5% 52 &5 9 i i S > B = N S Vol. 52, No.9

I

2024 7 9 A JOURNAL OF THE CHINESE CERAMIC SOCIETY September, 2024

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240069

Zoa if

S0 AL 12 1 2 S A R RS £ 4T i 2t P

IR, K#d, Kz, THER, B4R T K ITHE
(HIB R R 2 R 2, BT 4 B S R ST, Kb 410073)

B F: RS YERAIERE. ., Wi, sRESMmEERSERE, B2 R TSI S ieE i SR 5t
LYk, SRR R B AT e i B A2 7052 — o HRD, P RE RN 2T 4k fA ) 28 A 2 U 2R, ALk
LRI SRIRORR LR 1T R HHTH A E R R PR R AT 4 T b, BRI T AR AL . #kt
T ZMEF YRGS A% o ASCE G N AT SR, FEN A Se IR A 1 At b, I3 T 25 B R RO R A DN,
70 A NG5G SR [0 5 BRI 4 75 95 DA 2T A A KE PR 2P el 5 M 1 2 25 5 T 2004 T e ik Te b Jg, IR R 22 1 &AL 2F
YEMIRRKETT I -

KR FALHN; BREArdE; IR A TEIREE SubE
FESES: 0634, TB34  XHEMFER: A XEHS: 0454-5648(2024)09-2875-14
2% AR AiE] . 2024-09-02

ZALHN(BN) A& — 8 E () AR E AL P B B kL BT ERERE. 320 LR, EE. HAR
FEA N h-BN ML )T @8 o-BN 2 fhiihss WP ISR K —BERAKREANIEM INE BN H
Fatle h-BN B ERRM RS, BIZGERRIE AT EE AR IO ST R, H AT S S
ANTCH AT, BRI B &S, S8 BE, JENH TS, IR WTHE. &Rt
HAL, AR H B 5 @=0.250 nm, ¢=0.666 nm. L DL A B A A 28, et T 4, T
BN P A2 (.27 g-em™). BS#(Z 300 BN BELF4ERRTFCe DR, BTk b EE
Wem LK, SRR (L0 550eV). MEER. m BUEMIR. BBV BTk ARl T AU g
T v T R SR, AERT SR L BT REVE WAGE, BN B itz E) T e,
1% TV 2 o vl T4 2 e K s 5281, BN BN Wi 5 21 4 1) i) 28 7 1k 2 B TeHLE S e iRk
W) B AN A FL R SR A B RE AR, AT SR 1 AR . ToHLVEASE A R R AT 2 W, A
g, T BB TAERE & (7E 3000 ‘CBAN Y FERNAESIM RN, 7 2 000 Craibabs H 5 TR
TSR RRFFE MR T, DRESEITHE). OEERY, AFITF AR BN LF4E 5. Soukiks
i B ARG PR RE AR E SRR A, T L R e A 1ig e LR G S oA Ry JER), 3l I 0 S kA 7 22

RS PR BT fr 4 R, JR I DA AL PR AL N TE LR RS 5V 2 24T BN
HFHAELL, S AR A BEW S SR R AL
TR RAEE, BN B&EM R £ 52 2 ARG A E WA FEIUR, 4 T SRR AL

PR, Mo BN PR TIR TGS IR MR AT YR 2R . (AL B, RS BN
PRHABEYE, FIE AR SRR R ke PERAFLEN G TG, o BG4
FOPRREE AN, TR B GEM, A e TR ST S R RSB A
W2 EF ML 17X BN P& 4eromisl, M BRI RGALE T2 OUREH T e, I

WeRE H . 2024-01-25. BT HW: 2024-02-14. Received date: 2024-01-25. Revised date: 2024-02-14.

HETH: WEH E ARSI S 1 T H (20211320048) . First author: DU Yiang (1998-), male, Doctoral candidate.

BB AIRE(1998—), B, WLuri. E-mail: duyiangl5@nudt.edu.cn

WEEE . TRfE(1964—), 5, WL, #Hig. Correspondent author: WANG Yingde (1964-), male, Ph.D., Professor;
T OE(1987—), Y, fl, EIFFFH. WANG Bing (1987-), male, Ph.D., Assistant Professor.

E-mail: wangyingde@nudt.edu.cn; bingwang@ nudt.edu.cn



« 2876 - (REFR Eh224)

J Chin Ceram Soc, 2024, 52(9): 2875-2888

2024 4

370 1 RHEAT 4B a2, BT BN AT
ety KR T 1)

1 SRkt

Je IR R 3 4k 7% (PDCs) /& LA B AT vl i /0] 44 S5
PERIE N G eIk, IR A HLAD s in T
T TLEIEE R EY), FEmRAS R
WENEAY R M &R kS T2, BT
AR E 1 FR.

PDCs FHil T MA HLA i 25 T LA B HT U3
FOMURs 2 A AE T e B BAM RN 2 AR R
(B AP & TR S A, SEBL T MR & & T

Ao SEOLEHIIRE AR 2) Ikl (kdE. RI9BAR

R A RL: 3) Byalifl, T4 e aE LR BEA
4) TR RE A FTCR AR T E IR E
Pt

R e PR AR S 5 KA e AL AR FR) P Sk RTAR
Ao SRR —RED TREW, AR
IRIR N 2R H brf . H AT, PDCs C4)
2 IS0 P T % A B A 3 = 2 1 P TR R e A
B RERRN . MR e MR, kR
BRI BT AR T FO B AR A
JEbedts YA B RBTIAME. I
R E AL A AR S, [Hlk, PDCs k2

A, ST 1) RAWRIE B4 BN ELELF A LB AR E AR
¢ AP o —
“ (9] E] "g;i‘;:ﬁ,. "f‘ # . Shaping ’
H ®x ’ ’ft:{ p f?_

'Y .\:' 1@1\{:‘ .'&\ f /;-
Molecular precursor Preceramic precursor Green fiber

Polymerzatlon -
n Ceramic fiber ] Pyrolysis

K1 RaveRidrik & BN bR 4in e K

Fig. 1 Preparation of BN ceramic fibers via polymer-derived ceramics method

Je R FAGVE R % BN SR 482 LS AR 1
N T B WA SN AT AT AT A S
YERANLR G N IE, Zgi2iila, Bam
IR ESEDAHUR SR BN R R S
TEZ. BEMCMMREA LS % BN P 4EROR T %
AE 3B 1) A IR & KIS IR
WA R 2) BN ST E 97 22 Y 5 3) BN
LR IR e A SIS A% . RSB BT BN B
BELAERTE R ALY B 3RS

2 RALHH SRR

B2 526 T BT SE Bk & Btk 47 T K e
Ge, IR Fh 2 REI S & W SR AR A & T
V. R EER T AR WA T4 M I R I
1 LA RS 5 BRI, 6 HAT LERA )

AGEAT T A, RE T RALI R S e AR AR KR
(R JEE 5 17 o

BOWSEIRR R PDCs MRSk . BIA 2
VB S 70 A RACHI ) e S kA, FLveit. ARk BA %

O3 TS5 R S ) A R AL AT 4R DG, IR 2 2T
KB 2 K. 20 L ariifm i, B TIEH
BT ZFNE R ENEY, NG R BN &
IR SRS PR T RS SR . XS S
BHMEE (BoHe) AT (BsNsHe) = FIHIA
§(ClsB3N3H3) (TCB). = k& LMK [B(NHR)s] BA 2
B TLAERIT FE A Z M e (HaN - BH) 5523, K 20 i
4 70 AT, RE R TAEZ £ 0 BN BE&P5%
ARG O T RE TR, fil% T KREMkGELS
(IS BRAAR . AR A BRI 2 156 FH ) A, mT DA
ORAA A BT 1 R B A3 Y W B 2 L S e s £
= SIAN A (TCB) % 28 LA K AR 81 &0 & 54k
B LR . BIR TG IR B & S 2Ry AR %
EPREFH, BEAALEMABILLB. Ny C. HITHEN
FHERREIR K FREY . NRHE RS
R TCR A AN 7y T 45K 5 BRI BT A ROR &R
IS THT 32 2 N S AR P 4 R 4 A P AT SRR
21 NI ELE R RS LT

I 5 2 F8 Xk DL B E A5 il ] BTG R 26 T 1) 45



55 52 &4 9 3

ARG &S 25 STORIRFE I a6 SN P e 2T 4w TU et . 2877 -

THE, NI 2 P B R b R B S R
RINGEN, IR SRR ) g B b . 128k
XA DA Y v U e A SRR . Y R
(B3sNgHg) Hi B N Al H3 Flioc sk, BA 5 h-BN
AHBABA R 254 B il s 2 (B 1N T HE = 1),
Wi 7 e s 93% 3, (ELR, WINY R N—H B
i B—H B RGBS g, AREtE,
25y R A W ST T NN T B SR B AN AN I 1)
AW, SRR T AR e IR f s B, X A
B 5= R AN SIS T A DI 53 1 4510 T2 B2 i il
7S TCH DL IR 2R &5 1 B 2% 4 ) AL IR -
&, WK 2 Fi.

(BsN;H,),
H H
H JHOH H I I
B—N B—N/ H /N\ /N\ /H
7 \ / \ B
H—N B—N B—H | I |
\
B—N -\ Mg Nt
. 0 N H , | H
H H H

2 SR SR B S5 A

Fig. 2 Typical rigid chain structure of the precursor

LB e (AB) 4 J5U R 4 5 it 2 [ 2 A R

PEBESE R 1) Je kAR o B T-A O F2 1 ) P2 ) R
B A SR U 35 LA A s A, al K R AR R B
(ST R, 5 7 3o 7 75 B 4 A %),
SER R A WA R B 3853 i A R AL T i
Ll 3 fro. sz 45 o ik, 15 100 Cty
RE AR AMb, RS, IR
Bt (PR e B RS, 7 TR EBIK. BT B—H
5 N—H #E R s, IGAE 120~150 °C 22—
Vo WA D A AR D AN S0 =R ] Sy e e
KB — 52 MK B Ja 4k S N FA R 8L, ) 2 75 Bl 8 00
(1) m—m SEHOBSE R R, TR 7S o LR 2R
ABRTF- B S 455 g 2% 5 A PR ) e T 8% 8 4 o

Wideman ZBSSh@ s BNy B 7E 70 CEAE T A
Yy 48h oy B BRI EUG, BT HEmeES
Ry, R EE B A HER S BN B R R LR
(84%~93%), 1H&H T FEERINITESEW(E 2), F
ORI I TR R 2, LAY, Fik, =
SR 5 5 ) 1 B 6 W e IR A B A v P ) B
K, HiI T B—H 5 N—H i misikt, ek
AsE PR, KRR, BRI ZLBEA G 1R
ERLG,  fif R Sl DX A ) 7K i A 1t AT 2 oA 458 ) f
REREW IR AT g5 22 TR AR R B
iR P SEANE =

H

|
H\N/B\ H

N
I |
SN H

H H H/B B\
\ LH H
> | _N—B | |
H"/ \ _H ~ H
H - T H/ \HH Borazine ,\,I\,\ NIV\
-
H, H, H, B B
H H \ A A A J"J\N/ SN \N/lg
y e e coasacie - | | |
$N _>B”H Formaiton of - 100 C 120-150 'C 500 T—1450 C 117/B <. wBs B H
H"/ \ diammoniate of diborane Melting + First decomposition Second decompositior Third decomposition-Ceramization| ’I‘I I\II T\I‘
i Ho e T .
3 * B B B
| i . WPy PPy
Ammonia-borane > v % A
UN—B N=B

W )

Polyiminoborane

) Boron nitride
Polyaminoborane

Polyborazylene

K3 e iibesiiny we 2] BN )7 1448

Fig. 3 Molecular transition from ammonia-borane or borazine to BN

2.2 FMBEMRMER e SR B W e IR AAE % A ARSI 2 . TCB B e

RUEEE AR RE N LS MR I THE. N
Tt BRI R AT i, BERENRIRR T2
TSR R 25 M RN R e S AR & BT i . SRMERES,

L HRTAN ORI 26 & ) o AL T NI RS A
SRR R IR S5 5 R, SR EESS AN 2R
B e A2 LA ST 50 W (0 80 207N e 3h AT i



- 2878 - (REFR Eh224)

J Chin Ceram Soc, 2024, 52(9): 2875-2888

2024 4

BRI “SRVEMF LTl H 2 B—N—B 453k
B, IR AP N R R G > TRER L

NHCH,
|

H,C B

YN 2 O Sag o
N

A
3B(NHCH;); ——> | |

B
—-3CH,NH, AP~
7% CH,HN TTI

CH,

GHAES . RUEBES R G S IR I & s £
K 4 R
HC_ -
N
H,C [|3 CH

CH; 3 \N/ \N/ 3
|

A )»JV( |
—> —| _B_ _B
P~ \new,  -cHNH, N

(a) Synthesis of flexible structure polyborazane precursor from alkylamine borane

NHR NHR
Cl I |
: H. _B< _H H. Bl _H
H\N’B\N’H +NH,R TT‘ -NH,R T}’ Tl\l
| 1
_B... - B..  .Bo B.. .B<
CI”"N"°CL - Substitution RHN” ITI NHR  Polycondensation TTJ N
H H H R “n
(b) Synthesis of flexible structure polyborazane precursor from TCB
H\B H Hog H H M
o\ H /7 Bl H L N,
B/:__\\B/ /R\ ﬂB,:]—_[: / R—R
A W
BN P BN P
ll-l i n

H

(c) Synthesis of flexible structure polyborazane precursor from borane and diamine

K4 LIEEESi ROV SRk G s 4
Fig. 4 Synthesis route of flexible polymer precursors

T B 25 1) SR B ) S DR AR T i RS e 6 i 2
WK 4a Fron. R DL = Sela M [B(NHR)s)
NI, BB MR A R B- = 5t i —N-
SR BEPAE E b AL, R — D I AR A A R
PA—NR—A M 1% &5 14 I SR BRI & bt , 1R S v]
DAVE 9 AT 27 24 (0 e DA o 3% 2% 2R (R 0] 4R
YR B DL = (R E) I e ok 3, fEE R &t
WAAGE RN, 33T AN IRE . RS
W56 B AA FH—N(CHa)—Hr 22 1B 0 7S J6 3R 4 B o AH
Pl T WP B 4 P S B A, 12 e SRR R B0+ B 4
Moy, RAEGMINTY2MaE, KT
S AL G722 . BRI e 1 & I R A %
OXAAR: R IKAR BT s Ee i B G ER
BRI B W 4 77 R — REAE 40%~550%08, & p ik 4%
Hh DL = (P e 26 ) B e o D Rk 45 20 DR AR Bl 5 2 A
K, RN R R R PP R, HEIKE
TE SR N 25 8 SR A e i SR BN 4y
MR, SELTgEe a2, BlhsE
REGEHIEO, BF 70 2 W Joe e L o 1 2 £ R 1) 4 G
IEARIE AT BN 2T 45 1 1) %

TSR AV RN TCB & Rk n

Kl 4b Frox. SHI0EEAE, TCB BIBIE S GH b
H5E &2 &R 1, B—Cl #4551k k4%
AR, WG| N BE 4], SR 5 i i i ik 2 [A]
46 58 J 87 SIEEE A—NR—B—NH—S 2 AR IE L (1)
T EiR . LT IR bE R 2, M TCB K& Ak
(1) e BRAR AN B A —NR—r 2 BTGB N o
RtEgit, T B EOS T ER - bR ]
B A NG T, e IR & B A5 Bk — P BRI,
W 8 777 2 A O 4 2 (554%) P9, e A, %2R IR E
TR TR RS R A, R BN £R4E 25 T FE
] VR R E A 4TS . (R H TR & 56 R
A 3 INIEERL R, AR A I AR oA DL
ITERMERSE, eIk T S BIE RAR S5 4, Af i
PEARZE, DRHZ Se IR AR 1) SR I AR OB 26 (R &
B RARE)ECNUR.

T 45 0 R G W e AR BB o — i SR
W 4c s o B E 2 BURSAFAE IS L =il T A
TERC BN, B EEA NG a7 BN ()58 0] A4
Seyferth 2 B2 g Y+ 0 o2 55 — Me ) i, 1] 43
[BioH1o-diamine] B S H(E 4c), EEAMERAS
SRRV JE TS5 3] BN %528 FORE A BT A



55 52 &4 9 3

ARG &S 25 STORIRFE I a6 SN P e 2T 4w TU et . 2879 -

e tEECR . AR s, HEESKR, AR Tk
ORI IR AL B B DA B 5 4 BN T4 1) il 46 A2 77
23 INEFEREER

2.1 FF1 2.2 TAH T KESHIREY LK
A, BRI ZANER SR TC R /N 1456 R
KBS E T, Ko TR, B — TR
P, BT RRRY 2 T A % BN 44

KI5 ARKHESE Y o BRI Bt 22

Fig. 5 Synthesis route of non-long chain structure precursors

RN AR HFEREAE R G R T —RIIT
JEHE S5 KA T R A e ik, T2 &K 5
i7m. Bonnetot 25Ut = SUAL I 5 BRI A
IRy A | K e L (A2 N B N 1 e
RSB R 3 B, Ho e 1 B ARG
FRPE, HEEEEE Sy, PR 2 R 3 R NG
FEY 1 AR FALI AT R S ST 1000 °C #uiR AR
A . B IR 2 A0 3 1E 4 SR R Th
#% T BNIRE, (H3EA 4% BN 274k . H A% Okana
axlUgE BRI FHEAT T o, SR s Al A 2
AR FRIN A S N 25 b LG A, 3k — 27
= A AETE BTN A Y5 w4k e sl i A
XA 110 'C B, & T —FEE I BN S
AR, N7 1% S SRR 1 BT 22 IR, FFiE I TS
2 TV MBS m e B, )% 7 iEs:
BN -4, EA% 20 um, HF s E R KAk 2 300
MPa. A~ [ 25 46 SR b 26 R 1) A B T 1 B A e
RUBEEINER 1R,

*1 TRSEHBMERRERENERGERMRI
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Table 2 Advantages and disadvantages of precursor molecular structure regulation methods

Structure regulation method

Advantages Disadvantages

Substituents modulation
Physical /chemical mixing modulation

Bridging structure regulation

Improve spinnability Reduce ceramic yield

Make up for shortcomings Phase separation

Improve spinnability Hard operation
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Table 3 Properties of BN fibers prepared by polymer-derived ceramics

Manufacturer Process Ceramic yield/% Daimeter/um  Tensile strength/MPa  Tensile modulus/GPa Density/(g-cm™) Reference
Kimura N> 62.0 30 980 78 2.05 [29]
Okana NH3 214 20 1400 / / [41]
Bernard NH3 52.4 8-15 1000 100-250 / [15,32]
Miele NH3 51.6 75 1480 365 1.95 [42,50]
Lei NH; 61.2 13 850 / 1.92 [45,51]
Du NH3-BCl3 62.4 8-12 1600 220 1.98 [21,47]
Wang Air 441 8-12 1110 265 2.02 [52,53]
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Advances in Preparation of Boron Nitride Ceramic Fiber via Polymer-Derived Ceramics

DU Yiang, ZHANG Yunbo, SONG Quzhi, WANG Fuwen, TAN Shixiang, WANG Bing, WANG Yingde
(Science and Technology on Ceramic Fibers and Composites Laboratory, College of Aerospace Science
and Engineering, National University of Defense Technology, Changsha 410073, China)

Extended Abstract

Boron nitride fibers have attracted significant research interest due to their low density, high strength, high temperature
resistance, strong insulation and wave transparent properties, making them promising high-performance wave transparent composites
required for aerospace applications. The polymer-derived ceramics (PDCs) method is one of the most potential approaches for
preparing boron nitride fibers. Currently, developing high performance boron nitride fibers remains a major challenge in the field.
Controlling the structure of polyborazane precursor and structure-property relationships between polymer and ceramic have been
gained widespread attention. Numerous studies were focused on optimizing the boron nitride fiber fabrication process, including
precursor molecular structure design, thermal treatment process, and fiber microstructure regulation. However, reviews from the
perspective of precursor molecular structures for boron nitride fiber preparation via PDCs were still rarely, and the relationship
between precursor molecular structure and boron nitride fiber performance requires further in-depth analysis.

The molecular structure of precursors plays a critical role in determining its physicochemical properties. in this paper, authors
firstly analyzed the different molecular structures of boron nitride precursors to elucidate the structure-property relationships between
polymer and ceramic. Based on the flexibility and molecular weight of the chains, boron nitride precursors can be divided into rigid
chain structures, flexible chain structures, and small molecule boron nitride precursors. The synthesis methods, properties, and
applications of precursors with corresponding chain structures were summarized. Directly synthesizing a precursor that
simultaneously satisfies all performance requirements of thermal stability, solubility, meltability, high ceramic yield, and spinnability
was highly challenging. To overcome this challenge, this paper summarized common approaches for modulating the elemental
composition and molecular structure of precursors to improve its overall properties. Methods for modulating precursor molecular
structures primarily include substitution group modification, mixing/copolymerization modification, and bridge-linking structure
modification. Through structural modulation of precursor molecules, spinnability and crosslinking characteristics could be realized.

The molecular structural transformation process from polymer to boron nitride ceramic during PDCs was rather complex and
significantly impacts the properties of boron nitride fiber. This paper reviews the heat treatment and microstructural control
techniques employed during boron nitride fiber fabrication. Fiber heat treatment currently included inert atmosphere thermal
crosslinking, ammonia (NH;) atmosphere thermal crosslinking, air heat treatment, and BCls-assisted heat treatment with different
mechanisms for crosslinking and solidifying precursor. Methods for controlling microstructure mainly included molecular symmetry
modulation, heat treatment, and secondary phase induction. The goal of these operations is to achieve an intimate structure and
crystalline orientation within fibers for optimal mechanical performance. Overall, a systematic understanding of structure-property
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relationships and process-microstructure-property correlations of boron nitride precursors is important for continued advances in
high-performance boron nitride ceramic fibers.

Summary and Prospects Boron nitride fiber is widely used in the field of high-temperature radiation resistance due to its excellent
heat resistance and wave transmission properties. the mechanical properties could be improved via the optimizing the composition
structure of the polymeric precursor, regulating the heat treatment process and fiber microstructure, which are also the focus and
future directions of research on boron nitride fiber prepared by PDCs. Although the mechanical properties of boron nitride fibers
prepared currently have been improved to some extent, great challenges still remain in the scientific research and practical
applications. The composition structure of the boron nitride precursor plays an important role in the properties of boron nitride fibers.
Currently, widely used boron nitride precursors have a relatively high carbon content and low ceramic yield, making the fibers prone
to defects and a significant decrease in strength. An ideal boron nitride precursor should have good spinnability and high atomic
utilization. Therefore, the optimization and control of composition structure of precursor is a problem that must be solved to prepare
high-performance boron nitride fibers in the future. Due to the lack of electron structure of B atoms, boron nitride precursors are
generally sensitive to water and oxygen, easily combustible when encountering water, and prone to absorption and deterioration in air,
requiring high storage conditions and production processes, which have an adverse impact on the properties of BN fibers. Therefore,
regulating the electronic structure of BN precursors to give them good chemical stability and anti-water oxygen properties is an urgent
need for large-scale industrial production. The microstructure regulation of boron nitride fibers is mainly a qualitative analysis of
crystal orientation at present. By utilizing deep learning of artificial intelligence, clarifying the correspondence between fiber
crystallinity, grain size, orientation arrangement, and mechanical properties by combining theoretical calculation and experimental
data can provide important theoretical guidance for structural design and improvement of mechanical properties. The strength of
boron nitride fibers prepared currently still needs to be improved, especially compared with the high tensile strength of structurally
similar carbon fibers. Therefore, how to further effectively improve the tensile strength was a key focus for the future development of
boron nitride fibers. In summary, although progress has been made in improving the mechanical properties of boron nitride fibers, it
still existed many challenges to be addressed regarding their strength, precursor composition, chemical stability, and
microstructure—property relationships. Further optimization in these aspects through multi-disciplinary approaches including
precursor design, process control, and machine learning is needed to unlock the full potential of boron nitride fibers for
high-temperature structural applications.
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