Rapid Curing and
Boron Modification of
Polysilazane-Derived
Functional Coatings

Zur Erlangung des akademischen Grades Doktor-Ingenieur (Dr. -Ing.)
Genehmigte kumulative Dissertation von M.Sc. Ying Zhan

Erstgutachter: Prof. Dr. Ralf Riedel
Zweitgutachter: Prof. Dr. Rajendra K. Bordia

Darmstadt 2022




Rapid Curing and Boron Modification of Polysilazane-Derived Functional Coatings

Schnelle Aushédrtung und Bormodifizierung Polysilazan-abgeleiteter funktionaler Schichten

Genehmigte kumulative Dissertation von M.Sc. Ying Zhan aus Jiangxi, China
Fachbereich Material- und Geowissenschaften

Darmstadt, Technische Universitdt Darmstadt

Jahr der Veroffentlichung der Dissertation auf TUprints: 2022

URN: urn:nbn:de:tuda-tuprints-230048

Tag der Einreichung: 16.09.2022
Tag der miindlichen Priifung: 27.10.2022

Veroffentlicht unter CC BY-NC 4.0 International

https://creativecommons.org/licenses/




Erklarungen laut Promotionsordnung

§8 Abs. 1 lit. ¢ PromO

Ich versichere hiermit, dass die elektronische Version meiner Dissertation mit der schriftlichen

Version tibereinstimmt.
§8 Abs. 1 lit. d PromO

Ich versichere hiermit, dass zu einem vorherigen Zeitpunkt noch keine Promotion versucht
wurde. In diesem Fall sind ndhere Angaben iiber Zeitpunkt, Hochschule, Dissertationsthema

und Ergebnis dieses Versuchs mitzuteilen.
§9 Abs. 1 PromO

Ich versichere hiermit, dass die vorliegende Dissertation selbststindig und nur unter

Verwendung der angegebenen Quellen verfasst wurde.
§9 Abs. 2 PromO

Die Arbeit hat bisher noch nicht zu Priifungszwecken gedient.

Darmstadt, den 16.09.2022

(Ying Zhan)







The present cumulative dissertation summarizes the essential scientific findings reported to the
scientific community in the following peer-reviewed articles. Article reprints [1]-[3] are

enclosed in the Chapter Publications at the end of this work.

[1] Y. Zhan, R. Grottenmdiller, W. Li, F. Javaid, R. Riedel, Evaluation of mechanical properties
and hydrophobicity of room-temperature, moisture-curable polysilazane coatings, Journal of

Applied Polymer Science, 138 (2021) 50469.

[2] Y. Zhan, W. Li, R. Grottenmiiller, C. Minnert, T. Krasemann, Q. Wen, R. Riedel, Rapid
curing of polysilazane coatings at room temperature via chloride-catalyzed

hydrolysis/condensation reactions, Progress in Organic Coatings, 167 (2022) 106872.

[3] Y. Zhan, W. Li, T. Jiang, C. Fasel, E. Ricohermoso, J. Bernauer, Z. Yu, Z. Wu, F. Miiller-
Plathe, L. Molina-Luna, R. Grottenmiiller, R. Riedel, Boron-modified perhydropolysilazane
towards facile synthesis of amorphous SiBN ceramic with excellent thermal stability, Journal of

Advanced Ceramics, 11 (2022) 1104-1116.







Acknowledgments

First of all, I would like to express my deepest appreciation to my supervisor, Prof. Ralf Riedel,
who is a knowledgeable teacher, a life mentor, and a sincere friend. His constant support
throughout my doctoral work encouraged my scientific exploration and helped me grow into

my potential for challenges encountered.

I would also like to pay my special regards to the co-supervisor Dr. Ralf Grottenmdiller for his
valuable suggestions and discussions during the work, and for teaching me a critical attitude

toward scientific work.

I am very grateful to Prof. Rajendra K. Bordia for being the second reviewer of this dissertation

and for his former offer to visit his lab in the United States.

I would like to express my gratitude to the following collaborators and colleagues for their
technical assistance and constructive advice during this research work: Prof. Qingbo Wen, Dr.
Zhenghao Wu, Ms. Claudia Fasel, Prof. Zhaoju Yu, Dr. Christian Minnert, Prof. Farhan Javaid,
Prof. Florian Miiller-Plathe, Prof. Leopoldo Molina-Luna, Mr. Thomas Krasemann, Dr. Christian
Dietz, and Dr. Dragoljub Vrankovic. Special thanks to Wei Li for his unreserved support,

generous encouragement, and all the long discussions we had for our publications.
Many thanks to Merck KGaA for the financial support of this work.

I had the pleasure of being part of the amazing Disperse Feststoffe group and have met so many
lovely colleagues. Especially, I would like to thank Dr. Magdalena Graczyk-Zajac for setting a
strong female role model for me and always showing confidence in me. Special thanks to
Emmanuel III Ricohermoso for both the scientific and spiritual support, to Alexander Kempf for
his warm accompany, to Dario De Carolis for the comforting encouragements, and to Jan

Bernauer for bringing joy to my office hours.

Thanks to my dearest friends, Yijie Zhang, Kaixin Chen, Jingjia Huang, Maohua Zhang, and
Fengwei Guo, for always being there when I need a friend. Thanks to the “Muggle” group for

all the delightful moments we shared together.

My deepest gratitude goes to my chosen FAMILY. Thank you to Chen Shen for accompanying
me through hard times and good times, and for accepting the real me. Thank you to Tianshu
Jiang for sharing my laughs and tears, and being the shoulder I can always depend on. Thank

you to Dandan Li, for always having you by my side to give me strength, light, and love.

This work is dedicated to my parents, Mr. Xingyuan Zhan and Ms. Meiping Xu.
BRI E S, EOURAT, A 1A, EEERIECH, MR JERTH B







Abstract

The growing demand for high-performance and long-lasting materials in our society has
promoted the robust development of coating systems. Polysilazane is among the most widely
investigated types of coating materials due to its strong adhesion to almost all kinds of substrate
materials and its great potential to be modified to obtain tailored properties for a variety of
applications. This dissertation presents the simple and cost-effective preparation of
polysilazane-based coatings intended to be applied as protective, easy-to-clean, and anti-
corrosion coatings in the field of automotive and transportation, architecture and construction,

and industrial facilities.

A typical spin coating process followed by moisture curing under ambient conditions is
employed to obtain polysilazane coatings with industrial favorable thicknesses (5-7 um). A
systematic study of six polysilazane coatings provides insight into the relationship between
moisture curing behavior, film formation, and final coating properties. The molecular structure
of polysilazanes is found to play a key role in the crosslinking rate and degree, thereby affecting
the coating performance. An intuitive guide to selecting suitable polysilazanes for specific

applications is provided.

Though moisture curing is of advantage to real-life applications, it often takes a longer time
than other curing methods to crosslink organopolysilazane (OPSZ) films at room temperature.
Two approaches have been developed to facilitate the moisture curing of OPSZ coatings. In the
first approach, the curing time of OPSZ coating is shortened from 19 h to 1 h with the assistance
of a nucleophilic catalyst, tetrabutylammonium chloride (TBAC). It is found that 1.6 times more
of the Si-H and Si-NH groups are hydrolyzed, and 2 times more of the Si—-O-Si groups are
formed in the TBAC-catalyzed OPSZ coating. The significantly increased crosslinking rate and
degree result in a dense and smooth film with double value of hardness and quadruple value of
elastic modulus compared to the uncatalyzed coating. In the second approach OPSZ is reacted
with borane dimethyl sulfide complex to obtain highly crosslinked boron-modified OPSZ
(BOPSZ) prior to the coating process. The resultant BOPSZ coating exhibits not only improved
moisture curing rate and degree, but also higher hydrophobicity (contact angle = 101.1°) as
opposed to the boron-free OPSZ coating with a contact angle of 88.7°. Enhanced corrosion
resistance of the BOPSZ coating against HCl is thus achieved. So far, polysilazane coatings with
outstanding surface hardness, high hydrophobicity, and remarkable chemical stability are
successfully prepared at room temperature with greatly reduced processing time. Moreover, the
thermal behavior and polymer-to-ceramic conversion of boron-modified perhydropolysilazanes

are experimentally and theoretically studied. Boron incorporation induces the formation of rigid




B-N bonds, which restricts the atomic motion of nitrogen in the ternary Si-B-N network.
Therefore, the crystallization of the amorphous silicon nitride is suppressed, and the thermal
stability is improved. A preliminary groundbreaking work for the development of SiBN ceramic

coatings as e.g. thermal barrier coating is laid.




Zusammenfassung

Die in unserer Gesellschaft wachsende Nachfrage nach leistungsstarken und langlebigen
Materialien hat zu einer zunehmenden Entwicklung von Beschichtungssystemen gefiihrt.
Hierbei zédhlen Polysilazane zu den am meisten untersuchten Beschichtungsmaterialien, da sie
eine starke Haftung auf zahlreichen unterschiedlichen Substratmaterialien aufweisen, sowie die
Moglichkeit bieten, maligeschneiderte Eigenschaften fiir eine Vielzahl von Anwendungen zu
erzielen. In dieser Dissertation wird eine einfache, kostengiinstige Herstellungsmethode
Polysilazan-basierter Beschichtungen vorgestellt, welche als schiitzende, leicht zu reinigende
und korrosionsbestdndige Schicht, in den Bereichen Automobil und Transport, Architektur und

Bauwesen, sowie in industriellen Anlagen Anwendung finden.

Ein typisches Spin-Coating-Verfahren mit anschlie@endem Feuchtigkeitshdrten unter
Umgebungsbedingungen wird verwendet, um Polysilazan-Beschichtungen mit einer industriell
préferierten Schichtdicke (5-7 um) zu erhalten. Sechs verschiedene Polysilazan-Schichten
werden systematisch untersucht, um Aufschluss {iber die Zusammenhinge zwischen
Aushartungsverhalten, Schichtbildung und den daraus resultierenden
Beschichtungseigenschaften zu erhalten. Die Molekularstruktur der Polysilazane ist
ausschlaggebend fiir deren Vernetzungseigenschaften und Vernetzungskinetik und beeinflusst
daher die Leistung der Beschichtung. FEin intuitiver Leitfaden fiir die Auswahl

anwendungsbezogener Polysilazane wird bereitgestellt.

Obwohl die Feuchtigkeitshiartung bei realen Anwendungen von Vorteil ist, dauert die
Vernetzung von Filmen aus Organopolysilazan (OPSZ) bei Raumtemperatur oft ldnger als bei
anderen Hartungsmethoden. Zwei Ansdtze wurden entwickelt, um die Feuchtigkeitshdrtung zu
erleichtern. Beim ersten Ansatz lasst sich die Aushéartezeit der OPSZ mit Hilfe des nukleophilen
Katalysators Tetrabutylammoniumchlorid (TBAC) von 19 auf 1 Stunde verkiirzen. Durch die
Verwendung des Katalysators werden 1,6-mal mehr Si-H und Si-NH Gruppen hydrolysiert und
die Anzahl an Si-O-Si Gruppen in der OPSZ-Beschichtung wird verdoppelt. Die deutlich
erhohte Vernetzungsrate und der erhohte Vernetzungsgrad fiihren zur Bildung eines dichten
und glatten Films mit doppelter Harte und vierfachem Elastizitdtsmodul verglichen mit der
nicht katalysierten Beschichtung. Beim zweiten Ansatz wird vor dem Beschichtungsverfahren
hochvernetztes Bor-modifiziertes OPSZ (BOPSZ) durch Reaktion von OPSZ mit
Borandimethylsulfid-Komplex hergestellt. Die daraus resultierende BOPSZ Beschichtung weist
neben einer verbesserten Feuchtaushirtungsgeschwindigkeit und einem stdrkerem
Vernetzungsgrad auch eine hohere Hydrophobie mit einem Kontaktwinkel von 101,1° im

Vergleich zur OPSZ Beschichtung mit 88,7° als Kontaktwinkel auf. Dadurch wird eine




verbesserte Korrosionsbestindigkeit gegen HCl erzielt. Polysilazan-Beschichtungen mit
herausragender Oberflichenhérte, hoher Hydrophobie und bemerkenswerter chemischer
Stabilitdit wurden bei Raumtemperatur mit deutlich verringerter Prozessdauer erfolgreich
hergestellt. Des Weiteren wird die thermische Stabilitit sowie die Polymer-Keramik-
Transformation eines mit Bor-modifizierten Perhydropolysilazans experimentell und
theoretisch untersucht. Die Zugabe von Bor fiihrt zur Bildung starrer B-N Bindungen, welche
die atomare Bewegung von Stickstoff im terndren Si-B-N einschrénken. Auf diese Weise wird
die Kristallisation von amorphem Siliziumnitrid unterdriickt und die thermische Stabilitét
erhoht. Hierdurch ist ein erster Grundstein zur Entwicklung keramischer SiBN-Beschichtungen

z. B. als Warmedammschicht gelegt.
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1. Introduction

The continuous development of society promotes the advancement of materials towards high
performance, cost efficiency, and long-lasting durability. However, environmental factors
(weathering, high humidity or temperature, exposure to salt water, etc.), normal wear and tear,
and possible vandalism (e.g., graffiti) can cause corrosion, damage, or even failure of many
types of materials. These material flaws can be highly concerning in the application fields such
as marine sectors, automotive parts, building facades, and industrial facilities due to
maintenance and safety requirements. In these cases, coatings are often applied as an efficient
solution to provide protection, give specific functions, keep up appearances, and extend the

lifetime of the substrate materials by modifying their surface properties.

Over the last two decades, silicon-containing polymers have attracted a considerable amount of
attention as suitable coating materials owing to their superior thermal stability and chemical
resistance compared to most organic coating materials °. Among them, polysilazane consisting
of Si-N-Si backbone emerged as an outstanding coating material due to its i) liquid nature,
which enables simple and cost-effective deposition methods ®; ii) strong adhesion to a variety
of materials (metals, plastics, glasses, and ceramics) by chemical bonding 7; and iii) potential
to be modified and functionalized for different applications. Moreover, polysilazanes are known
as precursors for preparing multielement ceramics at relatively low temperatures via the
polymer-derived ceramics route, which gives rise to a simple fabrication of ceramic coatings for

components with complex shapes 8.

In view of the above-mentioned advantages, polysilazane coatings have been extensively
studied for applications such as dielectric, anti-graffiti, anti-adherent, anti-corrosion, anti-
scratch, environmental barrier, and thermal barrier coatings °'3. The global polysilazane
market was valued at USD 14.64 million in 2021 and is expected to grow at a compound annual
growth rate of 17.68% from 2021 to 2027 4. The market share of industrial coatings accounts
for 80% of all applications (industrial coatings, ceramic precursors, composite materials, others).
Though it is an expanding field with great potential, there are still challenges to overcome.
Currently, research on polysilazane coatings is mostly focused on addressing the following

objectives:

i.  Performance enhancement. Improvement of coating properties such as hardness,

chemical stability, uniformity, etc.

ii.  Tailoring of coating properties. Chemical modification of polysilazanes before the coating
process allows obtaining coatings with tailored thermal, hydrophobic, electric properties,

etc.
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ili.  Preparation of polysilazane-derived ceramic coatings. Investigation of the polymer-to-

ceramic transformation and property optimization of the obtained ceramic coatings.

In this dissertation, polysilazane coatings are prepared via spin coating followed by moisture
curing under ambient environment and temperature. The crosslinking behavior, film formation,
and resulting properties of different polysilazane coatings are systematically studied in the first
section. The second and third sections describe two approaches for preparing polysilazane
coatings with significantly enhanced film quality, mechanical properties, hydrophobicity, and
chemical stability. Performance improvement of the films is achieved by adding a nucleophilic
catalyst tetrabutylammonium chloride to increase the curing rate and degree of polysilazanes.
Coatings with tailored hydrophobicity and chemical stability are attained by boron modification
of polysilazanes. Both methods considerably shorten the processing time by accelerating the
curing process. In addition, the thermal behavior and polymer-to-ceramic conversion of boron-
modified polysilazanes are elaborated, which lays the foundation for the fabrication of ceramic

coatings.
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2. Fundamentals

This chapter introduces the fundamentals related to the research findings underlying in this

dissertation, including the theoretical background and the state of the art.

2.1. Polysilazanes

Polysilazanes (PSZ) are polymers consisting of basic Si-N backbone with various reactive
and/or inert side groups attached to the Si or N atoms. Depending on the type of the side groups,
polysilazanes are classified into inorganic and organic polysilazanes. The typical inorganic
polysilazane is perhydropolysilazane (PHPS) with exclusively hydrogen side groups, as shown
in Figure 2.1a. In organopolysilazane (OPSZ, Figure 2.1c), at least one carbon-containing side
group (CHs, HC=CH,, etc.) is bonded to the silicon atom. Both PHPS and OPSZ follow a
complex macromolecular structure consisting of linear, cyclic, and three-dimensional chains

with a wide range of molecular weight, as shown in Figure 2.1b and d, respectively !>16
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Figure 2.1 Simplified chemical formulas of (a) perhydropolysilazane (PHPS) and (c) organopolysilazane (OPSZ). (b)

and (d) illustrate the possible molecular structures of PHPS and OPSZ, respectively.

Several methods to synthesize polysilazanes have been extensively investigated. Most of these

methods can be classified into three categories: i) polycondensation of halide substituted silanes
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and amines; ii) ring-opening polymerization of cyclosilazanes; iii) copolymerization of
cyclosilazanes 7. Due to its simplicity, the most commonly used synthesis route of polysilazane
is polycondensation of aminosilanes obtained by ammonolysis or aminolysis of chlorosilane, as
shown in Figure 2.2. In the two-step reactions, chlorine atoms of the starting material,
dichlorosilane, are first substituted by ammonia or different amines to form aminosilanes,

which subsequently condense to PHPS (when R = H) or OPSZ (when R = CH3, HC=CHa, etc.).

R
Ammonolysis  + NH; [ |
- Si—N +
R NHet o L]
R H
Cl—Si—Cl
| R
R Aminolysis + H,NR' [ |
> Si—N +
“HNRCl L]
R, R'= H, CH3, HC:CHQ, Ph, etc. R Rl

Figure 2.2 Synthesis routes of polysilazane by ammonolysis or aminolysis of dichlorosilane. Adapted from [18].

The ammonolysis and aminolysis of dihalogenosilanes were first reported by Stock and
Somieski '’ for the synthesis of oligosilazanes in 1921. In 1964, Kriiger and Rochow successfully
prepared OPSZ by ammonolysis of organosilicon chlorides and discussed in detail the structure,
spectra, properties, and reactions ?°. A large number of studies and patents followed up and

have been summarized in several review articles 68182122,

One main disadvantage of these synthesis routes is the difficulty to remove the precipitated
NH4Cl or HsNR'Cl formed during the reactions from the polymeric product 23, which is both
time-consuming and cost-intensive. Another problem is that these methods produce a high
proportion of low molecular weight species that are easily volatile '°. An improved synthesis
method, which was developed by Abel et al. 2* in 1999 to tackle the above-mentioned problems,
is currently used in the industry (Merck KGaA) for the manufacture of polysilazanes. In this
method, chlorosilanes are added to an excess of liquid ammonia that applies as a reactant and
as a solvent. The reaction byproduct NH4Cl or HsNR'Cl dissolves in liquid ammonia, which
facilitates the isolation of polysilazane products. In addition, the ionized and dissolved NH4Cl
catalyzed the substitution of Si-H bond with Si—Cl bond, which further ammonolyze to form

aminosilanes that condense to polysilazanes with linear and cyclic structures.

At present, a wide product portfolio of polysilazanes is commercially available. Polysilazanes

with various side groups are synthesized by ammonolysis of dichlorosilanes with different R
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groups (Figure 2.2). Six of them have been investigated in this work, namely Durazane 1033

(D1033), Durazane 1500 rapid cure (D1500-rc), Durazane 1500 slow cure (D1500-sc),
Durazane 1800 (D1800), Durazane 2250 (D2250), and Durazane 2850 (D2850), which are
produced by Merck, KGaA, Darmstadt (Figure 2.3).

The most known application of polysilazanes is as polymeric precursors in the field of polymer-
derived ceramics (PDCs). After thermal treatment in an inert atmosphere, polysilazanes can be
transformed into SisN4 and SiCN ceramics with tailored molecular structures ®%. Due to the
versatile possibilities of processing and shaping complex ceramic systems via the PDC route
compared to conventional processing of ceramic powders or pastes, polysilazanes are promising
precursors for the production of ceramic fibers 263!, ceramic-matrix composites 32-3°, highly
porous components 3638 anode material for energy storage application 3°**, etc. Particularly,
polysilazane is widely considered a promising material for coating applications, which will be

discussed further in Chapter 2.4.

a. Durazane 1500-rc, 1500-sc

(|3H3 (|3H3 OC5Hsg
| | 0.67n | | 0.33n |
H H CH; H OC;Hs

al. Durazane 1033: Polymethyl(hydro)/polydimethylsilazane a2. 3-Aminopropyltriethoxysilane

b. Durazane 1800 ¢. Durazane 2250, 2850

H
CH
#Cha |
r ok

n

ok, ok ]
|L |L 0-8n (|3H Ill 0.2n cl. Perhydropolysilazane
3
NG N

c2. Solvent: Dibutyl ether

Polymethyl(hydro)/polyvinylsilazane

c3. Catalyst: Diethylethanolamine

Figure 2.3 Molecular structures of Durazane polysilazanes. (a) Durazane 1500 is 3-aminopropyltriethoxysilane-
modified Durazane 1033 (a1). Durazane 1500 rapid cure (rc) has a higher fraction of 3-aminopropyltriethoxysilane
than Durazane 1500 slow cure (sc). (b) Durazane 1800. (c) Durazane 2250 (20 wt% solution of perhydropolysilazane
(c1) in dibutyl ether (c2)). Durazane 2850 is produced by further adding 0.5 wt% of diethylethanolamine (c3) as a
catalyst. Adapted from Ref. [1] with permission of John Wiley and Sons.
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2.2. Curing behavior of polysilazanes

Polysilazanes can be converted to organic/inorganic materials with three-dimensional
structures via the crosslinking process. Through proper curing processes, mixtures of oligomers
and low molecular weight polysilazanes are transformed into infusible and insoluble thermosets,
resulting in changes in composition and properties, and an increase in ceramic yield during the
PDC transformation process >!¢42, The most common techniques to induce crosslinking
reactions are thermal treatment ***~%6, moisture curing “/-°2, vacuum ultraviolet radiation in the
presence of oxygen °*°° and plasma polymerization °*°7. In this work, crosslinking of

polysilazanes was carried out mainly by moisture curing and thermal curing.

2.2.1. Thermal curing

Thermal curing of polysilazanes is of advantage in processing PDCs due to its simplicity and no
introduction of additional elements into the polymer structure ?2. Depending on the substituted
side groups, four major reactions can take place during the thermal curing of polysilazanes
under inert atmosphere: i) hydrosilylation (100-120 °C), ii) transamination (200-400 °C), iii)
dehydrocoupling (ca. 300 °C), and iv) vinyl polymerization (> 300 °C) 63546:58-62,

As illustrated in Figure 2.4a, transamination reactions occur in the temperature range of ca.
200-400 °C with the release of ammonia, resulting in mass loss and reduced nitrogen content
in the final product. Dehydrocoupling reactions (Figure 2.4b) involving Si-H and N-H groups
start at ca. 300 °C with the generation of hydrogen and lead to the formation of Si-Si and Si-N
bonds. Polysilazanes that have unsaturated vinyl groups can additionally be crosslinked by
hydrosilylation reactions and vinyl polymerization. Hydrosilylation reactions (Figure 2.4c)
occur in different positions of the vinyl groups at relatively low temperatures (100-120 °C) and
form Si—C-Si and Si—-C-C-Si bridges. Polymerization of the vinyl groups (Figure 2.4d) occurs
at higher temperatures (> 300 °C) and no mass loss is involved. According to the investigation
of Yive et al. **, the crosslinking activity of these four reactions is sorted as: hydrosilylation >

dehydrocoupling > transamination > vinyl polymerization.
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a. Transamination |
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. |
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Figure 2.4 Thermal curing mechanisms of polysilazanes: (a) transamination; (b) dehydrocoupling; (c) hydrosilylation;

and (d) vinyl polymerization reactions.

2.2.2. Moisture curing

Polysilazanes with hydrolyzable side groups, e.g. Si-H, Si-NH, and Si-OEt groups, can be
crosslinked via hydrolysis and condensation reactions in ambient environment at low
temperatures or even at room temperature 7463, This feature is of advantage for the cost-
effective and easy-to-handle preparation of polysilazane-based coatings, especially where a
substrate with a low melting point is used and thermal curing is not applicable 1013506465 Ag

shown in Figure 2.5a, the presence of atmospheric water leads to hydrolysis of Si-H, Si-NH,
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and Si—OEt groups, forming Si—OH groups with the release of hydrogen, ammonia, and ethanol,
respectively. Subsequent condensation (Figure 2.5b) of the formed silanol group with another
silanol group, or with Si-H and Si-NH: groups takes place, and Si—O-Si network is formed.
Condensation of the silanol groups was found to proceed instantaneously after the hydrolysis
reaction, indicating that hydrolysis is the rate-limiting step in the moisture curing of

polysilazanes 475066,

a. Hydrolysis

| im0 |

—Si—H ———— —Si—OH
| th |
|' H | +H20 | | +H20 .
—T|—N—S|3|— —_— —S||—OH + HZN_Sll_ N 2—S||—OH
+H,0 |
—Si—OEt —Si—OH

b. Condensation

2 —Si—OH ———> —Si—0—Si—
| o |
! | "
—Si—OH + H—Si— ———> —Si—0—S8i—
_I—I2 |
—Si—OH + H2N—Sli— R — —Sli—O—S|>i—
N o

Figure 2.5 Moisture curing mechanisms of polysilazanes: (a) hydrolysis and (b) condensation reactions.

The crosslinking behavior of polysilazanes is directly influenced by the substituted side groups.
It was reported by Marceaux et al. ® that Si—-OEt group has the highest hydrolysis rate among
the three mentioned hydrolyzable groups. Dargere et al. ®® have systematically investigated the
hydrolysis—condensation reactions of hydridosilazane and concluded that Si-NH group has
higher reactivity towards hydrolysis than Si-H group, which has been confirmed by Miiller et
al. ¥ Non-hydrolyzable side groups on the Si atoms, i.e. Si—-CHs and Si-CH=CH, groups, were
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reported to have a steric hindrance effect on the hydrolysis of polysilazanes %3, Consequently,
OPSZ that have abundant inert side groups are less reactive to hydrolysis compared with PHPS

and hence crosslink slower in this way.

2.2.3. Acceleration of the curing processes

External assistance is often applied to accelerate the moisture curing of polysilazanes.
Increasing temperature (up to 400 °C) is found to be a simple and effective way to increase the
curing rate of polysilazanes under ambient environment 71048516770 The rise of temperature
provides energy for both the hydrolysis and condensation reactions and a complete crosslinking
of polysilazanes can be achieved 7!. However, the positive effect of temperature increase on the
curing rate is compensated by a decrease in humidity. It was reported by Miiller et al. 4’ and
Bauer et al. *° that the hydrolysis rate can be enhanced by increasing the humidity -°°. Though
the impact of humidity on the curing rate at room temperature is insignificant in ambient
atmosphere (relative humidity > 20%), it becomes evident in very dry atmosphere, i.e., relative
humidity lower than 7%. Therefore, a moistening furnace is recommended for accelerating the

moisture curing process *°.

The use of catalysts is preferred in some studies to accelerate the curing process of polysilazanes
near room temperature as no additional equipment is required. Ammonia and amines are
extensively applied as efficient basic catalysts to accelerate the curing of polysilazanes
15,50,64,66,67.71-74 By exposing to ammonia vapor or immersing in aqueous ammonia or amine
solutions, hydrolysis of polysilazanes is highly promoted in terms of efficiency and crosslinking
degree ¢771, Hydrogen peroxide has also been proved to be an effective oxidizing catalyst for
accelerating the moisture curing of polysilazane %7717>76 It was found by Morlier et al. 7! that
after immersion into a hydrogen peroxide solution for a short time, hydrolysis of Si-H and Si-
NH groups was almost completed and led to the formation of highly hydroxylated silica. In
recent years, the well-known nucleophilic catalyst tetrabutylammonium fluoride (TBAF) is
given special attention for controllable and selective crosslinking of OPSZ '32%77.78 The Si-H
bonds are nucleophilically activated by TBAF for simultaneous reactions with N-H groups and
O-H groups, and the crosslinking rate and degree are hence increased 7°8!. Additionally,
calcium borohydride bis(tetrahydrofuran) is used as an inhibitor to terminate the crosslinking
of polysilazane, resulting in crosslinked polysilazanes with controlled meltability and

viscoelasticity for the manufacture of fibers.

In this work, tetrabutylammonium chloride (TBAC) is applied as an effective catalyst for the
curing of polysilazane in ambient atmosphere and temperature without the use of any inhibitors

or additional equipment.
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2.3. Boron modification of polysilazanes

Chemical modification of polysilazanes has been widely investigated to incorporate additional
elements for the production of quaternary Si-M-C-N (M = B, Al, Ti, Zr, Fe, Hf, etc.) ceramics
with desired properties via the PDC route 2*3%82°1 [t has been shown that the chemical
modification strongly influenced i) the crosslinking behavior of the polymeric precursors, ii) the
thermal stability, iii) the crystallization behavior, and iv) the microstructure of the resulting Si—

M-C-N ceramics.

Boron modification of polysilazanes as precursors has received much attention in the last
decades due to the highly improved thermal stability, creep and oxidation resistance, and high-
temperature mechanical properties of Si-B-C-N ceramics obtained by the PDC route *>%7. It
was found by Riedel et al. *? that the polyborosilazane-derived SisoB1.0C43N20 ceramic was
thermally stable against decomposition up to temperatures of ca. 2000 °C, while SiCN materials
started to decompose at temperatures above 1400 °C. Due to their superior properties, boron-
modified polysilazanes (BPSZ) derived SiBCN ceramics have aroused great enthusiasm among

researchers in the fabrication of fibers 2878109 coatings 1°1-1%4 matrix composites, and monoliths

33,105-111

Boron modification of polysilazanes is achieved by chemical reactions between the functional
groups of polysilazanes and boron compounds, i.e. boranes, borazines, BCls, borate derivatives,
etc °%101,102.112-118 ' Gypthesis of boron-modified polysilazanes and the transformation of BPSZ to
Si-B—-C-N ceramics have been comprehensively summarized in several review articles 225988119
121 Among the great variety of possible boron modification methods for polysilazanes,
hydroboration (Figure 2.6a) '2212% or dehydrocoupling (Figure 2.6b) 24 reactions between the
vinyl groups or N-H groups and the boranes are frequently used to prepare BPSZ, where boron
is appropriately distributed in the materials '2>-134, Viard et al. 13 have investigated in detail the
chemical mechanisms involved in the modification of a poly(vinylmethyl-co-methyl)silazane
with different amounts of borane dimethyl sulfide (BMS). Combining FTIR and NMR results,
they have found that hydroboration reaction was predominant when the boron content is low.
As the boron content increased (5 < Si/B < 15), hydroboration and dehydrocoupling were
competing reactions, and at a certain Si/B ratio (< 5) dehydrocoupling solely occurred. The
incorporation of boron has been proven to highly increase the crosslinking degree of the
modified-polysilazanes. Therefore, the chemistry and crosslinking degree of BPSZ can be well-

controlled by varying the boron content, and the processability of the precursor is improved.
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This work has investigated the effect of boron incorporation on the crosslinking and pyrolytic
behaviors of polysilazanes with different substituted groups. The synthesized boron-modified

polysilazanes have been applied for the preparation of hydrophobic coating and SiBN ceramic.

a. Hydroboration
| CH3 |
o - addition _ l
> Si—CH—B—
-A |
BH; - A + —Si—CH=CH,
B - addition | |
A SI_CHQ_CHQ_B_
A = S(CH3),, N(CH,CH3)s, THF, etc. )
b. Dehydrocoupling
—N—H + H—B— —» —N—B— + H,

Figure 2.6 Boron modification of polysilazanes using borane complexes: (a) hydroboration and (b) dehydrocoupling
reactions.
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2.4. Polysilazane-derived coatings

Polysilazanes have been broadly applied as coating materials because of their strong adhesion
to nearly all kinds of substrate materials and potential to be modified and tailored to obtain
specific properties for different applications >7*°. Taking advantage of its liquid nature, most of
the economic and simple deposition techniques are applicable to polysilazane systems, such as

dip coating 574, spin coating 572, spray coating '*!%, roll coating 3¢, etc.

After deposition, polysilazane coatings are crosslinked to thermoset materials with enhanced
thermal, mechanical, and chemical stability '1-67-73137:138 These polymeric coatings with tailored
molecular structures and chemical compositions have been studied to modify surface properties
of common structural materials for various applications, such as anti-graffiti %6813 anti-fouling

65,140,141 “anti-adherent '3, anti-corrosive #477:140:142 and gas barrier coatings °371:136.143,144,

Polysilazane coatings can be further converted into SiO,, SiCO, SiCN, or SisN4 ceramic coatings
via the PDC route 5213%145-151 In some cases, suitable fillers were introduced into the systems
to minimize or compensate the shrinkage of precursors during pyrolysis 12-°270:152-134  Thyg,
thicker ceramic coatings (> 1 um) can be obtained without cracking and spalling. Due to their
superior thermal and mechanical properties, polysilazane-derived ceramic coatings are
promising candidates for inter-layer dielectrics *!°, corrosion-resistant coatings 352145153

12,54,158-160

oxidation-resistant coatings #6:152156.157 'thermal and environmental barrier coatings ,

wear protection coatings !, and high-end membranes with controlled porosity 38104,

2.4.1. Spin coating technique

Spin coating technique was chosen in this work for the highly reproducible fabrication of
polysilazane coatings with controllable film thickness. Due to its comprehensive advantages of
low cost, simple operation, high reproducibility, and low amount of coating material required,

spin coating has been extensively studied theoretically and experimentally 162-168,

Spin coating (Figure 2.7) can be divided into three consecutive processes: i) deposition, ii)
liquid ejection, and iii) solvent evaporation 19-171, A certain amount of coating material is first
deposited at the center of a substrate, which is either static or spinning at a low angular velocity.
The material is then centrifugally driven and ejected from the edge of the substrate at a higher
spin speed. Evaporation of solvents occurs during and after the spinning process, resulting in

the formation of a film with desired thickness.
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Figure 2.7 Schematics of the spin coating processes using a static dispense method: i) deposition (left), ii) liquid

ejection (middle), and iii) solvent evaporation (right).

Several processing parameters are involved in the spin coating processes, e.g., dispense volume,
spin speed, acceleration, spin time, etc. The correlation between processing parameters and
film thickness has been studied in a great deal of experimental work and concludes in a

generalized form 1%172;
hf =kw™* (2'1)

where hs is the film thickness, w is the angular velocity, while k and a are empirically
determined constants. As the angular velocity increases, the degree of centrifugal force
increases. Thus, more material is ejected from the substrate and a thinner film is obtained.
Constants k and a are mainly affected by the physical properties of the coating solutions, i.e.,
viscosity, concentration of the solutes, volatility of the solvent, and wettability of the polymer
to the substrates 97173175 The dispense volume, rate of deposition, and spin time have been
found to have limited or no effects on the film thickness 7>17, In addition to the intrinsic
properties of the coating solution, the morphology of the spin-coated films is influenced by the
polymer/substrate and polymer/air interfacial interactions 1177, In summary, the selection of
suitable processing parameters for the production of uniform films with desired thickness

should be adjusted accordingly for different materials.

2.4.2. Properties

Adhesion

Polysilazanes are well-known to have good adhesion to a variety of substrate materials, such as

metals, glasses, ceramics, plastics, etc. The strong adhesion of polysilazanes to the substrates is
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obtained through physical and chemical interactions 7178, Owing to the low surface tension of
the liquid coating solutions, good wetting of polysilazanes onto the substrates is acquired, which
allows a physical adhesion of polysilazane to a rough surface by mechanical interlocking
17178179 However, for substrates with small surface roughness, the contribution of physical
adhesion to total adhesion is low. The strong adhesion is mainly attributed to the chemical
interactions between the polysilazane coatings and the substrates 7:!36%178, As shown in Figure
2.8, polysilazanes with Si-H and Si-NH groups react with —OH groups at the surface of
substrates, forming oxygen bridges between the coating and substrate with the release of H,
and NHs. In addition, hydrolysis of Si—-H and Si-NH groups occurs in the presence of humidity
to form silanol groups, which condense subsequently with —OH groups at the surface of

substrates, leading to the formation of oxygen bridges and release of water (see Figure 2.5).
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Figure 2.8 Chemical reactions between Si-H, Si—-NH groups of polysilazane and -OH groups at the surface of the
substrate lead to the formation of oxygen bridges, and thus strong adhesion of the polysilazane coating to the

substrate.

To achieve good adhesion of polysilazane coating to the substrate, pre-treatments of the
substrate are essential. A cleaning procedure of the substrate is normally carried out prior to
the coating process to remove possible contaminations or weak boundary layers, which are
detrimental to the formation of covalent bonds between coating and substrate >!8°. Depending
on the materials, substrates can be cleaned mechanically (e.g., by grinding and polishing) and
chemically (e.g., by solvents, acids, or bases) 78181, Furthermore, suitable surface engineering,
e.g., sandblasting, chemical etching, plasma treatment, etc., has been conducted in some studies
to improve the adhesion of polymers to metals by either increasing the surface roughness or

cleaning and activating the surface of substrates 1:12:47:65,69,139,149,181,182

Adhesion can be quantitatively evaluated by direct adhesion measurements such as peel tests,
lap shear tests, scratch tests, etc., along with visual characterizations of the fracture surface
178,183,184 Depending on the type of test, different mechanical forces are applied to break, tear,

or delaminate the coatings on the substrate. The failure resistance of the coating under
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mechanical forces reflects the strength of adhesion. In this work, a standard cross-cut test (DIN
EN ISO 2409) '# has been applied to evaluate the adhesion of polysilazane coatings to different

substrates.

Mechanical properties

Measuring and understanding the mechanical response is critical for material research and
application development. Hardness (H) and elastic modulus (E) are among the most extensively

studied mechanical properties of polysilazane coatings >'7°.

In general terms, hardness is an engineering property that implies the resistance of a material
to plastic deformation under mechanical forces. It can be affected by various factors including
i) nature of the material (e.g., atomic bond energy), ii) film properties (e.g., microstructure of
the film, film thickness, type of substrate), iii) testing parameters (e.g., testing methods, shape
of indenter, temperature), etc. #4187, On the contrary, elastic modulus is an intrinsic property
of a material, which implies the resistance of the material to elastic deformation and is often
referred to as Young’s modulus. At a fundamental level, elastic modulus is a measure of

interatomic bond energy and atomic packing density °.

Measurements of the hardness and elastic modulus of polysilazane-based coatings cured or
pyrolyzed under different conditions have been carried out in several studies. Giinthner et al.
>2 have investigated the change of H and E during the conversion of polysilazane films to
amorphous ceramic films in nitrogen and in air. They have found that both H and E improved
with the increase of pyrolysis temperature, which was attributed to the increased crosslinking
degree and densification of the films during the heat treatment. This finding has been confirmed
in other research articles %3%731%0_In this regard, several approaches to promote a higher degree
of crosslinking of polysilazane-based coatings have been explored such as exposure to ammonia,
immersion in a liquid solution of hydrogen peroxide, and additional ultraviolet irradiation, etc.,
which all led to the increase in both H and E %, Furthermore, the pyrolysis atmosphere has
been shown to have an explicit influence on the H and E °2. In the temperature region up to
400 °C, polysilazane-based coatings showed higher H and E because the crosslinking in air was
faster than that in nitrogen. At temperatures above 800 °C, polysilazane coatings pyrolyzed in
air transformed to SiOy films, which had lower H and E values than that of the Si(C)N films
obtained by pyrolyzing polysilazane coatings in nitrogen. This can be explained by the more

rigid bonding architecture of Si(C)N than that of SiOx systems °.

Nanoindentation is an advanced method for determining the hardness and elastic modulus of

thin films. One of the most important improvements in nanoindentation testing is the
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continuous stiffness measurement (CSM) technique, which allows dynamic measurements of
mechanical properties at any point along the loading process 18-, During CSM, a load to the
indenter tip is applied to force the tip into the surface while simultaneously superimposing a
harmonic force to enable a minimal harmonic displacement (2-4 nm). A typical load-
displacement curve attained by performing a nanoindentation CSM on an elastoplastic material
with a Berkovich indenter is shown in Figure 2.9 (left), where P and h designate the load and
penetration displacement, respectively. The deformation patterns formed during the

indentation processes are illustrated on the right side of Figure 2.9.
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Figure 2.9 Left: A typical load-displacement curve obtained from a nanoindentation continuous stiffness
measurement (CSM) on an elastoplastic material. Right: Deformation patterns formed during nanoindentation
processes with a Berkovich indenter (i) before loading, (ii) at the maximum load, and (iii) after unloading. Based on
Oliver and Pharr. 18

Several important quantities can be extracted from the load-displacement curve: the maximum
load P, ., the maximum displacement h,,,,, the initial unloading stiffness S, and the residual
displacement h,.. According to the Oliver and Pharr model !88!8% hardness and elastic modulus

can be calculated using the following equations. Hardness is defined as:

Pmax (2‘2)

where P, is the maximum load and A is the contact area, which is a function of the contact

depth h,:
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A=F(h,). (2-3)

The area function is established after the tip geometry calibration. The contact depth h, is
defined as the depth where the indenter is in contact with the specimen. It can be calculated

using Eq. (2-4):

he = hipay — €22 (2-4)

where h,,,, is the displacement at the maximum load, € is a constant that depends on the

geometry of the indenter, and S is the initial unloading stiffness. S is given by:
_a _ 2 2-5
S= dh~ Vw Er\/Z (2-5)
where E, is the reduced modulus, which is defined by

1 (1-v?) N 1-v?) (2-6)

E, E E;

where E and E; are elastic modulus of the sample and indenter, respectively. v and v; are

Poisson’s ratio of the sample and indenter, respectively.

Hydrophobicity

Hydrophobicity is a physical property describing the water repellency of a material. A
hydrophobic surface is only partially wetted or not wetted by water molecules. To quantify the
wettability of a solid surface by a liquid, Thomas Young !> defined an angle of contact between
the solid-liquid interface and the liquid-vapor interface, which is denoted as contact angle 6.
The trigonometric relations between the contact angle and the forces acting on a liquid droplet
in equilibrium on a solid surface are illustrated in Figure 2.10 and described in the Young

equation:

Ysv = Vsi + YLy cos@ 2-7)

where 6 is the contact angle, ysy, ¥s.., and y;, are the solid-vapor, solid-liquid, and liquid-vapor

interfacial tensions, respectively.

Conventionally, a surface is considered hydrophobic when its static water contact angle 0 is
greater than 90° and hydrophilic when @ is smaller than 90° 3. The contact angle of OPSZ-
derived coatings is typically in the range of 90-100°, which enables applications such as anti-
graffiti, anti-adherent, and self-cleaning coatings '%'%131% In order to further enhance the
hydrophobicity, some researchers modified polysilazanes with fluorine compounds to decrease

69,77,195

the surface energy The resulting fluorine-modified polysilazane coatings are
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superamphiphobic with a water contact angle up to 175° + 3° ©, Barroso et al. ** introduced

poly(tetrafluoroethylene) particles into the polysilazane coatings and hence increased the water
contact angle up to 144.6° = 5.3° due to the reduction of the surface free energy. Wang et al.
70 have systematically investigated the change of surface energy as a function of temperature
during the conversion of PHPS to amorphous SiON films in air. They have found that the contact
angle of the PHPS films decreased abruptly at the temperature of ca. 300 °C, which was
attributed to the compositional and microstructural evolutions during the heat treatment and
thus resulted in an increase in surface energy. Similar findings that the contact angle decreases
with increasing temperature (in certain temperature windows) have been reported in other

research articles 213138,

Hydrophobicity characterization of polysilazane-based coatings is often done by measuring the
static contact angle using the sessile drop method with a goniometer 13142158 The equilibrium
shape of the water drop is captured by a camera and the contact angle is determined by fitting

the contour of the drop and the baseline at the solid-liquid interface (see Figure 2.10).

VAPOR Yiv

LIQUID

Figure 2.10 Schematic of a liquid drop on an ideal solid surface, where 8 is the contact angle, ygy is the surface tension

of the solid, y, is the surface tension of the liquid, and yg; is the solid-liquid interfacial tension.
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3. Results and Discussion

This chapter mainly summarizes and discusses the major scientific findings published in the
research articles [1-3]. In Section 3.1, a comparative evaluation of the curing behavior and
physical properties of six commercially available polysilazane coatings is presented. The
molecular structure of polysilazanes is found to play a key role in the coating-substrate adhesion
and the physical properties of the resulting films. Based on the molecular structure, an intuitive
guide to the coating material selection is provided. In order to increase the curing rate and
degree of polysilazane coating under ambient atmosphere and temperature,
tetrabutylammonium chloride (TBAC) is introduced to the polysilazane system as an effective
catalyst. A dense and smooth film free from large irregularities with improved hardness and
elastic modulus is thus obtained. The catalytic effect of TBAC on the moisture curing of
polysilazane coating is detailed in Section 3.2. The final section (Section 3.3) exhibits the
successful synthesis of several boron-modified polysilazanes (BPSZ) for the preparation of
hydrophobic coating and amorphous SiBN ceramic. The chemical and thermal stability of the

polysilazane-derived coatings and ceramics are highly improved in the presence of boron.

3.1. Curing behavior and physical properties of polysilazane coatings: A comparative
evaluation

The content of this chapter is partially published in:

[1] Y. Zhan, R. Grottenmiiller, W. Li, F. Javaid, R. Riedel, Evaluation of mechanical
properties and hydrophobicity of room-temperature, moisture-curable polysilazane coatings,

Journal of Applied Polymer Science, 138 (2021) 50469.

In the present chapter, the moisture-curing behavior of bulk polysilazane is investigated by
elemental analysis and Fourier-transform infrared spectroscopy (FTIR). Based on our former
work ¢, six commercially available polysilazanes have been spin-coated on polycarbonate (PC)
substrates and cured under ambient atmosphere and temperature. Comprehensive
characterizations of the curing behavior, film thickness, coating-substrate adhesion, surface
morphology, mechanical properties, and hydrophobicity of the PSZ coatings have been
conducted. Finally, a benchmark evaluation of the curing rate and physical properties of

different polysilazane-derived coatings is presented.

Durazane 1500 rapid cure (Figure 2.3a) consisting of polymethyl(hydro)/polydimethylsilazane
(D1033) and 3-aminopropyltriethoxysilane (APTES) substituted groups was applied as an

example for the investigation of moisture-curing behavior of polysilazanes. 50 mL of Durazane
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1500-rc liquid was cured at room temperature (RT, ~23 °C) for 168 h either in synthetic dry
air (water content < 2 ppmv) or ambient air (with 40%-55% relative humidity). Variation of
elemental oxygen and nitrogen contents in the D1500-rc samples during the curing process was
analyzed and is shown in Figure 3.1a. In the absence of water, oxygen and nitrogen contents
in D1500-rc remain unchanged, indicating that polysilazane is stable against oxidation in air at
RT. When exposed to the ambient environment with relative humidity (RH) of 40% to 55%,
the nitrogen content of cured D1500-rc decreases from 15.0 = 0.1 wt% to 4.7 = 0.1 wt%, and
the oxygen content increases from 7.4 wt% to 28.2 = 0.3 wt% after 168 h of curing. Figure 3.2
presents the suggested crosslinking mechanisms of D1500-rc cured in ambient air. During the
crosslinking process, Si-H, Si-NH, and Si—-OC,Hs groups are converted to Si-O groups via
hydrolysis and condensation reactions (see Subsection 2.2.2). Theoretically, the pristine D1500-
rc contains 16.8 wt% of nitrogen and 7.2 wt% of oxygen (from APTES), while the completely
converted D1500-rc contains 2.3 wt% of nitrogen and 29.1 wt% of oxygen. The calculated
elemental contents are in good agreement with the experimental results. Based on the
theoretical oxygen content, the crosslinking degree of D1500-rc is calculated. As can be seen in
Figure 3.1b, most of the crosslinking reactions (90.2% =+ 0.7%) take place in the first 72 h.
Afterward, the curing process slows down and 95.0% = 1.4% of the reactions are complete
after 168 h of curing. A plateau state of curing is reached. The FTIR spectra shown in Figure
3.1c correspond well with the elemental analysis results. As the curing time increases, Si-H (at
ca. 2125 ecm™!) and Si-NH (at 1168 cm™1) groups are continuously consumed via hydrolysis
reactions, accompanied by the generation of H, and NHs, respectively. The formed Si—-OH
groups subsequently condense to Si—-O-Si (at ca. 1022 cm™!) groups and hence increase the
oxygen content. Moreover, Si-O-R groups (at 1077 and 1105 cm™!) from APTES are
transformed into Si—O-Si with the release of C:HsOH °%°2, Finally, almost all hydrolyzable

groups in D1500-rc are consumed and converted to Si—O-Si groups after 168 h of curing.
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Figure 3.1 (a) Elemental contents of oxygen and nitrogen in the Durazane 1500-rc cured in synthetic dry air and
ambient environment at room temperature as a function of curing time. (b) Calculated Crosslinking degree of D1500-
rc after curing in ambient environment for 1, 24, 72, and 168 h (based on the calculation of theoretical oxygen
content). (c) ATR-FTIR spectra of D1500-rc after 0, 24, 72, and 168 h of curing in ambient environment. Adapted

from Ref. [1] with permission of John Wiley and Sons.
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Figure 3.2 Theoretical crosslinking routes of Durazane 1500-rc cured in water containing environment, assuming i)
the (a) polymethyl(hydro)/polydimethylsilazane and (b) 3-aminopropyltriethoxysilane (APTES) are physically mixed
in the D1500-rc solution, and ii) all of the Si-H, Si—-NH, and Si-OCzHs groups are transformed to Si-O groups via

hydrolysis and condensation reactions. Adapted from Ref. [1] with permission of John Wiley and Sons.

Six polysilazanes with different composition (see Figure 2.3), denoted as D1033, D1500-rc,
D1500-sc, D1800, D2250, and D2850, were spin-coated on polycarbonate substrates. During
the coating process, different spin speeds were selected for each organopolysilazane (because
of their different viscosity) to obtain films with an industrially favorable thickness of 5 to 7 um.

Coatings derived from perhydropolysilazanes, which contain 80% of solvent, are much thinner
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with a thickness of ca. 1.5 um. The applied spin speed and the profilometer-measured film

thickness of polysilazane coatings are listed in Table 3.1.

The spin-coated polysilazane films were crosslinked to solid films in ambient environment and
temperature. The dry to touch time (see Table 3.1), which is commonly used in the coating
industry to indicate the time when the coated films can be handled and processed without being
damaged, is employed to estimate the curing rate of the polysilazane coatings.
Perhydropolysilazane coatings with large numbers of hydrolyzable side groups (Si-H, Si-NH)
and thinner film thickness present the shortest dry to touch time (0.5 min for D2850, 6 min for
D2250), indicating a fast curing process. Organopolysilazane coatings containing side groups
(Si—CHs, Si-CH=CHy>) that are inert at RT cure much slower. D1800 coating requires ca. 32 h
to reach the dry to touch condition, while D1033 coating needs 19 h. With the addition of
APTES, D1500-sc and D1500-rc coatings crosslink faster, which need respectively 80 min and

26 min to achieve the dry to touch state.

The obtained polysilazane films (except for D1033 coating) are dense, transparent, crack-free,
and have a smooth and even surface morphology as shown in Figure 3.3b (where D1500-rc
coating is taken as an example) and Figure 3.4. Durazane 1033 consisting of a large amount of
Si—-CHs groups exhibits a poor wetting on the PC substrate, resulting in the failure of film
formation (Figure 3.3c). Two methods of improving the D1033 coating have been investigated

and will be presented in Sections 3.2 and 3.3.

(b) D1500-rc on PC (c) D1033 on PC

Figure 3.3 Optical images of (a) polycarbonate substrate, (b) Durazane 1500-rc coating, and (c) Durazane 1033
coating cured in ambient environment and temperature for 24 h. Due to insufficient wetting, D1033 failed to form

a film on the substrate.
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Figure 3.4 SEM images of the (A-E) surfaces and (a-¢€) cross-sections of D1500-rc, D1500-sc, D1800, D2250, and D2850

coatings, respectively, cured in ambient environment and temperature for 30 d. Adapted from Ref. [1] with

permission of John Wiley and Sons.

Nanoindentation was used to determine the hardness and elastic modulus of polysilazane
coatings. During the curing process, the H and E values of the PSZ coatings increase along with
the curing time until reaching a plateau, which to a certain extent indicates the limits of the
crosslinking degree for the specific PSZ coating. The time for different PSZ coatings to reach
the plateaus is detailed in Ref. [1]. Table 3.1 lists the H and E values of different PSZ coatings
after curing under ambient conditions for 30 d. A clear difference between OPSZ coatings
(D1500-sc, D1500-rc, and D1800) and PHPS coatings (D2250, D2850) is shown. Among the
three investigated OPSZ coatings, D1500-rc coating possesses the highest hardness and elastic
modulus of 0.29 GPa and 2.9 GPa, respectively. D1500-sc coating that has fewer APTES-
substituted groups exhibits lower hardness (0.11 GPa) and elastic modulus (1.4 GPa). D1800
coating shows the lowest hardness (0.05 GPa) and modulus (0.4 GPa) since it has the least
amount of hydrolyzable groups, which leads to the lowest crosslinking degree among all the
investigated polysilazanes. Compared to the OPSZ coatings, PHPS coatings have a larger
amount of Si-H and Si-NH groups, which react with water to form a rigid Si-O-Si network.
The higher crosslinking degree of PHPS coatings leads to higher H and E values. The hardness
and elastic modulus of D2250-derived coating are measured as 0.64 GPa and 3.58 = 0.01 GPa,
respectively. D2850 coating (PHPS with 0.5 wt% diethylethanolamine) has the highest values
of hardness (1.89 = 0.01 GPa) and elastic modulus (8.5 = 0.03 GPa) among all investigated
films. Furthermore, the H and E of the used polycarbonate substrate are 0.19 GPa and 2.9 GPa,
respectively. The relatively higher H and E values of D1500-rc, D2250, and D2850 films imply

potential applications of the polysilazanes as protective coatings for PC-based materials.
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The water contact angle is measured to assess the hydrophobicity of polysilazane coatings. In

the crosslinking process, the water contact angle of PSZ coating first decreases because of the
consumption of hydrophobic Si-H groups and the formation of hydrophilic Si-OH and Si-NH
groups . Subsequent condensation reactions deplete the Si-OH and Si-NH; groups, forming a
3D Si—O-Si network. The diffusion and reorientation of polar Si-O bonds toward the polar
water droplet is hindered by the highly crosslinked Si—-O-Si network. A hydrophobic recovery
197.198 of the PSZ coatings is observed. Eventually, the water contact angle stabilizes when the
curing plateau (as described above) is reached. The contact angle of PSZ coatings after curing
in ambient environment and temperature for 30 d is compared in Table 3.1. Organopolysilazane
coatings having abundant hydrophobic groups (e.g., Si-CHs and Si-CH=CH, groups) that are
excluded from the crosslinking reactions at RT are hydrophobic. D1800 coating displays the
largest contact angle of 103.3° + 0.5°, while D1500-sc and D1500-rc coatings have contact
angles of 98.4° + 2.4° and 95.4° = 0.7°, respectively. The defective D1033 film exhibits a
contact angle of 90.9° = 0.8°. On the contrary, the PHPS-based D2250 and D2850 coatings are

considered hydrophilic with contact angles of 83.9° = 0.8° and 85.9° = 0.8°, respectively.

Adhesion of polysilazane coatings on polycarbonate substrates is optically evaluated after the
standard cross-cut tape tests. Figure 3.5 compares the optical microscopy images of cross-cut
polysilazane coatings after curing for 1, 3, and 7 d under ambient conditions. Based on the DIN
EN ISO 2409 '8, coatings are graded from Gt O (best adhesion, no detachment of the coating
after the test) to Gt 5 (worst adhesion, detachment of the coating > 65% of the tested area).
D1500-sc (Figure 3.5b) and D1800 (Figure 3.5c¢) coatings demonstrate excellent adhesion to
the polycarbonate substrate once they are dry to touch. The fast-cured D1500-rc coating with a
higher amount of 3-aminopropyltriethoxysilane shows the worst adhesion to PC. The entire
coating has been peeled off during the pull-off test (Figure 3.5a). The adhesion of PHPS coatings
to PC develops with the curing time. On the 1 day of curing, D2250 (Figure 3.5d) and D2850
(Figure 3.5e) coatings display poor adhesion to PC, which can be explained by the lower
amount of oxygen bridges formed between the diluted polysilazanes (contain residual dibutyl
ether solvent) and substrate surface. As time goes on, further reactions occur at the interface of
the coating and substrate, and the number of oxygen bridges increases. Consequently, the
adhesion of D2250 and D2850 coatings to the PC substrates is improved from Gt 5 and Gt 4 to
Gt 1, respectively.

In summary, the molecular structure of polysilazanes plays a key role in the moisture-curing
behavior, film formation, coating-substrate adhesion, hydrophobicity, and mechanical
properties of the resultant films. The investigated properties of the different polysilazane

coatings cured under ambient conditions are comparatively assessed in Figure 3.6.
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Gt5

Figure 3.5 Optical microscopy images of polysilazanes coated on polycarbonate substrates after standard DIN EN I1SO
2409 cross-cut tape test: (a) D1500-rc, (b) D1500-sc, (c) D1800, (d) D2250, (e) D2850 coatings after 1, 3, and 7 days
of curing under ambient environment and temperature. Adapted from Ref. [1] with permission of John Wiley and
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Figure 3.6 Assessment of moisture curing rate, hardness, coating-substrate adhesion, and hydrophobicity of different

polysilazane coatings using radar charts.
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3.2. Curing acceleration of polysilazane coating via chloride-catalyzed hydrolysis and
condensation reactions

The content of this chapter is published in:

[2] Y. Zhan, W. Li, R. Grottenmdiller, C. Minnert, T. Krasemann, Q. Wen, R. Riedel, Rapid
curing of polysilazane coatings at room temperature via chloride-catalyzed

hydrolysis/condensation reactions, Progress in Organic Coatings, 167 (2022) 106872.

The previous chapter described the failure of forming Durazane 1033 film. In the present
chapter, a method for improving the film formation and coating properties of D1033 is
introduced. In this method, tetrabutylammonium chloride is added as an effective catalyst for
the curing of D1033 in ambient atmosphere and temperature without applying any inhibitors.
The catalytic effect of TBAC is investigated by FTIR and gel permeation chromatography (GPC).
The suggested catalysis mechanism is elaborated. A TBAC-catalyzed D1033 coating with greatly

improved film quality and mechanical properties is presented.

In order to improve the curing rate and degree of Durazane 1033, ten potential catalysts were
tested by the employment of ATR-FTIR (see Ref. [2]). Tetrabutylammonium chloride is selected
as a favorable catalyst for the moisture-curing of polysilazane because of its good catalytic
ability, relatively low price, and colorless feature. Figure 3.7a compares the ATR-FTIR spectra
of pure D1033 and with the addition of different amounts of TBAC after 24 h of curing in
ambient environment (45-60% RH) and temperature (~23 °C). As detailed in Subsection 2.2.2
and illustrated in Figure 3.8 (blue box), Si-H (2120 cm™) and Si-NH (1160 cm™) groups from
polysilazane are hydrolyzed by atmospheric water to form Si-OH groups, which are
subsequently condensed to Si-O-Si (1051 cm™) groups. A clear improvement in the
crosslinking of D1033 by adding TBAC is observed in Figure 3.7b. The relative absorbance of
Si-H, Si-NH, and Si—O-Si bands is calculated by integrating the corresponding peak area using
Si—-CH3 band (1252 cm™, which is considered to be inert) as the reference peak. The spectrum
of pure D1033 is set as the start point (1 for Si-H and Si-NH bands, 0 for Si-O-Si band).
Compared to the pure D1033, more Si-H and Si-NH groups are reacted and more Si-O-Si
groups are produced in the TBAC-catalyzed polysilazane. The maximum catalytic effect is
obtained when 2 wt% of TBAC is added. Around 49% and 70% of the Si—H groups (blue) and
Si—-NH groups (green) are consumed respectively, while the relative absorbance of Si-O-Si band
(red) rises to 4.13. The catalytic activity is diminished when the TBAC content further increases
to 3—-4 wt%, which is attributed to the steric hindrance of the tetrabutylammonium cation

((C4Hy)4N*) during the catalysis reactions [198].
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Figure 3.7 (a) ATR-FTIR spectra of pure Durazane 1033 and with the addition of different amounts of
tetrabutylammonium chloride (TBAC) cured for 24 h in ambient environment and temperature. (b) Calculated
relative absorbance (relative to Si-CHs) of Si-H, Si—-NH, and Si-O-Si groups as a function of TBAC concentration.
Adapted from Ref. [2].
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Figure 3.8 Suggested catalytic reaction mechanisms of tetrabutylammonium chloride (TBAC) on the moisture-curing
of Durazane 1033. Blue box: crosslinking of polysilazane via hydrolysis and condensation reactions. Red box:
nucleophilic substitution reaction routes. Grey box: possible reaction between Si-Cl and Si-OH groups. Reproduced
from Ref. [2].

The suggested catalytic mechanism of TBAC on the hydrolysis and condensation reactions of
polysilazane is outlined in Figure 3.8. When a small amount of nucleophilic catalyst TBAC

((C4Hy)4NCl) is added to the polysilazane, the electrophilic silicon from the polarized Si-N bond
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is under attack while the nitrogen is protonated 2*19%-2°, A transient Si-Cl bond is formed with
the release of hydrogen. Following this, the Si—Cl bond is nucleophilically substituted by an —
OH group from the water molecule (red box), which consequently accelerates the hydrolysis of
PSZ. The byproduct HCI provides an acidic environment wherein the hydrolysis is further
catalyzed ?*. Based on the work of Sneh et al. ?°! and Lu et al. 2, a possible condensation
reaction between Si—Cl and Si—OH groups to form Si—O-Si groups is hypothesized in Figure 3.8
(grey box). Consequently, more Si-H and Si-NH groups are consumed and more Si-O-Si

groups are produced, which are in line with the FTIR results presented in Figure 3.7.

The GPC results shown in Figure 3.9 validate the catalytic effect of TBAC on the moisture-curing
of PSZ. Before the GPC measurements, the crosslinked sample was first diluted in
tetrahydrofuran (THF). The well-stirred solution was filtered with a syringe filter (0.2 wm)
before injecting into the GPC device. As is well-known, polysilazane is a thermosetting polymer
with a highly crosslinked 3D network after proper curing, which is insoluble in tetrahydrofuran.
Therefore, particles and insoluble material larger than 0.2 um have been removed in the
filtration process and only the clear soluble portion of the sample solution was analyzed by GPC.
Figure 3.9a shows a significant difference in the development of the average molecular weight
(My) between D1033 and TBAC-catalyzed D1033 after curing for 3 h to 10 d in ambient
environment at RT. The My, is determined using the corresponding molar mass distribution
curves attained by GPC (Figure 3.9b and c). Both samples exhibit the highest M, after some
time of curing. Before the peak, the M, increases along with the curing time, indicating a steady
increase in the crosslinking degree. After that, the highly crosslinked samples containing a large
amount of the 3D networks are no longer soluble in THF. Particles with higher crosslinking
degrees have been filtered out before the measurement. The obtained M, is thus decreased. It
is apparent from Figure 3.9a that the TBAC-catalyzed D1033 reaches the M, peak after 6 h of
curing, which is 24 times faster than that of the pure D1033 sample (that needs 144 h),

confirming the catalytic effect of TBAC.
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Figure 3.9 (a) Average molecular weight (Mw) of Durazane 1033 with and without the addition of 2 wt% of TBAC
as a function of curing time. Molar mass distribution of soluble (b) D1033 after curing for 0, 72, 144, 216 h and (c)
TBAC-catalyzed D1033 after curing for 0, 3, 6, 9, and 12 h in ambient environment and temperature. Note that
insoluble material and particles with sizes larger than 0.2 um were filtered out and would not be measured by gel

permeation chromatography. Adapted from Ref. [2].

Durazane 1033 and that with 2 wt% of TBAC were spin-coated on Si(100) wafers at a spin
speed of 700 rpm (predetermined in Section 3.1) and cured under ambient conditions at RT.
As was mentioned in the previous chapter, D1033 failed to form a film on the PC substrate
because of insufficient wetting. Similar failure is observed on the spin-coated D1033 on the Si
wafer. As shown in Figure 3.10a and b, D1033 coating exhibits a moon-like surface morphology
full of bowl-shaped cavities and uneven bumps and ridges. In contrast to that, the TBAC-
catalyzed D1033 coating (Figure 3.10d and e) has an even and smooth surface without large
irregularities. This significant improvement in the surface morphology of TBAC-catalyzed PSZ
coating is attributed to its accelerated drying process. As recorded, D1033 coating was dry to
touch in around 19 h. Under the same conditions, the TBAC-catalyzed D1033 coating requires
only ca. 1 h to reach the dry-to-touch state, indicating a much faster curing rate. On this account,
the catalyzed PSZ coating crosslinked quickly to a solid film (with low mobility) before the

liquid phase began to significantly move and shrink to form the cavities.

The catalytic effect of TBAC on the moisture-curing of D1033 coating is verified by FTIR and
EDX analysis. Figure 3.11a provides a straightforward comparison between the relative
absorbance of Si-H, Si-NH, and Si-O-Si groups (calculated from the FTIR spectra) in D1033
coatings with and without 2 wt% of TBAC. After 6 h of curing, around 39% of the Si-H and 62%
of the Si-NH groups in the TBAC-catalyzed D1033 coating reacted to form Si-O-Si groups,
which is consistent with the development of M, observed from the GPC results (Figure

2.1Figure 3.9). After curing for 24 h, the Si-H and Si-NH bands in the catalyzed coating
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decrease respectively by 48% and 63%, compared to 31% and 35% for the uncatalyzed PSZ
coating. Finally, the TBAC-catalyzed D1033 coating has 49% and 28%, while the uncatalyzed
D1033 coating has 68% and 55% of the remaining Si-H and Si—-NH groups after 72 h of curing,
respectively. The half amount of the remaining Si-H groups in the TBAC-catalyzed PSZ coating
can be justified by their lower sensitivity to hydrolysis in comparison with the Si-NH groups .
Additionally, residual Si-H groups are trapped in the highly crosslinked polymer network and
further hydrolysis is hindered. Nevertheless, 1.6 times more of the Si-H and Si-NH groups are
consumed when the TBAC is added. In the meantime, the relative absorbance of Si—O-Si
vibration in the catalyzed D1033 coating reaches the highest point of 3.32, which is about 2

times more than that of the uncatalyzed PSZ coating (1.64).

Elemental compositions of the uncatalyzed and TBAC-catalyzed D1033 coatings after 24, 48,
and 72 h of curing under ambient conditions were determined by EDX analysis (see the
supplementary information of 2). The calculated Si/C, Si/N, and Si/O molar ratios as a function
of curing time are compared in Figure 3.11b. The Si/C molar ratio remains constant throughout
the curing process, implying that the Si—-CHs groups are excluded from the crosslinking
reactions at RT. This finding supports our approach used for the calculation of relative
absorbance from the FTIR spectra. The Si/N (Si/O) molar ratio of both coatings increases
(decreases) over time, while the numerical values of TBAC-catalyzed PSZ coating are larger
(smaller) than that of the uncatalyzed PSZ coating. Evidence from the EDX study indicates that

the TBAC-catalyzed D1033 coating achieves a higher crosslinking degree, where a larger

amount of O is incorporated in the network compared to the uncatalyzed D1033 coating.

Figure 3.10 Optical and SEM images showing the surface morphologies (a, b, d, e€) and cross-sections (e, f) of
Durazane 1033 (top row) and the TBAC-catalyzed D1033 (bottom row) coatings on Si wafers after curing in ambient

environment and temperature for 7 d. Adapted from Ref. [2].
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Figure 3.11 (a) Relative absorbance (relative to Si—-CH3) of Si-H, Si—-NH, and Si-O-Si groups as a function of curing
time calculated from the ATR-FTIR spectra of Durazane 1033 coating (dash-dot line) and with the addition of 2 wt%
of TBAC (solid line). (b) Calculated Si/C, Si/N and Si/O molar ratios of Durazane 1033 coatings (dash-dot line) and
with the addition of 2 wt% of TBAC (solid line) after 24, 48, and 72 h of curing under ambient conditions. Detailed

elemental compositions are obtained by energy-dispersive X-ray spectroscopy. Adapted from Ref. [2].

The profilometry-determined thicknesses of D1033 and TBAC-catalyzed D1033 coatings after 7
d of curing under ambient conditions are 5.3 + 2.7 um and 4.9 + 0.2 um, respectively. The
average surface roughnesses of the corresponding films are 2.6 & 1.1 um and 0.3 £ 0.1 um,
respectively. These results are in good agreement with the cross-sections shown in Figure 3.10c
and f. The thickness of the uncatalyzed D1033 coating (Figure 3.10c) varies at different spots,
ranging from 1 to10 um. In contrast, the cross-section of TBAC-catalyzed D1033 coating (Figure

3.10f) displays a uniform thickness of ca. 5 um throughout the entire film.

Nanoindentation was employed to measure the hardness and elastic modulus of the coatings.
The results shown in Figure 3.12a were averaged over a penetration depth of 500 to 800 nm to
exclude the substrate effect. After 30 d of curing under ambient conditions, D1033 coating
exhibits a hardness of 0.09 + 0.002 GPa and an elastic modulus of 0.4 = 0.01 GPa. A significant
improvement in the mechanical properties is noted when the TBAC is added. With the curing
process being catalyzed, the crosslinking degree of the coating is largely increased. Eventually,
the TBAC-catalyzed D1033 coating has a hardness of 0.16 = 0.005 GPa and an elastic modulus
of 1.63 = 0.05 GPa, which is about 2-fold and 4-fold to that of the uncatalyzed coating,

respectively.

Despite the addition of TBAC, the wettability of the catalyzed PSZ coating remains in the same
range as the uncatalyzed coating after curing for 30 d in ambient environment and temperature.

As shown in Figure 3.12b, D1033 coating oscillates between being hydrophilic or hydrophobic
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at different measured spots and has an average water contact angle of 88.7° = 3.4°. With the

addition of TBAC, a more uniform wetting state is obtained throughout the film surface,

resulting in an average water contact angle of 90.6° = 1.3°, which is considered to be slightly

hydrophobic.
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Figure 3.12 Physical properties of spin-coated Durazane 1033 and with the addition of 2 wt% of TBAC on Si wafers
after curing in ambient environment and temperature for 30 d: (a) Hardness and elastic modulus, (b) water contact

angle (insets are the optical images of sessile water droplets resting on the corresponding films). Adapted from Ref.

[2].

Adhesion of the uncatalyzed and TBAC-catalyzed D1033 coatings to the Si wafer after 7 d of
curing under ambient conditions is evaluated via the cross-cut tape test (experimental details
and classification standard are outlined in Section 3.1). Figure 3.13 presents the optical images
of the tested films. Large defects with colorful interference patterns appear on the uncatalyzed
D1033 coating, confirming the coexistence of thick and thin film regions. With the addition of
2 wt% of TBAC, the film quality is greatly enhanced, showing a smooth and even surface
morphology. The adhesion of both coatings is classified as Gt 2 according to the DIN EN ISO
2409 standard %, i.e., 5-15% of the tested area is peeled off after the cross-cut tape test.
However, the appearance of the detached areas on the coatings is different. Peeling of the
uncatalyzed D1033 coating occurs only in areas with thicker film thickness. Oppositely,

consistent detachments are shown along the cutting line of the TBAC-catalyzed PSZ coating.

To sum up, TBAC has been proved to be an efficient catalyst for the moisture-curing of D1033
at RT. The addition of TBAC not only accelerates the hydrolysis and condensation reactions of
D1033 but also increases the crosslinking degree of the resultant films. Hence, a polysilazane
film with significantly improved coating quality and enhanced mechanical properties is

obtained.
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Figure 3.13 Optical microscopy images of polysilazane coatings on Si wafers after standard DIN EN 1SO 2409 cross-

cut tape test: (a) Durazane 1033 and the (b) TBAC-catalyzed D1033 coatings after curing in ambient environment

and temperature for 7 d. Adapted from Ref. [2].
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3.3. Boron modification of polysilazanes towards preparation of hydrophobic coating
and amorphous SiBN ceramic

The content of this chapter is partially published in:

[31 Y. Zhan, W. Li, T. Jiang, C. Fasel, E. Ricohermoso, J. Bernauer, Z. Yu, Z. Wu, F. Miiller-
Plathe, L. Molina-Luna, R. Grottenmiiller, R. Riedel, Boron-modified perhydropolysilazane
towards facile synthesis of amorphous SiBN ceramic with excellent thermal stability, Journal

of Advanced Ceramics, 11 (2022) 1104-1116.

This chapter is divided into three sections. The first section describes the successful synthesis of
boron-modified organopolysilazanes (BOPSZ) and perhydropolysilazanes (BPHPS) with
varying chemical compositions. The second section presents the potential of applying BOPSZ-
derived films as easy-to-clean and corrosion-resistant coatings. In the third section, the BPHPS

is applied as a single-source precursor for the preparation of amorphous SiBN ceramic.

3.3.1. Synthesis of boron-modified polysilazanes

Different amounts of borane dimethyl sulfide complex (BMS) were used to modify OPSZ
(Durazane 1033) and PHPS (Durazane 2250). The boron-modified OPSZ and PHPS are denoted
as BOPSZx and BPHPSx, respectively, where x is the set Si/B molar ratio. To obtain soluble
BOPSZs for the coating application, the Si/B molar ratio is chosen as 5, 10, and 15 for the
modification of OPSZ. For the application of BPHPS-derived SiBN ceramic, the Si/B molar ratios

for modifying PHPS are 1, 2, and 5. The detailed synthesis process is elaborated in reference
[3].

Boron-modified organopolysilazanes

Figure 3.14a compares the ATR-FTIR spectra of Durazane 1033, synthesized BOPSZs, and BMS.
As has been illustrated in Chapter 3.2, typical absorption bands of N-H (1160, 3383 cm™1), C-
H (2958 cm™!), Si-H (2120 cm™!), and Si-CH3 (1252 cm™?!) are shown in the FTIR spectrum
of OPSZ. With the addition of BMS, N-H and Si-H groups of OPSZ and B-H (1090, 2391 cm™1)
groups of BMS are consumed, while B-N groups (ca. 1315 cm™!) are formed simultaneously,
as shown in the spectra of BOPSZx samples. Boron modification of OPSZ by BMS is
accomplished through the dehydrocoupling reactions between N-H (Si-H) and B-H groups, as
proposed in Figure 3.15. It is worth noting that Si-B band appears possibly in the wavelength
range of 548 and 955 cm™! 2°2) which overlaps with the Si-N-Si (705-935 c¢cm™!) band and
hence could not be distinguished. The relative absorbance of Si-H, Si-NH, B-N, and B-H bands
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as a function of B/Si molar ratio is shown in Figure 3.14b. As the boron content increases, Si—
H and Si-NH groups reduce in comparable amounts, while the amount of B-N groups increases
significantly. The existence of B-H bands in BOPSZs after the synthesis reveals that the silazane-

bonded B-H groups have not been completely reacted.

Liquid state 'H, !B, 3C, and ?°Si nuclear magnetic resonance (NMR) spectroscopy was
performed on the OPSZ and BOPSZ5 samples dissolved in CDCls. The obtained spectra are
referenced to tetramethylsilane and are shown in Figure 3.16. The 'H NMR spectrum (Figure
3.16a) of the OPSZ sample exhibits three prominent signals related to the different hydrogen
environments at 0.13-0.23 (SiCH3), 0.5-1.1 (NH), and 4.4-4.9 ppm (SiH) !33. After the boron
modification, the NH signal reduces and a new signal appears at around 1.3 ppm in the '"H NMR
spectrum of BOPSZ5, which is assigned to the B-H units 2°. This result shows evidence of the
dehydrocoupling reactions between B-H and N-H groups, as revealed by the FTIR spectra. The
B NMR spectrum (Figure 3.16b) of the BOPSZ5 exhibits relatively broad and overlapping
signals centered at 30 and 34 ppm, characteristic of distorted trigonal BXjs sites, which can be
assigned respectively to BN3sand BN2Si (BN2H) ?’. The 3C NMR spectra (Figure 3.16¢) of both
samples present broad signals at —2.3-4.4 ppm (SiCHs). The ?°Si signals (Figure 3.16d) of both
samples appear at -32 (SiCN3), —23 (SiHCN2), and -14 — —4 ppm (SiC:N2) *°. There is a
significant broadening of these signals in the BOPSZ5 sample, which is explained by the

increased crosslinking of the precursor microstructure.
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Figure 3.14 (a) ATR-FTIR spectra of organopolysilazane (OPSZ) Durazane 1033 and OPSZ modified with different
amounts of borane dimethyl sulfide (BOPSZx, x is the set Si/B molar ratio). (b) Calculated relative absorbance (relative

to Si—CH3s) of Si-H, Si—-NH, B-H, and B-N groups as a function of B/Si molar ratio.
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Figure 3.16 (a) 'H, (b) ''B, (c) 3C, and (d) 2°Si liquid NMR spectra of organopolysilazane (OPSZ) Durazane 1033 and

boron modified-OPSZ with a Si/B ratio of 5. The samples were dissolved in CDCls solvent.
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Boron-modified perhydropolysilazanes

Boron modification of PHPS by BMS was carried out using the identical synthetic method.
Figure 3.17 compares the ATR-FTIR spectra of dried PHPS, synthesized BOPSZs and BMS.
Without the reference Si—-CHs band, the intensity of all spectra was normalized to [0, 1] to
enable the comparison of the bands. Compared with the dried PHPS, intensities of Si-H (2159
cm™!) and N-H (1120, 3302 cm™!) bands in BPHPS samples decrease with increasing boron
content. Most of the N-H groups are consumed when the set Si/B ratio is 1, whereas a
considerable amount of Si-H groups remain in the sample. The results show that the chemical
reactivity of Si—-H towards boron modification is lower than that of the N-H groups. The
appearance of B-N band at the wavelength of ca. 1315 cm™! indicates that the boron
modification mechanism of PHPS by BMS is similar to that of OPSZ (Figure 3.15). However,
dehydrocoupling between N-H and B-H is favored. Moreover, the C-H (2786-2995 cm™!)
vibrations appeared in the spectra of the BPHPS samples stem from the residual solvent dibutyl

ether and toluene.

Chemical composition of the BPHPS2 is obtained by elemental analysis and summarized in
Table 3.2. It is confirmed that boron has been successfully incorporated into the PHPS network.
The empirical Si/B molar ratio of the synthesized BPHPS2 is calculated as 5.49, which is larger
than the set value of 2. The loss of boron during the synthesis is explained by i) the evaporation
of BMS during the synthesis and drying process, and ii) that borane did not react with PHPS
stoichiometrically due to steric hindrance imposed by the polymer structure. A similar
observation has been reported by Viard et al. 133. The existence of C and O is attributed to the
residual solvents (dibutyl ether and toluene) and the water contamination during the elemental

analysis.
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Figure 3.17 ATR-FTIR spectra of dried perhydropolysilazane (PHPS) Durazane 2250 and PHPS modified with different
amounts of borane dimethyl sulfide (BPHPSX, x is the set Si/B molar ratio). Adapted from Ref. [3].
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Table 3.2 Elemental composition of boron-modified perhydropolysilazane with a Si/B ratio of 2. Data is obtained by

elemental analysis. Adapted from Ref. [3].

Elemental Composition (wt%) Calculated
. . Empirical Formula
Si B N H C 0 Si/B ratio
55.80 3.99 24.00 5.07 390 6.49 5.49 Si1.00B0.18N0.86(Co.1600.21Ho.55)

3.3.2. Boron-modified organopolysilazane-derived coating

Chapter 3.2 concluded that by increasing the curing rate and degree the film formation and
coating quality of D1033 were significantly improved. In this context, a similar curing
investigation was carried out on the boron-modified OPSZ samples. Figure 3.18a compares the
ATR-FTIR spectra of OPSZ (D1033) and the synthesized BOPSZs after 24 h of curing in ambient
environment (45-60% RH) and temperature (~23 °C). The moisture curing mechanism of
OPSZ has been elaborated in Chapter 3.1 and 3.2. During the crosslinking processes, Si—-H
(2120 cm™1) and Si-NH (3383 cm™!) groups are hydrolyzed to form Si-OH groups, which
condense readily to Si-O-Si (1022-1054 cm™) groups. In addition, the moisture-sensitive B-N
groups in the BOPSZs samples (see Figure 3.14) are completely hydrolyzed to form boric acid
as suggested in equations (3-1) and (3-2) 2°42%°, The B-H groups are hydrolyzed to form B-OH
groups (Eq. (3-3), which react with Si-OH groups to form B-O-Si groups 2°. The reaction
mechanisms are confirmed by the emergence of -OH (ca. 3210 cm™), B-O (1341-1410 cm™)
and B-O-Si (ca. 940 cm™) bands, and the disappearance of B-N bands (ca. 1315 cm™) in the
FTIR spectrum of BOPSZ5.

2B-N + 3H,O — B,0; + 2NH; (3-1)
B203 + 3H,O — 2H3B0; (3-2)
B-H + H,0O — B-OH + H» (3-3)
B-OH + Si-OH — B-0O-Si + H,0 (3-4)

The relative absorbance of the hydrolyzable groups (Si-H and Si-NH groups) and the newly
emerged groups (Si—O-Si and B-O groups) as a function of B/Si ratio is displayed in Figure
3.18b. With the addition of boron, more Si-H and Si-NH groups are consumed and more Si-
O-Si groups are formed compared to the pure OPSZ, indicating that a higher crosslinking

degree is achieved in the BOPSZs samples. As the B/Si ratio increases from 0.07 to 0.1, Si-H
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and Si-NH groups keep reducing from 73% and 36% to 69% and 23%, respectively. The highest

amount of Si—O-Si groups among the BOPSZs is obtained when the B/Si ratio is 0.1. With more
boron incorporated in the network, BOPSZ5 (B/Si = 0.2) has relatively fewer Si—-O-Si groups

but more B-O groups after crosslinking in ambient conditions.

The solubility of BOPSZs in toluene decreases with the increase of boron incorporation into the
polymer structure. BOPSZ5 was barely dissolved in the solvent and thus excluded from the
coating application. BOPSZ10 which has a higher crosslinking degree was dissolved in toluene
with a ratio of 30 wt%. The solution was spin-coated on a Si(100) wafer at a spin speed of 700
rpm and cured under ambient conditions. The coating was dry to touch within 1 h. The
profilometry-determined thickness and roughness of the BOPSZ10-derived coating are 2.2 *
0.9 um and 0.06 £ 0.03 wm, respectively. As shown in Figure 3.19d and e, the BOPSZ10-
derived coating exhibits an even surface morphology as anticipated compared to the OPSZ
coating (Figure 3.19a and b). This again proves that the film formation and coating quality of
the PSZ can be improved by increasing the curing rate. However, due to the insufficient
solubility of BOPSZ10 in toluene, small particles are visible to be uniformly distributed on the

coating.

The chemical stability of the coating is expected to be enhanced with the incorporation of boron.
The resistance of the OPSZ and BOPSZ10-derived films against aggressive environments is
investigated by exposing the coatings to 0.1 N HCl and 0.1 N NaOH water solutions for 24 h
and visually inspected by an optical microscope. The basic NaOH solution is not an aggressive
environment for both coatings as no obvious corroded areas are visible under the microscope.
On the contrary, the OPSZ coating is highly corroded by HCI (Figure 3.19c), whereas only small
defects appear on the BOPSZ10-derived coating (Figure 3.19f). Compared to OPSZ coating, the
improved corrosion resistance of BOPSZ10-derived film against HCl is attributed to i) its higher
crosslinking degree, thereby forming a denser physical barrier to retard the diffusion of HCI in
the coating; ii) its increased hydrophobicity (Figure 3.20), which reduces the contact area
between HCI and the coating; and iii) its smoother surface, which limits the corrosion through
pre-existing defects. The above results demonstrate the potential of applying BOPSZ-derived
films as corrosion-resistant and easy-to-clean coatings of various materials for use in high-rise

buildings, marine coatings, and infrastructures.
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Figure 3.18 (a) ATR-FTIR spectra of organopolysilazane (OPSZ) Durazane 1033 and boron-modified
organopolysilazanes (BOPSZx, x = Si/B molar ratio) after 24 h of curing in ambient environment and temperature.
Inset shows the zoom-in region (3000-3600 cm") of the BOPSZ5 spectrum. (b) Calculated relative absorbance

(relative to Si-CHs) of Si-H, Si-NH, Si-O-Si, and B-O groups as a function of B/Si molar ratio.

200 pm 200 pm

Figure 3.19 Optical images of (a, b) organopolysilazane Durazane 1033 and (d, e€) 30 wt% of boron-modified
organopolysilazane BOPSZ10 (in toluene) spin-coated on Si wafers and cured under ambient conditions for 7 d. (c)

and (f) are the corresponding films after exposing to 0.1 N HCl water solution for 24 h.
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Figure 3.20 Optical images of sessile water droplets resting on (a) the organopolysilazane Durazane 1033 film and

(b) the boron-modified organopolysilazane BOPSZ10 film cured under ambient conditions for 7 d.

3.3.3. Boron-modified perhydropolysilazane-derived SiBN ceramics

SiBN ceramics are considered to be the most promising microwave transparent materials
applied under harsh environments owing to their outstanding thermal stability and low
dielectric constant 2%, In this subsection, the preparation and characterization of the SiBN
ceramics derived from the synthesized boron-modified PHPS precursors (BPHPSx, where x is

the set Si/B molar ratio) are elaborated.

Experimental results

SiBN ceramics with varying chemical compositions were successfully prepared from the carbon-
and chlorine-free BPHPSx precursors via the PDC route under N.. The polymer to ceramic
transformation of the precursors was characterized by thermogravimetric analysis/differential
thermal analysis (TGA/DTA) coupled with evolved gas analysis and ex situ FTIR. As shown in
Figure 3.21a, the TG curves of the precursors are divided into three stages along the

temperature range.

From room temperature to approximately 170 °C, the dried PHPS exhibits a marginal weight
loss of 1 wt%, while the BPHPSS5, 2, and 1 precursors display evident mass loss of 4 wt%, 3 wt%
and 8 wt%, respectively. It is confirmed by the ion current profiles of the volatiles (m/z = 27—
72) (partly shown in Figure 3.21c and Figure S1b, c in Ref. [3]) recorded during the pyrolysis
of BPHPSx that the mass loss is caused by the volatilization and decomposition of low-
molecular-weight oligomers, especially silane and the residual solvent (dibutyl ether).

Dehydrocoupling reactions between Si-H (N-H) and B-H groups proceed with the release of
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H,, which are verified by the exothermic peak detected in the DTA measurement of BPHPS2
(Figure 3.21b) and the ion current profile of H, (Figure 3.21c). As further supported by the
FTIR spectra of BPHPS2 (Figure 3.21d), the Si-H, N-H and B-H bands reduce substantially,
and the C-H groups from the solvent disappear at 200 °C.

In the second stage (170-800 °C), the dried PHPS undergoes a major weight loss of 22 wt%,
which is contributed to the dehydrocoupling and transamination reactions, along with bond
redistribution and thermal decomposition °. The ceramic yield of PHPS at ~800 °C is 77 wt%,
which is consistent with the former reported data 2°. The weight loss of the precursors during
the polymer to ceramic transformation is reduced considerably after boron modification. The
higher crosslinking degree of the BPHPSx samples diminishes the depolymerization and
thermolysis and thus results in a significantly increased ceramic yield of the boron-modified
precursors. The BPHPS1, 2, and 5 samples have ceramic yields of 88 wt%, 92 wt%, and 91 wt%
at 800 °C, respectively. It is worth noting that the ceramization of BPHPS2 has been finished
between 500 °C and 800 °C according to the ex situ FTIR spectra (Figure 3.21d), where Si-H
and N-H bands vanish at 800 °C.

The thermal behavior of the BPHPSx precursors with different Si/B molar ratios varies beyond
800 °C. The BPHPS2-derived ceramic is thermally stable until the end of the measurement
(1300 °C). BPHPS5 sample that has less boron incorporation experiences a 3 wt% of mass loss
between 800 °C and 930 °C due to thermal decomposition, which is corroborated by the
endothermic peak shown in the DTA curve (Figure S1la in Ref. [3]). With more boron content,
the BPHPS1 sample gains 3 wt% of mass between 600 °C and 1300 °C and has a final ceramic
yield of ~91 wt%. The analyzed mass gain is ascribed to the reaction between surplus boron

and N, 209210,

After a parallel assessment, further evaluation focuses more on the BPHPS2-derived ceramic
due to its good thermal stability. The chemical composition of the BPHPS2-derived ceramic
pyrolyzed at 1100 °C is quantitively determined by elemental analysis. As can be seen in Table
3.3, the obtained Si/B molar ratio of 10.51 is larger than the set value (2), which is explained
by the additional loss of boron due to the volatilization of borane species during the polymer-
to-ceramic conversion. After annealing at 1300 °C, the residual carbon has been removed and
the formation of SiBN ceramic is confirmed. In summary, compared with the former reported
ceramic yield (~55 wt% 2!, 72 wt% 2'2) of SiBN ceramics obtained via other synthesis methods,

a higher ceramic yield was achieved with the current method (88 wt%—92 wt%).
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Table 3.3 Elemental composition of BPHPS2-derived ceramic (pyrolyzed at 1100 °C) obtained by elemental analysis.

Adapted from Ref.

(3].

Elemental Composition (wt%)

Calculated
Si/B ratio

Empirical Formula
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Figure 3.21 (a) TG curves recorded for dried PHPS and BPHPSx (x = Si/B molar ratio) under N>. (b) TG (dashed lines)

and DTA (bold lines) curves of dried PHPS and BPHPS2 under Na. (c) lon current profiles (bold lines) of typical mass

fragments during pyrolysis of BPHPS2 up to 1300 °C under N2: hydrogen (m/z = 2), water (m/z = 18, 19), C2H3z (m/z
= 27), SiHa (m/z = 29, 30, 32), amines (m/z = 41, 43, derivatives of Me2NH), CO2 (m/z = 44), C4Hs (m/z = 56, 57).
Dashed line represents the corresponding TG curve. (d) FTIR spectra of BPHPS2 recorded at different temperatures.

Adapted from Ref.

[3].

Table 3.4 Carbon content of BPHPS1-, BPHPS2-, and BPHPS5-derived ceramics (annealed at 1300 °C in N2) obtained

by elemental analysis. Adapted from Ref. [3].

Sample

BPHPS1-derived

ceramic

BPHPS2-derived

BPHPS5-derived
ceramic ceramic

Carbon Content (wt%)

0.35

0.49 0.24
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The PHPS and BPHPSx samples pyrolyzed at 1100 °C have been further annealed at 1200 °C
and 1300 °C. The structural evolution and crystallization behavior of the annealed samples are
investigated by X-ray diffraction (XRD), transmission electron microscopy (TEM), and EDX
spectroscopy. Figure 3.22 compares the XRD patterns of the PHPS- and BPHPSx-derived
ceramics. All the as-prepared ceramics annealed at 1100 °C are X-ray amorphous. The boron-
free PHPS-derived ceramic annealed at 1200 °C exhibits a low-intensity reflection of a-SisNy,
while the BPHPSx-derived ceramics remain X-ray amorphous. Crystallization of the PHPS-
derived ceramic is induced between 1200 °C and 1300 °C, which is evidenced by the a-SizN4
phase identified in the XRD pattern at 1300 °C, the mass gain of 6 wt% shown in the TG curve
(Figure 3.21a) and the exothermal peak detected in the DTA curve (Figure 3.21b) 2!3, On the
contrary, increasing the temperature to 1300 °C results in a slight crystallization of «-SisN4
microcrystals in the BPHPS5- and BPHPS2-derived ceramics, while the XRD pattern of the
BPHPS1-derived ceramic stays X-ray amorphous. It is clearly demonstrated that the boron
incorporation hinders the crystallization of both SisN4 and BN, which is attributed to the higher

crystallization temperature of the formed ternary Si-B-N system 214213,
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Figure 3.22 XRD patterns of as-pyrolyzed (a) PHPS and (b)-(d) BPHPSx (x = Si/B molar ratio) samples annealed for 2
h at different temperatures. Adapted from Ref. [3].
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Figure 3.23 compares the high-resolution TEM (HRTEM) images and the selected area electron
diffraction (SAED) patterns of the PHPS- and BPHPS2-derived ceramics annealed at 1300 °C.

The HRTEM image of PHPS-derived ceramic (Figure 3.23a) indicates the crystalline structure
with the lattice fringe of 0.21 nm attributed to the d-spacing of (202) a-SisN4 lattice plane
(JPCDS card no. 09-0250). The corresponding SAED pattern (inset in Figure 3.23a) shows the
diffraction spots of the a-SisN4 crystals. In contrast, the HRTEM image and the SAED pattern
(Figure 3.23b) affirm that the BPHPS2-derived ceramic is amorphous after annealing at 1300 °C.
This result further supports the conclusion that the boron incorporation suppresses the

crystallization of SisNa.

Figure 3.23 Filtered high-resolution TEM images of (a) PHPS- and (b) BPHPS2-derived ceramics annealed at 1300 °C.
Insets are the corresponding SAED patterns. Adapted from Ref. [3].

Molecular dynamics simulation

Besides experimental techniques, molecular dynamics (MD) simulation has been conducted to
investigate the molecular structure and the atomic-level diffusion behavior of amorphous silicon
nitride and SiBN ceramics. The coordination number and pair distribution function (PDF) of
four amorphous ceramic systems (SisN4, SisBosNase, SisB1sNss, and SisBsNy) have been
simulated at a temperature of 1300 °C using the Tersoff many-body potentials !¢, Details of the

simulated systems and simulation processes can be found in Ref. [3].

Figure 3.24a and b present the total and partial PDFs of silicon nitride and SiBN ceramics, where
all PDFs converge to a constant value of 1 for radii larger than 0.5 nm, indicating a long-range
amorphous disorder in the ceramics. The short-range atomic arrangements are revealed by
comparing the peaks. Sharp peaks at a distance of ~0.17 nm appear in the total PDFs of all

investigated ceramics, which corresponds well to the Si-N distance shown in the partial PDFs.
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The simulated Si-N bond length (~0.17 nm) is analogous to the values estimated
experimentally (0.173-0.175 nm) 27-21°, The B-N pair stands out at a distance of 0.149 nm in
the partial PDF of Si3B15Ns.s ceramic, which can be found in the total PDFs of all SiBN ceramics,
indicating a strong bonding between boron and nitrogen elements. This characteristic distance
is consistent with the B-N bond length obtained from experiments and density functional theory
calculations (0.144-0.156 nm) 22%22!, As the boron content increases, the height of this peak
increases, suggesting that more boron atoms surrounding any given nitrogen atom. Compared
to the Si-N or B-N pairs, the Si-B pair (~0.28 nm) has a much lower height in the partial PDF

of Si3B15Ns.5 ceramic, indicating that the formation of Si-B bond is disfavored.

The coordination numbers of Si and N elements calculated from the PDFs are displayed in
Figure 3.24c¢ as a function of the B/Si atomic ratio. The coordination number of Si surrounded
by N (Si)) decreases slightly whereas the Sig) increases with the increasing B/Si atomic ratio,
implying that the probability of Si—B bond formation rises when more boron atoms are added.
At the bottom of the figure, the coordination number N, increases as the B/Si atomic ratio
increases, while the coordination number of N(si) decreases. It is well demonstrated that the
boron incorporation has a larger impact on the N sites than that on the Si sites.
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Figure 3.24 (a) Total pair distribution functions for amorphous ceramics SisNs (black), SisBo.sNa4.s (blue), SisB1.5Nss
(purple), and SisB3N7 (red). (b) Partial pair distribution functions calculated from SisN4 (dashed lines) and SisB1.5sNs5
(solid lines) for Si-Si, Si-N, N-N, B-N, and Si-B pairs. (c) Coordination numbers as a function of B/Si ratio for central
atoms of Si (top) surrounded by N atoms and B atoms, and N (bottom) surrounded by Si atoms and B atoms. Adapted
from Ref. [3].

The atomic diffusion behavior of Si, N, and B atoms in amorphous silicon nitride and SiBN
ceramics is evaluated by the simulated mean-square displacement (MSD), as shown in Figure
3.25a-c. The MSDs of Si are comparable in all investigated ceramics, suggesting that the Si
atomic mobility is virtually unaffected by the boron incorporation. On the contrary, the N
atomic diffusivity in SiBN ceramics is lower than that in the SisN4 ceramic and it decreases

further with increasing boron content. The MSDs of B decrease at the same time. Combining
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the findings observed in Figure 3.24, it can thus be suggested that the formed B-N bonds are
not only copious but also strong in the Si-B-N systems, which restrict the atomic motion of N
and B and hence improve the system stability. Further analyses on the atomic self-diffusion
coefficients (Figure 3.25d) obtained from the limiting slopes of MSDs (in the range of 900-
1100 ps) support this assumption. The self-diffusion coefficients of nitrogen and boron decrease
significantly with increasing boron content due to the strong mutual attraction of B and N. The
presence of rigid B-N bonds prevents N atoms from diffusing in the Si-B-N network and
impedes the formation of crystallites at elevated temperatures. Similar behaviors are found as
well for the relaxation properties in the SiBN ceramics, e.g., van-Hove correlation functions and

intermediate scattering functions, which are detailed in the Supporting Information of Ref. [3].

In conclusion, the existence of boron allows the formation of rigid B-N bonds and consequently
reduces the atomic diffusivity of the nitrogen in the Si-B-N network. Therefore, the thermal

stability of amorphous Si-B-N is considerably enhanced relative to amorphous Si—N.
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Figure 3.25 Mean-square displacement curves of (a) silicon, (b) nitrogen, and (c) boron atoms, and (d) the
corresponding atomic self-diffusion coefficients in SiBN ceramics with different elemental compositions at 1300 °C.
Adapted from Ref. [3].
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4. Conclusions and Outlook

This research work aims to prepare polysilazane-based coatings at room temperature for the
applications of protective, easy-to-clean, or anti-corrosion coatings. This goal has been achieved
by i) understanding the moisture curing behavior and film formation of different polysilazane
coatings, and by ii) improving the film properties via either catalyst or boron modifier. As a
result, polysilazane coatings with significantly improved film quality, enhanced mechanical
properties, hydrophobicity, and chemical stability have been successfully fabricated at room

temperature, and with greatly reduced processing time.

Polysilazane coatings with industrial favorable thicknesses of 5-7 um are easily prepared via
spin coating followed by moisture curing at room temperature. A systematic evaluation of six
different polysilazane coatings allows us to identify the role of molecular structure contributing
to the crosslinking rate and degree, and thus to the film properties. The inorganic
perhydropolysilazane (PHPS) coatings that have thinner thicknesses crosslink much faster
under ambient conditions and exhibit higher hardness and elastic modulus, while the
organopolysilazane (OPSZ) coatings display higher hydrophobicity. An intuitive guide to the

coating material selection is thus provided (Figure 4.1).
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Figure 4.1 Comparative evaluation of the moisture curing rate, hardness, coating-substrate adhesion, and

hydrophobicity of polysilazane coatings with different molecular structures.

In order to reduce the processing time and enhance the film properties of polysilazane
(especially OPSZ) coatings for industrial applications, two methods have been used to facilitate
the crosslinking processes. The first approach applied tetrabutylammonium chloride (TBAC) as
an effective catalyst for the moisture curing of organopolysilazane (Durazane 1033) coating in

ambient atmosphere and temperature. The Si-H groups of the OPSZ are nucleophilically
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attacked by chloride ions to form transient Si—Cl groups, which are nucleophilically substituted

by-OH groups via reaction with H,O from the moisture environment. The byproduct HCI
provides an acidic environment for further catalysis. Finally, the reactions between Si—Cl and
Si—OH groups as well as the condensation of two Si-OH groups promote the formation of Si—
O-Si groups. The Fourier-transform infrared spectroscopy (FTIR) results show that 1.6 times
more of the Si-H and Si-NH groups are consumed in a shorter time (the dry-to-touch time for
the uncatalyzed and the TBAC-catalyzed D1033 coatings are ca. 19 h and 1 h, respectively),
while 2 times more of the Si—-O-Si groups are formed. The gel permeation chromatography and
energy dispersive X-ray spectroscopy support the findings that the TBAC not only accelerates
the moisture curing of the OPSZ but also increases the crosslinking degree of the coating.
Compared to the uncatalyzed D1033, which experiences a failure of film formation due to poor
wetting to the substrates (polycarbonate and Si wafer), a dense and smooth film free from large
irregularities is obtained with the TBAC-catalyzed D1033. Owing to the highly improved coating
quality and the much higher crosslinking degree, the TBAC-catalyzed D1033 coating amounts
double the value of hardness and quadruple the value of elastic modulus compared to that of

the uncatalyzed coating.

In the second approach, polysilazanes were reacted with borane dimethyl sulfide complex to
obtain boron-modified organopolysilazanes (BOPSZ) and perhydropolysilazanes (BPHPS) with
varying chemical compositions. It has been verified by FTIR and nuclear magnetic resonance
spectroscopy that the modification is accomplished through dehydrocoupling reactions between
N-H (Si-H) and B-H groups. A high crosslinking degree is achieved in the synthesized boron-
modified polysilazanes. The BOPSZ has been coated under ambient conditions. The
incorporation of boron accelerates the moisture curing rate and degree. A dense film with an
even surface morphology and higher hydrophobicity (101.1°) as compared to that of the pristine
OPSZ (D1033) coating (88.7°) is obtained. The corrosion resistance of the polysilazane coating
against highly corrosive HCl is greatly enhanced due to the improved film quality and the highly
crosslinked network. The BPHPSs have been applied as carbon- and chlorine-free single-source
precursors for the preparation of SiBN ceramics via the polymer-derived ceramic route under
N.. A facile and economic synthesis method with high ceramic yield (92 wt%) is thereby
attained as opposed to the former reported ammonolysis synthesis process. The X-ray diffraction
results reveal that the crystallization at T > 1000 °C is effectively suppressed in BPHPS-derived
ceramics with increasing boron content. Molecular dynamics simulation provides a rational
explanation that by adding boron rigid B-N bonds are formed with the consequence that the
self-diffusion coefficient of nitrogen in the ternary Si-B-N network is decreased. Therefore, the

thermal stability of the amorphous SiBN ceramic with respect to crystallization and

50 Conclusions and Outlook



decomposition is considerably enhanced if compared with the thermal behavior of the boron-

free silicon nitride derived from pure PHPS.

Taken together, this dissertation presents two approaches for preparing polysilazane-based
coatings with outstanding surface hardness, high hydrophobicity, and remarkable chemical
stability (Figure 4.2). The organopolysilazane-derived materials are promising candidates for
protective, easy-to-clean, and anti-corrosion coatings applied in vehicles, commercial and
residential buildings, and industrial plants. Further investigation on the coating formulation
needs to be done to upscale the materials and their processing to realize the aforementioned
technical applications. In addition, research on the boron-modified perhydropolysilazane-
derived ceramics has laid the groundbreaking work for the development of thermally stable
SiBN ceramic coatings with various functional properties such as microwave transparency, low

dielectric constant, environmental or thermal barrier effect, etc.
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Figure 4.2 Parallel comparison of the pristine D1033, TBAC-catalyzed D1033, and boron-modified D1033 coatings

demonstrates the significant improvement of polysilazane coatings in coating uniformity, moisture curing rate,

mechanical properties, and hydrophobicity after TBAC catalysis or boron modification.
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1 | INTRODUCTION

Ralf Grottenmiiller?

| WeiLi' | Farhan Javaid'”® | Ralf Riedel’

Abstract

Polysilazane coatings have a broad need in real-life applications, which require
low processing or working temperature. In this work, five commercially available
polysilazanes have been spin-coated on polycarbonate substrates and cured in
ambient environment and temperature to obtain transparent, crack-free, and
dense films. The degree of crosslinking is found to have a significant impact on
the hardness and Young's modulus of the polysilazane films but has a minor
influence on the film thickness and hydrophobicity. Among all five polysilazane
coatings, the inorganic perhydropolysilazane-based coating exhibits the largest
hardness (2.05 + 0.01 GPa) and Young's modulus (10.76 + 0.03 GPa) after 7 days
of curing, while the polyorganosilazane-derived films exhibit higher hydropho-
bicity. The molecular structure of polysilazanes plays a key role in mechanical
properties and hydrophobicity of the associated films, as well as the adhesion of
coatings to substrates, providing an intuitive and reliable way for selecting a suit-

able polysilazane coating material for a specific application.

KEYWORDS

coatings, crosslinking, mechanical properties, structure-property relationships, surfaces and
interfaces

metals, glasses, ceramics, and plastics makes it a favor-
able material for the coating industry.®

Polysilazanes are polymers with a Si—N—Si backbone con-
sisting of various substituted reactive or inert side groups at
the Si and N atom sites. A wide product portfolio of
polysilazanes is commercially available on the market and
has been reported to be ideal precursors to ternary SiCN
ceramics,' ceramic matrix (:omposites,2 ceramic fibers,>*
and ceramic or SiOy rich polymeric coatings.>®

Due to its liquid nature, most of the economic and
simple coating methods are applicable to polysilazane
systems, such as, spray coating, dip coating, and spin
coating. Additionally, the well-known good adhesion of
polysilazane to a variety of substrate materials, such as,

Polysilazane coatings can be transformed into SiCO,
SiCN, or Si3N, ceramic coatings by pyrolyzing at high tem-
peratures in air, N,, or Ar atmosphere.””® They are promis-
ing candidates for inter-layer dielectrics,'® oxidation, or
wear protection coatings'"'? for high-temperature applica-
tions because of their good thermal shock resistance and
thermal stability. However, the high-temperature applica-
tions require processing temperatures beyond 800°C,
which is impracticable for certain applications owing to the
limitation of the substrate or manufacturing process.

In recent years, low temperature curing of
polysilazane-based coatings has been studied for

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. Journal of Applied Polymer Science published by Wiley Periodicals LLC.
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applications, such as, gas barrier,'® marine anti-fouling
coating,'* anti-graffiti coating for public transportation,'?
and anti-adherent coating for demolding.'® Polysilazane
coatings can be cured and converted into thermoset poly-
meric coatings by several types of treatment, such as,
thermal crosslinking,'”” UV radiation,"® O, plasma
treatment,'® and moisture curing by hydrolysis and con-
densation reactions.”® Studies have been undertaken to
explore in detail the low-temperature curing behavior
and mechanism of polysilazane coatings.”’>> When
exposing polysilazanes to moist air, it was reported by
Miiller et al.** that the hydrolysis and condensation reac-
tions are predominant even at elevated temperature dur-
ing the curing process. In this context, the room
temperature (RT) moisture curable polysilazane coatings
prepared by simple methods draw attention to some
researchers.'#?12527 Nevertheless, from the best of our
knowledge, the curing behavior and the corresponding
properties of polysilazane coatings under long-term
ambient conditions have not been reported yet.

In this work, comprehensive characterizations of
the curing behavior, film thickness, surface morphol-
ogy, as well as the mechanical properties and hydro-
phobicity of five commercially available polysilazane-
derived films cured under ambient atmosphere and
temperature for 30 days were performed. The curing

rate and the degree of crosslinking of the coatings were
investigated by monitoring the changes of hardness,
Young's modulus, and contact angle with increasing
curing time for 30 days, by means of nanoindentation
and contact angle measurement. Moreover, the
moisture-curing behavior of a bulk polysilazane was
investigated by elemental analysis and Fourier-transform
infrared spectroscopy (FTIR). In addition, the adhesion of
polysilazane coatings to the polycarbonate substrates was
assessed by standard cross-cut tests (DIN EN ISO 2409) in
a 7-day curing period. Finally, based on the results of this
study, a benchmark evaluation of the mechanical proper-
ties and hydrophobicity of different polysilazane-derived
coatings is proposed.

2 | MATERIALS AND METHODS

Five commercially available polysilazanes were provided
by Merck KGaA, Darmstadt, Germany, and used as
received without further purification. Figure 1 depicts the
simplified linear molecular structure of different
polysilazanes employed in this work. To specify, Durazane
1500 rapid cure (D1500-rc), Durazane 1500 slow cure
(D1500-sc), and Durazane 1800 (D1800) are denoted as
polyorganosilazanes. The perhydropolysilazane (PHPS)-

(@)

Polymethyl(hydro)/polydimethylsilazane

Durazane 1500-rc, 1500-sc

—I—SI—N—]— +SI—N+ CoHs0—
0.67n 33n
CH3 |

3-Aminopropyltriethoxysilane

(I)CZHS
I
OC;Hs

CH,
HC? CH,

—{&—N]E—Jrs.— Nf—»

Hs H H

Durazane 1800

CH3~_~_0._~_-CH;
Solvent: Dibutyl ether

Catalyst: Diethylethanolamine

Durazane 2250, 2850

FIGURE 1
Durazane polysilazanes. (a) Durazane

Molecular structures of

1500 (incl. rapid cure and slow cure).
Durazane 1500 rapid cure has a higher
fraction of 3-aminopropyltriethoxysilane
than Durazane 1500 slow cure.

(b) Durazane 1800. (c) Durazane 2250
(20 wt% solution of PHPS in dibutyl
ether). Durazane 2850 is produced by
further adding 0.5 wt% of
diethylethanolamine as a catalyst [Color

\—CH,

figure can be viewed at

wileyonlinelibrary.com]
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based polysilazanes Durazane 2250 (D2250) and Durazane
2850 (D2850) are denoted as inorganic polysilazanes.

To investigate the curing behavior of the polysilazane
at RT (23°C), two flasks with 50 ml of D1500-rc liquid
were bubbled with ambient air (with 40% to 55% relative
humidity) and synthetic air (water content less than
2 ppmv) for 7 days, respectively. The chemical composi-
tions of the cured samples were determined using ele-
mental analysis (performed by Mikroanalytisches Labor
Pascher, Germany) under an inert atmosphere for the
nitrogen and oxygen contents. The changes of the organic
groups in the cured samples were recorded by FTIR rang-
ing from 550 to 4000 cm™ on a Varian IR-670 spectrome-
ter (Agilent) in the attenuated total reflection
(ATR) mode.

All five polysilazanes were spin-coated on polycar-
bonate (PC) plates (Makrolon®, Bayer AG, Germany)
and cured at RT in ambient atmosphere for 30 days to
prepare the polysilazane films. The spin speed was tuned
between 500 and 1500 rpm to achieve the industrially
favorable thickness of ca. 6 pm. The thickness of the
polysilazane films was measured using a stylus pro-
filometer (DektakXT®, Bruker Corporation, Germany).
The corresponding surface morphology was observed
under a Philips XL30 FEG high-resolution scanning elec-
tron microscope (SEM, FEI Company).

In addition to profilometry and SEM, nanoindentation,
and contact angle measurement were performed to access
the variation of mechanical properties and hydrophobicity
of the resultant polysilazane films during curing. The adhe-
sion of the polysilazane coatings to the PC substrates was
investigated by standard cross-cut test (DIN EN ISO 2409),
using a Cross Hatch Cutter test kit (Model 295, ERICHSEN
GmbH & Co. KG, Germany). The tested areas were
observed and evaluated by optical microscopy (VHX-6000,
KEYENCE DEUTSCHLAND GmbH, Germany). It is
worth noting that the aforementioned characterization
methods were only applied after the polysilazane films
were dry to touch. All dried films were transparent, color-
less, and adherent to the PC substrates.

The hardness and Young's modulus of the films and
PC substrate were measured using a G200 nanoindenter
(Keysight Technologies), equipped with a Berkovich dia-
mond indenter tip. A continuous stiffness measurement
method and a strain rate of 0.05s™" were applied in all
nanoindentation experiments. On each sample, nine
indentations were performed with an indentation depth
up to 2000 nm (depending on the corresponding film
thickness). The displayed data were chosen from an
indentation depth of approximately 10% of the film thick-
ness to avoid possible substrate effects. The hardness and
Young's modulus were subsequently calculated via
Oliver-Pharr method.?®
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The hydrophobicity of the polysilazane films was
characterized by static contact angle measurement using
an OCA-20 goniometer (DataPhysics Instruments GmbH,
Germany). At least three areas of each film and PC sub-
strate were tested using the sessile drop method. The
equilibrium shape of the water drop was described by the
Young-Laplace equation and the water contact angle was
estimated by fitting the contour of the drop as a function
of interfacial and gravity forces.

3 | RESULTS AND DISCUSSION
3.1 | Curing behavior of bulk Durazane
1500 rapid cure

In this work, Durazane 1500-rc was applied as a reference
for the investigation of the curing behavior of polysilazanes
in ambient and dry air at RT. Figure 2 depicts the theoreti-
cal crosslinking reaction paths based on the following sim-
plifying assumptions: (a) The polymethyl(hydro)/
polydimethylsilazane and 3-aminopropyltriethoxysilane
(AMEO) are physically mixed in D1500-rc polysilazane
solution. (b) With the presence of water, all of the Si—H,
Si—NH, and Si—OC,H; groups are consumed and trans-
formed to Si—O groups via hydrolysis and condensation
reactions. The oxygen and nitrogen contents in D1500-rc
before and after complete curing were calculated. Before
curing, D1500-rc contains 16.8 wt% nitrogen and 7.2 wt%
oxygen (from AMEO). After complete crosslinking, the
nitrogen content decreases to 2.3 wt%, while the oxygen
content increases to 29.1 wt%.

Elemental analysis of oxygen and nitrogen contents
in bulk D1500-rc cross-linked for 1, 24, 72, and 168 h
were carried out, respectively. As shown in Figure 3(a),
without moisture, D1500-rc remains unchanged after
168 h of exposure to dry air. While in the case of curing
under ambient atmosphere (with 40% to 55% relative
humidity), the nitrogen content of cured D1500-rc
decreases and the oxygen content increases with curing
time. Within the first 24 h, the N— and O—contents
were almost halved. After 72 h of curing, the oxygen
content tends to be saturated, while the nitrogen con-
tent keeps declining at a relatively low rate. After
168 h, the nitrogen content decreases from
15.0 + 0.1 wt% to 4.7 + 0.1 wt%, and the oxygen content
increases from 7.4 to 28.2 wt% + 0.3 wt% as compared
with the pristine D1500-rc polysilazane. The experi-
mentally obtained oxygen content is in good agreement
with the theoretical calculation. In this context, the
crosslinking degree of D1500-rc is calculated and
depicted in Figure 3b. It is obvious that 90.2% =+ 0.7% of
the crosslinking reactions have been completed after
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(a) Variation of elemental oxygen and nitrogen contents in the Durazane 1500-rc cured in synthetic air and ambient

environment at RT for 168 h, respectively. (b) Crosslinking degree of D1500-rc as a function of curing time (based on the calculation of

theoretical oxygen content) [Color figure can be viewed at wileyonlinelibrary.com]

72 h of curing in ambient environment and tempera-
ture. Further hydrolysis and condensation reactions
occur slowly and 95.0% + 1.4% of the reactions have
been completed after 168 h of curing.

The ATR-FTIR spectra shown in Figure 4 correlate
well with the elemental analysis result. During curing in
ambient environment at RT, hydrolysis, and condensa-
tion reactions” occur. The hydrolysis reaction leads to the
loss of nitrogen by releasing NH; with the consumption
of the N—H groups (at 1168 cm ™). In the meanwhile, the
Si—H groups (at ca. 2125 cm™') are consumed, and H, is
released. The Si—O—R units (at 1077 and 1105cm™)
from the 3-aminopropyltriethoxysilane are gradually
transformed into Si—O—Si (at ca. 1022 cm™') with the
releasing of C,HsOH.*"**° In addition, Si—O—Si units are
formed via condensation reaction increasing the oxygen
content. In the first 24 h of curing, there are residual
Si—H and N—H groups in considerable quantities. After

72h of curing, most of the hydrolyzable groups in
D1500-rc are consumed and the hydrolysis and condensa-
tion reactions slow down. After 168 h of curing, almost
all of the Si—H and N—H groups in D1500-rc disappear
and the curing of D1500-rc reaches a plateau state. Thus,
it can be concluded that the existence of water in the
atmosphere is the crucial factor for the curing process of
polysilazane, while the polysilazane is stable against oxi-
dation in air at room temperature.

3.2 | Thickness of spin-coated
polysilazane films

The polysilazanes were spin-coated on PC substrates and
dry to touch in ambient environment at RT. The inor-
ganic polysilazane D2250 and D2850 coatings exhibit the
shortest dry to touch time, which is around 30s (for
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D2850) to 5 min (for D2250) under the same conditions.
The D1500-rc film is dry to touch in about 30 min, while
the D1500-sc film requires 1 to 2 h. The D1800 film
requires about 32 h to reach the dry to touch condition.

The thickness of the dry polymer films can be con-
trolled by the spin speed (angular velocity) and the con-
centration of the polymer solution. The generalized
correlation is empirically derived according to the follow-
ing Equation®®':

hy =ko™® (1)

where hy is the film thickness (um), @ is the spin speed
(rpm), while k and « are empirical constants. A set of

Si-H N-H Si-0-Si
168 h 4 i
72 h
24 h

PreprEn W onTiemree | BRmmanm. e

Transmittance (a.u.)

Durazane 1500-rc
I Y| AR e STV e 7 PR ST U S T R S L e
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

FIGURE 4 ATR-FTIR spectra of Durazane 1500-rc after 0, 24,
72, and 168 h of curing in ambient environment [Color figure can
be viewed at wileyonlinelibrary.com]
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factors influence the value of constants k and «, including
the intrinsic properties of the polymer, type of solvent,
concentration and viscosity of the polymer solution, and
interaction between the solution and the substrate.

Among these five investigated polysilazanes,
Durazane 1800 possesses the highest viscosity in the
range of 20 to 50 mPa-s, followed by Durazane 1500-sc
(20 to 30 mPa-s) and Durazane 1500-rc (12 to 20 mPa-s).
Durazane 2250 and Durazane 2850 exhibit the lowest vis-
cosity of less than 5 mPa-s at 20°C because of the pres-
ence of 80% of solvent. The influence of solution viscosity
on the resulting film thickness is indicated in Figure 5(a).
At the same spin speed, the higher the solution viscosity,
the thicker the resulting spin-coated film.

On the other hand, the film thickness of all five poly-
silazane coatings decreases with the increase of the spin
speed. The experimental data points are statistically fitted
with Equation (1) to obtain the constants k and .
Regarding the pure polyorganosilazanes D1500-rc,
D1500-sc, and D1800, the values of k are 710, 2107,
697, while @ amounts 0.76, 0.88, and 0.7, respectively. As
the polysilazanes D2250 and D2850 have relatively low
viscosities, they have lower « values of 0.59 and 0.41, and
the k value amounts 41 and 18, respectively. This phe-
nomenon may be explained by the effect of fluid
inertia.*

In order to further characterize the polysilazane coat-
ings without considering the effect of film thickness on
the curing process, specific spin speed was selected for
each polysilazane to achieve an industrially favorable
film with a thickness of 5 to 7 pm. Regarding the spin
parameter, that means 500 rpm for D1500-rc with a
6.12 + 0.21 pm film, 700 rpm for D1500-sc with a
6.11 + 0.07 pm film, and 1500 rpm for D1800 with a

(b) 10
|- #--D1500-rc v~ D2250
9 ®--D1500-sc D2850
8; i D1800
E
i
[}
3
g
S ]
E 44
§ 4
T 3
2_
1_* b LI — G — =
O+—— 7T T T
0 5 10 15 20 25 30

Curing Time (day)

Film thickness of polysilazane coatings as a function of (a) spin speed and (b) curing time [Color figure can be viewed at
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6.25 + 0.32 pm film. However, due to the low viscosity,
the thickest D2250 and D2850 films that can be obtained
without sacrificing the homogeneity have thicknesses of
1.53 + 0.01 pm and 1.39 + 0.01 pm. The applied spin
speed is limited to 500 rpm in both cases.

The as-obtained polysilazane coatings were cured in
ambient environment at RT for 30 days. The develop-
ment of the film thickness is recorded and shown in
Figure 5(b). Although there are marginal variations dur-
ing the 30 days of curing, the eventual film thickness of
all five coatings is within the same range as the initial
state, which indicates a minor impact of the crosslinking
degree on the coating thickness. Therefore, the influence
of the film thickness on subsequent characterizations can
be eliminated.

3.3 | Surface morphology of polysilazane
coatings

The surface morphology and cross-section of the as-
obtained polysilazane coatings were further studied by
scanning electron microscopy. Figure 6 shows SEM
micrographs of the surface and cross-section of a
Durazane 1500-rc coating after 30 days of crosslinking in
ambient environment and temperature. The SEM images
of D1500-sc, D1800, D2250, and D2850 coatings are
shown in Figure S1 (supporting information) accordingly.
The resultant films are dense, crack-free, and with a
smooth surface.

3.4 | Mechanical properties of
polysilazane coatings

Nanoindentation was employed to characterize the
mechanical properties of the polyorganosilazane coatings
with thicknesses of about 6 ym and inorganic poly-
silazane coatings with thicknesses of about 1.5 pm. The
progression of the hardness and Young's modulus of the
mentioned polysilazane coatings during the 30 days of

= ”Coating

t

Polycarbonate

curing in ambient environment at RT were investigated
and are shown in Figure 7.

As illustrated, the inorganic polysilazane (D2250 and
D2850) films exhibit higher hardness and Young's modulus
values as compared to the group of polyorganosilazane
films (D1500-rc, D1500-sc, and D1800). After curing for
7 days, the D2850 coating reaches the highest value of
hardness (2.05+ 0.01 GPa) and Youngs modulus
(10.76 + 0.03 GPa) among all investigated films. The subse-
quent slight decrease in hardness and Young's modulus is
discussed in terms of microcracks formed in the coating
during the indentation.*

In the case of the D2250-derived coating, the hardness
and Young's modulus reach values of 0.64 and 3.59 +
0.01 GPa, respectively, after 15 days of curing. Compared
with polyorganosilazanes, the inorganic polysilazanes have
a considerably higher amount of hydrolyzable Si—H groups,
that react with water to form Si—OH groups, which in turn
condensate to form a highly cross-linked Si—O—Si network.

Among the three polyorganosilazane coatings cured
for 30 days, the D1500-rc coating shows the highest hard-
ness and Young's modulus of 0.29 and 2.9 GPa, respec-
tively. Durazane 1500-sc coating, which contains less
hydrolyzable 3-aminopropyltriethoxysilane substituted
groups if compared with D1500-rc and thus exhibits
lower hardness and Young's modulus of 0.11 and
1.4 GPa, respectively. Durazane 1800 coating possesses
the lowest hardness and modulus of 0.05 and 0.4 GPa,
respectively, since it has the least number of hydrolyzable
groups, which leads to the lowest degree of crosslinking
among all the investigated polysilazanes. Moreover, the
additional vinyl groups in D1800 may sterically hinder
the crosslinking reactions.

For all coatings, the hardness and Young's modulus
increase rapidly during the first three days of curing.
Then, the corresponding growth rate slows down because
of the reduced number of hydrolysis and condensation
reactions owing to the insufficient hydrolyzable groups
after a certain period. Besides, the hardened surface of
the coating prevents the diffusion of atmospheric H,O
into the polysilazane and further slows down the

FIGURE 6 SEM images of
(a) the surface and (b) cross-
section of Durazane 1500-rc
coating cured in ambient
environment and RT for 30 days



ooooooooo

ZHAN ET AL. 1 7 0f 10
e Applied Polymer wiLEy_| 7o
SCIENCE
(a) 3 (b) 14
1 D2850 12
24 10 D2850
) 8
14 D2250 6
o84 A v s 1 02250
S e © 359 U isshete
e = E gV D1500-rc
@ 044 ¥ S 30 K mn -
& v D1500-rc 3 “PC e F—
5 O — = S 25 gl
:(E“ 024 /., ........... [ e _g 20’/._..- 51500
“LE D1500-sc 3T o
o , >
0.1 1 1.0
] D1800
A o » o A 0.5+ ) N OO U OO — D1800 A
i Y Y VO
0.0 4———r—— 0.0 +————r————F————————
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Curing Time (day) Curing Time (day)
FIGURE 7 (a)Hardness and (b) Young's modulus of polysilazane coatings on PC as a function of the curing time [Color figure can be

viewed at wileyonlinelibrary.com]|

hardness/Young's modulus growth. After 7 or 15 days of
curing, the above values of D2250, D2850, and D1800 coat-
ings reach plateaus gradually, which to a certain extent
indicates the limits of the crosslinking degree for the spe-
cific polysilazane coatings cured in ambient environment
at RT. However, the hardness and Young's modulus of
D1500-rc and D1500-sc coatings grow further slowly but
continuously after 30 days of curing. Taking into account
the results shown in Figure 3 and 4, it is interesting to see
that even though the hydrolysis and condensation reac-
tions seem to reach plateaus after 3 days of curing, the
3D-network of D1500-rc obviously further crosslinks, indi-
cating possible physical crosslinking processes through
hydrophobic interaction and chain entanglement* in addi-
tion to chemical crosslinking reactions.

The hardness and Young's modulus of the used poly-
carbonate substrate are measured as 0.19 and 2.9 GPa,
respectively. The relatively higher values of D1500-rc,
D2250, and D2850 films imply potential applications of the
polysilazanes as protective coatings on PC-based materials.

3.5 | Hydrophobicity of polysilazane
coatings

Hydrophobicity is considered to be a crucial factor for
anti-fouling and anti-graffiti coatings. Figure 8(a) shows
the water contact angle of polysilazane coatings during
curing under ambient conditions at RT for 30 days. A
similar tendency describing the change in contact angle
with curing time for all coatings can be observed. Con-
sider the D1500-rc coating as an example, the hydropho-
bic groups, such as, Si—H'® and Si—CH,* result in a
hydrophobic surface with a contact angle of 94.6° + 0.5°.

During the crosslinking reactions, the formation of
hydrophilic Si—OH and Si—NH, groups as well as the
consumption of hydrophobic Si—H groups lead to the
reduction of the water contact angle to 90.4° + 0.8°.%
Subsequently, a hydrophobic recovery>®>” appears, which
could be explained by the combined effect of condensa-
tion reaction, diffusion, and reorientation of polar groups.
On the one hand, the number of hydrophilic Si—OH and
Si—NH, groups is reduced due to condensation reactions.
On the other hand, the molecular mobility is hindered by
the highly cross-linked Si-O-Si network and thus the
reorientation of polar Si—O bonds* toward the polar
water droplet becomes difficult. In the end, a contact
angle of 95.4° + 0.7° is obtained for the D1500-rc coating
after curing under ambient conditions for 30 days.

From Figure 8b, the D1800 coating exhibits the
highest contact angle of 103.3° + 0.5° because of the exis-
tence of a large number of hydrophobic groups, such as,
Si—CH; and Si—CH=CH, groups which cannot be
involved in the crosslinking reactions at RT. Compara-
tively, D1500-rc and D1500-sc coatings are less hydropho-
bic with contact angles of 95.4° + 0.7° and 98.4° + 2.4°,
respectively. Furthermore, the PHPS-based D2250 and
D2850 coatings present less hydrophobicity with contact
angles of 83.9° +0.8° and 85.9° + 0.8°, respectively.
Moreover, the contact angle of the uncoated PC substrate
is measured as 97.3° + 1.3°.

3.6 | Adhesion of polysilazane coatings
to polycarbonate substrate

The adhesion of polysilazane to most surfaces is known
to be good due to the chemical reactions of Si—H, Si—NH
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FIGURE 9

Optical microscopy images of polysilazane coatings on polycarbonate substrates after standard DIN EN ISO 2409 cross-cut

tape test: (a) D1500-rc, (b) D1500-sc, (c) D1800, (d) D2250, (e) D2850 coatings after 1, 3, and 7 days of curing in ambient environment,

respectively [Color figure can be viewed at wileyonlinelibrary.com]

groups with the —OH groups and the adsorbed water
molecules on surface, which form subsequently oxygen
bridges between the polysilazane coating and the sub-
strate.'®*** Figure 9 shows the optical microscopy
images of five polysilazane coatings cured after 1, 3, and
7 days and with the standard cross-cut tape test being
performed. According to the DIN EN ISO 2409, coatings
are classified from Gt O (best adhesion, without any
detachment of the coating after the test) to Gt 5 (worst
adhesion, detachment of the coating >65% of the tested
area). Among all five polysilazane coatings, D1500-sc

(Figure 9(b)) and D1800 (Figure 9(c)) coatings exhibit
excellent adhesion to polycarbonate substrates, showing
no coating spalling once they are dry to touch. Due to the
higher fraction of 3-aminopropyltriethoxysilane in
D1500-rc, the adhesion of the coating to the PC substrate
is not enough to withstand the pull-off strength of the
tape and the entire coating has been peeled off
(Figure 9(a)).

Unlike the aforementioned polyorganosilazane coat-
ings, the adhesion of the inorganic polysilazane coatings
to the PC substrates improved along with the curing time.


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

ZHAN ET AL.

ooooooooo

Applied Polymer_wiLEY-L *®

After one day of crosslinking, D2250 (Figure 9(d)) and
D2850 (Figure 9(e)) coatings display poor adhesion to the
substrates, which is attributed to the lower amount of
oxygen bridge between the diluted polysilazane (contains
dibutyl ether as solvent) and substrate surface. As curing
time increased, due to the much thinner thickness
(ca. 1.5 pm), water molecules from the atmosphere reach
the interface of the coating and substrate to further form
oxygen bridges. Hence, the adhesion of D2250 and D2850
coatings to the PC substrates is improved from Gt 5 and
Gt 4 to Gt 1, respectively.

4 | CONCLUSIONS

This work reports on a comprehensive investigation of the
mechanical properties and hydrophobicity of five commer-
cially available Durazane polysilazane films that are
moisture-curable at room temperature and provides a
guideline on the coating material selection. It can be con-
firmed that water is indispensable for the crosslinking of
the polysilazane. In wet air, hydrolysis and condensation
reactions result in the crosslinking of the polysilazanes and
formation of a 3-dimensional polymeric network, while, the
polysilazanes are stable against oxidation in dry air at RT.

Spin coating was proved to be an effective technique
for the preparation of dense and crack-free polysilazane
coatings. The relation between the film thickness and
spin speed was empirically derived and can be applied for
future research to adjust the coating thickness by
selecting appropriate spin parameters. Moreover, it is
found that the coating thickness is independent of the
curing time.

The hardness and Young's modulus of the poly-
silazane coatings were determined by nanoindentation.
PHPS-based polysilazane coatings have higher values
than that of the polyorganosilazane coatings and the used
PC substrate. This feature makes PHPS a candidate mate-
rial as protective coatings for PC-based materials. Unlike
the other polysilazane coatings with hardness and
Young's modulus reaching plateaus after 7 or 15 days of
curing, D1500-rc and D1500-sc coatings continue to
harden even after 30 days of curing, indicating that in
addition to chemical crosslinking reactions, physical
crosslinking occurs as well during the curing process.

The water contact angle measurements show that the
polyorganosilazane coatings are more hydrophobic than
that of the PHPS-derived coatings. Different from the
continuous increase of hardness and Young's modulus,
the water contact angles of the polysilazane films firstly
decrease at the early stage of curing, then, go through a
recovery process and finally reach similar values as mea-
sured at the early stage.

Finally, the analyzed properties of the different poly-
silazane coatings cured in ambient atmosphere at room
temperature can be roughly ranked as follows:

1. Curing rate: D2850 > D2250 > D1500-rc >
D1500-sc > D1800

2. Hardness and Young's modulus:
D2250 > D1500-rc > D1500-sc > D1800

3. Hydrophobicity: D1800 > D1500-sc > D1500-rc >
D2250 > D2850.

4. Adhesion to polycarbonate: D1500-sc = D1800 >
D2250 = D2850 > D1500-rc

D2850 >
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ARTICLE INFO ABSTRACT

Keywords:
Polysilazane coatings
Tetrabutylammonium chloride

Moisture curing of polysilazane coatings at room temperature is of advantage to industrial applications, though it
often takes a longer time than the other curing methods. To tackle this problem, tetrabutylammonium chloride
(TBAC) is applied in this work as an efficient catalyst for the hydrolysis and condensation reactions of polymethyl

Catalym, . (hydro)/polydimethylsilazane coatings under ambient conditions. In the suggested catalytic mechanism, the
Hydrolysis/condensation . . i D . . s
Nanoindentation Si-H group is nucleophilically attacked by chloride ions to form a transient Si—Cl group, which is then nucleo-

philically substituted by a hydroxyl group from the moisture environment. It is found that by adding TBAC in the
polysilazane coating, 1.6 times more of the reactive groups (Si-H, Si-NH) are consumed during the curing
process in a shorter time (the dry-to-touch time for the uncatalyzed and the TBAC-catalyzed polysilazane
coatings are ca. 19 h and 1 h, respectively), while 2 times more of the Si-O-Si groups are formed. Owing to the
significantly enhanced crosslinking rate and degree, the coating quality and the mechanical properties are
greatly improved. The hardness and the elastic modulus of the coating are increased by a factor of two and four,

respectively.

1. Introduction

Coatings are often applied to modify the surface properties of ma-
terials that are required to meet the growing demand for multi-purpose
applications in the competitive market. Over the last two decades,
silicon-based polymers that can be simply coated by most of the depo-
sition methods [1,2], have received much attention as suitable coating
materials with good thermal stability and chemical resistance. Poly-
silazanes (PSZ), which have a Si-N-Si basic backbone with various
reactive and/or inert side groups, have been widely studied because of
their strong adhesion to nearly all kinds of substrate materials by
chemical bonding [3,4], and potential to be modified and tailored to
meet different requirements for applications such as dielectric [5],
environmental barrier [6], thermal barrier [7], anti-fouling [8], anti-
graffiti [9], protective hydrophobic [10], and anti-adherent [11]
coatings.

Polysilazane-based coatings can be converted to thermoset polymer
or ceramic coatings via crosslinking and pyrolysis processes [12-15].

* Corresponding authors.

The most common crosslinking processes of polysilazanes are induced
by thermal treatment [16-21], vacuum ultraviolet (VUV) radiation
[22-24], and by exposure to moisture [25-27]. Moisture curing is ad-
vantageous for a cost-effective and easy-to-handle preparation of poly-
silazane coatings at low temperature or even at room temperature.
Polysilazanes with moisture sensitive groups, e.g., Si-H and Si-NH
groups, can be crosslinked under humid atmosphere via hydrolysis and
condensation reactions [28,29]. However, polyorganosilazanes that
have abundant inert or less reactive side groups (such as Si-CHz and
Si-CH=CH; groups) crosslink slowly in this way and often require
external assistance.

A large number of studies have employed temperature (up to 400 °C)
to increase the curing rate because of its simplicity and the possibility for
batchwise processing [3,9,11,16,26,30]. However, substrate materials
with a low melting point, e.g., polymer and aluminum, may be degraded
or deformed after thermal treatment. Miiller et al. [25] have investi-
gated the effect of humidity on the curing of PSZ coatings at room
temperature (22-26 °C) and found that the hydrolysis rate could be
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enhanced by increasing the humidity, but only to an insignificant extent
in the ambient environment. The influence of humidity on the PSZ
curing is only evident in very dry atmosphere, which has a relative
humidity lower than 7%. In some papers, it has been studied that the
crosslinking of PSZ coatings was greatly promoted with the help of
suitable catalysts or initiators. Ammonia, as one of the common cata-
lysts, has been widely proved to be able to accelerate the moisture curing
of polysilazane both in solution and gaseous phase [22,31-33]. Dicumyl
peroxide has been used by several researchers as a radical initiator to
lower the curing temperature [10,34,35]. In recent years, tetrabuty-
lammonium fluoride (TBAF) stood out as a nucleophilic catalyst for
controllable and selective crosslinking of polyorganosilazanes
[10,11,36]. However, the reaction between TBAF and PSZ is excessively
fierce and often requires the addition of calcium borohydride as the
inhibitor. In the mentioned studies, the crosslinking rate and degree of
polyorganosilazanes have been improved to a certain extent. Never-
theless, extra equipment (e.g., ovens, climate chambers) or inhibitors
are required to either control the reaction environment or the reaction
rate, which is complicated or less cost-effective for industrial
applications.

In the present work, tetrabutylammonium chloride (TBAC) is
selected as a catalyst for the crosslinking of polymethyl(hydro)/poly-
dimethylsilazane in ambient atmosphere and temperature without
applying any inhibitors. The crosslinking rate and degree of the poly-
silazane with and without the addition of TBAC have been investigated
by Fourier-transform infrared spectroscopy and gel permeation chro-
matography. With the most favorable catalyst content, the polysilazanes
have been spin-coated and characterized with profilometer, scanning
electron microscopy coupled with energy dispersive X-ray spectroscopy,
nanoindentation, cross-cut test, and contact angle measurement.

2. Materials and methods

A commercially available polymethyl(hydro)/polydimethylsilazane,
Durazane 1033 (D1033, supplied by Merck KGaA, Darmstadt, Ger-
many), was investigated as received without further purification.
Different amounts (0.5 wt%-4 wt% of the solution) of tetrabuty-
lammonium chloride (TBAC, >97.0%, Sigma-Aldrich Chemie GmbH,
Germany) were mixed with D1033 (2 g) and stirred for 2 h under Ar. The
well-mixed solution was transferred to a fume hood and crosslinked in
the ambient environment at room temperature (~23 °C) with 45% to
60% relative humidity (RH). The crosslinking progress of the bulk ma-
terials after different curing time was monitored and evaluated by
Fourier-transform infrared (FTIR) attenuated total reflection (ATR)
spectroscopy within the range of 550-4000 cm™! on a Varian IR-670
spectrometer (Agilent Technologies, USA). The shown relative absor-
bance was calculated from the integrated peak area of each functional
group employing Si—CHj as the reference peak. To compare the cross-
linking degree of the cured samples, gel permeation chromatography
(GPC) was employed to evaluate their average molecular weight (M)
using the Agilent 1260 Infinity II Quaternary System (Agilent Technol-
ogies, Inc., USA). A combination of three Shodex columns (KF-801, KF-
802, KF-806, Showa Denko K.K., Japan) was equipped and polystyrene
(analytical standard, for GPC, PSS GmbH, Germany) was used for cali-
bration. 50 mg of the crosslinked polysilazane was diluted in 1 mL
tetrahydrofuran (THF) with the addition of toluene (~3 pL) as an in-
ternal standard. The sample solution was stirred for 3 h under Ar and
filtered with a syringe filter (0.2 pm). The filtered analyte was eluted
with THF and 1.5 wt% bis(trimethylsilyl)Jamine at 1 mL/min and 40 °C.
In this circumstance, particles and insoluble material were filtered out
and would not be analyzed by GPC.

Polysilazanes with and without TBAC were spin-coated on Si(100)
wafers (3 in., thickness = 381 + 25 pm, p-type (Boron), Micro-
Chemicals, Germany) with a spin speed of 700 rpm for 2 min. The ob-
tained coatings were crosslinked in the fume hood (45%-60% RH,
~23 °C) and characterized as well with ATR-FTIR spectroscopy. The

Progress in Organic Coatings 167 (2022) 106872

thickness and roughness of the polysilazane films were measured after 7
days of curing using a stylus profilometer (DektakXT®, Bruker Corpo-
ration, Germany). The surface and cross-section morphology were
observed under a Philips XL30 FEG high-resolution scanning electron
microscope (SEM, FEI Company, USA). In the meanwhile, the chemical
composition of the coatings was analyzed with the affiliated energy
dispersive X-ray spectroscopy (EDX). The results shown were the
average of at least 5 measurements in different areas of each coating.

Hardness and elastic modulus of the polysilazane coatings were
determined using an iNano® Nanoindenter (Nanomechanics Inc., a KLA-
Tencor Company, USA), equipped with a Berkovich diamond indenter
tip (Synton-MDP, Switzerland). The system was calibrated according to
Oliver and Pharr using fused silica as reference material [37,38]. All
tests were conducted using a continuous stiffness measurement (CSM)
method with a constant indentation strain rate of 0.05 s ' and a
maximum indentation depth of 1000 nm. For the CSM oscillation a
dynamic displacement of 2 nm and a dynamic frequency of 110 Hz were
applied. For each sample, 16 measurements in different areas were
tested. The Poisson's ratio was assumed to be 0.3.

Adhesion of the polysilazane coatings to the Si substrate was eval-
uated after 7 d of curing by cross-cut tests, employing a Cross Hatch
Cutter (Model 295, ERICHSEN GmbH & Co. KG, Germany) and
following DIN EN ISO 2409 standard [39]. The examined areas were
observed with an optical microscope (VHX-6000, KEYENCE
DEUTSCHLAND GmbH, Germany).

Hydrophobicity of the cured polysilazane coatings was assessed by
static contact angle measurement using the sessile drop method on an
OCA-20 goniometer (DataPhysics Instruments GmbH, Germany). The
water contact angle was estimated by placing a 3 pL water droplet on the
surface and fitting the equilibrium shape of the drop as a function of
interfacial force and gravity following the Young-Laplace equation. For
each coating and Si substrate, 9 different areas were tested.

3. Results and discussion

3.1. Catalytic effect of tetrabutylammonium chloride on the moisture
curing of bulk polysilazane

With the aim of improving the crosslinking rate and degree of pol-
ymethyl(hydro)/polydimethylsilazane (Durazane 1033) in ambient
temperature and atmosphere, ten potential catalysts were added
respectively and the corresponding crosslinking reactions have been
investigated by the employment of ATR-FTIR (shown in Fig. S1). Among
the investigated catalysts, tetrabutylammonium chloride (TBAC) stood
out as a suitable catalyst for the moisture curing of polysilazane because
of its good catalytic ability, relatively low price, and colorless feature.

As shown in Fig. 1a, the ATR-FTIR spectrum of pristine D1033 (black
line) shows typical transmittance peaks of N-H (1160, 3382 cm’l), C-H
(2953 cmfl), Si-H (2120 cmfl), and Si-CH3 (1252 cm’l) groups
[18,22]. After curing under ambient conditions for 24 h (grey line), the
signals of Si-H and N-H groups decrease slightly and Si-O-Si vibration
is observed at the wavenumber of 1051 cm ™. It is well-documented that
polysilazane crosslinks in the presence of water via hydrolysis and
condensation reactions, namely, Si-H and N-H groups react with H2O to
form Si-OH groups, which are subsequently condensed to Si-O-Si [1].

With the addition of TBAC, crosslinking of D1033 in ambient envi-
ronment (45-60% RH) and temperature (~23 °C) has been greatly
improved. Fig. 1b presents the relative absorbance of reacted functional
groups calculated by integrating the corresponding peak area using
Si-CH3 (which is considered to be inert) as the reference peak. The
spectrum of pristine D1033 is set as the start point (1 for Si-H and Si-NH
groups, O for Si-O-Si group). If compared with the pure D1033, it is
apparent that by adding TBAC more Si-H and N-H groups are
consumed, while more Si-O-Si groups are formed, indicating an in-
crease in the crosslinking reactions. The proposed catalytic mechanism
of TBAC on the hydrolysis and condensation reactions of polysilazane is
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concentration.

demonstrated in Scheme 1. The reaction paths with blue background
present the typical hydrolysis and condensation processes of poly-
silazane. With the addition of nucleophilic catalyst tetrabutylammo-
nium chloride ((C4Hg)4NCl), the electrophilic silicon from the polarized
Si-N bond is under attack and the nitrogen is protonated at the same
time [40-42]. A Si-Cl bond is then generated with the release of Hy. In
the second step, the transient Si-Cl bond is nucleophilically substituted
by a hydroxyl group from the water molecule (red box). The byproduct
HCI provides an acidic environment wherein the hydrolysis of poly-
silazane is further catalyzed [40]. Consequently, the hydrolysis reaction
of PSZ is accelerated with more Si—~OH groups being generated. In the
grey box, a possible reaction between Si—Cl and Si-OH is hypothesized
based on the reports of Sneh et al. [43] and Lu et al. [44] (however,
different experimental conditions were applied). With further con-
sumption of Si-OH groups via condensation, increasing number of
Si-O-Si groups are formed, which is in good accordance with the FTIR
results shown in Fig. 1. Furthermore, there is clearly an upper limit to
the catalytic effect of TBAC on the moisture crosslinking of PSZ (Fig. 1b).
As the TBAC content increases from 0.1 wt% to 2 wt%, around 49% and
70% of the Si-H groups (blue) and Si-NH groups (green) are consumed,
respectively, and the Si-O-Si group rises to a relative absorbance of

4.13. When more TBAC (3 wt% and 4 wt%) is added to the polysilazane,
the catalytic activity is diminished. This decrease in the catalytic effect is
discussed to be attributed to the steric hindrance of the tetrabuty-
lammonium cation ((C4Hg)sN*1) during the nucleophilic attack of the
polysilazane [45]. On this account, 2 wt% of TBAC has been selected as
the most efficient catalyst content for further research.

It is common knowledge that the molecular weight of polysilazane
increases with the increase of the crosslinking degree [12,46]. Hence,
gel permeation chromatography was employed to investigate the effect
of TBAC on the crosslinking degree of the cured polysilazanes. As a well-
known thermosetting polymer, highly crosslinked polysilazane with
three-dimensional network is difficult to dissolve in tetrahydrofuran.
During the measurements, the sample solution was filtered with a sy-
ringe filter (0.2 pm) before injecting into the GPC device. The filtration
process removes all particles and insoluble material and only the clear
soluble portion of the sample was measured. Fig. 2a compares the
average molecular weight of polysilazanes with and without TBAC after
curing for 3 h to 10 d under ambient conditions. The M,, is calculated
from the corresponding molar mass distribution as shown in Fig. 2b and
Fig. S2. It is straightforward that the average molecular weight of the
catalyzed polysilazane reaches the highest measurable point after 6 h of

OH 0
+H20 | |
+s.—N~]— —Si—OH —Si—o—
- H,, - NH; | - H,0 |
CH3 H CHs Chi
FCHMNCL g ol-HOL-NH, or +H,0/-HCL-NH,
+H20
ciH H o

Scheme 1. Suggested catalytic mechanism of tetrabutylammonium chloride on the hydrolysis and condensation reactions (blue box) of polysilazane Durazane 1033.
Red box: nucleophilic substitution reaction paths. Grey box: possible reaction between Si-Cl and Si-OH groups.
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curing, which is about 24 times faster than that of the pure PSZ sample
(that needs 144 h). After 6 h, the crosslinked samples contain a large
amount of the three-dimensional network that cannot be dissolved in
THF, indicating much higher crosslinking degrees. The GPC data com-
parison supports the previous finding of FTIR and confirms the catalytic
effect of TBAC on the moisture curing of polysilazane.

3.2. Catalytic effect of tetrabutylammonium chloride on the moisture
curing of polysilazane coating

The pure Durazane 1033 and that with 2 wt% of TBAC were spin-
coated on Si wafers with a spin speed of 700 rpm and crosslinked in
ambient environment and temperature. The Durazane 1033 coating is
dry to touch in around 19 h, while the TBAC-catalyzed polysilazane
coating is considerably faster to reach the dry-to-touch state, which only
takes ca. 1 h. The crosslinking process of both coatings has been moni-
tored by FTIR after dry-to-touch. The integrated peak intensities of the
involved Si-H, Si-NH, and Si-O-Si groups are shown in Fig. 3 as a
function of curing time. As noted in the GPC results, the average mo-
lecular weight of the TBAC-catalyzed polysilazane increased dramati-
cally within the first 6 h of curing. A similar trend is found in the FTIR
result. After 6 h of curing, around 39% of the Si-H and 62% of the Si-NH
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Fig. 3. Calculated relative absorbance (relative to Si-CH3) of Si-H, Si-NH, and
Si-O-Si groups as a function of curing time obtained from the ATR-FTIR spectra
of Durazane 1033-derived coating (dash-dot line) and with the addition of 2 wt
% of TBAC (solid line).

groups of the TBAC-catalyzed polysilazane coating are consumed. After
24 h, the Si-H and Si-NH vibrations are reduced by 48% and 63%,
respectively, compared to 31% and 35% for the uncatalyzed poly-
silazane coating. After that, the uncatalyzed PSZ coating slowly cross-
links and has 68% and 55% of the Si-H and Si-NH groups left after 72 h
of curing, respectively. During the same time, the crosslinking process of
the TBAC-catalyzed PSZ coating slows down and ends up having 49%
and 28% of the remaining Si-H and Si-NH groups, respectively. It is
confirmed by Dargere et al. [28] that this half amount of the Si-H groups
remain unreacted because of their low sensitivity to hydrolysis
compared to the Si-NH groups. Besides, some of the residual Si-H
groups are trapped in the highly crosslinked polymer network and
therefore stay away from further hydrolysis. Still, it is clear that 1.6
times more reactive groups are consumed when the TBAC is added. After
72 h of curing, the Si-O-Si vibration of the catalyzed PSZ coating rea-
ches the highest relative absorbance point of 3.32, which is about 2
times more compared to 1.64 for the uncatalyzed PSZ coating. Based on
the stated results, TBAC is evidently an efficient catalyst for moisture
curing of polysilazane coatings.

--------- D1033
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Fig. 4. Calculated Si/C (black), Si/N (green), and Si/O (red) molar ratios of
Durazane 1033-derived coatings with (solid line) and without (dash-dot line)
the addition of 2 wt% of TBAC after 24, 48, and 72 h of curing under ambient
conditions. Detailed elemental compositions are listed in Table S1. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 4 compares the Si/C, Si/N, and Si/O molar ratios of the unca-
talyzed and TBAC-catalyzed polysilazane coatings after 24, 48, and 72 h
of curing in ambient environment and temperature. The molar ratios are
calculated from the corresponding elemental compositions (Table S1)
obtained from EDX. As expected, the coatings consist of Si, O, N, and C.
Note that hydrogen is not detectable by the EDX. During the crosslinking
process the Si/C molar ratio stays constant (~2.27), which supports that
the Si—-CHj is excluded from the hydrolysis and condensation reactions.
As the curing time increases, the Si/N molar ratio of both coatings in-
creases and the Si/O molar ratio decreases, indicating the loss of N and
the gain of O. In addition, the TBAC-catalyzed PSZ coating has a larger
amount of O incorporated (with less N left) in the network compared to
the uncatalyzed PSZ coating, indicating a higher crosslinking degree,
which further verifies the catalytic performance of TBAC on the mois-
ture curing of polysilazane coating.

3.3. Coating characterizations

In order to achieve an industrially favorable thickness (5-7 pm), the
pure Durazane 1033 and that with 2 wt% of TBAC were spin-coated on
Si(100) wafers with a spin speed of 700 rpm based on the former
experience [27]. The thickness of the uncatalyzed and TBAC-catalyzed
PSZ coatings was measured by a profilometer after 7 d of curing under
ambient conditions, which are 5.3 & 2.7 pm and 4.9 + 0.2 pm, respec-
tively. The surface profiles were analyzed and the average roughnesses
(Ra) of the uncatalyzed and TBAC-catalyzed PSZ coatings are 2.6 + 1.1
pm and 0.3 £ 0.1 pm, respectively.

The morphological images of the coatings shown in Fig. 5 confirm
the profilometry results. As can be seen in Fig. 5a and b, the uncatalyzed
polysilazane coating has a moon-like surface full of bowl-shaped cavities
and uneven bumps and ridges. On the contrary, the TBAC-catalyzed PSZ
coating (Fig. 5d, e) evidences an even and smooth surface free from large
irregularities. The remarkable difference in the surface morphology is
explained by the different curing rates of the coatings. During the
crosslinking process, gases like Hy and NHs are generated and escape
from the coating, which may leave a hole on the film surface. When the
hydrolysis and condensation reactions are accelerated by TBAC, the
polysilazane coating crosslinks to a solid film rapidly before the liquid
phase starts to deform and shrink to form the cavities. Fig. 5c presents
cross-sections of an uncatalyzed polysilazane coating at different spots.
There are clear differences in the film thickness ranging from 1 to 10 pm.
Compared to that, the cross-section of TBAC-catalyzed PSZ coating
(Fig. 5f) shows a uniform film thickness of ca. 5 pm throughout the
entire surface. On combining the graphical observations with the pro-
filometry results, it is concluded that the addition of TBAC significantly
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improves the quality of the polysilazane coating.

As it is well known, polysilazane has good adhesion to most of the
substrate materials owing to oxygen bridges formed between the coating
and the substrate induced by chemical reactions of the Si-H, Si-NH
groups (in the PSZ) and the ~OH groups (on the substrate). The adhesion
of the pure polysilazane coating and that with 2 wt% of TBAC to the Si
wafer is evaluated by a cross-cut tape test following the DIN EN ISO
2409 standard. The test was made after the coatings were crosslinked in
ambient environment and temperature for 7 d. As can be seen in the
optical images (Fig. 6) of the films, the uncatalyzed PSZ coating has
several defect areas showing colorful interference patterns, indicating
thinner film thickness in these areas. Oppositely, the TBAC-catalyzed
PSZ coating exhibits a smooth and even surface morphology. After the
cross-cut tape tests, the adhesion of both coatings are classified as Gt 2,
namely, 5% to 15% of the film is detached from the tested area after the
tape peeling. However, the detachments show different appearances on
the films. Owing to the thickness inequality, the uncatalyzed PSZ coating
has more detachments in the area with thicker film thickness, and
almost no detachments in the very thin areas. In contrast to that, even
and constant detachments appear along the cutting line of the TBAC-
catalyzed PSZ coating.

The mechanical properties of the coatings are determined by nano-
indentation. The results were averaged over a penetration depth range
of 500 to 800 nm to exclude any influence of the substrate. As shown in
Fig. 7, the uncatalyzed polysilazane coating has a hardness of 0.09 +
0.002 GPa and an elastic modulus of 0.4 + 0.01 GPa after 30 d of curing
under ambient conditions. With the curing process being catalyzed by
TBAGC, the polysilazane coating reaches a hardness of 0.16 £+ 0.005 GPa
and an elastic modulus of 1.63 + 0.05 GPa, which is almost double and
quadruple to that of the uncatalyzed coating, respectively. The signifi-
cant improvement in the mechanical properties is explained by an
increased crosslinking degree of the coating network.

Hydrophobicity is an important characteristic for applications such
as protective, anti-graffiti, and anti-adherent coatings. Water contact
angle (CA) is employed here to access the wettability of the coatings. It
can be seen in Fig. S3 that the Durazane 1033 coating oscillates between
being hydrophilic or hydrophobic and has an average CA of 88.7° +
3.4°, which is considered to be slightly hydrophilic (CA < 90°). This
relatively large error bar is attributed to the highly uneven film thick-
ness. The TBAC-catalyzed PSZ coating has a water contact angle of 90.6°
=+ 1.3°, which is considered to be hydrophobic (CA > 90°). It can be
concluded that the addition of TBAC does not change the wetting
property of the polysilazane coating evidently. Nevertheless, a more
homogeneous wetting state is obtained throughout the entire surface
because of the improved coating quality.

Fig. 5. Photos and SEM images of the spin-coated Durazane 1033 (a, b, ¢) and with the addition of 2 wt% of TBAC (d, e, f) on Si wafers after 7 d of curing in ambient

environment and temperature. (c) and (f) are the corresponding cross-sections.



Y. Zhan et al.

Progress in Organic Coatings 167 (2022) 106872

N sy B2
AT R PN
A o Dy

§

| P~

0.

Fig. 6. Optical microscopy images of polysilazane coatings on Si wafers after standard DIN EN ISO 2409 cross-cut tape test: (a) Durazane 1033 and (b) with the
addition of 2 wt% of TBAC after 7 d of curing in ambient environment and temperature.

1.8

A D1033 163
I D 1033 + 2 wt% TBAC

-
o
T

=
i
T

=
N
/]

e
o
T

4
©
T

=
o
T

0.4

Mechanical Properties (GPa)

o
IS
T
H

0.16

o
(N}
T

0.0

Hardness Elastic Modulus
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the addition of 2 wt% of TBAC on Si wafers after 30 d of curing in ambient
environment and temperature.

4. Conclusions

In this work, tetrabutylammonium chloride (TBAC) is proved to be
an efficient catalyst for moisture curing of polysilazane (PSZ) at room
temperature. The catalytic effect of TBAC has been confirmed by
Fourier-transform infrared spectroscopy (FTIR) and gel permeation
chromatography. With the addition of TBAC, the Si-H group is activated
by chloride ions (while the nitrogen of the Si-N group is protonated) to
form a transient Si-Cl group. The subsequent substitution of the Si-Cl
group by an OH group and the reaction between Si—Cl and Si—-OH groups
as well as condensation of two Si-OH groups promote the formation of
Si-O-Si group. It is found by FTIR that there is an upper limit of the
catalytic effect of the TBAC due to the steric hindrance of the tetrabu-
tylammonium molecule. Therefore, 2 wt% of the TBAC has been
selected as the most efficient catalyst content for moisture curing of the
PSZ coating.

The polysilazanes have been spin-coated on Si(100) wafers and
crosslinked under ambient conditions to obtain transparent and solid
films with a thickness of ca. 5 pm. The uncatalyzed polysilazane coating
is dry to touch in 19 h, which is far longer than the 1 h to dry to touch for
the TBAC-catalyzed PSZ coating. The FTIR results show that 1.6 times
more of the reactive groups (Si-H, Si-NH) are consumed in the TBAC-

catalyzed PSZ coating, while 2 times more of the Si-O-Si groups are
formed compared to the uncatalyzed coating. In addition, energy
dispersive X-ray spectroscopy supports the finding, showing that a
considerably larger amount of O is incorporated in the TBAC-catalyzed
PSZ coating than the uncatalyzed one.

Notably, the surface of the TBAC-catalyzed PSZ coating is flat and
smooth, which is a significant improvement compared to the moon-like
surface (full of cavities, bumps and ridges) of the uncatalyzed poly-
silazane coating. Owing to the highly improved coating quality and the
much higher crosslinking degree, the TBAC-catalyzed polysilazane
coating exhibits improved mechanical properties if compared with the
uncatalyzed PSZ coating, and amounts double value of the hardness and
quadruple value of the elastic modulus. The adhesion of the coating to
the Si wafer and the wetting property of the two coatings are considered
to be comparable.

In summary, tetrabutylammonium chloride has been shown to be an
efficient catalyst for moisture curing of polysilazanes. It not only ac-
celerates the hydrolysis and condensation reactions but also increases
the degree of crosslinking, which results in a polysilazane film with
significantly improved coating quality and enhanced mechanical
properties.
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Figure S1 ATR-FTIR spectra of Durazane 1033 with the addition of different catalysts (1 wt%) after 24

h of curing in ambient environment and temperature. Tetrabutylammonium chloride is selected as a
suitable catalyst for the moisture curing of polysilazane because of its good catalytic ability, relatively
low price, and colorless feature. (The catalytic effect of alumatrane is under further investigation and

will not be illustrated in this paper.)



——0h, M, =3418 g/mol
10L 72 h, M, = 7440 g/mol
—— 144 h, M_ = 31400 g/mol
——216h, M_ = 3081 g/mol
=
B
@ I
=2
<
()
=
® 05}
Q
Y
OO r a0l L 1 : . wal L
100 1000 10000 100000 1000000

Molar Mass (g/mol)

Figure S2 Molar mass distribution of soluble D1033 after curing for 0, 72, 144, and 216 h

Table S1 FElemental compositions of Durazane 1033-derived coatings with and without the addition of

2 wt% of TBAC after 24, 48, and 72 h of curing under ambient conditions

Curi Elements (wt%) Calculated Molar Ratio
uring
Samples Ti h)
ime (h) | o; 0 N C Si/C Si/N Si/0
-4 6118+  7.05+ 2020+ 1157+ |228+ 1.54+ 5.01 +
1.22 0.32 1.19 0.37 0.09 0.11 0.29
6164+ 782+ 1883+ 1171+ |227+ 1.64 + 453+
D1033 48 0.19 0.31 0.31 0.38 0.09 0.03 0.18
7 6143+  8.07= 18.16+ 1175+ |228+ 1.70 + 442 +
0.78 0.41 0.56 0.59 0.14 0.07 0.28
v 6143+ 1000+ 1684+ 11.74+ |224+ 1.83 + 3.52 +
0.58 0.31 0.46 0.16 0.05 0.07 0.12
Za}fﬁcz'ed s | 60T3E  1LSTE 1614% 1156+ [227+ 189+ 301+
y 0.55 0.36 0.47 0.47 0.11 0.07 0.08
D1033
7 60.60+ 1207+ 1575+ 1158+ |225+ 1.94 + 2.89 &
0.72 0.34 0.55 0.23 0.04 0.08 0.12
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Abstract: SiBN ceramics are widely considered to be the most promising material for microwave-
transparent applications in harsh environments owing to its excellent thermal stability and low
dielectric constant. This work focuses on the synthesis and ceramization of single-source precursors
for the preparation of SiBN ceramics as well as the investigation of the corresponding microstructural
evolution at high temperatures including molecular dynamic simulations. Carbon- and chlorine-free
perhydropolysilazanes were reacted with borane dimethyl sulfide complex at different molar ratios to
synthesize single-source precursors, which were subsequently pyrolyzed and annealed under N,
atmosphere (without ammonolysis) to prepare SiBN ceramics at 1100, 1200, and 1300 ‘C with high
ceramic yield in contrast to previously widely-used ammonolysis synthesis process. The obtained
amorphous SiBN ceramics were shown to have remarkably improved thermal stability and oxidation
resistance compared to amorphous silicon nitride. Particularly, the experimental results have been
combined with molecular dynamics simulation to further study the amorphous structure of SiBN and
the atomic-scale diffusion behavior of Si, B, and N at 1300 °C. Incorporation of boron into the Si—N
network is found to suppress the crystallization of the formed amorphous silicon nitride and hence
improves its thermal stability in N, atmosphere.
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1 Introduction

Nitride ceramics, such as SizN; and BN, have been
ever-increasingly applied in several key areas owing to
their chemical stability, relatively high thermal
conductivity, and outstanding oxidation resistance even
under extremely harsh environments [1-7]. However,
the intrinsic weakness of creep and thermal shock
resistance limits their scope of application. To tackle
these shortcomings, adjustments can be performed at
the microscale by lowering the atomic diffusivity and
reducing stress concentrations [8—13], which are
achievable in materials with amorphous networks. It
has been reported that in materials having three or
more elements with different and specific coordination
numbers, the formation of a crystalline phase can be
sufficiently suppressed [1,14—17]. However, the
adaptability of this concept to nitride materials is
challenging. Due to their low self-diffusion coefficients,
ternary nitrides are difficult to be prepared via solid-state
synthesis routes. In this context, the polymer-derived
ceramic (PDC) route proves itself to be a promising
method for preparing multielement ceramic
nanocomposites. As polymer precursors can be tailored
at the molecular level, end products with tunable
chemical composition and homogeneous element
distribution can be consequently achieved [18-23].

In recent years, ternary ceramics composed of Si, B,
and N have attracted widespread attention due to their
advanced properties as compared to single-component
ceramics of SizN4 and BN. Particularly, SiBN ceramics
and Si;N4/BN composites with low dielectric constant
are considered to be the most promising microwave-
transparent materials for use in microwave windows
and radomes under harsh environments. Various studies
have been reported regarding the synthesis of ternary
SiBN ceramics via molecular and PDC routes [14,24-31].
However, most of the reported polymer precursors
used to prepare SiBN ceramics inevitably contain a
certain amount of carbon. In order to eliminate the
influence of carbon, complex and expensive pyrolysis
(e.g., pyrolysis under NH; atmosphere) and annealing
(under N, atmosphere) processes have to be applied to
synthesize carbon-free SiBN ceramics [14,24,26,27,32].
Not only that, chlorine-containing precursors were
employed, in which the chlorine is difficult to be
removed during pyrolysis. Moreover, most studies
have focused on the modification of precursors and the
polymer-to-ceramic transformation, exclusively, and

there is limited research on amorphous SiBN ceramic
and its thermal stability.

In this work, carbon- and chlorine-free single-source
precursor (boron-modified perhydropolysilazane) derived
amorphous SiBN ceramics with varying chemical
compositions were successfully prepared under N,
(without expensive ammonolysis process). Molecular
structure and the possible reaction mechanisms of the
polymer precursors, as well as the relationship between
microstructural evolution and the early stage
crystallization of SiBN ceramics were investigated.
Besides, the influence of Si/B ratio in the SiBN
ceramics on both high temperature stability and
resistance to crystallization was assessed. In addition
to the experimental techniques, molecular dynamics
(MD) simulation is employed to shed light onto the
molecular structure and the atomic-level diffusion
behavior of amorphous silicon nitride and SiBN, which
provides a rational explanation for the polymer-to-
ceramic transformation of SiBN ceramics.

2 Materials and methods

2.1 Synthesis and pyrolysis of single-source
precursors

All the chemical syntheses were carried out under an
argon atmosphere using standard Schlenk technique
except where otherwise stated. Commercially available
perhydropolysilazane solution (20 wt% of PHPS in
dibutyl ether, Merck, KGaA, Germany) and borane
dimethyl sulfide complex (BMS, Sigma-Aldrich, Germany)
were used to synthesize the single-source precursors
for the preparation of SiBN ceramics. To investigate
the effect of boron content on phase composition,
microstructural evolution, and oxidation resistance of
the obtained SiBN ceramics, the Si/B molar ratios of
the precursors were set to be 1, 2, and 5, according to
the amount of BMS added to the PHPS solution. The
synthesized boron-modified perhydropolysilazanes are
denoted as BPSZX (X is the set Si/B molar ratio)
accordingly. Here, a representative synthesis process of
the BPSZ2 is stated as follows: a solution of BMS
(2.4 mL, 25 mmol) in anhydrous toluene (5 mL) was
added dropwise to a solution of PHPS (11.25 g,
50 mmol, based on one monomer unit) with stirring at
~ =78 C (dry ice/acetone bath) for 2 h and naturally
warmed up to room temperature. After stirring for 24 h
continuously, the mixture was heated up to 80 ‘C for

www.springer.com/journal/40145
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3 h followed by vacuum drying at 50 ‘C to yield a
milky white gel-like solid precursor. The dried solid
single-source precursor was subsequently transferred
into Schlenk tube furnace under the protection of argon
and heated to 1100 ‘C for 2 h at a heating rate of
50 C/h under a constant flow of N,. The as-pyrolyzed
specimen was annealed at 1200 and 1300 °C for 2 h in
N, atmosphere to investigate their high-temperature
crystallization behavior and stability against thermal
decomposition.

2.2 Characterizations

The synthesis and the crosslinking process of the
single-source precursors were analyzed ex situ by
Fourier transform infrared (FTIR) spectroscopy on a
Varian IR-670 spectrometer (Agilent Technologies,
USA), using attenuated total reflection (ATR) mode in
the range of 550-4000 c¢m '. Background corrections
and baseline corrections of the spectra have been done
automatically by the device. The quantitative elemental
analyses of the synthesized precursor (BPSZ2) and
BPSZ2-derived ceramic (pyrolyzed at 1100 ‘C) were
performed at Mikroanalytisches Labor Pascher (Remagen,
Germany). Silicon and boron contents were measured
using inductively coupled plasma-atomic emission
spectrometry (ICP-AES). Hydrogen content was
determined by combustion in pure oxygen and the
detection of water using infrared spectroscopic. Nitrogen
and oxygen contents in ceramic samples were detected
by thermal conductivity and IR-analysis, respectively.
Nitrogen and oxygen contents in polymeric sample
were detected volumetrically and by thermal conductivity
detection, respectively. Carbon analysis of samples
annealed at 1300 C was carried out by an LECO C-200
analyzer (LECO Corporation, St. Joseph, Michigan,
USA). The phase compositions of the ceramic samples
were investigated by X-ray diffraction (XRD) with a
STADI P powder diffractometer (STOE & Cie GmbH,
Germany, Mo Kal radiation source). To investigate the
microstructure of the as-obtained ceramics, transmission
electron microscopy (TEM) experiments were performed
on an atomic resolution microscope (ARM) Jeol
JEM-200F (JEOL Ltd, Tokyo, Japan) under electron
beam energy of 200 keV. The high-resolution TEM
images were filtered using an average background
subtraction filter or a Wiener filter [33]. In parallel,
scanning electron microscopy (SEM) was employed
with a Philips XL30 FEG high-resolution scanning
electron microscope (FEI Company, Hillsboro, Oregon,

USA), coupled with an energy-dispersive X-ray (EDX)
spectroscope (Mahwah, New Jersey, USA). The polymer-
to-ceramic transformation of the different precursors
was characterized by means of thermogravimetric
analysis/differential thermal analysis (TGA/DTA) in
flowing nitrogen atmosphere with an STA 449C Jupiter
(Netzsch Geritebau GmbH, Germany) in situ coupled
with a mass spectrometer (MS, QMS 403C Acfolos,
Netzsch Gerdtebau GmbH, Germany). The heating rate
was set at 5 ‘C/min. TGA was employed as well to
investigate the oxidation behavior of SiBN ceramic
powders by observing their weight change from room
temperature to 1350 ‘C with a heating rate of 5 ‘C/min
in synthetic air.

2.3 Molecular dynamics simulation

Molecular dynamics simulations of amorphous silicon
nitride and SiBN ceramics have been conducted using
the large-scale atomic/molecular massively parallel
simulator (LAMMPS) [34]. Many-body Tersoff potentials
[35] were employed to describe the interactions among
Si, B, and N. Structural properties, e.g., coordination
number and pair distribution functions, of amorphous
silicon nitride and SiBN materials simulated using this
Tersoff potential have been demonstrated to be
reasonably reproduced compared with experimental
measurements [36]. Four amorphous ceramics systems,
namely Si3N4, Si3B0.6N4.6, Si3B1‘5N5‘5, and Si3B3N7,
have been simulated to study the influence of the boron
content on the thermal stability of the amorphous
ceramics at temperature 7 = 1300 °C, similar to the
experiments. Initially, around 10,000 atoms were
randomly placed in the simulation box at a density of
~2.5 g/em’ (consistent with the experimental measurement
for the bulk material at ~1500 K [37]) for all systems,
giving a cubic dimension of ~5 nm. Details of the
simulated systems can be found in the Electronic
Supplementary Material (ESM). Subsequently, the
system was pre-equilibrated for 20 ps at 7= 8000 K to
eliminate the impact of the initial atomic arrangement
and to avoid its trapping in local energy minima. A fast
quench under constant volume to 7= 1300 ‘C followed.
The quenched system was then subjected to an
additional equilibration of 100 ps. The equilibration of
the simulation was monitored via tracking its total
potential energy. After about 20 ps, the potential energy
reaches a plateau as seen in an example of Si;B;N;
given in the ESM. After equilibration, the simulation
was continued as production run (~5000 ps) for the
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extraction of data. All simulations were performed
with a time step 0.2 fs under constant temperature and
volume conditions using a Nose—Hoover thermostat
with a coupling parameter of 0.02 ps [38,39].

The structural properties of amorphous SizNy,

Si3B0_6N4A6, Si3B1.5N5_5, and Si3B3N7 have been
characterized via pair distribution functions, defined as
v dN()
g;(r) = - 6]
N N; 4nr=dr

where V' is the volume of the simulation box. N;
and N; denote the number of atoms of elements i
and j, respectively. 6N;(r) represents the number of
atoms of element ; within a shell of thickness dr at
the distance of 7 . The coordination number of element
j around element i can then be calculated by

Z,=p, IO° 4 g, (r)dr @)

where 7, is the position of the first minimum in the
pair distribution function between elements i and ;.
p; 1s the average number density of element ;.

The atomic dynamics have been measured via the

mean-square-displacement (MSD), given by
MSD(1) = ((r(1) - (0))*) 3)

where <-> denotes the ensemble average and r(¢) is
the atomic position vector at time ¢. The diffusion
coefficient has been derived by the Einstein relation:
1dMSD(¢)

6 dt

D= “)

3 Results and discussion

3.1 Synthesis of the single-source precursors

A set of boron-modified perhydropolysilazanes with
different Si/B molar ratios were synthesized under Ar
atmosphere and investigated with FTIR spectroscopy.
The FTIR spectra of BMS, dried PHPS, and the obtained
BPSZX precursors are shown and compared in Fig. 1.
Typical absorption bands of N-H (1120 and 3302 cm™"),
Si-H (2159 cm '), and Si-N-Si (830-1050 cm )
groups are expectedly shown in the FTIR spectrum of
PHPS. With the addition of BMS into PHPS, the N-H
and Si-H groups of PHPS and the B-H (2391 cm ',
stretching vibration) groups of BMS are consumed,
while B-N groups (1315 cm ') are formed simultaneously,

as shown in the spectra of BPSZX precursors. Hence,
dehydrocoupling reactions between the N—H (Si-H)
and B—H groups are proposed as reaction mechanisms
and are shown schematically in Fig. 2 [40,41]. Unlike
the N-H groups, which are reacted in a high amount,
only a small number of the Si—H groups are involved
in the modification process. It was reported by Hapke
and Ziegler [42] that the reaction of Si—H groups is
affected by steric hindrance during the chemical
modification of the PHPS. Additionally, the existence
of B-H (1091 c¢cm™') groups in BPSZ1 and BPSZ2
reveals that the silazane-bonded B—H groups have not
been completely reacted. The C—H vibrations (2786—
2995 cm’') detected in the spectra of the BPSZX
samples stem from the residual solvent dibutyl ether.
The elemental analyses of precursor BPSZ2 (Table 1)
confirm the presence of boron atoms, indicating the
successful incorporation of boron into the PHPS
network. The empirical Si/B molar ratio (5.49) is larger
than the set value (2), indicating boron loss during the

CH, B-H CH, B-H CH, SC,
A

high

BPHPS1

BPHPS2

Intensity (a.u.)
Boron content

BPHPS5 (o
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PHPS

N-H

Si-H N-H siNsi

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1 FTIR spectra of dried PHPS, BPSZS, BPSZ2,
BPSZ1, and BMS (the intensity of all the spectra was
normalized to [0, 1] in order to compare the FTIR results
in a uniform interval).

= ok
&

BH3-S(CH3), + [

BH3 S(CH3)2 + % |—N% % \—Ni»

Fig. 2 Two possible reaction pathways of PHPS and
BMS. The spectroscopic evidence reveals that reaction (1)
is favored.
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Table 1 Elemental composition of BPSZ2 precursor and BPSZ2-derived ceramic (pyrolyzed at 1100 C)

Composition (wt%)

Sample Calculated Si/B ratio Empirical formula
Si B N H C (¢}
BPSZ2 55.80 3.99 24.00 5.07 3.90 6.49 5.49 Si1.00B0.18No.86(Co.1600.21Ho 55)
BPSZ2-derived ceramic 68.50 256  23.00 0.84 3.36 1.36 10.51 Si1.00B0.10N0.67(Co.1100.04Ho.34)

synthesis process. The loss of boron is discussed in
terms of (i) the evaporation of BMS during the synthesis
and drying process and (ii) borane did not react with
PHPS stoichiometrically due to steric hindrance imposed
by the polymer structure, which is in good agreement
with the observation of Viard et al. [40]. The found
amounts of carbon and oxygen are attributed to the
residual solvent dibutyl ether and the water contamination
during the elemental analysis. The elemental content of
the ceramics will be discussed in Section 3.2.

3.2 Polymer-to-ceramic conversion

The polymer-to-ceramic transformation and ceramic
yield of the single-source precursors BPSZX were
investigated via a combination of ex sifu FTIR and in
situ TGA/DTA measurements coupled with evolved
gas analysis (EGA). As demonstrated in the TG curves
(Fig. 3(a)), starting from room temperature to
approximately 170 °C, the dried PHPS shows a minor
weight loss of 1 wt%, while the BPSZ5, BPSZ2, and
BPSZ1 samples present obvious mass loss of 4, 3, and
8 wt%, respectively. Volatiles (m/z = 27-72) identified
in the MS results (partly shown in Fig. 3(c) and Figs.
S1(b) and S1(c) in the ESM) indicate that the mass loss
of boron-modified BPSZX samples is due to the
volatilization and decomposition of low-molecular-weight
oligomers, especially silane and solvent (dibutyl ether).
In addition, the exothermic peak of BPSZ2 shown in

Fig. 3(b) indicates proceeding dehydrocoupling reactions
between Si—H (N-H) and B—H groups, with the release
of H, that has been detected with MS shown in Fig.
3(c). This assumption is further supported by the FTIR
spectra of BPSZ2 shown in Fig. 4. The characteristic
absorption bands of Si-H, N-H, and B-H groups
decrease considerably, and the bands of C—H vibrations
caused by the solvent disappear completely.

In the temperature range of 170-800 C, the dried
PHPS shows a major weight loss of 22 wt%, where
typical crosslinking reactions via dehydrocoupling and
transamination take place, along with bond redistribution
and thermal decomposition [43]. The weight loss is
completed at ~800 C with a ceramic yield of 77 wt%,
which is in accordance with former reported data [44].
With the addition of boron, the weight loss of the
precursor is significantly reduced from 23 wt% to at
least 12 wt%. The second weight loss of BPSZX
samples occurs between 170 and ~600 ‘C. Similar to
the dried PHPS, crosslinking of residual Si—H, N-H,
and B—H groups takes place through dehydrocoupling
reactions, which is confirmed by the continuous
release of H, detected by MS and supported by the
corresponding ex situ FTIR spectra. However, due to
the large consumption of N—H groups during the
synthesis of the precursors, there is no obvious detection
of NHj in the TGA/EGA experiment, indicating that
only few transamination reactions occur. Thanks to the
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Fig. 3 (a) TG curves recorded for dried PHPS and BPSZX (X = Si/B molar ratio) under N,. (b) TG (dashed lines) and DTA
(bold lines) curves of dried PHPS and BPSZ2 under N,. (¢) Ion current profiles (bold lines) of typical mass fragments during
pyrolysis of BPSZ2 up to 1300 ‘C under Ny:hydrogen (m/z = 2), water (m/z = 18, 19), C,H; (m/z = 27), SiH, (m/z = 29, 30, 32),
amines (m/z = 41, 43, derivatives of Me,NH), CO, (m/z = 44), C4Hy (m/z = 56, 57). Dashed line represents the corresponding TG
curve.
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Fig. 4 FTIR spectra of BPSZ2 recorded at different
temperatures.

high crosslinking degree of BPSZX samples due to the
incorporation of boron into PHPS, depolymerization
and thermolysis at higher temperature are diminished.
Therefore, a significantly increased ceramic yield is
obtained with the boron-modified precursors.

Beyond 600 C, the thermal behavior of the BPSZX
samples with different Si/B molar ratio differs in the
TGA measurements. The BPSZ2 sample exhibits the
best thermal stability with a negligible mass loss and
has a final ceramic yield of 92 wt% at 1300 C,
indicating that the polymer-to-ceramic transformation
has been already accomplished at ~600 °C. The
ceramization process is supported by the ex situ FTIR
spectra (Fig. 4), where the absorption bands of Si-H
and N-H almost completely vanish beyond 500 ‘C. On
this account, further investigations focus more on the
BPSZ2 sample. With less boron content, the BPSZ5
sample goes through a sudden mass loss (3 wt%)
between 800 and 930 °C, which is attributed to the
thermal decomposition of the preceramic polymer, as
confirmed by the endothermic peak shown in the DTA
curve (Fig. Sl(a) in the ESM). Nevertheless, the
ceramic yield of BPSZS5 is still higher than that of
dried and pristine PHPS, and ends up as 88 wt% at
1300 “C. With more boron incorporation, the BPSZ1
sample gains 3 wt% of mass between 600 and 1300 C,
and has a final ceramic yield of ~91 wt%. The analyzed
mass gain is ascribed to the reaction between residual
boron and N; [45,46]. Additionally, the dried PHPS
shows a mass gain of 6 wt% at ~1250 C due to the
crystallization process in N, which will be discussed
in Section 3.3.

The chemical composition of the obtained BPSZ2-
derived ceramic pyrolyzed at 1100 ‘C shown in Table 1

confirms the formation of SiBN ceramic. During the
polymer-to-ceramic conversion, another fraction of
boron is lost due to the further volatilization of borane
species, resulting in a final Si/B molar ratio of 10.51.
In addition, the elemental analysis of BPSZ-derived
ceramics (Table 2) confirms the removal of carbon
after annealing at 1300 ‘C. In summary, compared with
the former reported ceramic yield (~55 wt% [27],
72 wt% [32]) of SiBN ceramics obtained via other
synthesis methods, higher ceramic yield was achieved
with the current method (8892 wt%).

3.3 Crystallization and microstructural evolution of
the as-prepared ceramics

The structural evolution and crystallization behavior of
annealed PHPS and BPSZX samples have been
investigated after heat treatment at various temperatures
(1100, 1200, and 1300 C) by XRD, TEM, and EDX
spectroscopy. The XRD patterns of the PHPS- and
BPSZX-derived ceramics obtained upon annealing at
different temperatures are shown in Fig. 5. At 1100 C,
all the as-prepared ceramics are predominantly X-ray
amorphous. At 1200 ‘C, the boron-free PHPS-derived
specimen exhibits a low-intensity reflection of a-Si3Ny,
while all the BPSZX-derived ceramics remain X-ray
amorphous. As the annealing temperature further
increases to 1300 °C, crystallization of a-SizNy is
induced in the annealed PHPS sample. According to
the weight gain (6 wt%) presented in the TG curve and
the exothermal peak shown in the DTA curve (Fig. 3(b)),
the crystallization temperature of PHPS-derived ceramic
is suggested to be in the range of 1200-1300 C [47].
In the meantime, as the boron content increases in the
BPSZX samples, the emergence of a-SizNy is hindered.
The crystallization of BPSZ5- and BPSZ2-derived
ceramics gradually takes place at temperature up to
1300 °C, while the XRD pattern of the BPSZ1-derived
ceramic is still X-ray amorphous. These results clearly
demonstrate that the incorporation of boron into Si—N
network suppresses the crystallization of Si3N4, which
is attributed to the higher crystallization temperature of
the formed ternary Si—-B—N system, and which thereby
restricts the crystallization of both SizN, and BN [15,48].

Table 2 Carbon content of BPSZ1-, BPSZ2-, and
BPSZ5-derived ceramics (annealed at 1300 C)

BPSZ1-derived BPSZ2-derived BPSZ5-derived

ceramic ceramic ceramic

Sample

Carbon content (wt%) 0.35 0.49 0.24
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Fig. 5 XRD patterns of the as-pyrolyzed (a) PHPS and (b—d) BPSZX (X = Si/B molar ratio) samples annealed at different
temperatures. All samples annealed at 1100 ‘C are X-ray amorphous. The PHPS-derived ceramic starts to crystallize upon
1200 °C, while the boron-modified BPSZX samples remain X-ray amorphous. Along with the increase of the boron content

(from b to d), the crystallization of BPSZX samples is suppressed.

The microstructure of the as-prepared PHPS and
BPSZ2-derived ceramics annealed at 1300 C were
further investigated by TEM along with the selected
area electron diffraction (SAED) pattern, SEM, and EDX
spectroscopy. As shown in Fig. 6(a), the high-resolution
TEM (HRTEM) image of the annealed PHPS-derived
ceramic exhibits a typical nanocrystalline structure
with a lattice spacing of 0.21 nm, which corresponds to
the d-spacing of the (202) a-Si;N, lattice plane (JPCDS

Card No. 09-0250). Furthermore, the SAED pattern
(inset in Fig. 6(a)) presents diffraction spots of a-SizNy4
crystals, which agrees with the XRD results (Fig. 5).
As revealed by Fig. 6(b), both the TEM image and the
SAED pattern affirm that the as-prepared BPSZ2-derived
ceramic remains amorphous, which is consistent with
the results obtained from the XRD as well. The SEM
micrograph (Fig. 7(a)) of BPSZ2-derived ceramic
annealed at 1300 "C shows a dense structure. As can be

Fig. 6 Filtered HRTEM images of (a) PHPS- and (b) BPSZ2-derived ceramics annealed at 1300 ‘C. Insets are the

corresponding SAED patterns.
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Fig. 7 SEM graph and elemental mappings of the BPSZ2-derived ceramic prepared with a Si/B ratio of 2:1 and annealed at
1300 °C, indicating a dense SiBN ceramic structure with homogeneous Si, B, and N elemental distributions.

seen from the corresponding elemental mapping
(obtained from EDX) displayed in Figs. 7(b)-7(d), Si,
B, and N elements are distributed homogenously in the
amorphous structure with no obvious agglomeration
being observed.

3.4 Molecular dynamics simulations

According to previous theoretical calculation studies
[16,36,49], boron incorporation has a significant
influence on the crosslinking and pyrolysis processes
of Si—N networks. Short-range atomic arrangements
are characterized by total and partial pair distribution

functions (PDF) of amorphous Si;N4 and SiBN ceramics
with different boron content. As shown in Figs. 8(a)
and 8(Db), all PDFs converge to a constant value of 1 for
radii larger than 0.5 nm, indicating long-range amorphous
disorder in the ceramics. As shown in Fig. 8(b), the
first peak of SiBN ceramics at a distance of 0.149 nm
is not only closer than that of any other pair, but also
much higher. It corresponds to B—N distances and
indicates the strong bonding between these elements.
This characteristic distance is in good agreement with
the range of B—N bond lengths obtained from
experiments and density functional theory calculations
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Fig. 8 (a) Total pair distribution functions for amorphous ceramics Si;N, (black), SizBg¢Ny6 (blue), Si;B; sNss (purple), and
Si3B3N; (red); (b) partial pair distribution functions calculated from SizN4 (dashed lines) and Si;B; sNs s (solid lines) for Si—Si,
Si—N, N-N, B—N, and Si-B pairs; (c) coordination numbers as a function of B/Si ratio for center atoms of Si (top) surrounded by
N atoms and B atoms, and N (bottom) surrounded by Si atoms and B atoms.
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(0.144-0.156 nm) [50,51]. Moreover, the height of this
peak increases with boron content, suggesting that
more boron atoms surrounding any given nitrogen
atom. Sharp peaks at a distance of ~0.17 nm are seen
in the total PDFs for all investigated ceramics, which
are due to Si—N pairs in the partial PDFs. The Si—N
bond length is found here to be roughly 0.17 nm,
which is similar to the value estimated from experiments
(0.173-0.175 nm) [52—54]. In addition, peak for Si—B
pairs (~0.28 nm) has a much lower height than that for
Si—N or B-N observed in the partial PDFs of SiBN
ceramics, suggesting that the formation of Si-B bonds
is disfavored.

From the PDFs, the coordination numbers have been
calculated. In Fig. 8(c), the coordination numbers of
central Si and N atoms are shown as a function of the
B/Si atomic ratio. The coordination number of Si
surrounded by B (Si-B) increases as the B/Si atomic ratio
increases, which implies that the Si-B bonds are more
likely to form when more boron atoms are added. In the
meantime, the coordination number of Sig) (Si-N) slightly
decreases. On the other hand, the coordination number
of Nsiy (N-Si) decreases rapidly as B/Si atomic ratio
increases, while the coordination number of Nz, (N-B)
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increases, indicating that the boron incorporation
influences more on the N atoms than Si atoms.

The atomic mobility was also investigated in
amorphous silicon nitride and various SiBN ceramics.
The obtained mean-square displacements (MSDs) of Si,
N, and B atoms are shown in Figs. 9(a)-9(c), respectively.
The MSDs of Si are similar in all investigated ceramics,
indicating a minor influence of boron incorporation on
the Si diffusivity. In contrast, the MSDs of N in all
SiBN ceramics are lower than that in SizN4 and they
decrease further with increasing boron content. This
suggests that the incorporation of boron into the Si-N
network restricts the atomic motion of both boron and
nitrogen in the Si-B-N systems because of the
formation of B-N bonds. These B-N bonds are not
only copious (cf. Fig. 8), but also strong, and the
system stability is hence improved.

From the limiting slopes of MSD curves, the atomic
self-diffusion coefficients have been evaluated using
the Einstein relation (Eq. (4)) [55]. For each element,
its slope has been obtained from a linear part of the
respective MSD within the time period of 900-1100 ps.
As shown in Fig. 9(d), the self-diffusion coefficient of
silicon is basically unaffected by the boron concentration
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Fig. 9 Mean-square displacement curves of (a) silicon, (b) nitrogen, and (c) boron atoms, and (d) corresponding atomic
self-diffusion coefficients in SiBN ceramics with different elemental compositions at 1300 C.
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within the margin of error. In contrast, the atomic
diffusion coefficients of nitrogen and boron decrease
significantly with increasing boron content, consistent
with the formation of B-N bonds as seen in the peaks
of B—N pairs in the pair distribution functions (Fig. 8).
This is due to the strong mutual attraction of B and N,
which in the Tersoff potential is much stronger than
Si—B and B-B interactions. Furthermore, the presence
of B-N bonds prevents N atoms from diffusing in the
Si-B-N network and plays the part of rigid linkages.
This impedes the formation of crystallites even at high
temperatures. Similar behaviors are also found in the
relaxation properties such as Van-Hove correlation
functions and intermediate scattering functions in the
ceramics with different boron contents. Detailed
discussion can be found in the ESM. In conclusion, the
addition of boron enables the formation of rigid B-N
bonds and consequently reduces the atomic diffusivity
of nitrogen atom in the network, and therefore, the
thermal stability of amorphous Si—B—N is considerably
enhanced relative to amorphous Si—N.

3.5 Oxidation behavior

The BPSZX-derived ceramics were annealed at 1300 C
and oxidized in air at a temperature up to 1350 ‘C. The
oxidation resistance of the corresponding ceramics was
studied by the TG curves shown in Fig. 10, in which
the triangle markers represent the amorphous silicon
nitride data extracted from the work of Ma et al. [56].
Starting from 30 to 1000 °C, the amorphous silicon
nitride exhibits a significant weight gain of 25.7 wt%.
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Fig. 10 TG curves of the as-prepared BPSZX-derived
ceramics (annealed at 1300 ‘C) performed within a
temperature range from ambient temperature to 1350 C

in air. TG data points of amorphous silicon nitride are
extracted from the work of Ma et al. [56].

It is well documented in the literature that large
numbers of unsaturated Si-N and Si dangling bonds in
amorphous silicon nitride, such as Si dangling bonds
and N vacancies, lead to severe vacancy oxidation
(nitrogen vacancies occupied by oxygen atoms) and
replacement oxidation (nitrogen atoms being replaced
by oxygen atoms) [56,57]. In contrast, amorphous
BPSZ5-derived ceramic displays negligible weight
gain of 0.8 wt%, and the BPSZ2-, and BPSZ1-derived
ceramics present no weight change at the temperature
of 1000 C. Moreover, by oxidation at 1350 ‘C, the
BPSZ5-, BPSZ2-, and BPSZI-derived amorphous
ceramics yield mass gains of 5.1, 2.1, and 2.4 wt%,
respectively, indicating improved oxidation resistance
if compared with amorphous silicon nitride. As afore-
mentioned, the presence of B atoms in amorphous Si—N
networks not only occupies part of the unsaturated spaces,
but also promotes the formation of B—N rigid linkages,
resulting in superior oxidation resistance compared to
amorphous silicon nitride. The proposed oxidation
mechanisms of SiBN ceramics are illustrated in Egs.
(5)—(10) [58,59], which are suggested to be responsible
for the weight gains between 1000 and 1350 C. Due to
the formation of B,Oj3 in the silica, boron silicate glass
is formed, which limits the O, inward diffusion and
further B,Oj; volatilization. Furthermore, as reported
by former research studies [60,61], with the addition of
boron, a dual surface layer of B-N—O/SiO, is formed
during oxidation to protect the ceramic from further
oxidation, and hence increases the oxidation resistance.

Si(s) + O, (g) = Si0,(5) ©)
28i(s) + 0, (g) — 2Si0(g) (6)
28i0(g) + 0, (g) — 2Si0, (s) (7)
4B(s) +30,(g) > 2B,05(1) (8)
2N(s) +0,(g) > 2NO(g) ©)
N(s) +0,(g) > NO, (g) (10)

4 Conclusions

In the present work, ternary SiBN ceramics with
different Si/B molar ratios have been successfully
prepared via the PDC route starting from carbon- and
chlorine-free single-source precursors, synthesized by
modifying perhydropolysilazane (PHPS) with borane
dimethyl sulfide complex (BMS). It has been proved
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that both Si—H and N-H bonds of the PHPS react with
B-H bonds of BMS through dehydrocoupling reaction
during the synthesis of the BPSZX precursors. The
precursor-to-ceramic transformation was investigated
systematically with respect to crosslinking and
crystallization. The TGA and FTIR results reveal that
incorporation of boron considerably improves the
crosslinking degree of the preceramic polymer, and
consequently, the ceramic yield increases from 77 wt%
(PHPS) to 88-92 wt% (BPSZX) upon pyrolysis under
N, atmosphere. Besides, without employing the costly
ammonia, our reported method proves itself to be a
facile and economic method for the synthesis of SiBN
ceramic with high ceramic yield as opposed to former
reported ammonolysis synthesis process. Furthermore,
the resultant BPSZX-derived ceramics are shown to
possess remarkable resistance against crystallization in
comparison to PHPS-derived boron-free Si;N, ceramics.
This characteristic is ascribed to the decreased self-
diffusion coefficient of nitrogen in the ternary ceramic,
due to the formation of rigid B-N bonds in the Si-B—-N
network. In conclusion, the boron modification of
Si—N via the PDC route presents a significant effect on
its high-temperature resistance behavior with respect to
crystallization and oxidation, which is of great
significance for the design and manufacture of ternary
Si-based and/or boron-containing ceramics.

The influence of boron on the phase evolution,
mechanical and functional properties of SiBN ceramics,
such as Young’s modulus, hardness, high-temperature
self-healing  capability, thermal and electrical
conductivities, as well as the related applications have
not been clarified unambiguously so far, and will be
investigated in future studies.
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1. Polymer-to-ceramic Conversion
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Fig. S1 (a) TG (dashed lines) and DTA (bold lines) curves recorded for BPSZ1 and BPSZS5 under N, and
typical mass fragment profiles of evolved gases during pyrolysis of BPSZ1 (b) and BPSZ5 (¢) up to 1570 K
under N»: hydrogen (m/z = 2), NH3 (m/z = 17), water (m/z = 18, 19), C,Hs (m/z = 27), SiH4 (m/z = 29, 30,

32), amines (m/z = 41, 43), CO, (m/z = 44), C4Ho (m/z = 56, 57).

2. Molecular Dynamics Simulations

2.1 System Information

Table S1 Simulation Details "]

System Nsi Nx Np  Box Size
Si3N4 3000 4000 O 45.25
Si3BosNas 3000 4600 600 46.80
Si3B1sNss 3000 5500 1500  48.94
Si3BsN7; 3000 7000 3000  52.15

Nsi: number of Si atoms; Nn: number of N atoms; Ns: number of B atoms.



2.2 Equilibration of the System
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Fig. S2 Total potential energy of an example system SizB3;N7 as a function of time during the

equilibration step at temperature 7= 1570 K

2.3 Self-part van-Hove Correlation Functions

The self-part of the van-Hove Correlation functions Gy 5 (1,At) are computed to

measure the probability density that a particle moves a distance r within a time interval

At [2]:

Gself (T‘, At) =

2|

N
Z S + 7:(to) — Ti(te + AD)]
i=1

where 1;(t,) is the position of the particle i at time ¢, and r is the position in the space.
The space integral of Gy (r,At) is a conserved quantity. Thus, we plot
47TrZGself (r, At) as a function of distance at several distinct time interval for Si, N and

B atoms of ceramics with different boron contents in Fig. S3. Generally, the behavior

of 47{7‘26561]: (r,At) for all studied species of systems is consistent with that of the

liquid state [1, 3-4]. Specifically, all curves show a Gaussian-like shape, especially for



those at short times. However, a pronounced tail can be found in those at long times,
e.g., t =2073.83 ps, the behavior of which is also seen in super-cooled liquids [4]. As
seen in Fig. S3 (a), with increasing the boron concentration, the curves of
4nrstelf (r,At) are almost unaffected at all time intervals studied in this work. By
contrast, the boron concentration does impose obvious influences on the van-Hove
correlation functions for N and B at both short and long-time intervals. The probability to
find both N and B at the same distance r becomes higher as increasing the boron
concentration at all times. This behavior probably suggests that the addition of boron

atoms enhances the stability of N and B atoms in SiBN ceramics.

2.4 Self-part Intermediate Scattering Functions

Translational dynamics is characterized via the self-part intermediate scattering functions,
where q is the wave vector, rj(to) is the position of the particle j at time t, and N is the
number of particles for analysis; The wavenumber q = 2.39 is employed for calculating
the wave vectors, which is comparable to the first local peak in the structure factor (An
example plots from Si3B3N7 shown in Fig. S4). The self-part intermediate scattering
function Fg)f is corresponding to time-resolved incoherent neutron scattering results. We

employ a double stretched exponential equation to fit the Fgejrq(t) data:
Lye tye
Fself,q (t) = Aexp [_( ) I+ Bexp(—(—) S)]
Tr Ts

where the first and second terms are associated with the fast beta and slow alpha
relaxation processes for the super-cooled liquids. In this equation, A and B represent the

contributions from respective processes; Relaxation times 75 and 7, are the characteristic

relaxation times for the short and long relaxation times, respectively, and B and fB; are



the stretched exponents. Here, we define the relaxation time for a specific type of atoms
using the long characteristic time 7,. The Fgr 4(t) and relaxation times of atoms Si, B
and N from ceramics with different boron contents are depicted in Figure S5. Firstly, all
Fe15,4(t) have well-developed two regimes corresponding to aforementioned fast beta (0 ~
107! ps) and slow alpha (107! ~ 10° ps) relaxation processes for the amorphous.
Specifically, it is observed that the Fg,f 4 (t) for Si atoms (Figure S5a) is barely affected
by the content of the boron atoms, consistent with the behavior of relaxation times in
Figure S5d. In contrast, the Fy¢r 4 (t) of N and B (Fig. S5 b and ¢) is obviously influenced
by the content of boron atoms. The relaxation times of N and B atoms increase as
increasing the boron content. The relative increase of the relaxation times of N and B atoms
with increasing the same amount of boron atoms is similar, probably implying the strong

bonding between N and B atoms.
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Fig. S3 Self-part van-Hove correlation functions, 4nrstelf (r, At), for Si (a), N (b) and B (c) atoms from
systems of Si3Ny (dotted lines), SizBosNa4¢ (dashed lines), Si3Bi sNss (dot dashed lines) and Si3;B3;N7 (solid

lines) versus distance r at various time intervals t = 0.61 ps (blue), t = 144.69 ps (red) and t = 2073.83 ps

(green).
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Fig. S4 Structure factor S(q) versus wavenumber (q) for an example system Si;BsN7 at temperature 7 =

1573 K. The dashed line is the placed at the position (¢ = 2.39) of first local peak in S(q).
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Fig. S5 Self-part intermediate scattering functions as a function of time for Si (a), N (b) and B (c¢) atoms from
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