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CONSTRUCTION OF SILK - BASED FUNCTIONAL
COMPOSITE MATERIALS AND STUDY ON THEIR THERMAL
INSULATION PROPERTIES

ABSTRACT

With the increasingly severe global energy crisis and environmental issues,
the development of efficient, green, and sustainable thermal insulation materials
has become one of the key focuses of current scientific research. Traditional
thermal insulation materials, such as polyurethane foam, mineral wool, and
aerogels, offer certain performance advantages but generally suffer from
environmental pollution, high energy consumption, and non-biodegradability.
Due to their renewability and environmental friendliness, natural thermal
insulation materials have gradually become a research focus. Silk, as a natural
protein fiber, possesses excellent biocompatibility and mechanical properties,
providing advantages for the development of composite materials. Silk-based
aerogels exhibit high thermal stability, and their porous structure endows them
with great potential in the field of thermal insulation materials. However, silk-
based aerogels generally have poor mechanical properties, and their thermal
insulation performance needs further improvement. Therefore, this study utilizes
down fibers as reinforcement to fabricate a low-density, high-porosity, highly
insulating silk-based composite aerogel with good mechanical properties and
investigates its thermal insulation performance. Additionally, continuous, high-
strength, and fine silk-based composite aerogel fibers were obtained through wet
spinning and post-treatment processes. The thermal insulation performance of the
resulting fabric was studied through numerical simulations and experimental
verification. The specific research contents are as follows:

1. Construction and performance characterization of silk fibroin-based
functional composite materials. (1) First, silk fibroin aqueous solution was
prepared through degumming, dissolution, dialysis, and filtration. Then, down-
reinforced down fiber/silk fibroin (DF@SF) composite aerogels were prepared by
freeze-drying a mixture of down fibers and silk fibroin aqueous solution. The
physical properties of DF@SF aerogels were characterized and analyzed. Finally,

the thermal insulation performance of DF@SF aerogels was systematically
I
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studied. (2) In order to further improve the mechanical properties and continuous

processability of silk fibroin-based aerogels, cellulose acetate/silk fibroin (CA-SF)
aerogel fibers were first prepared through continuous co-axial wet spinning, heat

treatment, and freeze-drying. The physical properties of CA-SF aerogel fibers

were characterized and analyzed. Finally, the thermal insulation performance of
CA-SF aerogel fibers was systematically studied. In addition, the thermal

conductivity of CA-SF aerogel fiber fabrics was simulated using COMSOL.

2. Study on the thermal insulation performance of DF@SF composite acrogel.
Through the characterization and analysis of the microstructure, porosity, and
mechanical and thermal insulation properties of DF@SF aerogel, the results
showed. (1) DF@SF aerogel exhibited a hierarchical porous structure (porosity of
97.64%) with micron-sized and nano-sized pores and an ultra-low thermal
conductivity of 0.034 W-m™-K™'. (2) The compressive stress of DF@SF aerogel
increased to 146.3 kPa, which is 3.44 times that of SF aerogel (42.57 kPa),
indicating the effective reinforcement of SF aerogel matrix by DF. (3) DF@SF
aerogel maintained 82.91%, 80.14%, and 78.94% of its height after 100, 200, and
300 cycles, respectively, demonstrating excellent resilience. (4) DF@SF aerogel
remained thermally stable and maintained its insulation performance after
repeated use within the temperature range of -40 °C to 160 °C.

3. Study on thermal insulation performance of CA-SF aerogel fibers. Through
the characterization and analysis of the microstructure, porosity, mechanical, and
thermal insulation properties, as well as heat transfer simulation of CA-SF aerogel
fibers, the results showed. (1) CA-SF aerogel fibers had a porosity of 88.8%, with
tensile strength and strain of 28.18 MPa and 104%, respectively. (2) CA-SF
aerogel fibers retained their original morphology after being immersed in water at
25 °C for seven days and within the temperature range of -196 °C to 80 °C,
indicating excellent dimensional stability.(3) The thermal insulation simulation
using COMSOL Multiphysics showed a surface temperature of 79.1 °C for CA-
SF fibers, which was close to the experimentally measured value of 78.8 °C (4)
The temperature difference (|AT|) of CA-SF aerogel fiber fabric was 41.2 °C at
120 °C and 30.2 °C at -40 °C, surpassing traditional fabrics' insulation
performance and showing great potential for practical applications.

In summary, this study first developed a natural DF-reinforced, fully bio-
based SF aerogel. The compressive stress of DF@SF aerogel was 3.44 times that
of pure SF aerogel, with good compression resilience, high porosity, and ultra-

v
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low thermal conductivity. To further enhance the mechanical properties and
continuous processability of silk-based aerogel materials, fully bio-based CA-SF
aerogel fibers were successfully prepared through continuous coaxial wet
spinning, heat treatment, and freeze-drying. The obtained CA-SF aerogel fibers
had small fiber diameters, excellent mechanical properties, good water resistance,
and dyeability. The hierarchical porous core-shell structure endowed CA-SF
aerogel fiber fabrics with excellent thermal insulation performance.
Shi yingling (Materials and Chemical Engineering)
Supervised by Liu Zhi

KEY WOEDS: Silk, Aerogel, Aerogel fiber, Thermal insulation, Biomass
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Fig. 1-1 Construction process and multifunctionality of KF aerogel composites!*3].
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Fig. 1-2 PPy@eggplant acrogel preparation and application: a) Preparation of PPy@eggplant aerogel; b&c)

Schematic diagram of PPy@eggplant acrogel simultaneously generating clean water and adsorbing heavy

metal ions!#0].
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Deng “5POME YK A4 B G FIA VR TIREORBIIE T B A 2 LM 28 458 (1 350 5
HPE (COS) MAPKRLHEE &7 RRE (CS) S#tl (COS-NFS/CS). SEEK IIAZ L2 B
A 60%[1) COS # e, {fi COS-NFS/CS " #t/ke RE % i & 1] 5P S5 40 i 1T A2 A g .
I B £ S e ) 7 205 435 A RN BB 1) 22 FLI 28 45 M4 COS-NFS/CS B RESE 30 K
NS E R HUBE T COS, A &k COS MvIthkE &K MR, Ak, COS-NFS/CS 5
PRI R AT ) A DU AH S PR AN B g e i VB AR B, TR HEAR S5 i D
1.3.5 iR IL

A=) TS R LR B T T () N R I SR P ) — AN BB T 1A 2 — . LR
T-HEAREIAR L 18 45 S I A — AN EE R [ R, R AR SR B I R B AR o
FRE T R 1) 2 FLEE M AR IR BE O T VAR R OR T = R R B R R, B
SR 0 B AR

Wang 52 AR TR AT PRI BOic Al 6 T 84 240Kk 7 (GONS) /4 4%
HEWAER, ZREREA Y ZZ LSRR FHEML, /£ X 3BT EMISE ik 2
97.3 dB, EBILHMF R EHFRERE, HTE 68.9 mg/em MK EE NI RZECH 0.69.
BB woE EBR T2 E . SR, SHFESE 2 HEALH], e ORI
Ak BRI N BE . 2R N T 4T R EMI SE AW R BUR L T BRI 5 %, 1E
2 R S AT AR T S B P 8 FH 7
1.3.6 fEHLEER

TEMEAC T T, AP SBERAE R SR SRR B E AL A, 2 RO T RE S
FEAL IR ORI SR o AR AL AT, A=) o A I A 18 L0 S A O B2 e AR 7 e
0 AR IR, AT TS YRR AE AR BRI, U IR A S5 M I R ik R A
H B B KR HE T

Jiang ZEBLE T — FRRER IO HE 4> T LA AR, RGNS T LA U A R 45 R A
SAPERAE D R A SER . FET ARV R I E GBI AT LE 90% K™ B NAR EA, I
HAE 50%HIE46 M AR REFR 500 WG B A 93% M mE R 2R, RILH HambuE s
SE PR AR BRI S o i T AR S50 5 6 I %) s 0 A% SR B ANAE A 5 %) AR e 9 Y6 L Y
(0~43kPa) bRILH m REE, 1M HAE-196 °C PGS EE KM PRI R LT,

1.4 YRS BER R RRRRAIES NN
1.4.1 fRiRFRAMIE

Z AU B R i S B =R A T AT R BB AR DY #

YRR AR AR T, ORI Bl A PR v A — AN XA 8 31 ) — A X 7B
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BT, BB NAOR I R 2 FLEAR, SRR BRI E H T L2, X ORI,
T RGHR N AR . e NS O R EEA LT BT Bl TRk
i . BB N MR Z LR AL RIE 80~99.8%, WHRFEIH 2 M EL
WHOSLEE, XL BERERERAT G . PRSTY, REE]  PERTEEART. AR AR (A
WA ENGR) TR T 2ANHERAES. B 1-3 WH T 2R R ERER,
BITRREARA:

A= }{gas + Asotia + Acon + Araa (1-1
Horr, MUEREMFR, Ao KRR BMET, Aoua RREATME T, A00n R HY
Mo AraaREERER ST

(a) Convenction (b) Radiation

Qrad
=

() Gas conduction (d) Solid conduction

; ; g » ~ .
> Mean free path < Mean free path / .\ \ .\ . Diffuse

S
-
-
¥
v
b, ST .~ phonon
-
~_ [ .

Solid/solid interface Solid/gas interface

-----------------

B 1-3 2RI PRI IAGET: a) BOOHAT; b) ERGT; o) AL TRV, AL U SRR S 2K
25 d) o] 2 A 5, o A S T A ) 9 s SRR T D S I 5L,
Fig. 1-3 Types of heat transfer in porous materials: a) convection; b) radiation; c) heat transfer by gas
conduction, including coupling effects at the gas-solid interface; d) solid-state conduction, emphasizing
diffuse reflection at the interface and specular photo phonon scattering!>.

PR (B 1-3 a) BESRARLERDEL N BRI EEREFE TR 2B AT s AL, ekl
LR LS/ (<Imm) I, BOHR AL LRI AN RS (B 1-3b) SR
JERE )26 T IR 8 BOIEO0 T AT DL, 32 IR 26 25 B 1 32 BT FT ek, (BL7E i oA
BB AT, WML R E . R, —LERIRERY, A2 AMREIA A
SR LRGN , RS RN R RROR T LR SR T2 2 FLAG
TR A R (B 1-3 ¢), 3232 fLARH % BN H R AR ) —Le gz . [ A%
SN AT R K TR T LU I SR T AL RS ORI (B 1-3 d), IXRPELGRAE H R
FHHAGH . It PRSI 2 SRR T [ - [ A0 ] -5 07 O AR R
SRR [ 1A% T TTikb
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1.42 MEFFE

04 2 2 SLA R & O™ A2 T IR IEDGER, AATE AT K H 2 Fhill & H #3201
FR . ZETVEFE S NAFEZGN, RN ERT R, AT RS SRS
Iy A6,

A5 258 F AR AS MR 7 V25 2 A5 FH I 125 B A Ay o A 0 B AN DR 4 T e B e
WA BONFE IR IRAER AR 7k . HFR BT /a0 BRI — MR 2, X
AR JEZECE I [A]_ B ORFEAA o MBI L S A2 mT DLd ok A B e ok iR,
W L e SRR B, B E SMRIITHAR . AT 3R B R AR E b, A
I

__0d
VN 1-2)

Horb, QR IBFE M AR (W), AJE R AEBUE B I X3 (m?), dJEFF 5 R (mD,
A THRFEMREZ AR ZE (KD,

M A B AR ] LUK 2 % T Bk R o B e ERE L. RS EORIEE T =R
FESIIIAG 2R . BRI AT DUAR A% JB 38 AR it 2 [ (e fih 1) B, (HL K 22 3007 V00 7 22
P AR AR S 2 R R o P A )

1.4.3 BEREHL

FERAETT I, AR I T 3 oy BRAR AR S AR . I Z R 2 ALIgN
KPS, SBR[ F A% S 32 B HE AR A T 3 AR S SRR S 3 S
AP BFFTN G S HUE BN S g B ok — R AT, LS ING B AR AR DY
B DR IR BB AL, FRO0A AU I 2 FL A5 AR = R B R H AT, & LA A
BT VE FEASE: PRl T IURE 207 AR i E AR 5
RE T B STIE E A AT T A B ) ) e R A R SR, HCAE e 1R A A
HIITHEN

52 TV a4 =dgen (1-3)
Horb, wRBARERIAGE kg, q2RREERE (Wm?), qge, B0 E T
IR (W/kg).
1.5 BLESBRRFRREAMBH IR
2 B LR I 22 R 5k, B AR, SRR . RARSERE A, R R 9
[ AR AR 2 A RN AR W B A L AE 2 AN R AT e B R A A AN E AR 35 - AR
FAEIL, SFSEH SR, 0~ 0.026 W-m K, FEIEa S KIS A% (0.023
W-m K M4, X R AR AT R I . B B R R T4 R
SEE R OREEMEILERE, BERKT LT @QaIMRIRS, Wb #dmht )
i GILEMNL, KB AL AR SN T 255 T H B (249 70nm), M
BE R T BRI . 22 LTI, SF S A B Tt R AR IR R B VERE, B 3
MR AR, E SNSRI T BOR BN AN BT T

8
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1.5.1 BLESERERBRASIGANMFTIR
Maleki 25058185 WA B PRI 2 R (SF) VR AW B kst & T 2H14% THL
PRIR [ 1) Si0,-SF b S bt . 45K B, SiO2-SF b EI BRAIRE R (py P
PHERN 011 ~02g-em™). ELBER (£90%). LR (29400 ~ 800 m2-g ), LA
K AT EAE RS (RIS 80%MINAR ). % FB Ll JR ah — A RE B st =AM
BEH. WAL, Si0-SF ZAb B LA BN, JFRIME TR AMRE, SHAEB LN
0.033 ~0.039 W-m*-K',
Maleki SFPNE AN & Fp—4E. 4ER =4EE00A (Mg) BIIRA & oy (1) B2
WX 2% 134T MgoH,Si309-xH,0+ MXene (TisCoTx), VAN H % SF AWERE SN FH A
PeREGNKGE R, DL B8 i () B 1) AR A AT T A R KB, 3-8 T B SR 1k
MEEME Prik1e B R A IR E (pb=0.059 ~ 0.090 g-em™). L FH &
(1=0.035~0.042 W-m K™, PLAEm#FEME (FiE ~260°C). Ith4h, X-AeroSF &
& 2 FLESF A R AR 25 1) S e AR BB B I 0 ST R FL IR, AT k2 o ) S ik

1-4 X-AeroSF & /T Bz,
Fig. 1-4 X-AeroSF composite aerogell>*.,

Zi LRnA, 26 SFABURNETE R S, MLUEZNH, #risilhEdiie s
HHAM R 1 8 AkE . MXene 55, S5ETERE G TR, PUHSRISEAF 1 7751k e
AL 0 b 2 g
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1.5.2 BeRESRRAEEFRRRRMUBAFRIPR

Ultralight

136.8°

X0 ) "’. .

Hydrophobicity Thermal Insulation

-()0,
| } 2

Radial Elasticity

Bl 1-5 223 H-BURE & B LT 40,

Fig. 1-5 Silk fibroin-agarose composite aerogel fibers(®%,

Du Z50ONE R kY 2 PR B ROG BIbE 5 2 R BB ER G, SRJG ATV 77 & e f
I AR AR B, A T BRI SR 2 KA - IR A S 4T 4E (SCAFs).
Forb, B A AT R P S R B B VRSB T SCAFs [Pl Bt tb, itk
T A R A5 R R AL A SRR (CVD) J7 I Bk 2 R - e E 57K
B 44 (HSCAFs). CVD J&, HSCAFs [ 2L SR & A1 A
2, BT ellHEarZmstt. HSCAFs RIHRZEE (<0.153 g/em’). KECERHEHN
(>254.0 m%/g). EALBEER (91.1 ~4.7%) FEFHGKEE UKl N 136.8°). FHEH
B, EATEMRIE (-60°C) BiEiE (140°C) AP R TR HAERE. Frigit
[¥] HSCAF I g Ayl & F TN N A B 1Y) /5 PR e B IR 21 (i — ok ik

I. Coaxial wet spinning process

£=60%
\

Heat Re
/ flux

SF-based aerogel fibers with excellent thermal insulation

&l 1-6 CA/PAA FLZEM) SF IR LT 4O,
Fig. 1-6 CA/PAA-encapsulated SF aerogel fibers!¢!],

Yang S50 g1 [FJFIR LS 22 ) S B RR AT 4k R/ B IR TR (CA/PAA) W eb4E, 48
e 2 FZEA (SE) ERIENR B4R, ST )5 I8 7 CA/PAA ELZEH M 4]
SURIRI SF AR 4E. 378 (CA/PAA WhEerde) B2 RELZILEEN, BHMIL
(11.37 £ 4.01 pm). WHCKFL (217.47 £46.16 nm) LLE AR (44.00 +21.65 nm)
AP (36.43 +£17.55 nm) FIGKFL, XA SF &R R B R EE ., hih, Z1L
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73 WY R AT'S
CA/PAA TLZEM SF SEEIR A 4 B A VF 2 A0 i, Bl W2 FE(0.21 g/em?) = FLFR 2 (86%)
EM R (2.6+0.4MPa)  DLRIBAEFESA A=, 2 R Z LI E MRS
JE SF A 08 IR 40 25 A6 B R B i) 2= S B I PR e AL #h e R, SBERR AT 4E &
FLBRZE M55 74, 10 SF AL s BERH AL T 20 MRS . S5 REMH, XS AF
Y R WIAE-20 F 100 °C {58 TAEIRE N RIS g HATERE . .

Xu ZO25@ 1 5] N T FRhEE Y122, ¥ 3 2 FE(PEG) 3 3 78 i H B & g (TPU)
fFE R EN A B/ 2R EA (GO/SF) &, TERRIE %7458« Brf3 ) GO/SF@TPU
SRR LT YR IR SRR SR (17.21 MPa) MM (136.8 MJ-m ™), [&IN7E A [H]
MBS IRFF AR AR E 1 B G 1 PEG 12517 AL HA =i #4(86.66 J-g 1) 1) GO/SF@TPU-
PEG HE &ML 4 (PCF) AMKSHE (0.0863 W-m-K ™), LI R B AR .
XL PCF 7E 100 °C B LR4F 26.4 °C (IR EEARIE, RIH 5LER I HGR 11 HERE .

g bR, S GABRA N AR R R AVERE . R A AR A AT RF
SR, ORI RR B R H 1 A 5 ]

1.6 ARNWFEMRKERF. A=
1.6.1 FEM=BHR

AU SCEET 0 BT SF B SR 04T, BT 0 DF X SF AAEK 1 2544 |
J1EE M RE AR IR R HVERE IR AL, $EH 3D AF4EGEaRAY SF B A G 1 1124 B
VE FA ML AN DR B AL o AR H AT AR B SRR 4T EAFAE 1 ) R, Jd i s VA AR 2R
MRk e A DL R BB T 21 %% CA-SF RBERR AT 4, W T XS &b Mot . 75 PR RE I
TRIRFR A sEma AL, $&H CA-SF SBEI 21 4 A LI . %M ReAE P AL AN ORI bR
PHLH . A 22 FE TR 5 AR S RAEA N BVE BRFN S (bR BTSSR AL | —
ERIESARIE . Ak, BT, AR SCSEILL N =AN B xR

(D RAfl% S5, & fLRRE. mRERE. R I5¥MReM DF@SF <&,
RICH )5 R AR IR B FAME R, B H 77 22 1t REAE R LA AN ORI B AL B

(2) MBI EEERSHA, KA MR CA-SF B &SRR 4E, Hirattm A 1
VERE, RN RN LELAN S M B LA

(3) 43t CA-SF B & BT 4ERIRRR RVERIE, RN #4 CA-SF H-& B 44k
B, 4T COMSOL R, 4R ORi FE AL EE o
1.62 ARXHMEEAR

AR AR IR S5 M REE AR BE ARV, M2 E AR . Wit R
AFIZHN I SF BE8 BRI FVERE AU, #& 2R/ HRE 6, # ik 3D
LRI R AL SF A EEI 1) 77 5 1t Be AR AL AR 7R 2 & S EUR RIE FR AL . 5 A
T4 SF B B LF IR FH T 1 230RIR AU, #1#% 1D (1) SF-CA & BT 4E, [
BHAAEYLEE, FA COMSOL Multiphysics HAF 70 H AR B #AME RS . BRI 7T P8 25
T
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(1) L IETHRER AR K MR RERAL . X B 5 (28 L 34T AR 3BT g
BN LLKIEI, AET RN G 42 22 IR A /KW, #45 DF@SF [, 8l
SEM. EDS. FTIR. XPS <&t 78 H A FIEC E 1 F 985 SF il £ 1 5 & B I FL IR
T WOTES . 4k, PRIRRRIA. I MERESE: SUR I CA MIAME. Wkg i IR b
HTZ, #l% CA-SF B &kt 4F4E, 18id SEM. FTIR. DSC MRt 70 H il % 1 &
BB AL . OS5k NI, J12E RS, s COMSOL B
PR FURIE 70 HL A e 4T 4 1) A0 e A R

(2) DF@SF E& R IRiR AR 7. #RFUA R DF & &1 DF@SF AR
DA SR SR R R AR R B2, B 8 B IR 1Y DF@SF SR . % DF@SF Ak
FREHEAT 1 45 F0 4 1B 580 DA S R 4R AR R, 40471 DF % SF B R 15 PERe sz, AR
L B FE NS R T DF@SF BRI 12 R oL EE . % DF@SF Bt iEAT %
PEAT B IR IR BRI, BESe FIRE IR IR, 438 DF X SF At O g ik
RERISEM, 26 UL BAFFENEE, $&H T DF@SF B R iR AL o

(3) CA-SF HASERAHRRIRHMEREDT 7. RIUAF LiICUDMAC 14 KRG f#
CA. IBiEgi et DL ARG CA WS SR AT 4 Xt 124 M RE RIS MR, e B
I CA-SF B £F 2 . % CA-SF Skl 41 43 AT b S 55 M o3 b A 7 2 Ak, &
W TS5 R PR RN ) 22 M RE RIS I, AR DL B AL N 2538 CA A ENLELRN /) - PERe 1
sEAL . X CA-SF SBERRAF4Eii AT RSP Ase e, Rt T s A ik DA i . %
CA-SF S A AE AT 1 TSR 1) ORIELFR #5545 [0 49 T P (R o Al 4k L
B AFEEN . COMSOL R #AAUAN = AR, 38T CA-SF S 21 24 1 - i B
PbEge, RV ERFRANZ, $EH T CA-SF SRR AR 4k i AR IR B AL o
1.6.3 AWM EZECFH=

BN ARR AR B G — LA 2, O ERe R, BB B IR IR 2L
o E UL EILR, A BAEMRTEAE N IRIEMEHA R, §i 4 H BA bR
BB R R, R R R TR 2R IR E. Rk, AR
TR 5 2 A A -

(1) BT PIGR I € ) ORI B AN 1o P55 00 P 48 e T s o 15 v DR UL 1 S AR
TEREJIRBU R RE I 2 3R PR & B, o SF ABIRIESk N El4it, 4 SF Akt
F T CRAURE BE RN ) 2 PR RE ISR THER AL T 37 1 S mes

(2) HEFZFLEMBT, fI&IES. 29 R RERAR R I %8R SF 3

BRI A4, N SF R AT 4ERI Thae A AR5 B A SR T 3T I S 2%
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£ 2T BLENEE AMHBIME R RERIE

2.1 5|8

H A S SR LM R ORI R 2 22 SRk, DU TR [ AR L AR AH DG U3 S B
PERER SR — k. PB4 (DF) R EARAD S ERFEENEAMRLSTYE, LfF
MR T BRI S 2 R sk 7, eAh, DF BB ATERE, X W T
Hgma B AEA S (—S-S—) MgHmdeg i, X558 T HAR S A
H s gERUST, DR G S A I SR AR (L SRR R 4T 4 . DR FS AT AERIRRET4E) 7E—4E 7 M) =
SO R SCRAR L, K DF 1E sk, RN ORI H 2 R4, w7 DR R S0 =4
(3D) S5t s a

B SRR RIS, RSB R AT 4 A NS AR — RS el #k5. wl (Al
W H BB MR B R E VR ERT BB E R . mfLE R LR 5 (A4
GVERE, 1RGO ThREM RIS I EOR M B B F7. SR, H T 450 S B
PEREBCRMETS, e A 2 7E SEBR A AR K R E . Rtk $R TR SR £ 4 1
MUBE BE AT AL DG . S sEIliX — H s, BT DGl 2 o7 ik AT Sodt, s sl e
VERESG SR AT YL LAY ST 2E (1 5 BE AL . A2 20, DA £ 4L R o0 45 44 A1 LB
AT AN, ERE A TSk R P R RS, R T MR
FEVERNN ANE o X L8 A TECR BT S A W 07 S R A 4R AE S B N R B M RS, AT
NAT G R B RE YT DA R Ry A A AU R (A B N T SE R 225 1 ik 12628,

G LR, ARERFAIE TIRESERAR S % DF@SF B &6, Ja N 7it—2sel
SF SR E ST 2 R AR U B, T8I OB 3 CA IR L 2 R LR T2
il CA-SF B & B AF4E, AT HMERATRIE. FEANRG: (1) DF@SF &R
I % S PERERAE . W LI J5 M 2 22 ATV R BT RIS R L /KIE W, AR5
PIGRETYERNZ 22 IR S /KB W, #1% DF@SF kiR, @it SEM. EDS. FTIR. XPS &
MR 7 AR LIRSS SF fl&HIEASERIILERZE . MBS, 4. (RiR
B 1R ERESS . (2) CA-SF & A BER LT 4k ] 4 S MERERAE . B0A8H: CA FIT AR
Mikgi v RGBT Z, i€ SF-CA & #tIk44E, @it SEM. FTIR. DSC %l
WA & IR A RB AT 4E M FLBR R . TOTESR . 45404, LI, TRIEFR .
MRS
2.2 DF@SF E & SE IR & R E M aERIE
2.2.1 SEIERSY
2.2.1.1 SEEEMAREANIR 5

AT e TS S L PR PR A A1 326t Jkl DF AR R Y5A IRA R34 TBKE
1£55 (CaCly, AR, 99.5%) AIJRZ (NH,CONH2, AR, 99.5%) W E hE _LHERTHT
+ TR FE RSN (SDBS, AR) FIBREZHN (NaxCOs, AR) W H _F i E 251k 2R 71 4 R
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AT BN EESTE 8~ 14kDa) MEESEE AR B TARALRE
HKARA GREEPERERAR, FED.
2.2.2.2 DF@SF S BRI %

a '8 s
| \: y :
: o ﬁ(’ R :
' ,- o P e 1
: /) g ““““ l
i Rawsik Raw down-fiber E
| | :
i SF solution DF and SF solution E

B 2-1 DF@SF B i) £ it A = .
Fig. 2-1 Schematic diagram of the preparation process of DF@SF aerogel.

DF@SF 5 & BE R i & Wil 2-1 Fros:

(1) TBLKEBAIH % K ERLET 90 °CHIRKZHFMW (8 mol/L) F13h, HE
B OKME 3 1K, 40°CHET, RIEH IR L RT CaCly/CoHsOH/HLO ¥R (BE/R TN
1:2:8) 1, 7E 80 °C FiiFEZ) 30 min, 152 SF/CaCl ¥R . fFHIZENTEE (MWCO H 8 ~
14kDa) fE LB T/KHIEN 3 Ko ol yEbr 244, 198 SFIFW. SR)5¥ SF %
W KRR 2 wt%, FFHERAFLE 4 °CIUKFIH, A& LUEEH .

(2) DF@SF EAS BRI % . K SDBS ¥ IN% 2 wt% Ik E 1) SF i, 05
IRV N R Eod, IR R &Y DE. 85 4 F{f DF SRR E, K
BESBONUKFE AR 120, (ERET 58 8 . B AR G RRE S BN A TR L A
ATk 48 ho ARG, HYIHI% T DF @ SF & 5K
222 MXEFRIE
22.2.1 WA IRIFRAE

P37 K SHAH 1 2485 (FE-SEM, Hitachi-S4800, H ) I 3D @ HHR Bt

(VHX S600E, A %} SF Ml DF@SF I KES#AT T 5. 18id ZEISS Gemini

SEM 300 (f#[E) & T NaCl 43 ) DF@SF BRI SR . 18 Image J £ 7 BEHLI
=270 200 MUK ITHE AL
2222 BEIESR

i 2.2.2.1 FHFEFEMEE, &8 mapping &SN R TR 490 .
2223 LB

3 ) o B AR R 2T A6 (FTIR, Thermo Scientific Nicolet 6700, ZE[E) F1 X
B B T-RERE (XPS, Thermo Fisher, ESCALAB 250Xi, 3% [E) Jli5E SF Al DF@SF <
VR I 1) B e RN R TR Ak 22 R
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2.2.2.4 SN

I T4 (Hot Disk TPS25008, i #t) I SF 1 DF@SF kb 1 #4 5
2225 HAEMR

I HE T (PerkinElmer STA 6000, £[E)D JUiA17341 SF A1 DF@SF < #&Efik
e, In#GEZR N 10 °C/min, HIIFGEETEEA 30~600 °C.
2.2.2.6 FLEEMIS

155 B No A A B, 38 IS L4253 HT4X (Micromeritics APSP 2460, 32 [E) il .8 DF@SF
BRI R B4R 28, 5 Barrett-Joyner-Halenda 5727 BT fLA2 70 Af o
2.2.2.7 FLBREZEM

SEILBR (&) LR AR5

e=(1—p—“)x100% 2-1)
Ps

H, p NARBRIHERZERE (grem™), p NE I E B3 (grem ™). B 4%
J5 2 3 B Ay P BB I E T AR ) CRBFAH N 1.464 grom ™).,
2.2.2.8 S MEEMIR

S e EHAIE AL (Meters E43.104, EED L 2 mm/min BEZRNK SF AE N
AN[H) DF 1] DF@SF SR E4EERE. Bb4l, DF@SF A& LA 20 mm/min [ 52538
RIEISEAR AT 7O BRI 5 K, BCFI1E .
2.2.2.9 fRimPRAM g

FERRRERENNAE R T, BAHE RS (BA2 30mm, &% 30mm) [#) SF Al DF@SF
AR BCE AR NP CHF &R 50 2.5 om BT UKREEEM . (HF
IR0 , a8 i 4 A% (Testo925, A8 D W B A% i 2 1 AL RS, I8 FH 204 VB A (FLIR,
C5, EED M. BN 25+2°C, BAFEMBCFME 3 K. AT RSEIRE TS
AR B4 a8 FEAR )i 22 PR 4 0
2.3 CA-SF E &S BIRAERFI & R H M RERIE
2.3.1 KIGERy
2.3.1.1 MRS

I KRB N ZAERAR; LKA (CaCl, AR, 99.5%). K&
(CO(NH2)2, AR, 99.0%). BEFR4F4EZE (CA, 4 F&E=50kDa) FIT/KEIE (LiCl,
AR, 99.0%) M H FilgRH T AR “HELBK (DMAc, >99.8%) HIJu/K L
(CHsOH, >99.5%) 1 bifg H A0 ima IR o w3k, @i (B 15 8~ 14
kDa) HEFEEREAFRM; ZEFKRELREKEE RS (GRMEEARAH,
HED.
2.3.1.2 CA-SF E& S BRA LTI &

CA-SF Bt A L il 25 ] 2-2 o

(1) SF /KB HIHI %o [ 2.2.2.2 ) SF KI5 71— 5.
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(2) CA BRI %5 o KA RIWELR LICL (04 24 4. 6+ 8 F1 10 wt%)
I 12 g () DMAC ¥ 7IH, 78 80 °C it 30 0%, HETBREM. A5, A 26g
1) CA, 7£ 120 °C N4REEHFE 6 /N, 19E] CA/LICUDMAC SMNZGi 223 HMNZEH
(CA/LiCUDMAC) FINJZIEW (ZE7K) #or a2 N 10 mL gt gerh, il o v i =
DAAH A5 14 %8 600 pL/min VENEEE W (4K Fo BEJE, 8RR & A [FE
(11, 124 1:3) EARERIR A 4E . WER IR AT YEAE 25 5 1K R 24 /NN, H
FeFp £ I DMAC M LiCl. #ita, # CA TS £F4E7E 40 °C FHET 24 /NIFF, 153 CA
Hh S Yk,

(3) CA-SF B R AE Rl 4% o FHER I SF /KIS RIR AR RIS 28 b, i ad v
SIAE LA 200 pL/min HEZAREN CA R 4E T 4255 , 414 CA-SF BT 4E4E-20 °C
A 12 /N, SRJGLE-50 °C N AT 48 /N, 153 E &) CA-SF SR 414 .

bl stretching L

=
AR
' CAfluid o* b=
! | Freeze
Coagulation l ' drying
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Fig. 2-2 Schematic diagram of the preparation process of CA-SF aerogel fibers.
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2.3.2.6 F1E MR
KHTTRERLEHL (Instron 3365, Instron, FE[E)D XJHH72s CA £F4E. CA €L7% SF <k
AT 4 ) 772 M REREAT MR . AR K FE R 20 mm, NAREZA 2 mm/min. IRIGFEA
KRN 4 om. WEERANECTT 20 5 AFES HARERE . ) IR A KR I RCF 51
2.3.2.7 fRIEFRHAMEEEMHR
CA-SF S BEIR LT Y4 23 i 4x5 em2 K /NI . AR S BCE AE In#bi B, @ad #4cg
B (Testo 925, fEED MELWIFE I ERIRSE, I HITIEC (FLIR, C5, 3
ED #HTHE. TSR KM, BEWIRER SRR L, FHBCE K. R
N 25+2°C, BRANEEMPFAMEI =R,
2.3.2.8 #ERIME
(1) BT
WE TR BITRARA BFONFRE RS 1 P RIE SR H% S R g 48 B - 2 s St 7
HHRLATE ) LI 63,
dt
Q= —kA— (2-2)
ﬁ¢,Q%ﬁﬂﬁ%ﬁ,kﬁ%@%%ﬁ,Aﬁ%ﬁﬁﬁi%%%ﬁﬂ,%ﬁﬁﬁﬁ
12 X 7 ) BRI
O AT DA AR 1A ) 77 R 2Ok i IR 164,
Q1 = hA(Ty — T3) (2-3)
Hp, QuFRRAMENE, RN R, ARIRERTR, TAT, 73 MR R A
Fl T (PR
FEE ST B8 5 T B UK 2% 2 e BEAG 160,
Q2 = Aea (T* = Tamp™) (2-4)
Hor, QF/NEMNINE, ARRSYIRIPTH, eRRGWRIEI =, oFnl
REEE R 262 H R, TRRFIRIRE, Tomp AR
T B R RV 2R R 7 I A s, it CAZR A0 I T ) 30 57 2% A 350 1 B R e
%, W S5HNFUEE A, RAFAE AT PR . RS ST AIE 2 HEE 20 BT A A% 4k i) 3
BB AR R R, AR g 718 1 SR il _E )RR S A% g il 2 160l
pCpu- VT =V(k-VT) — Q1—0Q; (2-5)
HrpRRm WL, C,Rm8 G, WoREERE, kRRFRAR, 0K
AW ERES AR R LG, QR W) LRI IE T ARk LI #E .
(2) Wy — Ry gt
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Fig. 2-3 2D model of fibers: a) CA solid fibers; b) CA hollow fibers; c) CA-SF aerogel fibers.
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Fig. 2-4 Grid construction of fibers: a) CA solid fibers; b) CA hollow fibers; ¢c) CA-SF aerogel fibers.
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Fig. 2-6 3D model construction with different number of layers: a) one layer; b) Two floors; ¢) Three
floors.

a -0.35

(2 : 5
Yol ox 135 yo b ox 135

B 2-7 AFZEHOMNEE: a) —Z:b) B c) =2

Fig. 2-7 Grid construction with different number of layers: a) one layer; b) Two floors; ¢) Three floors.

BOEMIARASMERZ N 25 °C MRV S AMIE S H 0N E 2-1 R,
£ 21 MEAIZER A SHL

Table 2-1 Thermophysical parameters of materials and air.

" FLBRZR HE S HE#REE

iy (%) (kg/m?) (W/(m'K)) (J/(kg'K))
CA SZi 44 42 400 0.021 500
CA W3 2F 4 82 150 0.052 600
CA-SF £ % 88.8 164 0.033 800
it / 1.205 0.0259 1,005

2.4 KE/LE

KRB T A 235 A4S : DF@SF 555K . CA-SF &S 5K
R4, JRHET T HRRERAE, HEBLERWT:

(1) @ik DF F SF IR G 7KIE AR TR 26 T DF@SF 265K .

(2) BT ESFIRIES 2. A H TR H] & T &AW CA-SF <t
WRET4E, [FINS, AT T HL s B E L
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3.2.1 sRath
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SF A& B A7 BRI R 4L RE . 481, 24 DF 5|3 SF A& R, Wikl 3-1
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DF (3 SPIBNRI NS AE SF R4 b B B #0128 X 28 S, 3 X 24 454 4
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e B - 77/4ﬂ; 1 o i P
& 3-1 AN DF & &1 SF f1 DF@SF B (156221 SEM {4 a) SF (15624 H1 SEM E1; b)
DF@SF-1 622 H1 SEM EMZ; ¢) DF@SF-3 [0 1 SEM 14 ; d) DF@SF-5 [1))# 1 SEM &4
e) DF@SF-7 561 SEM ElfZ.
Fig. 3-1 Optical images and SEM images of SF and DF@SF aerogels with different DF content: a) Optical
and SEM images of SF; b) Optical and SEM images of DF@SF-1; c) Optical and SEM images of DF@SF-
3; d) Optical and SEM images of DF@SF-5; e) Optical and SEM images of DF@SF-7.

AN G5 B2 B g6+ 1 B Bt B an & 3-2 Fios, A SF A1 DF@SF “SBEI I
e (B 3-2a. d). SEM (& 3-2b. e) 13D MHIE (K 3-2¢. D) EMEATLLEH, F
SRRl SF BB IR gE e, TR = AL

B 5. 1ol el

™ T

o' 4 -

{ 2% - N & 5 -
3-2 SF 1 DF@SF &L 1065 SEM M1 3D # 5K EIZ: a-c) SF &K 1% SEM #1 3D i
e EME; d-f) DF@SF AR 106 SEM 1 3D iR 5 BIA.
Fig. 3-2 Optical images, SEM images and 3D ultra-deep field images of SF and DF@SF aerogels: a-c)
Optical images, SEM images and 3D ultra-deep field images of SF aerogels; d-f) Optical images, SEM
images, and 3D ultra-deepfield images of DF@SF aerogels.

ik 3-3 fron, GGt DF BoR 7 HZHA0, P PR/, X s
FIFE SF KIEH T g . i R T1R e, X SR DF BRI PIECRTR /e
FEZATT 1R LY S i AR SF AR o IXFP A IG5 1 SF ASBE I = 4E4h M, e
BIIMEESIIE . BLAh, DF N SF SBEIREAR IR AL 18 2 1508 RO RIER A, NI4T 240t
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& 3-3 DF 7£ SF "3 i a) DF #9215 HI062 BIHE; b) SF RKIER a2 IR SF /KRR Gt
i) Df; ¢) DF@SF “UBEI DG 1%, DF@SF “UBEIRAE SF 257 Hh 7041 R 47
Fig. 3-3 Distribution of DF in SF: a) Optical image of DF dyed red; b) Optical image of SF aqueous
solution and Df stained in SF aqueous solution; ¢) Optical image of the DF@SF aerogel DF@SF well
distributed in the SF matrix.

3-4 DF@SF B C. N. O. S /04[] EDS K14,
Fig. 3-4 EDS image of C, N, O, S distribution of DF@SF aerogel.

L—

& 3-5 DF@SF "<& SEM BUE A K Fi: a-c) DE@SF SR K SEM El1%; d) DF@SF &tk

10t & h) DF@SF Ukt b e e b i~ 1R
Fig. 3-5 SEM and optical images of DF@SF aerogels: a-c) SEM images of DF@SF aerogels; d) Optical
image of DF@SF aerogel; h) Optical image of DF@SF aerogel standing on a dogtail grass.

K 3-4 fion, C. N. O. S Wi 4L DF ££ SF 34K/ Af5%5), iEs2 7 DF |
BIgIN. B 3-5 (a) Fios, FEROWTESE A LLE S DF . 22 /10X 2 5[]
BUAR(E SF 24k, sk R T 3D HsRsi i . B 3-5 (b) Fow, PIZEE R TE SF 2,
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Fig. 3-6 Porosity and density of SF and DF@SF aerogels.
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Fig. 3-7 Infrared spectra of SF and DF@SF aerogels.
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Fig. 3-8 XPS spectra of SF and DF@SF aerogels.
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Fig. 3-9 Cls peaks of SF and DF@SF aerogels.
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I 73- A8 5 b) AN[F] DF %81 SF A1 DF@SF “UBER 470 5 14
Fig. 3-10 Mechanical properties of SF and DF@SF aerogels with different DF contents: a) Stress-strain
diagram of SF and DF@SF aerogels with different DF contents; b) Compressive strength diagram of SF
and DF@SF aerogels with different DF contents.
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Fig. 3-11 Mechanical properties of SF and DF@SF aerogels: a) Stress-strain diagram of SF and DF@SF
aerogels; b) 200 g weight compressed SF and DF@SF aerogel images; c) Picture after compressing SF and
DF@SF aerogel with 200 g weights for 10 min.
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Fig. 3-12 Compressive resilience of DF@SF aerogels: a) Stress-strain diagram of compressive rebound
under different strains; b) Stress-strain diagram of compressive rebound under different cycles; c) Altitude
maintenance after different cycles.
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Fig. 3-13 Mechanism diagram of mechanical properties of DF@SF aerogel: a) SEM image of DF; b)
Schematic diagram of DF-enhanced SF aerogel.
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Fig. 3-14 Thermal insulation properties of SF and DF@SF aerogels with different DF contents: a) Surface
temperature difference between SF and DF@SF aerogels with different DF contents at high temperatures
|AT]; b) Surface temperature difference between SF and DF@SF aerogels with different DF contents at
high and low temperatures |AT|.
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Fig. 3-15 Surface temperature of SF and DF@SF aerogels with different DF contents at 120°C: a) Infrared
thermography images of SF and DF@SF aerogels with different DF contents at 120°C; b) Schematic
diagram of the surface temperature of SF and DF@SF aerogel at 120°C with different DF contents.
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Fig. 3-16 Temperature difference between DF@SF aerogel surface at different temperatures and heights
|AT).
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Fig. 3-17 The time for DF@SF aerogel to reach equilibrium temperature at different temperatures.
3R 3-1 DF@SF U RE I A 15 1 SRR A EL .
Table. 3-1 Comparison of the thermal insulation performance of DF@SF aerogels with the reported

literature.
- J=8; 3 IR APRERERE 21 SR
(mm) (°C)
P I I A ORI BN R A R R - 100/41.6 [73]
/R AR R 4 Jes S S A ) IR 20 102/35.1 [74]
SiO-ALOs/ER IEHE H & Bt 7 130/80.8 [75]
YKL T TR A B 15 120/41 [76]
3D A7 BRI /UK FesOg 2t S 30 150/68 [77]
AWM AR A RBR 20 160/46 [78]
AR AT 4 ot SRR 16 160/59.5 [38]
BALRGK F/PVA B &S5 20 108/40 [79]
X a) AR R 15 100/56.6 [80]
R NG5 20 K LT YL SR 20 90/38 [6]
T U PR L4 2 BERR AR [FesO4 Ik
N - 100/52 [81]
5
TR e gl K 24 /M X ene/NiFe 04 2444,
JN— 15 120/38.5 [82]
av-diia
100/30.6
- 120/35.3
DF@SF Stk 20 140/38.6 EN T
160/42.2

M 3-1 Al %0, 18 DF@SF SEH I BR I RE B T K2 BCARTOBT 7, Bl nsede
T I A0 A KPR R R AN B A S IAE I #9100 °CHS, |AT| N 58.4 °C73Y, BHER/ZAR
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SERAEINBHN 130 °CItF, |AT[ Y 49.2 °CS), 274k R 4K TR 44 Ak S B LE IR Ry
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Fig. 3-18 Dynamic temperature changes of SF and DF@SF aerogel surfaces: a) Dynamic temperature
changes of SF and DF@SF aerogel surfaces within 60 min; b) Dynamic temperature changes of SF and
DF@SF aerogel surfaces within 10 min.
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Fig. 3-19 Thermal stability of SF and DF@SF aerogels: a) TG curves of SF and DF@SF aerogels; b) the
temperature difference between SF and DF@SF aerogels at high temperatures; ¢) Thermal conductivity of
SF and DF@SF aerogels.
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ZLANN B B, DF@SF B AR L 70 AR T SF AU, #E— PR 1 5k
Ik IATERE (K& 3-20). BN, @it 5 RAVEAINA)E . DF@SF SRR IR VE BE A3 A fr
AR, UESE | DF@SF BRI AR 2 1 (B 3-21).
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& 3-20 SF fil DF@SF “SBERAE I #bR AT E R sitg B
Fig. 3-20 Thermography image of SF and DF@SF aerogel on a hot plate and on the hand.
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Fig. 3-21 Stability of DF@SF aerogels.
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DF@SF BRI 4 2 1 e
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Fig. 3-22 Thermal insulation properties of NaCl-treated DF@SF aerogels: a) Optical images of DF@SF-5
and treated DF@SF-5 aerogels; b) SEM image of the treated DF@SF-5 aerogel; c) the specific surface area
of DF@SF-5 and treated DF@SF-5 aerogels; d) Temperature difference between DF@SF-5 and treated
DF@SF-5 aerogels at different temperatures |[AT|; ) Heating time of treated DF@SF-5 aerogel at different
temperatures.
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Fig. 3-23 Schematic diagram of the heat insulation mechanism of DF@SF aerogel.
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4800 6 OKV 11 1mm x150 SE

4-1 ISINASE LiCl [F) CA A4 4E7E 1304 1k 10k 20 k f5 %01 SEM H8i 8 a) 0% LiCl; b)
2% LiCl; ¢) 4% LiCl; d) 6% LiCl; e) 8% LiCl; f) 10% LiCl.
Fig. 4-1 SEM images of CA hollow fibers with different LiCl in multiples of 150, 1 k, 10 k, and 20 k: a)
0%; b) 2% LiCI; c¢) 4% LiCl; d) 6%; e) 8% LiCl; f) 10% LiCl.
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Kl 4-2 o, WUEERIENIN LiCl Jm, 9522000 R EF 4ETTAR N [B] AR 1, IX R W &7 423
IS RN . AR A GETTARIN TR CA £F4ERBRIG R RG, SR, A
T UL BE -

B 42 G342l E: a) AAF LiCL b) % LiCl.
Fig. 4-2 Length of spinning solution: a) LiCl-free; b) Contains LiCl.

Fig. 4-3 SEM cross-sectional view of CA-SF aerogel fibers.
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s o) CA-SF B 2T 4k gm 2RI G 2 IR,
Fig. 4-4 Optical image of CA-SF aerogel fiber: a) Optical image of CA-SF aerogel fiber roll; b) Stainability
of CA-SF aerogel fibers; ¢) Optical image of CA-SF aerogel fibers woven into fabrics.
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Fig. 4-5 Porosity of CA hollow fibers with different LiCl added.
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Fig. 4-6 Pore diameter distribution of CA hollow fibers.
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Fig. 4-7 Pore size distribution of CA-SF aerogel fibers: a) adsorption/desorption isotherms; b) BET-BJH
analysis.
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Fig. 4-8 FTIR spectra of CA aerogel fibers without LiCl, with LiCl and heat treatment.

WK 4-8 Fiiar, 4482 A 3433 cm ™' A0 — MRFIEIE/RER O-H K, 2936 cm™ 4b
B NEFEIEARFR I A3 C-H AR ZEIRSN, 1733 cm™' A1 1631 cm™' 4FAEIE 5
AR ZBAR I C=0 MMM 4EIRBIF LB C=0 MMZEiREN0>%), 48 1L, B

37

12936




R TRE R Z A1 227 18 5
AR AL RS 518 T RFAE VSR FE (R3S 0, el /& 3433 em™ 1 2936 em ™! AL HRFAEIE,
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4.2.3.2 XRD g5
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Fig. 4-9 XRD spectra of CA aerogel fibers without LiCl, with LiCl and heat treatment.
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Fig. 4-10 DSC spectra of CA aerogel fibers without LiCl, with LiCl and heat treatment.
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Fig. 4-11 Dissolution mechanism of CA in DMAC/LiCI.
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Fig. 4-12 Dimensional stability of CA-SF aerogel fibers in water for 7 days.
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Fig. 4-13 Washing simulation of CA-SF fabric: a) before washing; b) Wash at 800 rpm for 40 min; c)
After washing.
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Fig. 4-14 Dimensional stability of CA-SF aerogel fibers at different temperatures.
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Bl 4-15 CA-SF “UBEI AP 4 1B S
Fig. 4-15 Knitting properties of CA-SF aerogel fibers.
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ST . IXTEER TRk g LiCl S 3 Llie ik g e vh et ig, Mimiszm 7
CA AR R, MK T4 15 tEae. 48 BRTR, 2 LiCL B+ 2 CA 4F
HEENIIRIERE BAS 2] T RIS, WM Jh 7.25 MPa, LA EIN LiCl 1) CA £F4E
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Bl 4-16 A[FWFE LiCl (1) CA Hh£R4ER 8 77-RAE ] a) ASFEREE LiCl 1) CA 3 4R 4R R 7 - R
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Fig 4-16 Stress-strain patterns of CA hollow fibers with different concentrations of LiCl: a) Stress-strain
diagram of CA hollow fibers with different concentrations of LiCl; b) Stress-strain diagram before and after
adding LiCl.
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Fig 4-17 Stress-strain diagram of hollow fibers of different CAs: a) Stress-strain diagrams of hollow fibers
of CA under different draftings; b) Stress-strain diagram of CA hollow fibers with and without heat
treatment.
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Fig. 4-18 Mechanical properties of virgin fibers and CA-SF fibers: a) Young's modulus and toughness of
virgin fibers and CA-SF; b) Optical image of a 400 g weight pulled up by CA-SF fibers.
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R 4-1 IUA SCERFIIZ T A 4508 1 B A 4 AT 4 AT . N IR N AR,
Table 4-1 Fiber diameter, stress, and breaking strain of aerogel fibers reported in the existing literature and
in this work.

HEER LTIl RS
MR (um) (MPa) (%) 3l FSCR
22 F/E AN BRI B R £T 4 918.6 3.0 9.3 [28]
J7 KA Y B S A Y 620.0 8.1 19.0 [90]
SR P frig B = e 41 4 540.0 53 13.0 [91]
B L)GEE PVA SR 4T 4 733.3 8.4 34.8 [100]
RMR-AF 4 22 2 AR B A 4 1100.0 6.4 10.5 [101]
SF-Bii il 5 & Bt IR 4 4 600.0 1.6 22.0 [60]
RIEIkmE (PBD) SEER LT
" 200.0 19.2 60.0 [102]
PSRRI/~ SRR 560.0 12.2 102.0 [103]
s 41 4
RBE-BEE (PAD &R 100.0 045 200 [104)
AR
CA-SF S Bt -2 390.3 28.2 104.0 NI

CA-SF UREI LT AEAEAUME RE 77 THT R I A0 S IO VR RE S ARp 0] 2 78 W 2 R BT 288 17
BHIRDL L, HET UL CEME RSB 4E, CA-SF g 41 4 B & i W 2dom
FEREE I I ZE e 1 . BARK U, CA-SF Bt £ 4R 2L 8 ) AT R 838 73 il i TR &
Wl (PVA) SBHRE4E (8.4 MPa, 34.8%) U001, JHR-21 4 RSB ET4E (6.4 MPa,
10.5%) U0, SF-Bflehl <A £F4E (1.6 MPa, 22.0%) [,

42.6 HAMERESHT
4.2.6.1 fRiEPRAMRES T

NT VP B CA-SF SBERS AR 4EHI R 4x5 e VR A v, 34T T S&40m

BHET EEIH. = HIAE B A R RS e . MZWAERIE CinfE 4-19 Fis).

B 4-19 ZMAYIRDOLEEIA.

Fig. 4-19 Optical images of various fabrics.
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Fig. 4-20 Thermal insulation properties of different fabrics at high temperatures: a) |AT| of various fabrics
with a plate temperature of 40 to 120 °C; b) Thermal imaging images of various fabrics at 120 °C.
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Fig. 4-21 Thermal insulation properties of different fabrics at low temperatures: a) |AT| of various fabrics
with a plate temperature of -40 to 20 °C; b) Thermal imaging images of various fabrics at -40 °C.
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Fig 4-22 Thermal cycling performance of CA-SF fabric.
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Fig. 4-23 Thermal conductivity of CA-SF fabrics and other materials.

4.2.6.2 BEIEHL

W 4-24 fizR, ARSI REA, MIE T CA-SF SER A4 —4idife SR, Jf
5 ER CA F4ERIZ 0 CA RBHIREFYEEAT T XA . E %88, CA-SF (it
JBE A 24 PR 2T 60 DX A 2 G PR 50 5 ) ) A ‘e M, AREE T 0 CA SR ZE RN 8] 4 CA 2414,
CA-SF £F4EfE N IO SRR IE /3 A S N SE R . IX R, CA-SF SR LT 4k BT 5 A5 30U 4
BRESVER . AT E—BIEIX — p, $RECT W b R A, DU AT AR T A
AR LR

45



LR RS A AR 3

a Solid fiber K b K C CA-SF fiber K
mm A3gs mm Hollow fiber Aggs ~ mm Asgs
390 - 390 F 390
3 K | Nago 3 380
2 380 o s 48 1.,
1 370 1 360 4 360
I 350 I 350
0 0 0o
V360 349 V345

B 4-24 ZF4EM) 4ERHU: a) CA [EIRLF4E; b) CA 414k, ¢) CA-SF AR LT 4.
Fig. 4-24 2D simulation of fibers: a) CA solid fibers; b) CA hollow fibers; ¢) CA-SF aerogel fibers.
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Fig. 4-25 Temperature ratio along the central axis.
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Fig. 4-26 Thermal simulation of different layers of CA-SF fabric at 120 °C: a) one layer; b) Two floors; ¢)
three floors; d) Surface temperature of different layers of CA-SF fabrics.
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Fig. 4-27Temperature contour at a simulated temperature of 120 °C from different perspectives: a) XZ axis;
b) YZ axle.
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Fig. 4-28 Simulate the temperature maps observed from different perspectives at a temperature of -40 °C:
a) overall view, b) XZ axis; ¢) YZ axle.
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Fig. 4-29 Temperature difference of CA-SF fabric with different layers in the temperature range of -40 °C
to 160 °C (JAT)).
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Fig. 4-30 Thermal imaging of different layers of CA-SF fabric from -40 °C to 120 °C.

R 42 BUASTERMIAT TE 408 2 5 M RE.

Table 4-2 Thermal insulation properties reported in the existing literature and in this study.

IR B PRLRTHERE
y%p S °C) °C) IAT| 53R
PR YR BT 4 150 130 20 [27]
F7 R E BRI AT 4 160 133 27 [90]
SRR I e S gt e - 4 150 110 40 [91]
SF-BRJIEWE 5 & b 41 4t 140 116 24 [60]
SRR i - T O e St A 41 4 100 73.4 26.6 [104]
CA/PAA HL7E 1) 22 22 S B IR £ 4 100 70.7 29.3 [61]
SR IV fr <t P 21 4 150 130.5 19.5 [84]
SR IV fr <t P 21 4 150 106.5 435 [105]
BT 05 KA AL B 2T 4 160 117.5 425 [85]
CA-SF St i 41 4 160 99.4 60.6 AWK
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Fig. 4-31 Schematic diagram of the thermal insulation mechanism of hollow CA fibers and CA-SF aerogel
fibers.
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Fig. 4-32 Indoor Scenario Simulation: a) Performance of CA-SF fabric covered with 80 °C hot water

measuring cylinder; b) Performance of A-SF fabric covered with graduated cylinders filled with -40 °C dry
ice.
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Fig 4-33 Practical outdoor test of the CA-SF fabric wrapping arm.
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Fig. 4-34 A comprehensive comparison of CA-SF aerogel fibers with other aerogel fibers reported in the
literature.
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