As already seen in
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the morphological studies in previous chapters, the good BN filler dispersion contributes to
electric current passing. The Dk values for the conventional FR-4 substrates with a Tg of 140 “C
is at 4.5 at 1 GHz and for the high-Tg substrates with a T, of 180 °C at 4.3 at 1 GHz [199]. Both
values were reported at 50% resin content. Comparable systems of this Ph.D. study would be
GF107 systems that have a resin content between 47 — 62 vol.%.

The Dy was successfully decreased by a factor of 2. The dissipation factors Dt of current State-
of-the-Art substrates are in the same range as the novel GF107 systems, i.e., 0.016, 0.018 for
the FR-4 and the high-T; FR-4, respectively [199]. FR-4 substrates have a Dr in the range of
0.018 — 0.022; only cyanate ester-based laminates can reach values of 0.007 [14].

The Dr values of all systems were slightly above the target of < 0.005. The addition of filler
addition resulted in lower Dr values. The higher surface area of the smaller filler particles
probably leads to interfacial losses when the current passes [210]. The EN Hybrid GF49
laminate exhibits a loss factor of 0.0163, similar to three EN_ BN12 GFXX laminates.

5.4.4 Water Absorption

The service life of GFRP laminates is generally deteriorating as the moisture uptake increases.
Especially, Epoxy resins suffer from high water absorption due to the presence of polar groups
(-OH) in their molecular structure [120]. Some Epoxy resins can absorb as much as 20 % water
upon saturation, while the current desired value for electronic packaging base materials is
< 0.5 % after 24 hours exposure. Water absorption can potentially cause debonding at the
fiber/matrix/filler interface through chemical attack and reaction and mechanical-chemical
effects such as osmotic pressure [125]. With moisture absorption, the polymer chains are
undergoing swelling and lead to delamination. Moreover, moisture absorption in GFRP can
change the dielectric properties [211]. According to the literature, the addition of (inorganic)
fillers can reduce water absorption, especially with BN [126,212].

In the following, the results of the GF25 laminates are plotted versus the testing time of ca. 30 d
(Figure 108a). In addition, the graph below shows the effect of increasing FVC on the water
absorption exemplarily for the BN 12 filled laminates (Figure 108b).

The water absorption for the conventional FR-4 substrates (T 140 °C) is 0.1 %, and for the
high-T, substrate (180 °C), FR-4 is 0.1 %, which are comparable to the above results [199]. For

this project, the target for water uptake was < 0.5 % after 24 hours. The laminates under
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investigation fit this criterion and can be used for further applications. The above findings are

in alignment with the literature [120,213,214].
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Figure 108 Water absorption results for a) GF25 laminates with fillers of different nature and b)

influence of increasing FVC exemplarily for BN12 laminates.

In summary, all laminates absorb water below the target of 0.5 % within 24h. This is per the

FR-4 and the benchmark PCL 370 HR, which have a water absorption of approx. 0.2 %.
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It is known from the literature that Boehmite, in general, has a higher water absorption than BN.
Boehmite has a higher polarity due to its superficial hydroxyl groups, whereas BN has a lower
-OH availability. The chemical structure of Boehmite is y-AIO(OH), which shows that a
hydroxyl group is present. However, in literature, it was suggested that the -OH group of
Boehmite binds to the multifunctional Epoxy resin during curing [215]. The water absorption
of the neat Epoxy GF25 laminate is the highest amongst all and increases from day 1 (0.25 %)
to week 4 (1.25 %). As expected, the addition of BN fillers helps in decreasing water
absorption. The 12 pm BN laminate shows the lowest water uptake. The hybrid laminate offers
a water absorption in between the BT and BN laminate, suggesting a combinational effect.
With increasing FVC, the water uptake is decreasing (Figure 108b). In general, glass fibers are
highly hydrophilic due to the presence of polar groups on their surface, and hence their
silanization reduces the hydrophilic nature and therefore increases hydrophobicity.

The target value of 0.5 % is surpassed at day 9 for the EN_BT2 GF25 laminate, followed by
the EN_Hybrid GF25 atday 12 and EN_BN12 GF25 at day 16.
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6 Summary and Outlook

Within the scope of this Ph.D. thesis, the main goal was to develop a novel next-generation
multifunctional, high-T; PCB material with higher thermal stability and flame retardancy
compared to the current “best in class” marketed benchmark from Isola, PCL 370HR.

The work focuses on a solvent-free prepreg system with a long storage stability whose
processing is cost-efficient and has a short production cycle.

Overall, a holistic approach along the process chain was considered: from material selection to
processing to the final properties. To achieve this primary goal, the experimental route started
with the material selection taking into consideration overall material costs and ecological
aspects, i.e, RoHS directive, that calls for “green” and halogen-free raw materials.

Based on these requirements above, Epoxy Novolac (EN) cured with the aromatic DETDA was
selected to achieve excellent thermo-mechanical properties for the PCB base material with
Tg>235°C.

In addition, platelet-shaped hexagonal BN with different /ateral sizes (e.g., BN2, 12, 45 pm)
ideal candidates to improve the overall thermal conductivity. To provide enhanced flame
retardancy and withstand the brief thermal cycling at 220 °C during the lead-free soldering,
Boehmite (AIO(OH)) was selected.

The main properties were studied on cured, filled resins. The most promising formulations were
then transferred to the filled-prepreg laminates, focusing on increasing fiber volume content
(FVCO).

As expected, to achieve the target value for the thermal conductivity of >0.7 W/mK, a
minimum of 19.7 vol.% (about 45 wt.%) of platelet #2-BN 12um is needed. This was also the
upper limit of filler content regarding processability with the prepreg line due to viscosity
limitations. The microstructure revealed a random filler orientation (z-directional) with a high
degree of dispersion. A filler-filler interaction established the thermally conductive path. To
increase the packing density further and enhance the TC, BN2 was introduced to partially
substitute BN12 in a 1:3 ratio. The overall TC value was not higher than the formulation
containing only BN12 (0.66 W/mK versus 0.72 W/mK). Because the BN2 has a very irregular

shape and filler surface, the scattering effects were too high.
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Taking into consideration the overall costs, the through-plane (z-direction) heat dissipation can
be tailored by optimizing the filler size/aspect ratio, and nature which ultimately led to the
hybrid combination. The partial substitution of BN12 with Boehmite (BT2) decreases not only
the overall price of the final laminate (as BN is more expensive by a factor of 50 compared to
Boehmite) but also had a synergistic effect on the resulting TC of 0.81 W/mK in the filled resin.
The microstructure resulted in a main thermal pathway consisting of the larger BN12 platelets
with BT2 filling into the inter-gaps. This network formation was studied via in-situ hot-stage

light microscopy and confirmed the formation during thermally induced curing.

As mentioned above, to achieve a specific threshold value for TC, at least 15 - 20 vol.% of
fillers had to be incorporated into the EN matrix. On the prepreg line, the viscosity increase of
the resin formulation could easily be controlled by parameters, such as temperatures at the resin
holding tank and heating cycles. The solvent-free prepreg processing did not compromise the
in the filled resins established random filler orientation. The produced prepregs have a shelf-

life of up to 12 weeks stored at -18 °C.

The evaluation of the effect of the GF content on the thermal conductivity showed that the GF
fabric acts as a (thermal) barrier. Even with an increase of BN12 in the formulation, the thermal
conductivity value could not be increased above 1.1 W/mK. This effect was even more
significant with increasing FVC, as the TC value approached the intrinsic TC value of the GF
0.9 W/mK. The hybrid filler combination followed the same trend. The microstructure of the
hybrid-filled laminate using the fabric with 25 g/m? areal weight (EN_Hybrid GF25) showed
an efficient increase in packing density which led to a more homogenous thermal pathway.
Within the inter-tow region (resin-rich area), most of the random-orientated larger BN12
platelets were detected. The smaller Boehmite platelets filled the gaps between the GF strands
(intra-tow region). This microstructure helped to bridge the GF barrier leading to a homogenous
thermal pathway throughout the laminate.

From a thermal stability standpoint, the target of T, > 220 °C and Tq,5% > 360 °C was achieved
for all systems and their performance is much better than State-of-the-Art benchmarks (see in
Figure 109). The achieved values for both Tg and Tq,5%, 15 °C higher than the original set targets

for this thesis.
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Figure 109 FR-4 prepregs commercially available (Isola GmbH, this thesis’ benchmarks), compared

to the high-performance resin formulation developed in this PhD thesis (green data point).

The flame retardancy was studied with Cone Calorimetry, and post-combustion char analysis
was evaluated with SEM-EDX. First, the addition of GF led to a more stable, less intumescent
char compared to the filled resins. Higher stability is vital in fire scenarios to avoid flame
spread. In summary, the primary influence of the filler BN12 was increasing the tig. This is
attributed to the higher TC, as it delays the diffusion of volatile substances by absorbing thermal
energy and supports the temperature distribution throughout the laminate. BN does not
decompose and was mainly detected on the char surface, hinting its major contribution as a
solid-phase active filler. Boehmite is the major component that has a significant effect on FR.
With its reaction to Al>O3 and therefore its dual-activity in both the gas- and condensed phase,
the total smoke release (TSR), the total heat evolved (THE), and finally, the peak heat release
rate (PHRR) was significantly reduced; THE and TSR values were decreased by 50 %, the
PHRR was decreased by 66 %. The extensive char analysis confirmed the above-described
flame-retardancy mechanisms: Boehmite acts as a char stabilizer resulting in a compact char

morphology. Al,O3 was indeed detected on the char surface. The BN-filled char showed that
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BN is a rather “inactive” filler migrating to the surface during combustion shielding the release
of smoke and protecting the underlying material from heat. The hybrid char revealed a
“combinational® effect with the formation of Al,O3; dominating in the FR mechanism, BN is
only migrating to the surface. Comparing the BN12-filled laminates with unfilled laminates at
different FVC, it was found that the filler incorporation does not influence the PHRR reduction.
With increasing FVC, the heat and smoke release can only be further decreased with the
reduction of the combustible matrix. However, the tig is influenced by the filler. Both fillers and
GF influence the TSR. It was found that especially the closer-meshed woven fabric (GF107)
improved the fire properties by inhibiting the diffusion of the flammable gases. Additionally,
the incorporation of fillers led to an extension of the diffusion path of volatiles and a much
lower PHRR and higher tig. In summary, the best FR results (see Petrella plot, THE vs. FIGRA,
Figure 101) were achieved with BT only, followed by the hybrid and the BN-filled systems.
The correlation between TC and FR showed that with the incorporation of fillers, the tiz was
increased by up to 25 s. A further increase by 25 s was achieved by using higher intrinsic
TC fillers, such as BN. BN, therefore, plays a crucial role by absorbing surrounding heat.
Comparing with current benchmarks, this is a significant increase of up to 100 s. The delay
of ignition is significant since this is considered the time to escape.

UL-94 test passed with the classification of V-1 for the GF25 laminates, V-0 was thus achieved
with the hybrid-filled laminate using the 49 g/m? areal weight GF fabric (EN_Hybrid GF49)
and all GF107 laminates. All laminates did not show any signs of melt dripping.

A direct comparison between the standard FR-4 and the benchmark of this thesis PCL 370 HR
with the novel hybrid laminate is shown in Figure 110. The novel hybrid base material meets
almost the entire technical delivery specification, except for the z-CTE. A potential solution
to decrease the CTE can be increasing the overall filler or fiber content in the laminates [50].
The novel prepreg is a very competitive as the water absorption is even lower than for FR-4
and PCL 370 HR. The Df value is in the same range as the benchmark, however, achieved a
Dk of <4.0, whereas the benchmark and FR-4 are > 4.0 (Figure 110). The prepregs with the

highest FVC performed even better in all categories.

A price increase was expected in this research project since the BN filler costs about

140 euros/kg. This is very expensive compared to mineral fillers, such as ATH or Boehmite,
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with 2 - 3 euros/kg. However, a significant improvement was achieved regarding the thermal
properties, i.e., Ty, T4, and thermal conductivity with very low water absorption and good

dielectric properties.

Benchmark Hybrid

FR-4 PCL 370HR  BShmit + BN Specifications

n A e Smart PVI Box
ISO|a OLYMER _
TC/ WimK 0.35 0.38 0.85 >0.70
T/ °C (DMA) <180 180 ca. 235 > 220
T,../°C 315 340 370 > 360
-CTE<Tg/
#LlE<Tg 55 45 55 <40
ppm/K
H,0 abs / % 0.20 0.18 0.15 <05
D,/ 4.0 3.9 35 <4.0
@1GHz ' ' ; ;
D/ 0.0189 0.022 0.0169 <0.005
@1GHz ' ' ; :
Flame Retard.
V-0 V-0 V-0 V-0
(UL-94)
Price ratio 1 N/A 2.68 <4xFR-4

Figure 110 Comparison of the technical delivery specification of the State-of-the-Art base materials

with the novel developed hybrid formulation.

The Printed Circuit Board needs to be designed smartly, as the novel thermally conductive
substrate material is higher in price than existing materials. This substrate is a good candidate
for its use in areas close to the embedded chip. In surrounding regions, where thermal
management is not needed, cheaper substrates can be used. The overall PCB price, thus, is still
in a moderate range. This will be ultimately applied in the design process for the upcoming,
novel generation of PCBs for wireless charging in E-mobiles, which this thesis is based on

(Figure 111) (Smart PVI Box, BMWi 0325916F).
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Figure 111 Incorporation of a thermally conductive prepreg-layer close to the embedded chip (called

HELP-H-)) as part of the project ,,Smart PVI Box (BMWi 0325916F) (wireless charging for E-

mobiles).

Overall, the new substrate made from solvent-free prepregs is very competitive with current
prepregs available on the market. Future scientific research might want to investigate achieving
the desired z-CTE and D¢ targets, which are opportunities for further improvement on this novel
substrate. This might be achieved by introducing a third filler, such as Talcum. Apeldorn
achieved excellent properties in his comprehensive research using Talcum with Quarz and

Wollastonite [24,39,65].
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As literature showed minor effects on TC, surface functionalization of BN is not economic in
terms of processing and cycle times. BN only has a few active functional groups on its surface
available for functionalization [134]. Therefore, this will only play a very minor role soon.
The future for thermally conductive polymer composites is emerging: LEDs, E&E (chip
packaging), batteries, and solar cells [70].

The emerging battery market, a high-performance thermally conductive system is still lacking.
The combination of an organic FR with the inorganic BN fillers would open a niche market.
Studies by Lengsfeld [202] and Neumeyer [194] showed that DOPO works great with Epoxy
Novolac resin systems. As an outlook for future studies, the FR component Boehmite can
potentially be partially substituted with the covalent DOPO modification of the resin backbone,

which can even further enhance the FR performance.
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