hEREF: YHEF hE RXF 2024 &= 554 % 5 4 HA: 244601
SCIENTIA SINICA Physica, Mechanica & Astronomica

ChEREE ) Atk

SCIENCE CHINA PRESS

physcn.scichina.com
CrossMark

& click for updates

N

&% A B ST RA

o 2123 RS I SR | 2,3% g 13,45
B> #kF T, G, kEART, FA

L. R E BRI, R D)% E K E A S E, 65 100190,

2. FEFFE BEEALE ARG TR, Jelb 4 5 DR R E A SRER =, dE 5T 100190,

3. RERHERE KRR RBAZRE, 65T 100049;

4. P E B R TR B, bR 100049

PR, A, E-mail: jjzhang@mail.ipc.ac.cn; 257, E-mail: yujie_ wei@lnm.imech.ac.cn

BRI,

Wk 1 393: 2023-05-31; 4252 H #11: 2023-08-08; 2% i i [H 11: 2024-03-22
5K A AR S B IERRLS O T H <JR 201 775 10 2 RUBE il R 75 (R 5 11988 102)F1h [EIARL 2 5t 5 AE QB ik < (45 2023033) 5 B
iH

WE  BERF M RRETT &P L3 SR B — e A A, AR A BN T AR R, SRR EREN
Toh 71 L FAG R £ R BT AMe 5 RIE. B& &5 K IRIT & R R e, 4 1 X i K A ]
AR, EEERFTHAR, BRNERFAMRRET EATZHER. REE. s AE# 87 LR KA H
RBAREAETH T EEZERFAMROZCER. XEUR=ZFHEFHEY, 2 XERT HHE. Z AR

RBAFAMBEMELSUERZ A RR. IS -RTERNZEKARTOF R, AWEEML. RAME
m%ﬁﬁ%é%ﬁf&ﬁﬁﬂﬁiﬁ%ﬁ#%wkﬁﬁﬁ W JE O T A1 AR A P o Y ] R A Bk DA
BERF AR BB AR R SRR T E XA iT8.

KR FAMK, BREEK, AR, REE, KETX

PACS: 81.05.Qk, 81.40.-z, 81.40.Np

][l

1 5] JE BRI N — N KA. IRIF(6 km) X FE600 atmff]
=R R TR EE AR IS T NSRRI K, ET
RBE—Em Y, S50 iRRHE RS & AL,

HGPETE TR R AR B I B A Bk,

21 AR BRI LS, IR R AT A
SRR E I BUa st S AR AL H b

REEEREY . 577 il RIVNTATRIKSE 5
PR RHAR R G UL AL B LR, X
DR XA R CAE A TR R PG . Al di, i
PEVEHIR SR BESA T IR IR SR, VK IE AT
FENNTRRIBER L PRI BB RRAT. KIREEHE N0 m,

Hoe =1 bR, ERTIEsaL E, REYIPIZR 1B
“hT S ET SRR KR S 2R E T
FEK I HLER AN T AR A [FI L7 o iR )1
AR %, DN R PSR At 7 R
KA EHEET AL AR, RS, KR RS

SR ALY, BUR, SRT, %

10.1360/SSPMA-2023-0192

- R TR FURT RS, P E R PEY % R0, 2024, 54: 244601
Ying L P, Liao B, Fan Z Y, et al. Research frontier on solid buoyancy materials (in Chinese). Sci Sin-Phys Mech Astron, 2024, 54: 244601, doi:

©2024 (HEMFE) FiSH

www.scichina.com



IELEPAE. PR B ) RO 2024 4 S4B 4 M)

“HEMEEIAHI ER. A, R, BN R,
B In B R EE NN IR . TR IR IR IR
.

TREFNTF IR () OS82 K R g TRESE 4%, T
FEEHA I R R AN R ) A e T RE A g g
ME . ARIE VR, B ERKs FE geifg v T
TR WFPETTIR . IR E S A R — HEOC AL O
AR, IR Vv i [ A U PRI 2 4 A AR g —
MNEBRBEHZRKEE. KEH. 28, 253
BED. Tt s A R A A R TF 2], WS
NREAMBIAG R . W RANAL P BT R R ER
NS SR D oY NS Il K v

[ RV DI R PRI 5 R M Rl 2 —, HF
AR AR 28 1 TE 80 1 IR R R A 77 RGUTF 1Ak
SRR, ER—FMEEE. SRR AR
HAFHKE. TR, KRS >0 —
MEAE RGN KB R, [ RV M LT & 5
KRR =02 —ERY, HragKaEILT
R K AR A S, MU TIRAT ), EHAES
PR W TR,

W 6V TR R RS R R, 351
M A KB [A]AR IS . JESAEIR 7 1A R R, DR ko [

1 (PR RO B RIR FE RN KR S5 4. (a) “BI 2R3,
(b) “TRIFHRRHE ™S

Figure 1 (Color online) Structures of deep-sea manned submersibles.
(a) Alvin; (b) Deepsea Challenger.
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43, ¥ }(0.69+0.03) g/em’, Bk KIE J7 R E Ny
165.0 MPa; HZ-45, ¥ 4(0.72+0.03) g/em’, K
JE /158 B 24165.0 MPa; (4) Ron Allum Deepsea Services:
DRI11, %[ 4(0.69+0.01) g/em’, Hii/KE /758 Ky
152.0 MPa.
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Figure 2 (Color online) Comparison of buoyancy material perfor-
mance between China and other countries.
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Figure 3 (Color online) Two-phase and three-phase buoyancy
materials. (a) Two-phase ESF; (b) SEM of two-phase ESF; (c) three-
phase ESF; (d) SEM of three-phase ESF. The figure is modified from
ref. [16].
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Figure 4 (Color online) Relationship between compressive strength and density of polymer-based composite foam.
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KAI6500 (6500 m), H1[E[F)<d 15 (7000 m). IR
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(1) ¥F F304 e 5 e IR S R 1R N JE 4. V7 04
BHOEATTUERE . BREMSEE, HEF Ik
A RS, 308 24 PR A [ e I A S 3R
KITTLLEH, BHTHEMAE(Epoxy resin, EP)H K H
SRR . s EFIIR RS e Ve DU APk DL &
BARKIBIKER, BT LIRS R 2 IR &)
Hpkr —P,

(2) T FIRPRLIE A s O B B SRR (Hollow
Glass Microspheres, HGMS){ENIERL. 1EN—Fhid
B, i hEES B R, HGMS BA %K.
SRR WEhVELF. RN, TR PR, M
MEEF MR O R, 3B R 26,
PR R ERFEA A, FifE— B AE10-120 um, A%
JEAE0.5-2.0 pm, U3 —MEEAE0.1-0.5 g/em’. HGMSIH]
41 8 76 [ b — AN AR MR, A/ H R B4R,
b b 2 A O BEES ER K 2 77 R AL FE3M,  Trelleborg,
AkzoNobel f1Glaverbel 2% &1t GE 77 b ot 3% [F 24 42
H 80 #5078 48 FH3M A 7] 2E P2 [ITHGMS, 3M/A H
FIARFMEREA U IS TR, HGMS K/NEALE A0S
AL, IMA ] AT LA fE— R [F 3 THGMS,
M H P KRR =, FEfaE. fEE N, BT
i NUOSE I [ AR AL R R A T e
HGMS, HpreEimanigm. REN /N BRIEELT.
20065F 12 7, 8L O Bl B fl Bk 1) 4 B A Bl R
W R K ek B R KT, I AT T A
Al [ AR 22 T (R s R T, BT T R IE R 1% AR U
IHIAT. 73 Y5 A5 O B B AR O SR AR L7 3,
ALFE AR AE I S 5 LA LB e e R R R S B AR AT
PR WESHrR, FRALETREI TG R P MR
RIBMA ) A 7 ) e i R S M RESEAAH 2, AT SEEL T

1 HARGYIEAERED

Table 1 Performance of polymer matrices [27]

5 (MZEhREE) 3MA T FIIR L BT A7 10728 0 IS Tk
PEREXT EE

Figure 5 (Color online) Performance comparison of HGMS produced
by 3M Company and Technical Institute of Physics and Chemistry,
CAS.
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HGMSIAF B340, ESEA BRI . ddE A &
445 e AR IS 77 R4S 5 0Rk/N. Swetha2s AP 7
ESFH KL, 58 M 105 MPa(ZE W JIg) 2k Mk PR AR 3] 1
25 MPa (60 vol%HGMS). It4h, HuangZs AU 4057
F1%#E T, Wi @ ESFM B EE AR, 4T T A

REMEA B (glem’) HiHiHE/% (MPa) i (GPa) WA (%) 7K 3 (%, 24 h)
AN EE 1.3-2.3 20-70 7-14 <3 0.02-1.5
Ty T8 A i 1.7-2.0 50-125 8-23 <1 0.01-1.2
A IR 1.1-1.4 35-140 14-30 <5 0.03-0.2
A IR 1.5-2.0 35-75 7.5 <1 0.02-1.5
RN 1.0-1.1 70 4 3-6 0.02-1.5
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[FTHGMS & 2 (19 PR U R 07 AR s AT . 2
s NPl 37 T HOGMSIE AR R A T, @it &
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(i) ¥F SaAHR 5 B A5 HGMS 35 5 F 8 T it 3
. HGMSHIRAZE /) v 8 T HGMS IR, MITIFEEE S
WRF SR FE 5 TR FE R BAEFH, X F RFP AL HGMS
ME, MEEREREHERB/NIHGMS IF 1+
BHEE RS T 0] DR 5K (3. Wang% NP5 51lE
FAFHIEZELRP (P = 10, 20, 30, 40, 50 MPa) F4bFE
HGMS &, FEVRIRE, S5 1%70% R 5 500y w5
NEIRERBES, &AL T AR, S55%
B, BEEHGMSHEFE MM, 757 718 RBHE 48 55 P
35.3 MPad /5 %1 T 49.8 MPa. GuptaZe AP @it ik 4% 1
Al RS AR B EE AR R THGMS, 15 2 HGMS /A AR
SEHN ST — RIIR A% ESFM B, 45 B3R
HGMSEE JE5F BESFA R} 48 14 B A0 2445 M 25 AL
PEREA R, AshrithE NCOVRF ST T Bk e J5 5t
ESFM AR AL R M, 285 B3 W 3 3 Tk 2k 52 )2 R
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PR &L, IR T R b, AT AR
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TERM B OB R, VT2 28 T T B0 e L
537, PorfiriZg NS S 7 3 TME K 2 A0k
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HHGMS I E A 1K 4 B K T AR MR, T2
JEHGMS I E A0 ) IS & = T 24&# kL. Bar-
dellaZ AP 57 7 4750 HGMSBEHL 4 A 145 B A
R, YR IEHES T AR B E S HGMS
BB, BAPRHHE BRI 9E &, Chens AUO% %t
HGMS IR IR 2H 3% (1 A HEVR T IR RL, ST T4k
O LTT AW R, R I ANSY S BR G #k
fF, 193] THGMSJEE . RFI 50, kMG
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PRAE T HIS K HE. Marue @ B G ST TR T
BAAT PR TR TE G 5 A TR R R e v R R

B, FIR, REABRIC T ERFE T HGMS 7347 X 3
PERSR R, R A IS S X HGM S 73 A7 [ 4 6t 14
BN, Yo&s NPT R T — R TS A TR T &
7k, FAER T P S AR T T I = 4R S A
B B E S SLIG A4S BT, Antunes®s
N S T AR IE T AR R AR, i SRR
UE T AL T AR R GAER I S AR B L Rl B B JE AT
TRIRAARFR 73 FON B2 A Y R S PR ABE  (Y) S2

(iv) HGMSZR[HI 55 Ak 2 [8] 1 ST /7514 R 52
TFIIMEMERE. HGMSTE N TEHLIR, HER MRS
RARFAER R ZER, SFEHGMSRI 5 IR 2 8] (7
712 2, W 6(a)fTs, HGMSHKH 53k 2
B) =28 T ) BRVA RS, e VBRI, S 4b 25 i AR B
Ry, FEIEIRRL, TR TV IR Rk R 46
fe. BN, N T SEBURE E, HGMSHIIE 78 208 18 5
(TEVF 245 I N ARFR EE R 60%), HR SFAIX /N E
21070 pm), KL & 177 M R i R 2 B
K, M-S B THPIRAS SR MR 2210 fE 52 45
j([44].

Zhangs N8 F & 7 5 = 2 A SR T e A3 6 70 ot
HGMSHIZR 3T St A # f5, HGMS 5 EM i 2
(IR T BN AL =, tEe(b)Fs, % 1k
JE4E R A 3] 7 RS, MHGMSIER 5k
60 vol%If, L4550 E M62.7 MPafi = %77.3 MPa, 2
5 723.33%. Yuan2s N0 % % R HGMS ) 3 T 2
ATHE 2 e, 9 SR AR 2R 1 -5 B AR TR 2 (] | LT
FEYE, AR EEAARTE MR PR R . W,
Bk E /1 F I K%, A4k, Doddamani' ' HF 5t 7
IR B R 3R THT SO X IR S i R S VR i se . 72
SRVERIR T, B R R s N, kR
R E AVEIEIN T 0%-48%, Ik mAb 2

6 (MZERCRIE) HGMS S B S WIREAR H S i . RN
()N IN(b) I, & A& 250 STHR[45)

Figure 6 (Color online) Interface of HGMS and polymer matrix.
Without (a) and with (b) coupling agent. The figure is modified from
ref. [45].
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o ARG N T 3%—44%. TAESRE 5, MEkE
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(4) VF SRR G877 - R AR P (1) S ARG AE mT 4y
REAE O IRy . R R L TE
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() TELFAYERRSy, MRS, HGMSE A i
15, ARG (s XA G, N ik B 1 (E
Ja A BT R, X2 TFHGMS GG IR, R
Ja SR AE R R RS R AL N AR T LR E 1 X3
FRRNRLIIE G, 1035 7 e FLBR 2R [ A A i 5677
FIRHRL, AT DR AL A 50%—60% 1 A . A3 VE R
5&, MAETVEXEIEAREIEEEN, Wi ER
HRRE. EABE A, LR THGMS A
SEAR AR FRFR G 1) B R 5 . HGMSAR AR 40 B A I
HGMSFIEEAARM B2 [0 [ ST PERE . 4 K EHGMS
W TR RS FA R 78 2 B i, B 7 FRRF AR 3 .

(i) TEVF FIMRHUEE K 5 72 P e S 30 F 90 I 4
R, UE¥EMRSE R, @R T
V7SI R AR 2R LR - AR I RE. Lévesqueds APH
BT MY GBS AR TN R A 1A R
17N, AR TN 45 S st A A PR TS 4
B B —8E. De PascalisZe APH#% & HHGMS
JE B FERAH AT RO Z5 AL J A 22 RN, HE
ST AT F-AR X AR R AR AR AR 4

7 SrHGMSHIFFFURHIG IR J7 b0 I 45 J- 45
2. R 220 SCHR[49]

Figure 7 Typical stress-strain curve of epoxy resin-based buoyancy
material containing HGMS. The figure is modified from ref. [49].
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M7 AR LR PRI A R IR AR Y, iR A B R G M Tt
HGMSIH 78 (1) 5 A 13 09 0 48 - 30 283 [m] mpg 15,

(5) HGMSIH LB HGMS 5 Rk 4 L 2 18] ) 7t
TH 2 %52 ST HGMS IR & g 2815 AR = B R 4
KN, Wang NCURFR LW, 4HGMSH BB
B, R e 2 32 B2 HHGMS I 51 E /), T4
HGMS 38 BT, MBI 2 20 32 2 2 th PR 580 i
PRGETHI RS 5 RS, SR B TR RE P SRt v 16 22 5%,
TEEZE 3 AE R 2 B F R B, S AT
IR SZ B dl ) R 4 4 BN, GuptaZs AP E)R
FEREE I B 7 R R B R ME B3R Gupta®s
A Rizzizs APYF1Adrienss AP g2 514 B 1)
AR FINE T 7] 245 M G YERE IR, DeRuntz
FHoffman® "W 2 B30 ke b 2 BT 04877 150 ) =) 0
PSS 2T R

() fE¥F IR, HGMSEE i #h 2 B il At & & 24
BIYIRR RS 00— ez e g LT R A
AR BHE, B TR N, Adriens
AP0 Lachambres AL R B X 28 4946 T /2 5 2 00
5 TR 6 VR TR A L 5 G i Y VA A RHLE B /K 0 1
BN ESRAT RIAT TS, SRR T BT A
AR, FENPUEGREE . R ERAAR 1 B G AD TE 35 DL K
P04 6] 3 AT EE 75 T 43 #7745 HLFE. HuangZs A1)
AT AT BR TG B AX S 2k BT E A ESFAT R B
AT N RO S5 ARk, R IO R ) s
TR i R B0 FE HGMLS 1 B 18 AR 5 Ak 1 28 2 A8 2 A 7
2, IR PRI BOLH H SR I 720K A A 5 2 A 2 (7]
ISR e, FRAEHIA BN 77- AR AT N AN A By
Bt. bAh, Huang®s \PPRIEI A PR e, g &
I IIE T HGM SR TR 73 BUS ESFAS B 1 3 47 A A0
P B3 5200, GHGMS & 855/ I, e g
T HGM S T 38 A1 e Sl (1 X 3™ fg, - AT T B
] 2 MZLLL, T 4 HGMS & 25 i, HGMSH 5 5%
HMERR, RSO HE AR AR 1) 3 B, ZEXS A 4807 1) TR Rk
FELLE.
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(i) K2 FARER ] B FEA R B
BardellaZs N\ VR BUEF KT J1 84 T, WA KGR
HIESEM RL R I H ik o QRO 3R, H& A B 1%
WAEFMEAR T, 14 E RIERER, A RR g1
TP A T W3, I oA BB 0 2 AR SR AR TR
BNASE N L T ESEM RIHE6-26 MPa# /K JE T 1
AT, 45K, KA RS I ESFAM A
FRIEACANAR i 2% 1H 4 3 L EL 7 [ ESFALEMAFR S f]
FEAAS J5 2RI 4R/, X BB RFONEFKIEERT,
R BRI ESFARE N I A R ) BE15 21 S ) R
T, RS2 ER K R s/, TR R ESFAT AL
PR T A 3 SRR, EHGMS 2RI R, (R
ESFM BMA R 2 K AR R L.

(i) VFJIM R RS PE R AR B B 28, Li
s NISVHF S T 4770 vol%HGMS 5 4 Y 7E A [ I
BN R e Ve Re AR B L W FUR W, = AR R
R - A% il 2 T IR 5 HE #3250 T 1 it &R AH
ABA, T VA IR ) it A% 6 3 0 384, Wi E350040
0.001 s RIS, WK S F1 53 5129 943 F115 MPa.
XRHE GRS N T A &b 6e
73, BeAk, A PR TR 77 AT AR O S A LRI,
Wi o %738 8 PR 1, P SRR T S O PR e R A, A X e
LT, HGMS RS s Ry 1 BUR R, I 5 80F
FIRE R 4 Ve REAE 2 W A B BB . fFEE
NN i SHPB vt 52 36 25 B b 4% 00 I3 SRR 3 78 R
RS EIIARM BT T R4 505, w7t R, #
RIS S R R R R e, NASRRN
RAE % EM RS LR 4 RS LR B, [Fr, 1
FHET ARSI 7-M AR M 28, #E— Bt A T
S EWRBR R R, RIM R AR BE A
IR 2R 2 [R] — B4k

(6) TEVF JIRPRL I & #E H, tH THGMS S5 M i
[ FEANTR], BTl % 0077 IR A 25 BEAN YY), T8 T
TR RS ERAL, FESERES. B4 8T
SIS AN S R AR A, WA — ), i
HGMSHAR 73 F(VFAL) 8142 EE (RREY) BB B2 W 3Rk 75
hRERE B 2 &K A Bl (Functionally Graded Syntactic
Foams, FGSFs)". &8> 5% 7R 7 VFAMRRY K] 5
FOHEEENAE, VERIRG B s, Bk, %
J7iERR T A RL R R, BT RIS Ol
BREREE My A AN S), TTRE SR T R, &

B8 (ML ROR IR SR Dh RERL I 2 ARSI ()
TR ORI B EG (b) WMEEER R B &
2 E SCHR[67]

Figure 8 (Color online) Structural model of typical functionally
graded composite foam. (a) Adjusting hollow microsphere volume
fraction method; (b) adjusting radius ratio method. The figure is
modified from ref. [67].

G, MR T AR AT, BT WERETS
) PRI REVR FE AN [R], W RE 2 R AR SR BRI, A, XF T
RRA R G, A HOrT 4% HIFGSFs R R A A M AR

(1) FGSFs |1 4 7t FEE AR B ke T JHC 254 v e 1
99 J2 0 R 4 0 B AR . GuptaZe NSV I DU Fh AN )
[IHGMS (S22, S32, S38FIK46) 5 M JIg, il &t T
HFEHGMSFGSFs. W50 K3, FGSFst R} 4
B R BRSO T DL I I RIS A IR R S A
FARFr BOAT RS, JR1M, FGSFsHHt 8 fE A &
T 5 L 254 v B 95 2 R AR FE AN R 3 DDA oG, BB AL,
SR RIN, FGSFsMRI R )-8 i 28~ AT AR L
M3 A AU R HH300%-500%, X # WIFGSFst1HfE
BRI 2 I RE .

(i) P FHHGMS 5540 g J ik (1) 85 155 7 e, W] DARHI] %
R [ 25 B R T BEE BE VR /M KL, Higuehis A7V
FU T B VA I RO 0 AT PR A S I ik B L iR
MEHOZNZS IV RE, 12 Rkl I [ 1 1 72 o 2
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REFEAR A I RS TR B M R AT R B v 2, BE
VLR B 28 7 ERAR & ] AR R R 85 4 RSO TR AE G
PRI IO ) IR R L

(7) & D RAYIHERHPMS) A& — o B 2 U k.

TG LA LER, HPMS 50 5 R4 4 1R 17 B AH 25
M. EARHPMSHI £ 1) 82 A WM R 58 5 E VR 5 1%
SLIMTHGMS/EP S Gl iR M BRI 35 (I 4), (A%
BAG. OO R, ek DA T s A R o
i, XieZs NV FHPMSHIFF M ECYD-127# % T
V7SI EL, HE5 B H400-500 kg/m’, B ¥ 10-20 MPa.
UEAh, AT AR AR & — Rl T L I R A S OB ER. B
A FAE G 22 R k), ORI o FE B A
AR RSERIERe AL Rk, B2RK Ak T DA 3k 5
i AR R AN T I IR 2R, L 0T K SR ) 4%
T I B AT TR 1) 25 B 43 A R R 38 70 4. Wang
e \ V2 fefi T K 402k FIE -5 1/METHPA/DMP-3 044
Al 4 7 Sukbel,  HE R 9450-800 kg/m®, 47k i
FER15-50 MPa, RiFHTEHE, #4770, Dando
2t NPV 87— b o 2 o B 3 AR R A 0 T I A8
PRIATE R R A IRADRE, I ) A A8 ARk T f
R, SEHL T 0.07 glom’ (B BEE R MARL, IF H 5 4%
FIHGMS/EP R SRk Al bL, 75 KRAR T~ R I H AT
[T .

2E ERTR, T IRORHE I B B R A LS R,
TWHEREDUN, BE R MRS FE ), bR o
iR AN TR AR 2R SN ET NS A b e /e Y N
BRRIFL R, MR A YSRGS . Gk B A S
TP B B R SR R 2 S e Skt .

32 ZHEEFENMRBMR

K2 HE A7 JIPRE 2 B T 2 O BRI AU T
2% (1. 9 1 R ] Be bR/ RE R, TR N A O
BRI, R I8 B —E IRJZ 5, AkZE7 N2 O ik
DA — 25 BRARTE JIMDRE ) 25 BE SR AN LS 1), T W 2R AE
TF IR HION JE R 2 25 o0 KBRS R RS 48 i 5 0o
oz, TURT DAk SR BRI 2 FE . 38 5 AR SRk i
AN—EER RSP EEEW A LER, AT ) £ H 2% B2 S AR
AR, FE AT LUR IR, AR SRR
55 PR TR, AF (RIS TR o i B I, AT bl o B FH T3 i
S, 9140, Engineered Syntactic Systems’A )4 =]

“MacroFoam” 24135 /i kL, H#5E50.29-0.39 g/em’,
7E1000 m7KIR P . Trelleborg Offshore = =[] VFZk
WA NRILTF MR & 7 2 ORI 23 0o KBk, &
TN, Fln, B 7SS E 688 A% i it (1%
i8I, (HVFZRE KB T 1000 m P (R KR . [N, &
7 NSVt S DR 7 Tl ST 9 7 P 75 5% F0 o o [
WIF SRR, A FHBRAF 43 i R S S 0Bk FRE
REANZS OB TER, BER T — R 5% FI5R AN [F 1)
AR AT SR, LB 90.29-0.52 g/em”’, JE 4R
& 8.3-32.4 MPa, MH/KF<3%, & = Bl IRIFIASE
DR T WZ AR5 TUPE RE F8 Fr X2 BEE A& 0 A TR R
SN SR B s TR o i — A
ASEERB AR A AL R O E W R 0 ER, % T
SHHBBURE MR, M E<0.40 glem’, JR4ETREE A
7-15 MPa, i&F TR 700-1500 mfjiE.

FiAb, B A OBk O N T AR AR
FHRIVT 28 E g v SR & 8K 88 H e T 54k
W e 2 i Bk, RO T FAE NERIE R 1 & B 40 e,
AR T AT T 20 144E FFUR EAT ) B A O VR BR (VI
11000 R 4 O M e A R BR K B AR K T0.4 glem’
FEF20164E 52 T 11000 m4A AR T, Cuite A
HTE R AR Sy e s i b & 2 D BRI BT 578, W
JE 0.7 g/em’ BEAE310.64 g/em’. SRT, AR EAVE
JIMF LI E R B AR TFE M RE, KR
3000 mif, & KRR 0 ER(>0.95 cm) ) = FHEF 144
A 257, 1K TR BRI W] REAE AR A
FEAENEE, WP AR S O R B RE,
AR 7y, TS EUE BIERAR R R, BUETR
RGURAERMEVER . IR AR ARER & 25 0VF J1BR
E IR I SR A T B2 2k B, ke e 5 A2 4w
HEER FEAR A 577 S ERSE I CTHI I LA AY, 347 T
A BRICT BT, 25 53R B, 4546 N 3R TH R i K s
IO 72 3 R A AR LR RL, F PN 3R TR AT TN R Ak
HRECAE B = N R RE.

OB BRI 2SO KBRS . RS R JE X
ZAHVE JIA R BRI PR SR AR 2 R, WusE
ANEOLR I FR M IS . A SR 5 2 0 R U IS BR(GR-
HEMS)MTHGMS#l % T =M ESF#M ¥}, K9 ~NGR-
HEMS & —AHESFAM R i, BFFias R, —AHESF
AR 70 55 1 B 5 HEMS fR R 3 5 110 488 o v B ARG,
b5 HEMSEE JE (138 In i34 n. 4 GR-HEMS [ H#EFL 43
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9 (M K) GR-HEMS X GR-HEMS-HGMSH if:. (a)
GR-HEMS; (b) GR-HEMS-HGMSFE i, HALE T, GR-
HEMSHIPSHHL S, B Fr &5 SCHR[80]

Figure 9 (Color online) GR-HEMS and GR-HEMS-HGMS samples.
(a) Digital image of GR-HEMS; (b) digital image of ESF showing
matrix porosity, GR-HEMS and PS particles. The figure is modified
from ref. [80].

BN20%IE I E100% 8, =M ESF Kt % 58 JF A
41.6 MPaf#%] 717.9 MPa. *4GR-HEMS i % ZHU
VZWINEI3 2, =AHESFHIFUE 5 M 16.0 MPaii
#5252 MPa.  JiangZs NP'SR FIRBRVEHI & T 2038
TR 38 50 A S 2SO BR(HGMS-EHS), FRH &
Fi AR & T HGMS-EHS. HGMS. S& Mg, 3%
AT AE(GF)FA AL, 65 T B BS 21 4 38 s 28 A i
G EL(GF-ESF), 45 EW], @il hiHGMS-
EHS 1| % 240 HGMS 5 & Flysk /> HGMS-EHS 1
HEAR O BORIRI42, GF-ESFRIPUESRIZH K, (HEEH
SR, BB AV A i AR
FBYIH R AL [ 2 5 A AR 2S00 BR(SAR-EHS),  F
FH 302 B P-4 1 i 2 v VR A5 SAR-EHS . HGMSF1ER
EMAE, Hl& T = AHESFA KL, K ILBE & SAR-EHSHER
I EUIBE N, = AHESFM LGB PRI, SHER - H0L 2
60% Ji7 5 5 PR MR O, S0RE 1 REAR Ml A2 [ 4V S04
TR B FH sk

ZE BT, SRR REW S OB =M E &1
WAEAH LA S R, BRI E, H
[ o i o P AT, 38 P TR X 0. e 76 2 i 5
J5E )[R B AR 2 o0 K BRI) 2 E, 438  C A M 1) 3 A
Rk s R LT I 7 T R BRAR. 5] G 5 v o T e
OB AR SV MR R & R, R
R FE AT AR, B2 OER AT e I R
RTINS P % 14 1) .

3.3 FAMHRURASRUMR
AR, BE A TR R PR TR 20 SR A T A

W, XA O ER R AR AR R R T
BRI, AATTAEAS Wt 5% 700k 5 dn e 32 m ARk
D12 RE. W F M R ) 2 R TR B A
TRZARA, B EADRR 5 NEREDE S (G sR A, 15
n, AW KM (James Cameron) T #8301 2 B 37 44
W B IR PR S L BF JIM B ARon Allum
Deepsea Systems A 5] i & 1) 4F- 24 5 5 24 S0 i 5607
FTIRPRE, ZA R CHE T AR K R SR E 7 8 .
Matrix 2 7 BF R 1 £F 43 5 08 S i 3595 M BHE N
AUV IIEERIMRL, TR T & @ sh5e, bR ).
w5 FH B3 SR A A B R (U B BEBR AN OK A L 2 BER YN
KE. ASBEER . ARGEPRER . KRB YK
LR R LT AEATRE, K5 R AR G 41 4 (LB 2T 4
BB LT YRR BT Y%,

ERZEAEG T, BIn/b B ReRYKE T LU
PTG F125 R, I B2 B R 88 ks Rk
%, Hadavand N\ HF ST 20, L7RIN0.3 wtef
ZBERRANKAT, IR E IR (3 A el BB 3 1 13.7 %.
546, Yasi NEYIEIE bR 00,3 wi% % BERR 44
KB, HHGMS S840 vol%I, FHRH & 4658 FF i
83.2 MPaZ = %] 798.9 MPa, #2&7 1 18.83%. 134
HGMS 470 vol%E, A kM 4655 5 i147.5 MPa
PEF3049.2 MPa, {2 T 3.43%. BAUKE/REWHE
AR S E ISR L N B9 K R R e i
FEAMBRE R, MBS . Ry, B
PKE EEDIWRANE o8 E, tE10() s, AL
AN T RGN IR, T 7E B AR A B Tk 4K IR
HELS. SR, BRACKE IR It m iR AP B,
TEF MBS & RE AL AR B
DR, AR I RS BREE, B TR
AR IR i 406 8 B R B 9 K (R 38 R AR, L 10(b)
Fi7R.

Bao%s NI 4% T % BERR 48K & (MWCNT) 1 9
HGMS/EPE &AM EL, #HFARY, EEHMN
MWCNT 1] DL 58 5 45 1 K A4 R} 1 e 446 ARz 4 7
SRIM, m S B SERE SR B mMWONT &
B NIRRT ok, e edit
WM AR R . MERAIMWCONT & &5 5 Ak
B R e, JEEE T R R R E A T AR
PRBN 2.

He N¥BESE T R4 468 (Milled Carbon Fibres,
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MCF) )& EXF AR P RE IR, 24 MCF:HGMS
(1) E 5 L IR 40% T, ESF IR %5 & I 3.36 GPalt il #]
5.41 GPa, WiZiBE 182 Im™ %516 I/m®, &
183%. HPIHLHLS R R RSUmIT. BEE . SR
J AR, L R, R BRA MCF R R &
TEAREGEINE, T AEEE H 5% AR SR B
1451, Dimchevas NESHIF T T 5040 K 25 2 i 47 A0 %
ESFM R ORI 48 M RE I S2 I, 45 R, 54859
KA E AR, WI10.25 Wtk 49K £ 4 n]
PR AR AR AT R, R4 E RS, R 4658
JEFEARLRFEAAE.

Ullas25 N1 4 T 08 F 402K450.1 vol%-0.5 vol%)
B9 B i G VAR RL, W03 vol % IR i
FYURE R, ORI RG2S T £160%
M30%. 534k, Dando&s NP Wk g K £ 4 R % A 4
KA 53 TN IB LRI SE W IR & Ak, R
FAHE T SR AR SR PP A T e AR AR E AR i R 40 B

10 (1M 45 RUR D) Bl 40 oK A8 18 iR 37 AR TEM R
(a) REUZIZANYFE, A BT E SCHRI85]; (b) A1RHA AL
SRR, BR B E SCHR[45)

Figure 10 (Color online) TEM image of carbon nanotube reinforced
buoyancy materials. (a) crack nucleation and propagation. The figure is
modified from ref. [85]; (b) gasification defects formed inside the
material. The figure is modified from ref. [45].

11 (MZ8 R ) MCFHE 38 & AR T 2T I SEM
KB, B R 22 8 SCHR[87]

Figure 11 (Color online) SEM image of a fracture surface of MCF
modified syntactic foam with labelled toughening mechanisms. The
figure is modified from ref. [87].

W AR I, TRIN0.25 wt%IBRAK A4 5, H4H
TR B P 8 B A IR & 7 il 32 1 17 180%F1250%;
ININ0.5 wt% RIS A YK 5, PSR AR [CI
WA IR TE T 165%F1244%. LAL, 247 I10.125 wt% ]
BRANK 2T 4 Je, FLpun o E b IR & 2 B3 i 1
110%F1165%; T 10 FAE LU & A 9K Ja, i
oz i B AN IR U] 3 il 1 1 133%1173%.

Maharsia§ AR %2 575044 K B+ R R A R
TR RN SRE . RN AR AW R R N, B A
BT, SR, WoutersonZe NP2V 9t 2% WA 76 3 S 0 S
HEWIR PN wt% 9K EE 1, s B PR T
13.0%, W AR HEE 1 19.5%, i fd i 1 PR 1 5
& HTYKE LR B F R A, RN E
AN T 2 wt% IR EF4Efont L, 7 e 55 FE A A RoAs
BRI T 21.5%H184.0%, FM T 49K L E
IR I AR M B Iz AN W £ 43 0 A VIR, hAh,
Woutersons N\ EHF 5 T W 248 ML), 1257
TN, BREF YRR B G VA R S AL L4 £ A
i SFYEWT . B BRSE M. TR i 26 R T S A ek 2
TR R L 1G58 5 S VAR L A TE RS e 77 )
51 R 2 S A AL S A v | T Be R AR 2 A TR
e

B 12 (MR E)E SRS RIBLEL. (a), (b) 25 LT
YE SR A A G A X SEME ALY R R EH; (o),
(d) 7 A Kb 18 58 A2 5 IR SR AT A X SEM I AT ZR £
¥R B R B A SCR92]

Figure 12 (Color online) Toughening mechanism of composite foam.
(a), (b) SEM images of the crack initiation zone of the fiber-reinforced
composite foam and schematic illustration of crack propagation
respectively; (c), (d) SEM images of the crack initiation zone of the
nanoclay reinforced composite foam and schematic illustration of crack
propagation respectively. The figure is modified from ref. [92].
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Wang2 NP3V 338 27 2 W %515 wt%HGMS
(ESFM RLEAT T 850, L5 i 5 F RS & 43 ) 42 v
T2 55 F24%, TS AR R T 9.3%. Ferreira%s
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KM 73, T A R S AR AE 24 52U i R SR 52
T KA AV RERI O EE, X7 TR AT AR L (1% Jié

2 [).

4 BEEFZNIHRI AR

B 5 Vo VR R R R I, R
I TE ML IR TR Rt v YR VA K U i R R ) A o A
A, TRV I R SR S SR A A i 75 T 4 G 2
KFHLE NI RS, 1 H AT Z 589K 7R
SAF RS2 E FOK IR ST I B, R E KT &
FARMEEEG . —. WAk, EREA I RRSTIFR
o R IMBIAMURAEIE Sy, i B R RR AR .
TEMFHEA R AR S, B EKIRE(1°0) 5%
TE IR (>130°C) Z M AFE BRI BERR RS, V5 16 RL
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W% 1785 A TG2000R ATG3000R 113 J 44 HEH -4
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K TAE S N R 7 dn e K E Wi AR, HOEFERE R
TG-6000REL T J 4k}, A EETE B VR I ek S 30K il
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T, R E X A DR AR S it b B AR

[ RT3 1 75 i AR DR R B B 1 L B 7 1) 38
5E, WA WK LA P AR A R e 55 iy I B
R,

4.1  FRIKIMFSIMF S RO A 1

Tagliavia® N8 7t 7 A FKFREEXTHGMS/ 2,
I S I8 2 5T AR AR MRS PR RE I R, 7R AR /KRBT
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RUSAE ER K R A B K 2 LU AE K G, (PR
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A 5 FE AR SR FE T TR T R IR BETE K. IV R 46
AU IS A LR . HGMS AHURHH & T 58
WA 3R, H35 B 90.61-0.75 glem’, IE4RTEIE K
40-68.96 MPa, ¥ H 73 BV HLAE 25 B F /K Fl EhK
800 h, 45 R BIMRME 2 B T /K A ok 2 T #hoK.

Poveda®s N4 £ HGMS [IBR 40 K 4T 4 1 5 5
BIEHRA KIS R ORRR - 175N H, B EIA S A
RAS. BEIN3EL T HIBK RSN, FEVIE M
B, KBRS R G e 2R A ) R R AR R T
HGMS A 4R K. FEFE R AIHERS, /Ko TR
WAL, XTHGMS-2 5 ST 142 1k T e 5 350 43 B
sea M. S Ko TR R AFHGMS, HGMS [
fif ' F BHGMSEE F ¥ Bk 5 FIFLER, ATk — 58K
HANHGMS T JIE. fEEKMEE T, BT BT #
HE K785 2, Kb S FHAES TR
T BOR B, R ER B IO A B AR AR B
—EFREE RIEE T 5 A EM B ZEE. Poveda
2 NV SR R B, T PR S B R
IATHGMSHE S PRI, IX PR R AR A R AR ARV, 7K
INEGIEAR RN A IR PRI HES S R AR B &, (R fe
HRE K T 2930%. H4b, Lk m b T/KIREE
HRHEHGMSBE JE AR 43 BB AN [, 75 e AR 28 0 28,
U, HOREME T HEf S KRR T71.3-
2.21%.

4.2 (RRIMESMF IR0 A1

Shahapurkar A"V B/ 5R AR IR 5 S 0k A4
BHEIR IR R (10 4R REREAT TS, DAV X Fh
MELR B IEH AR BE R &, s, &
R LM PRSI (—60°C) FIEST d, FFidsk T &
ARSI EE R, B4 RIS EM IR R A M RHEX — 35
BN RS AN - AR 2R, S IREM, SEIRAMHT
S REAM L, TEICARIAETIR R, Bk R 20 2
PE b BRI AR 28 b B R RE 1 R 4 A A A BRI T
47%-57%FM47%65%. LAk, EEERR AR L A2
FIREE DU 38 PR T T 32%-68%, 1M £t AbH Ak
FERIUE SR I N T 59%-80%, 1X ] RE A& FH AR I K iR
IREE A R i B AL 3 350 AR R M, 7Edk
WA T BIERARAT 8AE R, FrA MORHE I S e 5
HEMETHERIR B R T EVERE IR, TRk, A 2RIk
AT REH R — L ), RUONTERIR R A 2 /i, MEDER
F UL B B R,

4.3 EiRKIFERIT DR A

sk it s A UOIgEgE T HGMS/EP 5 2 1k A BHE
TR R AR TR K, R K R AR R I 350 hF,
DI FE i, WROK 28R, A A RHROK 22 5 HGMS
HIAEFA D B )k 52, RTHGM SRR Fobk &, #1RK
KRR, WFARN Rt — Dl it 60°Clg . U i L6

B 13 (MR E)E AR K Rt 2. (a)-(d) HGMS (B£J51.29 um) IR, (o) AR /KB GTRE. B ik &

CHR[103]

Figure 13 (Color online) Mechanism of moisture absorption and degradation in syntactic foams. (a)—(d) Degradation of HGMS (wall thickness
1.29 um); (e) illustration of moisture damage sequence in syntactic foams. The figure is modified from ref. [103].
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B 14 (PR )BTRS B2 91820 vol%, 40 vol%R160 vol%l, TERR/FFEM g B di B 57 fy- AR thk. (a) TERE
REARZT ST (b) FERRR AT AL, B A& 20 E SCHR[104]

Figure 14 (Color online) Representative stress-strain curves obtained in compressive testing of syntactic foams containing 20 vol%, 40 vol% and
60 vol% cenospheres. (a) Untreated and (b) treated cenospheres. The figure is modified from ref. [104].
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Figure 15 (Color online) Changes in morphology of hollow polymeric microsphere and epoxy resin during hydrothermal aging. (a), (b) The initial
stages of hydrothermal aging; (c) microsphere damage; (d) interface debonding; (e), (f) microsphere degradation; (g) fracture surface of unaged
specimen; (h) voids and microsphere shedding in matrix during hydrothermal aging; (i) fracture surface of specimen after 1000 h hydrothermal aging.

The figure is modified from ref. [107].
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Figure 16 (Color online) Water absorption and internal changes of
composite foam materials in 100°C NaCl solution. (a) Water absorption
rate curve and its internal changes scanning 3D CT plan (top left corner)
and degradation diagram of microspheres (bottom right corner); (b)

diffusion process of water molecules in buoyancy materials. The figure
is modified from ref. [107].
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Figure 17 (Color online) WU model and its prediction. (a) Coupled
physical mechanisms of water uptake described by the WU model; (b)
percent buoyancy losses during ageing modelled for several water
uptake models and conditions. The figure is modified from ref. [108].
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Figure 18 (Color online) Damage of buoyancy materials of the
“Jiaolong” manned submersible. (a) Shear-type damage; (b) tensile-
compressive type damage. The figure is modified from ref. [114].
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Solid buoyancy materials are ubiquitous functional materials employed in deep-sea exploration and development. By
capitalizing on their lower density compared to seawater, these materials facilitate the unpowered ascent of round-trip
deep-sea submersibles and provide buoyancy compensation and thermal insulation for seabed production systems. As
marine resource exploitation and scientific research ventures further into deeper seas, the operational modes of
equipment are evolving toward enduring bottom placements and continuous round trips, thus presenting increasingly
stringent demands for solid buoyancy materials. These materials should have the following basic characteristics: low
density, resistance to high hydrostatic pressure, and reliable performance under long-term deep-sea conditions. Guided by
these crucial factors, herein, the relationships between the microstructure and performance of two-phase, three-phase, and
hybrid-reinforced buoyancy materials are categorized and elaborated. In addition, aligning with the long-term service
requirements of deep-sea exploration equipment, durability studies of buoyancy materials under varying conditions are
emphasized, particularly in terms of physical aging, water absorption, and degradation. Finally, suggestions and
discussions regarding the design challenges of solid buoyancy materials and their components are presented, along with
prospective developments in the technology for solid buoyancy materials.

buoyancy materials, composite foams, hydrostatic pressure, low density, deep-sea development
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