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Effect of Phosphate Composition on Mechanical and Dielectric Properties of Quartz

Fiber-Reinforced Phosphate Composites
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[ABSTRACT] The effects of P/Al ratio and Cr/Al ratio on the phase composition, microstructure, mechanical properties
and dielectric properties of quartz fiber-reinforced phosphate composites were investigated. The results show that the
phase composition of the phosphate matrix is mainly composed of Berlinite phase, low-temperature quartz type AIPO, and
unreacted 0—Al,O;, and the composition ratio and microstructure of the matrix phase are influenced by the P/Al ratio and Cr/
P ratio. When P/Al=4.1 and C1/P=0.04, the composites have the best mechanical properties, with tensile strength of 108.6
MPa, bending strength of 135.3 MPa and fracture toughness K, of 6.6 MPa + m"”, and the composites exhibit the plastic
fracture characteristics of weak bonding interface. It is analyzed that at this time the matrix contains more AI(H,PO,); phase
with good bonding properties, and the matrix exhibits a smooth planar-like structure, which is conducive to the formation
of a complete and continuous good interfacial layer between the matrix and the fiber. In addition, the dielectric properties of
the materials are greatly affected by the Cr content, except for Cr/P=0.08 materials, the dielectric properties of the prepared
materials can meet the performance requirements of high-temperature wave-transparent materials, and have a broad
application prospect.
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Fig.3 XRD patterns of cured phosphate matrix with different
P/Al ratios
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Fig.4 Microscopic morphology of cured phosphate matrix with
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Fig.5 SEM-EDS image of the cured phosphate matrix at P/Al=3.7
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Fig.6 Microscopic morphology of quartz fiber-reinforced phosphate

composites with different P/Al ratios

B PEREIE R

ZEA AR AL 2S5 R 0 AT rT T NP AH A A
et FEAA R Berlinite A1 3 1 £ A7 Bh T3 AAGE B 1)
P, XL F A Berlinite AHREUS7E ALO, FUkL 2 [ATE A%,
SRS U R LIRS B . I P/AL=4.1 I, Bk
IRER T — i Al (H,PO, ), A0, A Al (H,PO, ), #H
SRR R R 1), 2B AL (H,PO, ) 5 AHEIFETEXS &
BB Y 5 RAREE S S B4 A B . A
L LZER LR UL, ST DR B SEAATE A B BORCR , B
% i A PR3 b TN SR 5 2 Ak () i e AL, A R T TR
e NSRS A ot SUR SN R A N1 =B S I [ e
IR E AL, FIL, BE#E P/AL LRI K, B4
AR A T A i 58 A7 (e A e 3 B Sl RS s/ N
Y PIAL=4.1 B, A ARG F A5 B R AR i
REf AT o

ME 7 () mT LA Y, #4230 MR () 27 2 5
FEAR (] 55 45 G B 110 52 G b RE BB PR T SLRRAE , 4T 4E 3k
U RS RIRSOR . RERIBT R AT 5k 4 BB OL
BONE AL B B, B O i, S 25K L SR, 3
PRI AW AR BT L LP B, WA W T 3 &, SRR
W 7= A L S0l b R AR B B s PMBE, N T Ak S
LR A, A AT S S AR AR SR R [, 24
F1IR B M 55 I8 B0 G A AR SRR s MN B, it
B B A BT 584 1) 21 AT R AR PH— 50 43 287 , 21 4 B RS (3

120 30 - 120 -
=
£ 100t £ 25t s 1007
= <} S
g 801 220t = 80f
g Z %
S 60F B 15t 5 00f
2 £ 2
2 d0r 210F 7 401
=] o o -
S 20¢ S st =20
0 0 0 '|O L L L L L L 1 1 J
35 37 39 41 43 45 35 37 39 41 43 45 0 02040608 10121416 1.8
P/AlLL P/AlLL Tensile strain/%
(a) PrfHsmpE (b) Prfftsis: (¢ ) P/AI=4. 111 F1-p AL £k
150 8r ~
& u = 7r _[_ ‘= 4000
S 1o < gl -
g g | Z 3000
& 90t Eg B
19} on =
= Z . 4r 2
Z 60f = 5 2000
= o 3r
£ £2 b
5 30t H 52T ﬂ S 1000} ﬂ
) ot E
= o
0 0 Z
35 37 39 41 43 45 35 37 39 41 43 45 35 37 39 41 43 45
P/AlLL P/AlLL P/AlLY
(d) ZhssEE (e) Witk (f) WD

7 R P/AL LLF4RERR BN S AR S F 1R

Fig.7 Mechanical properties of fiber-reinforced phosphate composites with different P/Al ratios
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Fig.8 Failure modes of fiber-reinforced phosphate composites with

different P/Al ratios
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Fig.9 XRD patterns of cured phosphate matrix with different Cr/P
ratios
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Fig.10 Microscopic morphology of cured phosphate matrix with
different Cr/P ratios

Ak A B8R RN P AR AR i, AT LA L B Cr inA
BTN, A2 A 4 LT A A L 0S8 o s/ N
ANENN Cr 28 B9 5 A R Ak A 7 fof 568 52 R4 A i 43
54 83.9 MPa il 17.4 GPa, 545l Cr /)52 & #1 k| 22
BEUH 2, 5 Cr/P=0.04 A LL, 38 T 2 22.7%, Fi i
F%24 25.6%. L 25 FRW, Cr I AGENS 35 11 &
BEMRER TR A W A AR AL RE , FLAE F AL 4R I
JE Cr'" RENE 4R e W R A0 VA TR MR M, IO AR VA TR
(AR P ] s ol [T £ S5 AR AL 19 o o i A B R4 T
2 2t Ay v S S OB A 5 B S AR, NI R i
ARG 2R R . AR —F20 0, 2 Cr/P=0.04 B,
2 G BERE B LA iR R AR 3k B e K AHL, 4350
108.6 MPa £/l 23.4 GPa.

12 (¢) AN Cr/P L& A MRS s g, o] L
F WA AR R A i e 3 AR Ak e B e i B AR —
2, [FIFELE Cr/P=0.04 B iR B 5 K A il 3 4, o 135.3
MPa, A H F AR BN Cr (195 A # R 25 il 58 32 14 fin
56.6%. & 12 (d) Fi(e) 530l AIE Cr/P L& &4 8
W AL M R 24T B Cr/P L3, 52 A AR b
S0 R U 2R A, 2 RS KR U N R A TR RE AR
Cr/P=0.04 i}, & A A RHI M b, Wi 2481 K M 6.6
MPa - m"?, W43y 3393 J/m®, HAth s hn Cr 1956 & 44

(e) Cr/P=0.08
11 R[E Cr/P L BRI BB R AW E SR ERFER
Fig.11 Microscopic morphology of quartz fiber-reinforced
phosphate composites with different Cr/P ratios

2024455675 141 - it RIEHIAR 89



r%?‘ »
Hl:jl‘lex RESEARCH

120 301 150
—
§100- a — o §%r §125- u
= 80f Z20f £ 100f
5 =
= 2 5
g 60 S 151 = 75+
@ = i
% 401 2 10F g 501
& & 5
& 20¢ & 5F T 251
0 0 0
0 0.02 0.04 0.06 0.08 0 0.02  0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Cr/PLt Cr/PLL, Cr/PLt
(a) HIffismE (b) fufiis: (c) 2
&r —
Q) 7k _]_ = 4000
2o or -
o= L — 3000
£E5S ~
en )
S 4r 3
g 5 2000
2331 £
2% 51 <
S 2 S 1000
e Ir e
0 =0
0 0.02 004 0.06 0.08 0 0.02  0.04 0.06 0.08
Cr/PLL Cr/PLL
(d) Bk (e) Wizdsh
12 R[E Cr/P L F4EIRBEER h & S RLE S ik RE
Fig.12 Mechanical properties of fiber-reinforced phosphate composites with different Cr/P ratios

BHOWI 2T K #7E 5.0 MPa - m"” D)L, & o dufe
2500 J/m” L) I,

L e RS A O e B E SR
AR BRI S8, B AE Cr/P=0.04 i, & AR
S SR B R LR A I M RE RS

K 13 NANIR] Cr/P LA 2 3 s B PR £ 2 A A R
K. B 13 (a) IR Cr/P H&E A F Rk ik 01
TRRRAS Hh 2 At — 78 2R, vT LA HakkE i e R0 X1
FI R B W R AE o 17T D25 AR D 2R ) 7 LR
13 (b) el LUE R JE I B8 1, i A A
S W RS, AR UER B 3 2 B G, UL &2 5 MR HE
KB REAE K32 e KRBT 5 AT PR AR — e /K31 RE T, fig
s 7R AZ BRI ASTE MR AT B B AT 5k
2.3 P/AI EE/REL. Cr/P BEEREE T E &R FI BB RERY

=AY

& 14 S A [H] P/AL LA 1R A B 5 550OR A
HL A RE BE AR AR fE th 2k, NIEL 14 (a) AR Y, A
[F] P/AL b5 & A REI A L 8007E 3.4~3.8 Z 1], Jf HL
FE 7~18 GHz SR Y, A oL 5 BORRE , Bl RT3 (1) 34
TN B A R . P/AL=4.1 I, A F % B0
fE 3.8 72475 P/A1=3.5 B} A LR BRI, 7E 3.4 &£ 44
HIE 14 (b) ATLLEH, 7F 7~ 18 GHz Ji R {E H N, A~
[F] P/AL LU G AR A F A5 FE BE A0 23 4 185 i iy Se 5 K
JE U Horb ZEARAT L I, SRR T Bh /)N, FE e i

90 MizMIEEEA - 202445 678 5 1410]

100 -
—Cr/P=0
—Cr/P=0.02
801 — Cr/P=0.04
— Cr/P=0.06
— Cr/P=0.08
60
£
= 40f
20+
0 L
1 1 1 1 1 1 ]

0 0.1 0.2 0.3 0.4 0.5 0.6
{1 F%/mm
(a) Wigdmaae sk - A th 26
Cr/P=0
Cr/P=0.02

C1/P=0.04

C1/P=0.06

Cr/P=0.08

(b) ARSI T
13 R[E Cr/P (L 4SRRI EE 8 S MBI R A R

Fig.13 Failure modes of fiber-reinforced phosphate composites with
different Cr/P ratios



PN
RESEARCH Hltﬂtex

461 —=— P/AI=3.5
44 —e— P/AI=3.7
’ —— P/AI=3.9
42+ —v— P/Al=4.1
g —— P/AI=4.3
g 40r —— P/Al=4.5
S 38F vv v —v v v —v
) H—'\"H—.\.\’
g 3_“_‘@
L 34
2 3
32+
3.0+
2‘8 1 1 1 1 1 1
6 8 10 12 14 16 18
Frequency/GHz
(a) AHHEL
1.OE-02 - —=— p/AI=3.5
—e— P/AI=3.7
9.0E-03 F —— P/AI=3.9
—v— P/Al=4.1
S 8.0E-03 | —— P/Al=4.3
8 — P/AI=4.5
& 7.0E-03 - ,/.——4—/'_—/\1
2
EE 6.0E-03 - m
o
A 5.0E-03 —— —
4.0E-03
3.0E-03 1 1 1 1 1 I
6 8 10 12 14 16 18
Frequency/GHz

(b) e
14 [ P/AL L E G R EL N B IRFE RN th 2%

Fig.14 Variation of dielectric constant and dielectric loss with
frequency for different P/Al ratio composites

L, A I Sh A K, P/AL=4.1 I, /v Fe 30 FE A 5, 7
6.54 x 10°~7.35 x 107 {1 Bl N 3% 315 P/AI=3.5 itk =z,
FRETE 5.33 x 10°~6.44 x 107 I N 5 ; HiAth P/AL Lt
BB A BB FEIL AR AE 4.40 x 10°~5.68 x 107 {5
RN, SR, & AR B/ HL H B FE X N (1)
SR TR AR A TE A R BN 30 RN A AR
it ARG R B, b LB 251 SRR &
PERHA B35, T 24 P/AL=3.5 B FLE AL e, A%
{8, F B2 i TR A 5 SRR R AR, T A B
R4 (e,=5.1, tand=0.005, tand HIFESA IEVIE ) &
Berlinite #H (£,=6.6, tand=0.0229 ) #1175 &4 s RE
1Ml P/A1=4.1 B &4 A0 BHR A B BRI B RE A
AR 5 AMEHP T Al (HPO, ), AHFEEAR &, — 7T
PR R PRI AR S BB R bEREAR 22 S —
AR R S5 PERE 208 D M RHOULFL B, A5 H R A S
FARERG N . XF T RZC S iR aE A B}, 2R A H
BOMA f FRE N 3 0 BITE 1~4 F110°~107 Ju [ N,
UL, i85 52 A AT RHIT FH 2 B R RE 2 AT i e A B Bk, B
BRI bERE

4.4 —a— Cr/P=0
—eo— C1/P=0.02
42 —a— Cr/P=0.04
40k —v— Cr/P=0.06
- —— Cr/P=0.08
<
2 3.8+ Aa—a— a4 . .,
S
o 36
£ S
8 34F o
2 —a
232t
3.0F
2.8 1 1 1 1 1 1
6 8 10 12 14 16 18
Frequency/GHz
(a) S EE
L3E-020 o cop=o
1.2E-02} —e— Cr/P=0.02
1.1E-02 - —a— Cr/P=0.04
w —v— Cr/P=0.06
§ LOE-02F o Cr/P=0.08
2 9.0E-03 |
<
.2 8.0E-03 |- Vv—_'——‘v/v/v/\"—'
E
3 7.0E-03 k‘—‘—k—’"—‘/‘\‘
A 60E-03) m/%:.
5.0E-03 |-
4.0E-03 |
3.0E-03 & 1 | | | | )
6 8 10 12 14 16 18

Frequency/GHz
(b) Sreafiiit
B 15 R[E Cr/P Lk EAFHIN B E A/ RIRFERME T H Lk

Fig.15 Variation of dielectric constant and dielectric loss with
frequency for different Cr/P ratio composites

K15 MANTR) Cr/P LR & B BHR A B R BRI A FL
WFEBE R ARt £k, 15 (a) AT, 7E 7~18 GHz
ARG I AN Cr/P L& A AR A B8 SR e, B
BRI HE I FL R BORS A  FE. 2 Cr/P=0 B, E A 44
B R BRI, 7E 3.3~3.4 Z[f]; Cr/P=0.04 I}, 5 &
R HL RO S L 7E 3.7~3.8 2] ; Hifth Cr/P e A4t
B B RO ARG B 3.5~3.6 Z ] (HEARS B H 4
T L AR ER . R 1S (b) ATLLE L FE 7~18
GHz B Ju N, & & MR R FESZ Cr % 5%
BN B Co/P HIE R, A MR B FEAR
Wrds R, N % F SR T Cr B A R ER AR
SRR R A A AR A AT S5 W) A Al W b i B8 20 17 52
WORM B ERE . 3T BORIR Cr/P LA A W RHE IR ARG Rl
PNAGURE I Bl /DN , 4 e A Bl N BB 8 sh i R . (AR —
PR, 24 Cr/P=0.08 I, A L FESS 7, 7F 8.36 x 107~
1.15 x 107 JE RPN 3l , CANTE A RH 2R .

i LB A MBI B ERESZ CoP LK, Cr
I 2 S K A MOBHR A FLE BOR A FRBRE,
FZMBIA T B LR S ERA BiEE S T

2024435678 14] - i MERA 91



‘_‘i.‘ »
E{%tﬁi RESEARCH

1.0 x 107, B E MR RhE I M fE

3 i

(1) BEFRERFLAR Y T E Y AHZH B Berlinite AH A
IR A B AIPO, MR N Y a-ALO, A, 24 P/Al=4.1
3R A & AL (H,PO, ) 5 Al 330 X6 $12 T4 Bl 1R 15 K
ghVEREVE M HE S 2 AR 12 AR BRI E T . C"
S5 3| T RN AN E AR N R BT I A
PR AIAE FH o B AR LA ) (e SO 55 R 22 AIPO, AH
AN ALO; BRI 4L A, B & P/AL ELFI Cr/P Eb i 42
1o, SRR BN JURERAG O TR S0 A A R 3 il
HIE A MR B IIE S BRI

(2) AR[E P/AL HLF Cr/P HLRT A 04812k B
R, P/AL LU 4 2534 I Berlinite AH A9 5 6, 32
15 ALO; Fivkr 2 [H] A S ok B, FE I B 5 22 5 A BRI
PERE (LI =5 9 P/AL D)2 fift AR 27 248 J8 inh i 4, %42
SRR RE TS AU S, T CrT S AREE PR b
LR A AR SR S B A MR R B S B,
M P/Al=4.1, Cr/P=0.04 it , & &R 12 e i, $1
58 B2 4 108.6 MPa, {5 iy 23.4 GPa, 25 i 5
4 135.3 MPa, i 24917 Kic 7 6.6 MPa - m'”?, 51543k
3393 J/m’,

(3) A[A] P/AL FLAE A AR A HL O 2LTE 3.4~3.8 2
6], A FLARFETE 4.40 x 10°~7.35 x 10° Z [H], AEfg 1 & 15
WAPRIR FAT R o (B SRR B PEREXT Cr™ T A AR,
Cr'" BRI R E BRI AR M B I PR RE

& £ X Wk

[1] VIPPOLA M, KERANEN J, ZOU X D, et al. Structural
characterization of aluminum phosphate binder[J]. Journal of the
American Ceramic Society, 2004, 83(7): 1834-1836.

(2] Z4EJe, BRAE, 7R, S5 w5 IRLZ I P A RHUT I 3 R ).
PR AR R, 2019, 40(1): 4-120.

CAI Delong, CHEN Fei, HE Fengmei, et al. Recent progress and
prospestion on high-temperature wave-transparent ceramic materials[J].
Advanced Ceramics, 2019, 40(1): 4-120.

3] E#, EANE, MK BERRE RBI TS MBI ) A 1ERE
54 B PERERIFSE[T]. TR EL T2, 2006, 36(6): 26-28.

WANG Feng, WANG Jihui, XIAO Yongdong. The mechanical
and dielectrical properties of aluminum phosphate matrix composite[J].
Aerospace Materials & Technology, 2006, 36(6): 26-28.

[4] SUZDAL’TSEV E I, KHARITONOV D V, ANASHKINA A
A. Analysis of existing radioparent refractory materials, composites and
technology for creating high-speed rocket radomes. Part 2. Comparative
analysis of the main properties of materials used for creating rocket
radomes[J]. Refractories and Industrial Ceramics, 2011, 51(5): 349-357.

[5] DENG S F, WANG C F, ZHOU Y, et al. Preparation and

characterization of fiber-reinforced aluminum phosphate/silica composites

92 WissMiEEEA - 20244E 678 55 1410]

with interpenetrating phase structures[J]. International Journal of Applied
Ceramic Technology, 2011, 8(2): 360-365.

[6] Ehnit. 2D-C, HyIRBEIREL R S W A MR SIS 5
2APERE[D]. MRV WAJRIE Tl K2, 2017.

WANG Jiatao. Interface modification and mechanical properties
of 2D-C; reinforced phosphate polymer composites[D]. Harbin: Harbin
Institute of Technology, 2017.

(71 $BA, XIS, 27 42U 0 o D R 3R 3 I 52 5 BRMIF 5T
). EAMREFRS TR, 2021(1): 92-96.

JIAO Chunrong, LIU Xiaoli. Study on fiber reinforced phosphate
matrix wave-transmitting composites[J]. Composites Science and
Engineering, 2021(1): 92-96.

[8] ZHESC, BT, S DLL, 45 BERREL B By HAT AERT IR AT 54
BHBTTE—— R AR B/ 42 JE JCR BE R LA T RBE R BE RS2 R D],
ML SR, 2004(2): 45-48.

LUO Jinwen, MA Ping, GUO Weihong, et al. Study of metal phosphate

matrix and fiber reinforced composites: Effects of P/M molar ratio of

phosphate matrix on process and propertes of composites[J]. FRP/CM,
2004(2): 45-48.

[91  Fl, X SCME, XN TRIL, S5 Dm0t s I e 280 701 14 6 o6
(1. fb2 5854, 2007, 29(2): 90-91, 130.

WANG Chao, LIU Wenbin, LIU Jijiang, et al. Study on heat-
resistant phosphate adhesive[J]. Chemistry and Adhesion, 2007, 29(2):
90-91, 130.

[10] ZHURAVLEVAP L, KITAEVA N S, SHIRYAKINA Y M, et
al. Study of thermal transformations of aluminum phosphate binder and
composites on its basis with various fillers[J]. Russian Journal of Applied
Chemistry, 2016, 89(3): 367-373.

[11] A/, PSR, BEERTL, 45 BEERARMh A X IR — 4R [
FLAEFARFSET]. TIRERTRL, 2019, 50(5): 5185-5189.

YANG Xiaobo, SUN Zhiqiang, MIAO Zhenjiang, et al. Curing
effect of MgALO, spinel to aluminum dihydrogen phosphate[J]. Journal
of Functional Materials, 2019, 50(5): 5185-5189.

[12] CHEN C, FENG B, HU S J, et al. Control of aluminum
phosphate coating on mullite fibers by surface modification with
polyethylenimine[J]. Ceramics International, 2018, 44(1): 216-224.

[13] PRADO-HERRERO P, GARCIA-GUINEA J, CRESPO-
FEO E, et al. Temperature-induced transformation of metavariscite to
berlinite[J]. Phase Transitions, 2010, 83(6): 440—449.

[14] LIUY X, BIAN D, ZHAO Y W, et al. Influence of curing
temperature on corrosion protection property of chemically bonded
phosphate ceramic coatings with nano-titanium dioxide reinforcement[J].
Ceramics International, 2019, 45(2): 1595-1604.

[15] HAN H J, KIM D P. Studies on curing chemistry of aluminum-
chromium-phosphates as low temperature curable binders[J]. Journal of
Sol-Gel Science and Technology, 2003, 26(1): 223-228.

BIRAEE : 2k, SRR, BF5E 07 o E LA TS
FB AR o

(i & A)





