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STUDY ON THE PREPARATION AND APPLICATION OF
TEMPERATURE-RESISTANT STRUCTURAL COLOR MIC
ROSPHERES

ABSTRACT

Structural color is a color produced by the interaction of light with the
special micro-nano structure of an object. It has advantages such as
environmental friendliness, resistance to fading, and controllability, and has
received extensive attention. Using structural color microspheres as structural
units and constructing photonic crystal structural colors on the surface of textile
substrates through self-assembly of microspheres and other methods is an
effective way for ecological dyeing of textiles. Among them, organic structural
color microspheres have been extensively studied in recent years due to their
good processability and low cost. However, organic structural color
microspheres have poor temperature resistance, and there are problems such as
low color fastness and insufficient assembly efficiency in the application of
structural color microspheres in fabrics, yarns, and fibers. Therefore, in this
paper, a crosslinking agent is introduced into the synthesis process of organic
structural color microspheres to increase the glass transition temperature of the
microspheres and thereby improve their temperature resistance stability. It is
expected to obtain temperature-resistant structural color microspheres and
further study their application performance on fabrics, yarns, and aerogel fibers.
The specific research content and results are as follows:

(1) Preparation of temperature-resistant structural color microspheres
and their performance on fabrics: By using the emulsion polymerization method,
based on the poly(styrene-glycidyl methacrylate) (P(St-GMA)) system
containing reactive epoxy groups, the cross-linker divinylbenzene (DVB) was
introduced to synthesize the ternary copolymer
poly(styrene-divinylbenzene-glycidyl methacrylate) (P(St-DVB-GMA))
structural color microspheres. The preparation of microspheres and the effects of
the content of DVB on the temperature-resistant performance of the
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microspheres were studied. Additionally, the influence of the ratio of binary
surfactants on the particle size of the microspheres was explored.
Temperature-resistant structural color polyester fabrics were prepared using
P(St-DVB-GMA) structural color microspheres as the building blocks. The
temperature resistance, washing and rubbing fastness of the structural colored
polyester fabrics were studied. The patterned preparation of structural colors was
also explored. The results showed that by adjusting the dosage of DVB (5-21%),
P(St-DVB-GMA) microspheres with different crosslinking degrees were
synthesized. When the DVB dosage was more than 15%, the P(St-DVB-GMA)
structural color microspheres still maintained bright and vivid structural colors
after being treated at 200 °C for 10 minutes, demonstrating the excellent
temperature resistance. When the DVB dosage was 21%, monodisperse
P(St-DVB-GMA) microspheres with a particle size range of 160-400 nm could
be synthesized by adjusting the ratio of anionic/non-ionic surfactants in the
emulsion polymerization reaction. The microspheres had relatively uniform and
regular appearance sizes, approaching a spherical shape. P(St-DVB-GMA)
Microspheres with different particle sizes could form different structural colors
such as green, purple, and blue on polyester fabrics. The structural color fabrics
had excellent temperature resistance, washing fastness, and rubbing fastness.
P(St-DVB-GMA) microspheres had a high self-assembly efficiency and showed
good application prospects in the patterned preparation of structural colors.

(2) Preparation and application performance of temperature-resistant
structural color cotton yarns: Black polypyrrole-modified cotton (PPy-cotton)
yarns were prepared by the self-polymerization of pyrrole on the surface of
white cotton yarns to form PPy. Using the dip-coating method, PPy-cotton yarns
were immersed in a dispersion of P(St-DVB-GMA) microspheres containing a
binder. After multiple coatings and drying, bright and vivid structural color
cotton yarns could be prepared. The optimal technological parameters for
preparing structural color cotton yarns were studied. The temperature-resistant
stability, mechanical properties, washing fastness, and rubbing fastness of the
structural color cotton yarns were also explored. The results show that when the
emulsion content of P(St-DVB-GMA) microspheres is 5% and the amount of
binder is 0.2%, the structural color cotton yarn with three different colors of
green, purple and blue can be obtained by using P(St-DVB-GMA) microspheres
with particle sizes of 398, 332 and 245 nm. The structural color of cotton yarn
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does not change when it is treated at 210 °C, showing excellent temperature
stability.The breaking strength of the structural color cotton yarns (270 MPa)
was significantly higher than that of the original cotton yarns (135 MPa). At the
same time, the structural color cotton yarns had excellent washing fastness and
friction fastness. In summary, the prepared structural color cotton yarns had
bright colors, excellent color fastness, and good temperature resistance.

(3) Fabrication and properties of thermoplastic polyurethane
elastomer/carboxymethyl cellulose (TPU/CMC) core-shell structural color
aerogel fibers:Using glutaraldehyde (GA) and sodium carboxymethyl cellulose
(CMC) as the core material, and a mixed solution of P(St-DVB-GMA) structural
color microsphere powder, TPU, and N,N-dimethylformamide (DMF) as the
shell material, the core-shell structural color aerogel fibers were prepared by
combining coaxial wet spinning with freeze-drying. The optimal process
conditions for preparing the shell material of the structural color aerogel fibers
were studied. The microstructure, density, porosity, optical properties, and
mechanical properties of the core-shell structural color aerogel fibers were
analyzed. The weavability of the structural color aerogel fibers was preliminarily
explored.The results showed that the optimum conditions for the preparation of
core-shell colored aerogel fiber were as follows: the mass ratio of TPU to DMF
was 1:5, and the mass ratio of structural toner to TPU/DMF mixed solution was
1:10. Field emission scanning electron microscopy (SEM) analysis revealed that
the fibers had a distinct core-shell structure, and a large number of microspheres
were encapsulated by the solidified shell layer. Three different colors of
TPU/CMC core - shell structural color aerogel fibers (green, purple, and blue)
could be obtained by using P(St-DVB-GMA) microspheres with three particle
sizes. The density of the aerogel fibers was in the range of 0.40-0.50 g/cm?, and
the porosity was between 90% and 95%. At the same time, due to the
cross-linked structure formed by GA and CMC in the core material, the
mechanical properties of the fibers were enhanced. The breaking strength was
4.1 MPa, and the elongation at break was 550%. Moreover, the core-shell
structural color aerogel fibers had excellent weavability.

Wei Zhiqiang (Materials and Chemicals)
Supervised by Liu Xinhua

KEY WORDS: structural color microspheres, temperature resistance, stability,

self-assembly, textile substrate
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1*' layer: Spin resist on the substrate 1* layer: Expose and post exposure bake

2" layer: Spin resist on the top resist layer 2" layer: Expose and post exposure bake

.
Repeat the above processes for n time to obtain Develop the resist and reveal the latent structure
the latent 3D PhC structure

K 1-3 R 2 2 6ZINE IR ARBE R 1) T 202
Fig.1-3 The process of making the "stake" template by multi-layer lithography
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Fig.1-4 Scanning Electron microscope (SEM) images of mesoporous and perovskite films with different
sizes.:(a) plane; (b)400 nm; (c)800 nm; (d)1200 nm; (¢)1600 nm (mp layer morphology); (f)plane; (g)400
nm; (h)800 nm; (1)1200 nm; (j)1600 nm (mp layer cross section); and (k) plane; (1)400 nm; (m)800 nm;
(n)1200 nm; (0)1600 nm (perovskite layer morphology); (p)planar; (q)400 nm; (r)800 nm; (s)1200 nm;
(t)1600 nm (perovskite layer cross section)
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Fig.1-5 Illustration of the principle of vertical self-assembly
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Fig.1-6 Schematic diagram of the principle of dipping pull method
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K 1-7 BAXEASFAT YI#HRR Y ERPC.  (a) SiOo/PCb/PEG-EG ERPC (30/60/5/5 vol%) TER
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Fig.1-7 ERPC with bistable and switchable properties. Structural changes of (a) SiO, /PCb/PEG-EG ERPC
(30/60/5/5 vol%) when switching between color state and colorless state; (b), (c) SEM images;(d), (e)
reflection (red plot) and transmission spectra (blue plot) of ERPC in colored and colorless states. Temporal
variations in structural color and reflectance spectra; (f) time evolution of the structural colors ;(g), (h) the
reflection spectra during a complete circle of color switching
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Fig.1-8 Optical properties of PC-coated fabrics with angle-free colors. (a) Photos of blue, green, and red
PC-coated fabrics at a viewing Angle of 30°; (b) Reflectance spectra of blue PCo14 at different detection
angles from 0°to 60°; (b) Reflectance spectra of blue PCo14 at different detection angles from 0° to 60°; (c)
The peak positions of the reflection spectra of blue, green and red PC-coated PCo14 with the viewing
Angle range from 0° to 60°; (d) Scanning electron microscope image of cleaned PCo14; (e-f) Sem image of
blue PCo14 with different colors of PC coated fabrics prepared with silica nanoparticles with diameters of
170, 200 and 230 nm, respectively
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Fig.1-9 (a) is a photograph of a Hercules beetle; (b) Hercules beetle exoskeleton in a dry atmosphere khaki;
(c) Hercules beetle exoskeleton in high humidity with khaki changing to green and then black; (d) SEM
image of Hercules beetle cuticle
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RE. 15, RCEA B IVEL R 7 S RE12,

Song[3 18 N A M5t 28 BRI R AR B md S 2R 2R R I I 58, il R & 1 A
FRIgREER, I SRS g, Wil 1-10 fros.
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P

B 1-10 WERFTEN VAR PC B, W () £ (b £ (o), () KEHEEDI
Fig.1-10 Inkjet printing method to construct PC patterns such as (a) dot; (b) line; (c) and (d)large area
patterns
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Fig.1-11 Digital photos of TPF and PS structural color films with different temperature and time heat
treatment: (a-c) red, green and orange TPF structural color films at 250 °C; d) Green PS structural color
film at 110 °C
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Fig.1-12 (a) Schematic diagram of the PC structural color film prepared by external shear-induced
assembly; (b) Large-area PC structural color fabrics assembled from microspheres of different sizes; (c)
Reflection spectra of PC structural color fabrics assembled with different sizes of microspheres; (d) colored
fabric with curved photonic crystal structure; (e) The patterned photonic crystal structural color fabric with
rainbow effect was prepared by spraying method
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Fig.1-13 Digital photographs of fabrics observed at different viewing angles, where P (St-BA-MAA)
colloidal microspheres (a-c) have particle sizes of 255, 220, and 195 nm; (al-cl) are 0, 45, and 90°,
respectively
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Fig.1-14 Preparation of different mechanically chromotropic fibers. (a-c) Photographs of black
polyurethane fibers and the resulting green and blue fibers; (d-f) are optical micrographs of red, green and
blue fibers, respectively; (g-h) based on cross-sectional optical micrographs of MCFs with six and sixty
layers of polyurethane fibers, respectively; (i) Photographs of blue fibres of three different diameters; (j-1)
Cross-sectional optical micrographs of circular, rectangular, and triangular MCFs of different shapes (inset,
MCFs photograph in side view, scale, 2 mm); (m) Photographs of blue film; (n) Photos of blue (left) and
green (right) textiles
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Table.2-1 Main experimental materials and others
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Table.2-2 Main experimental equipment and instruments
& LERe) ] =
KD FHAL HEfE R10 5Y R ChED HIRAA
FENER S Datacolor1050 74 2 [E Datacolor /A ]
ZR R DSC2500 %Y FE TA 1X#
PRI AR 72 7K X SHA-C %! b RS R A PR A T
IR 403T A TR R BT 2% A A IR A 7

L IR SCORLFEE IR Zetasizer Nano S %! YEE D R AN ZR A TR A T

R AP L 35 R T A DHG-9070A %! il —ERABE R AT

Y8 NEE L AT G S-4800 %4 H A H LA A
EEM AL AN ERE IRPrestige-21 B ERNIE /NS

23 EWHE
2.3.1 P(St-DVB-GMA ) Bk 841 %
(1) AFEAZHHI ] & K P(St-DVB-GMA) IR & B #4851 & HE AR & 73R 1 i 457

(CO897) 1 ke EmifReN (SDS) =11:1 W LuAg Se PR B AH 43 K T v 1477, F- 23 7l BR
HY 0.25 gNaHCOs F1 0.015 g K 2L el (PVP) HWH e T 250 ¢ B TK
HE R R SRR fETEE PR, B2 BA Z SR 1 500 mL PU B,
HInE 75°C. FJE, ¥ &A 10 gGMA. 45 gSt. 100 g 258 /KAl 5%DVB LLK —5E
it m (CO897) :m (SDS) =3.3:1 FXMUZH A 2 M 37k 14 751 A Tl L V2 i I N 381 DY 11 2
. SRIEEEM NG K7 (BA 0.25 gKPS il 15 g B T/K) SIRBERMN. Fak
B 5h, AEERE, dERFES P(St-DVB-GMA)SE K Bk, id A D5. KA E
WA, @i DVB M E, 7308 8% 15%H1 21%, 41 P(St-DVB-GMA)
itk lic v D8 D15 D21,

(2) AR IS PEFR L] (1) P(St-DVB-GMA)ER G il K FLRER VA, T
RONAE & RR S A R P FEER T, & P(St-DVB-GMA) BRI & 73R 1H
JEPEF CO897 FNPH 2R 1H i 1477 SDS [1))5i & kb (CO897 A1 SDS i & Lt M 3.3:1. 4.0:1
M 43:1) 5 4> BIFREL 0.25 gNaHCO; A1 0.015 gPVP 3K H 52 v T 250 g 25 1K
VERRPBIJRIR: AR E SRR, IR B BAZ RS 500 mL 1) PY B,
HIn#E 75°C. BEJo, K& 10 gtGMA. 45 gSt. 21%DVB A1 100 g 225 17K LA K —
58 JT 2 LU PR U2 473 2 TV P 700 00 TIFL VO T N 2 PY et o SR I SR 183 n 51 % 77

(%H 025 gKPS fil 15 g BB FK) SIRERAE RN R8P 5h, AHIZRER, &I
PR AR, AN [FOCEH 4 3 T 4 770 1 0 o L ) % (R ek 43 il i 44 O D21-1, D21-2,
D21-3.
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2.3.2 P(St-DVB-GMA Ik FL & B0 H &

P(St-DVB-GMA)ER AL 1l £« K 845 4% 5T 1 P(St-DVB-GMA)fEk L 5 2=
B KRR 123 (R E AR S, B 20 min, 20 EURE ST P(St-DVB-GMA)ERFLIR,
GLIE
2.3.3 it LYIRIHIE

KLU P 5 Y 20 min, AR5 258 T OKTEYE 2 KGNS TR FE .
P(St-DVB-GMA)FLI A B 554 85+, 38 S5 A2 15 min, SASEHHE T 60 °C
HEFE ML 5 min, 93] P(St-DVB-GMA) 45 #1419 . H b, R4 DVB FHEA A,
P(St-DVB-GMA)Z5 #5234 73 7ilid o D5, D8, D15, D21.

2.3.4 MK 53RAE
(1) KRR

WG AT B 25 M A ROR AL 2B KR MR, MAAEEmLE, KA

Zetasizer Nano S 55 /R 37 FEMNRASEAT MR -
(2) (LG RAE:

K FH AR B AR 2T AR RE R A (FT-IR) W RE (4L 2 G5 M HEAT R AE, R YE
4000~400 cm!

(3) RMEFIME:

B g S VRE S T B e ERE A 6 B, Wi S R S-4800 Al K
P T B8 (SEMD MR 2 R FE 3R

(4 RIFZM:
1#3d Datacolor 1050 Ml €84 %€ 25 #4) (8 2R AE I K 360~700 nm [ [ 5 63
(5) AR E PRI

P(St-DVB-GMA) 45 #4) 0 faf Bk i 45 A s k. K A R 22 B 77 (DVB) H & 1)
P(St-DVB-GMA) 45 i AW BEAEA R IR E  (60~250 °C) fr#F 10 min J5HUH, @#id
SR E TR BB AR A DA B R S 6 IR A DR 485 1) € ) T i A

73 B P(St-co-GMA) L5 #4 i 2L Al P(St-DVB-GMA) %5 ¥y (6 3 W i B AEAS [F R T T

(60~200 °C) {5FF 10 min Jo B, 38 30 75 ZLRE i 25 0 8 A B G AR AL P 45 46 SRR 1)
i i A 5 PERE -
(6) BRI IEATIRL

W 11 2 1) P(St-DVB-GMA) S ER FLIE AN P(St-co-GMA)ERFLIR 76 4= T4, BUE B FE

dns K Z R AREROGHETINA, THEEZ 10 °C/min.
(7D IR FEM:

WA LIS 200 mL 2 517K 400 mL Bedf, BT 40 °ClEIRIRE K
AR IR 1 h FELE 40 CCHEA FR BT, 380 gt # (U /K W Rl AR I 5 3R A8 1k 4 1l
iR 7K e o 2 P 184

(8)  PBEERAFEIIIA:
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W 5 e i B 3000 H IRPAR L, K B (EL ﬁ@%%iﬁ,m
k50 g KIS AE LA R IR LK T1, KA RSN RN L) 5 em, T WS L5
SR TR, PR R € 7 BE 35T,

24 FR5WR
2.4.1 TRGHBEREKAEH%
U>ZTHWBQ%% A E R 1) 1) 2% A T i 2 e

2-1 NAS[E DVB & &) P(St-DVB-GMA) IR 204Gk 25 . B &l 2-1 740,
VUG IR LE 3021 em! AL FRFAEUE R A 2R 30 | C-H AR SWfei; 1598 em! il
1450 cm! &b (R RFAE WS 35) DR 28 200 A0 . 200 J 2% v R IR 285 g (1) A i 1R 31 7= A= R W WS U
843 cm! Al 757 cm! AbF5) 2 E) HUAR IR C-H 2 k3l 7= AR i . kAl 7R 1640
em! AbJ& T C=C XU (RFAEE HAE 4 Fh & Bk 204 i 2 AT 2%, U G &
B T P(St-DVB-GMA)#ER

D5
W‘/\Afv\nj_\/
D8 3021 1450 7;7
¢
1598
1640 843
“\\\w/,ff\\ﬁdjr—-—-u~——‘\nﬂ\[wf\th\ﬁ/hquhf\/g
907

4000 3500 3000 2500 2000 1500 1000 500
B/ em!
Kl 2-1 AN[F DVB & & P(St-DVB-GMA)HERLL A1

Fig.2-1 Infrared spectra of P(St-DVB-GMA) microspheres with different DVB contents
K H Zetasizer Nano S 5 /R SCRLFE MR AT A [F] DVB & & /) P(St-DVB-GMA) ik

MRS REAT I E , Wil 2-2 FrzR. B 2-2 A%, P(St-DVB-GMA)RER IR /- AR A
Pi ] P(St-DVB-GMA) U ER E AT 1057 1 B8 70 B o 38 3R 22 B DVB & (5~21%)
A LAA AR 161, 163+ 236 #1284 nm PUFIAN AR AR () 2544 ok . B DVB &1
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$hn, P(St-DVB-GMA)MERFIRATIEETIE K. Hd, 2 DVB BHEN 5%HM 8%IN, 1
BRRLAR AR

25

L L P TR TR L ' M S S SR |
10 100 1000
PURLRLAE mm
Kl 2-2 AN DVB & &/ P(St-DVB-GMA ) ER ki f%
Fig.2-2 Particle size of P(St-DVB-GMA) microspheres with different DVB content

A 4 Tr
D5 “" 3

60°C 80°C 100°C 110°C 120°C 130°C
- . S "
' ”ﬂ ’ ' ‘ L)
D8 ;
4 1 -
60°C 80°C 100°C 120°C 130°C 140°C

D15
60°C 100°C 140°C 200°C 230°C 250°C
D21
A P - :
60°C 100°C 160°C 200°C 230°C 250°C

K 2-3 AN[E DVB & &/ P(St-DVB-GMA )45 k) (0 BR TR 5 035
Fig.2-3 Temperature resistance test of P (St-DVB-GMA) structural color microspheres with different DVB
contents

K] 2-3 NAR[E DVB & & (5~21%) 1 P(St-DVB-GMA )4 #4) (o iR 1] £ ) 45 46 24, 1)
MR . & 2-3 BI 40, RAABE G, EEESHIEEREREN P(St-GMA) K

ZEEA I, 5] NAZELTT) DVB, & =B YR P(St-DVB-GMA) 45 #4) tafiiBk . 3£ T DVB
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T (5~21%) ANFE, ERT UMAFRRERSHERMER, EHARNWETER. £
ORISRt 3 PSR S R 454 €0 B BEE DVB & S 38 L 5 fE i 2427, o DVB
IR 5% 8%, FERRLARIEAILIEISR] TAHIT MG . 4 DVB &84 5%,
P(St-DVB-GMA) %5 #J e I 7E 120 °CALFRI, Fifa kA B4, FKEPERE%, 7
130 °CALHINF, D5 g5t A WEita e aiH ;2 DVB & &N 8%, D8 Gty thZW7E
140 °CAL B, M EAPEE Tl R 21 DVB 58N 15%AM 21%If, D15 1 D21
LERI L) 5 22 60~200 °Crli AL 3 10 min, D15 F1 D21 45K (23 ta 3 R 5% .
TRYE DVB 2 &850 BRI e PE R B SEM ,  J5 S0t 55 & B IR 25 44 (o BRIt , DVB I &
BN 21%.
(2)  ASTR] Bl A AT AU ZE A7 2 TR 775 2 751 4 ) €0 Ak P i 8 S L 12k e

1 DVB & &R 21%IN, RAFLBER G, #HldEE R ImE T CO897 FI &+
FMH TG SDS i L (CO897 1 SDS JFim A 3.3:1. 4.0:1 A1 4.3:1) , AR —Ff
P(St-DVB-GMA)3K, 73054 D21-1, D21-2, D21-3.

—=—245nm
—8—332nm
—A—398nm
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PR 12 /nm

] 2-4 P(St-DVB-GMA)#Ek (D21) Hifz 54
Fig.2-4 Particle size distribution of P(St-DVB-GMA) microspheres (D21)
KH Zetasizer Nano S 5 7R SCREE M ASORT AN [7] B AZ 3R 1 75 P 77 1) P(St-DVB-GMA)

ERFIRAR AT E, Wk 2-4 Fios. K 2-4 51, P(St-DVB-GMA)fER (D21) [Pk

AR, U] P(St-DVB-GMA)ER B A UL B St . A4 LR &1 1%

o, BB RS TR RE AR AN R R AT, BT IEE R, RIEFLRBIYURAS E

P JEB T RIS AL FYE PR E « H PP A RIS, RN AEERR T, fosRk

EREEAF TS, NAERWERRITEBOKAE, FAEERN . Bk, B e i i

FRIE B 72 PR BT B LU I es3s , ANCRE e A4 1) 7 B E AN LR R AR e 1, B R
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FHMERIRIAE . MBS (DVB) &8N 21%, @itk & 1R mis 55 co897
A TR S 177 SDS &b AT LG A5 21 245, 332 #1398 nm = Ff A [F]fife
(1] P(St-DVB-GMA )ifi iff 45 #4) (g Kk 1501,
242 AR R
(1D SMERPeErEqe

B 2-5 AR i PE 7 L 1 ) P(St-DVB-GMA) S Fy 3 . d11&] 2-5 a4,
ANEPRLAZ ) P(St-DVB-GMA)FER AT 7E I 48 200 _F T s 6. BN Sk(h 3 Rl [F B
gt R A U AR PR IS TEFI L], & B B A RPRLAR R Ak vl A
FELRW) ETE A R ERE (R) 25 74 16

D21-1 D21-2 D21-3

Bl 2-5 AR NS PRI LB P(St-DVB-GMA)Z5 14 (410 iR
Fig.2-5.Photos of P(St-DVB-GMA) structural fabrics with different surfactant ratios

30 A
—o—
25 L —— W

0 L 1 1 1 L 1 L | L 1 1 1

400 450 500 550 600 650 700
BK/nm
K 2-6 ANFRIBE IS5 K AW B A i 2k (D21)
Fig.2-6Reflectivity curves of structural color fabrics with different colors (D21)
K 2-6 AN G S5 B AW I b Rl 2. i 1B 2-6 AT kD, AN R ORLAR (Y
P(St-DVB-GMA) %5 #4) (. 20 1) S 5 RGN B A H . 24 P(St-DVB-GMA)TER K1 N 245
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nm B, 258 200 1 B KR B R B KN 400 nm, RSP RIEHE N 12.65%; 4
P(St-DVB-GMA) IR K12 325 nm B}, 254 AW B K A 2R %A 390 nm, 4T
FRIE(E N 19.46%; 4 P(St-DVB-GMA)MERRAE A 398 nm B, 4514 €4 2 1) fe K s A 36
BK N 530 nm, SHTRIEE A 13.58%. Kk, ANFEKAE P(St-DVB-GMA)ER AT PLTE 2R
Y 141 2T A R ) S )

30° 45° 60° 90°

Bl 2-7 ARG f L N A2 (D21-3)
Fig.2-7 Structural color fabrics at different viewing angles(D21-3)

Kl 2-7 RIS M NS R . I 2-7 AT %, BEE WS A0 B 30°748 4k
3 90°, W) L IFEA EE A ERNN R, SHEanEaSMmETR, R
TP A2 SR BT 435 ) € 2K R 8T

KA SEM %t P(St-DVB-GMA) R (1) R RS AT M e, Wl 2-8 Pros. B 2-8
A%, P(St-DVB-GMA)FER ) SMUR ST 35 5) HA#E . IEALREBR AL ; P(St-DVB-GMA)
TUBRATLE R 22 AW TR H Y BT A 7 KRR TC R B T0 R 35 HEAR A o R AR [ 71 45 4
881, [FIF, BT AR IR SR AR FE S 25 K AT P(St-DVB-GMA) R R TR KRG, {615
HFEN A 2 BHEUN, £ RER TEREA & R EPER R, AR,
P18,

S “”'4:* o f
F r

Xf

B, ‘. ¥ e 5 . —' %
— A“ '—"fi ?""“‘“% bk ¥ ;' y LU0 } ‘
@ 2-8 P(St-DVB-GMA ) fER 45 44 (. 211 SEM @1% (D21-3)
Fig.2-8 SEM i 1mage of P(St-DVB-GMA) microsphere structural color fabric(21-3)

(2) 5 RE
K] 2-9 £ IR IE P(St-co-GMA) IR 5 P(St-DVB-GMA)ER (D21-3) i i P 5t Bt
HE 2-9 (a) AJHl, K P(St-co-GMA)ZE 4 L2348 73 7 4E 60+ 80+ 100 F1 110 °C F i E
10 min, P(St-co-GMA)Z MW E IR E T =, BUEBEETIEIR, 1E 110 °C FEEES
. & 2-9 (b) T4, # P(St-DVB-GMA)ZE #2445y HI#E 60 100, 110 1 200 °C
NCE 10 min, S5 OLYIEEE R E TP EA TR, £ 200 °CALEE 10 min
J& P(St-DVB-GMA )4k 4t 23100 i Bt A SR B 46
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60 °C 80 °C 100 °C 110 °C

(b)

60 °C 100 °C 110 °C 200 °C
Kl 2-9 &AL P(St-co-GMA)MER I P(St-DVB-GMA)ER(D21-3)ii iR %5t (a) P(St-co-GMA)
Wk (b) P(St-DVB-GMA)fER
Fig.2-9 Comparison of temperature resistance between P(St-co-GMA) microspheres and
P(St-DVB-GMA) microspheres (D21-3) containing epoxy groups (a) P(St-co-GMA) microspheres; (b)
P(St-DVB-GMA) microspheres)

P(St-DVB-GMA) 44K f5k

T,:150 °C

P(St-Co-GMA) 44K 5 ER
T,:96 °C

\\

40 60 80 100 120 140 160 180 200
B /PC

P 2-10 P(St-DVB-GMA) (D21-3) fERFI P(St-Co-GMA ) ER B 35 1k 1 AR I 1
Fig.2-10 Glass transition temperature of P (St-DVB-GMA)(D21-3) and P (St-Co-GMA) nanosphere
P(St-co-GMA)F1 P(St-DVB-GMA)(D21-3) BRI #5475 A5 FE an i 2-10 fios. B

A%, P(St-co-GMA)MERFI B IS AR (Ty) 4 96 °C, i P(St-DVB-GMA)MER 1]
T #Em% 150 °C. HR, P(St-DVB-GMA)TMEREL ) I3 B A AR, T 7 45 s
mI R e . Rk, @5 NS DVB, AT m SR (B 1 AC G, A AT LA %
P AR ER BT IR e
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(3) St 2N 7K e 22 5 K
2-11 A1 2-12 43 18 P(St-DVB-GMA) (D21-3) 45y R4 /K B i o i
A SHERE . B 2-11 A1 2-12 W%, P(St-DVB-GMA)ZE ¥4 (8 214 /K 3 1 Ja Bt & K AR
W AR, HOKGERT G S5 2 ) SO R i 2 B AR — 3, 7K BRI 1 S R AR A /K
RTIRAMA 0.25%I190), 45 R0, P(St-DVB-GMA) %5 44 (0 234 LA A1 S B i 7K e €0, 2

@) o )

K] 2-11 P(St-DVB-GMA)ZE #1434 (D21-3) KRG (a) JRFE: (b)) ZKERMNEREE
Fig.2-11 Photos of P(St-DVB-GMA) fabric (D21-3) before and after washing (a) original; (b) Wash test
sample

—a— K Pl
24 —>—K¥ )5

400 450 500 550 600 650 700

FHK/nm
2-12 P(St-DVB-GMA) &5 #2418 (D21-3) JK PRI G 6 i
Fig.2-12 Reflectance spectra of P(St-DVB-GMA) strucutral color fabrics (D21-3) before and after washing
(4) LRGP AT JEE 452 £ 7 B2 )k
2-13 4 P(St-DVB-GMA) (D21-3) gty a2 EEE Rt I 2-13 AT 4A,

ZPESE 1. 100 30 A1 50 (KGR AL LYNIE CIROLIZETEIT, (B85 M A BE ST
JE AR R AR AR . 25 R, P(St-DVB-GMA)SE H4 (30 HAT — 52 (1 /B8 #52 £
R
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(@) (b)

B e

K] 2-13 P(St-DVB-GMA)45 #1431 (D21-3) EEENNA (a) JEFE; (b)) dhfaff; (o) Sid AR
50 {KFE il

Fig.2-13 Friction test of P(St-DVB-GMA) fabric (D21-3) (a)as-is; (b) stained samples; (c) sample rubbed
50 times

(5)  ZEZWsh A H %

=
r .
L L —
. -
- -
J W .

0s 30s 90 s 240 s

K 2-14 Siktafsk (D21-3) ELYIRIMAISHELTE (50 cm x50 cm)
Fig.2-14 Dynamic assembly process of structural color microspheres (D21-3) on the fabric surface (50 cm
x 50 cm)

Kl 2-14 s gk (D21-3) ELRYIRIMNNASHSFE. WE 2-14 iTLUE H,
ia FH S TTARE M A5 Ok TR T MR T, TRk SKAHEEAER, £S5 40RI
SR BERKMET, SRS TIRIERE, W IHTHESE., EARKGT, 2
RIMPAK SRR, K ZERGIFE IR B HLE, EHELR PRI L
ZERI IR ZAL A TR B2 E S 4 min 72 A7 B A £E S0 T S 00 R eEH O A i (. S5 R
K, fEHRZM T, P(St-DVB-GMA)ZE 14 Bk ] fE W) R i b [ 3%, R
SR &

(6) ZEHe it I Z AL %
Kl 2-15 A& EEEMLW). BE 2-15 740, LL P(St-DVB-GMA)fERE At i 5
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W RIS TTER, (E BRI ENIEEOR, R R 450 B B =AY, Z W 2
L R e ) R AL RICR . NG N TR 187 ), 3 R R 40K o

K 2-15 Zik =4
Fig.2-15 Structural color patterned fabric

2.5 KE/NL
A 3 1 R AE A AT S TS MR SR 1 P(St-GMA) TR R ERE E, 51N DVB,

G T =63 R Y P(St-DVB-GMA) 45 # ta i ¥k, WF 5L 7 AN [Al DVB & & X}
P(St-DVB-GMA)Z5 14 Ea ki i 1 52, SR S AT AR 2 W) E i g5 i .
X} P(St-DVB-GMA )25 4 LBk f 25 L 23t 4T 1 FT-IR SEM. A Mt Kifze 0 A7 |
MFEPE . e, MKEe. B, A RCR S REMNR . 45 K.

(D @i DVB R (5~21%) , &7 PUMASERAE (161, 163, 236 A
284 nm) [f] P(St-DVB-GMA)fi¥k, FEIELWIRMMEE . KEFMGEE 3 FpasiyEs
o H B DVB & &30, Hoek fm i fe i 242 7F; 24 DVB FHE& KT 15%HK,
P(St-DVB-GMA )4 ¥4 t4 24142 200 °CAEFE 10 min, 4T3 A5F5 S = 10 10 45 F i, £
AT 5 () T i A

(2) 3 DVB &8 A 21%I, AR S R K e (CO897 A1 SDS Jii & bt
H933:1. 4.0:1 143D, SRR =FARKAE (245, 332 1398 nm) )45 44 (7
BK.

(3) ANFEPRIAR (245, 332 1398 nm) FZ5 4 TR ML R ST O3 5] H#E L il
AR ERAL . SR i R TR AL B AR IR FE Ik 3] 150 °C, @I Bk B 4130 % T 0. L Ofms
O =R ELW), ¥ P(St-DVB-GMA)MER (D21) Z5#y2i¥7E 200 °C K 4bH
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Py EARE IR IERE, HAWER Al LW B HBR R AEREG Fr. KAETC el
HERAR e AR 21 2, BAT AR RFAIE

(4) FEFIEMHEIENAFE, P(S-DVB-GMA)WMER I 5 R Fg I IR i 2
AR J 22 TB) E B R 36 i o 51 kS o B T AR B AR, G5 T fRlORR - TR 0 4 S
P(St-DVB-GMA)fsltBR 25 44 € W) AE K Y AN BE S R o JE B 17 IR 22 XD i 7K e A i JBE 45 1
BE. TEHR %M T, P(St-DVB-GMA)MERTE LR E R I H m A ¥%, H
P(St-DVB-GMA) IR £ 25 1) £ [l S A ] 4573 T L A e (1 L FH i 55t
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£ 38 MHREHBRLD AT & &N tkE

3.1 518

TEGI IR, AT R TR R IERIE 2 oAb A 7 ) R A R . B
FHRARFIRNKE, BT 6 50 AE FAE R AL 2 T Frm B, e LRI
IRAE M R AL T RS R EEARY) . R R IR, MUBERIRIETHSEME,
AR T2 LRI B DA SRR ThAE, 2 2 M LR ThRE TRk, BB T
MRGERII LS LR, R AT K MR RIS . Em R YT LR m M I S, X
SepE SR ERCR SRS T, BERE N AL BIiE B ANt Ak e, ]REH 2 T P Ak
1o BRI AUR IE SR, SR, H RTTE LD 2 3R A 6 T i R 4 M AT T I 1 2 Pk,
F6T AR AR BB 5 48 SRR AN RSB PR SR M i o TESEBR IR H, 2D 28N T3 G th £ 57 3|
i, Bk, BEIEAENUMER, CARIRRE . BESHER IR, XA RS0 T
PR EE R IR B T, b 2 O SR RE RN ThRE R g MES00, BbAk, S T A
O8N RIFES, TR P He AR R, 2 P YA S B ILED, 5t
DI NIAR, T ko N LRI MLvE, 7™ 550 5= 5 5 & A 25 w7981,

BEOT IR AR, ASHI AR F A 7R R 2D R T H SR A T RCER Mg 15 21 2 € SRk s
it PPy-#i2b . FIRIRIHEHIIE, K PPy-HRZNE NS H A 7HIH P(St-DVB-GMA)fk
RO, ARPTERIZRER, HREHS RTINS ERY . RGRALEHE
ML % T ZESERAEE M R ] & 1255 IRk — DA 78 4540 R 20 i T L R
PERE. JoEtkRE. i tERE, DAA S B LD IR /K e R R o B S5 M R
3.2 SEIERSY
3.2.1 LEIRFIRILEE

T o

* 3-1 EELIO B LA

Table.3-1 Main experimental equipment and instruments

D& uthe) I
NI PT-1198GTD-C RFEFE RAERA R A 7]
HADAHL fERE R10 %Y e (PED HIRAF
IURENGRER I Datacolor1050 %4 5. [ Datacolor /A ]

TR KB AL SHA-C %4 i FAMU AR R AT PR A ]
R AR B T R A DHG-9070A #! b EREAA A IR A A
7Y & Rk R TA T ) S-4800 HAH LA #

{8 L AR S 2T 1A IRPrestige-21 ! BN N
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R 3-2 BESLA R

Table.3-1 Main experimental materials and others

(=l B e
it 20S FHREA LT 4R A PR ]
KO (SO AR Rl 75 (R HIRA A
TR =R AR Bl TR R A BRA A
T TR RIS (SDS) AR T 98% BT TARF (R A PR A
RS (KPS) AR Bhr T k7R (B ARAF
EETK — S = il

R bild (PVP) K29-32 Brrhz TR (R AR AR
H L YA IR 4 /K H e (GMAD 55% Bl T (R HIRA A
AEBS TR IS 7] CO897 AR M & 5 A A TR A
RIREHN (NaHCO3) AR Rufhr T (R HIRA A
LMK (DVB) 97% BTz TR (i) HRRAF
it g Cp Brpr TR (R ARA A

R 7 — i

3.3 LWHE
3.3.1 BRMLrEiRL0 9% &
HEEF/KBAIFEEMY 20 min, HLIUAEH 200 mL £ 51 7K[1) 400 mL 5
P, RN 1.0 g BER, $5FE 30 ming FRAON 1.0 g /K EAL SR, 4824+ 24 h, HUH
1E 60 °C N e 4T, BEIRMWIEL (PPy-fRZb) .
3.3.2 #iaMEkS BURREI&
FRER A S LB AR EL 1:3 (LB, MRBERreikE, mrHdimAms
A (10%) 1.5g, fHE5), BI1SE5H A RER ) HOR -
3.3.3 ERLHIHIE

2 ux-mlsml T l iszﬁmhtl TH I

N & 3 X TATR Y AU ;
e 5 IH A PPy-H3 4> Pﬁ(’S({LfDVEiﬂéIL;J:) L R Ry

THER S} HCHR

Kl 3-1 5kt bl s A
Fig.3-1 Preparation process of structural color cotton yarn

PL P(St-DVB-GMA) 25 ik Ao, RHRGIEHLIE PPy-2b 2k i+ 1 B ff
HEE B IIRY . B PPy- MR B M B 0 BUR 2 1 min, S8 )5 JeHURRZD — Uity
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RN, BT EAE 60 °)C N e T, EE LRSI 5-10 Ik, BIn/ 153450 iR
2p, Hl&mAENE 3-1 frs.

3.3.4 MK 53RIE

(1) RN

27 2.3.4 WX 5RAE
(2) LR RAE:

2% 2.3.4 M5 RAE
(3) RIATEIMEL:

27 2.3.4 M H RAE .

(4) RS

7% 2.3.4 Ml 53R
(5) MR

W GE M AR LD TCE AE 210 °CALFE 30 min, 383 45 4 (KR 20 A0 HE T 5 e A Ab VR4 45
MR R i iR AR E PERE .

(6) 7Kz BEM:

W GE R R LD T 25 58 TOK HIRIE 20 min, F B TEEIRG KBCHIRE 1h, R
JETE 60 CCIABEFE R BE T, I8 I X bl 25 b (R £ 7K T 5 068 20 4 T i 7K e £ 22
(7D PR BN

(DR &M ERh HE T O ORI, ¥ 200 g i RS AL AR m L,
I 4 B S R AR b SRS EAR AT BB R S em, EERSIKEE 100 IK;

(b) B EOMMTE, SHORYETAESL, PR 200 g iR EAERAN 545
Hkeb B, mEhas iy, EESRKE 100 K. FRT @R W g4 i i 2 =
T AR St oL, PP LR R 0 A 10
(8) 5w FE Mk :

Waitel . R OIS S 10 R 2 em/f) s KRR PN 21T
PO, ARSI E 10 ZH50E, 2550 10 4150 1) A (Rl fE ool
3.4 ZFR5118
3.4.1 SEHERLNHIEZEIZSHML

K 3-3 NAS[RIHR B Ak LR il 25 S A Ea R P (e i . FHER 3-3 mI 1, 4Pk
TR LN 2% M), i & I 25 (AR 2D R T B A TC s AR FLIBIR BE N 4%, il 4% (1)
SERM AR RIS M EIEORR ;. URERILIIRE v 5%, &M R 2R Im s
PG, RN OIRZESL — SRERILBOKE R 6%, & 251 i
bR M OB E, (AR DELEWER AR UHERILBORE R 10%8), Hil&
25 AR LD RIMAFAE R R B AR URERFLIRIR BN 20% 0, il & 1458 EuAR 2
KMz H, BFEERE. SRRW, WERFLETIREN 5%0, il & 1458 Mg Rm
FLA BN S ) 2540 (B (B N 38 S I SR I 45 M (R 2
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2R 3-3 AN[RIAR P A AROER FL RO 45 K M 20 (R 52

Table.3-3 Effect of different concentrations of microsphere emulsion on the structural color cotton yarn

BRI E (%) 2 AN €
2 HA T
4 e
5 BB, S5 IR Z LA
6 P, RIEAAED R R
10 R KL B K
20 ZH,

R 3-4 AN[RIAR L ARG 5 7100 1 ki £ 1R S i

Table.3-4 The effect of different concentrations of adhesive on the structural color cotton yarn

R EFIRE (%) WERAMBIRE (%) 2 AN B
0.1 5 PR, 7 I
0.2 5 B, A ERE
0.3 5 P I IR
0.4 5 SRR ST

F 3-4 AN AR B DR A 0 ) 2% 2 ) BB D IR . R 3-4 TR, DL BB kAL
FIRERFLIIRE (5% » RIFLR PRI FERE (0.1~0.4%) WIREEF. k&7 ik
JER 0.1%F0, Z5H R 2b R (L EHE (0 L2 AR MRS & IR 0.2%K, AT 3k
PO ORI A R LD R A AR KT 0.2%I0), Bl & AL & Ik
FERENN, 45K A 202 TH L TR HRT 3 PRI HL 45 M (A 20 R TH T IR I FLIR A I 4
ZERKW, TOERILBEINKRIER 5%, KiEFIBIREEA 0.2%0F, AT 3R1SG A i (2R
E IS AR .

3.42 BRI ESHIHN

KA FT-IR X5 AR 2b A F 45 M AT R AE, 1 3-2 Fim. mlAL, #1ZE a A
2 EE 2k, 7 3439 em! AL BIRHIEIE S O-H MR, 7 2917 em! AL ()
REAEIE S C-H AR IR2N G, 1205 cm™ AbJe T 4F4E 5 o T C-O B 4iRsh 5|
L, 7E 1015 om Kb BRFEUE U2 BT 21 45 31 25 8 A s B Ba I A7 78 7= AR IR 30 5 R 1T
2k b ARMIEHELD LT AN RI £, 7E 1511 em! A ARG AE 6 U J8 T PEE A 3R 1) i 2R 3R
A C=C MIMHZEIRBN SRR, 7E 1092 e AL FIEFAEIE U C-H 45 IRBh 5121,
KNI ERRZD B B R G TE RIS I G e R th4 o NS BRItk
2R, 3026 cm! ALUEAE XN E A FR B C-H BMZEHRS), 1452 em™! ARG E R BT
FRIR_E B L B I A S R B 51, 1106 em ! AL FRFEIE X N C-C(=0)-O ()
WU, 759 em Ak BRI B EURROR IR B EUR FHRBIGIR . 2R R, Rtk
SRR FIERE T P(St-DVB-GMA)MIREE ) (iR )2
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i@i\//m{/”V“’ALﬂ&jb/ww/
A 2895 1205 4
3439 Sl

bRk A2

4000 3000 2000 1000
W/ cm !
K 3-2 g tarpeb 2 A it ph 2k

Fig.3-2 The infrared spectrum curve of structural color cotton yarn

3.4.3 HEHIBEBLOHIHIFLR

Kl 3-3 Mifgs (a) FEMEEAEZ (b 1) SEM ElE. HIE 3-3 (a) 151, Mgk
G -FHE, LF4ER LA E. MK 3-3 (b) FIAlL, fZb& i e o it 515 21
PPy-f4), LFYERMEE —ZEEH SRS, HLr4eR AR AN, Her
YE[RI R A D VR I SR SR AR, SRR MRS (-OHD 5 PPy 1k
PEEEA CInBERAR) @i Sk i E S S, TEMYRIEER T ELL MR Z, H
HT 46858, SIS Z B .

—

£ T

K13-3 (a) 182> SEM Elf%: (b) PPy-f4) SEM {4
Fig.3-3 (a) SEM image of cotton yarn; (b) SEM image of ppy-cotton yarn

K 3-4 N&irgtatish SEM K. K 3-4 alA1, R PPy-AZh A& 43 8 & 71 O ek
FLB RS, S ek B AR AR R 2b by i TR SRR, 180 1 ok
A5 5 71, K P(St-DVB-GMA) B HER H S SR SIAE PPy-HebaRiH, ik 1 M
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AP KAETCH BT ML HERA AR dn AR R S 4544

-

500 e - AN
K 3-4 Zikgtafish SEM BIR CRRIBORREED
Fig.3-4 SEM image photo of structural color cotton yarn(different magnifications)

3.4.4 HHIBIRLAIFIERE

K 3-5 ity tpn2b il s i BB e AR IR . H 8T 3-5 W, R B e ab i
Btk fE, PR EIR ORI RZ . fESREEA b, BIR BRI, KA ARSI S
R 32 RS AR 2D R, REd 2 I H HATE U 454 iR 2 BB R
MEMERRZb R, Sl TR T SHE I g Gk gblo, Hor, SRHAT 245, 332 Al
398 nm =M A FERIAEH] P(St-DVB-GMA)Z5 i (iR v] LI B, LM sk o =M A

[ e ) S5 #) E R 2D

Jgk Hk g ob 2k e R 2377
Kl 3-5 Sl tatin bl sl R AL IR

Fig.3-5 Photos of color change in the preparation process of structural color cotton yarn

24
——

—o— Y
—a— gt

—
[ ]
T

10 L 1 L 1 " 1 L 1 L | " 1 L
400 450 500 550 600 650 700

%K /mm
K 3-6 2R tained i

Fig.3-6 Reflection spectrum of structural color cotton yarn

K] 3-6 N REHGIE 2. HIKE 3-6 TT40, WO B KRS RIEK N

400 nm, JHFRIEE N 22.89%; LEMBLD RS R IEKN 390 nm, U RIEE A

20.98%; LR IR KR RIEK N 530 nm, PRGN 14.92%. 45 8KH, #
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B AR LD B B s A T

K] 3-7 R RO (30x) MK 3-7 °aJ%0, RAREHERE, BSER
G HAFRAZ KN (245, 332 f1398 nm) [ P(St-DVB-GMA )45 #4 (kiR [ 20 B 7E 28
MEg R bR, Hl&153) 3 FiARBG AL aiEe GEf, RoMsgd) , HERmY
TERL T BUE S5 AL, SEHRIN S5 IR B PPy-tR b e 8 . BRI 2K IR Bt
FHVFAE IR PPy-HR 20 R B Z DA, oD SR AT I Py X3, T3] I RS 5 71 B4 50 N3G 0
TR S ), A T ALBR I U, S IR R B . B T

W i Zto

Kl 3-7 SRR A (30%)
Fig.3-7 Enlarged photo of structural color cotton yarn (30x)

K] 3-8 A JE RS GRZ IR A (30x) o HIE 3-8 AI%1, KR4 A 398 nm
] P(St-DVB-GMA)Z5 ) tafiizk (D21-3) , il % AS RIS gb M e fngl, M 30°F] 90°fIA
AL Nt taRney, HRMmMEM e R RAERN. S50EW, dgltafmgRm

Bita 5 AT, HiERE SEM Bl P(St-DVB-GMA)MERZ A 5 KAL)
TeR s R AR S AR SN SR I 25 R — B0 2RI R AR A5 # (i)

|

Ny

30° 45° 60° 90°

K 3-8 ANFAAE TGRS (30x)
Fig.3-8 Photos of cotton yarn with structural color under different angles (30x)

3.4.5 SEHEMRLEIRRMEEE

 3-9 AL R LT E T EL IR o BB 3-9 (a) AT, EARIE T (60 °C) X iifa.
RO, (245, 332 F1 398 nm) S5F UELP AL 30 min, 3 Fhgity thinab 3 2 A i
Hom N . IR 3-9 (b) AT, K 3 PN [EI B ) 253 AR 2 7E 210 °CAL3E 30 min,
3 FhEi R R I AR KB, HRMUIA A IS m . SRR, 4

eyt HA D05 (iR A 1
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B

o

K 3-9 S5t 2b i imn IR () JEEE: (b) 23 210 °CAbFH [HFE

Fig.3-9 Comparison photo of structural color cotton yarn temperature resistance (a) original;  (b) samples

treated at 210 °C
3.4.6 BB SIFMRE
300
c a—Hpep
b—ZR ik % K 20
250 | —4&ir ety
200

N 77 (MPa)
—
7
[~}

100

MNAE (%)

B 3-10 AN[FJ 20 (¥ A7 - A% i 2
Fig.3-10 Stress-strain curves for different single yarns

P 3-10 /NI BR2D [ I8 77~ A8 i 2% o FR IR 3-10 0] 01, 25 ¥4t i 20 1) W 2455 5 ol 270
MPa, ZEHLIEATLD W 250 E S 199 MPa, FRZbIWrZ450E Ny 135 MPa., e £,
BT HRZb A PPy-f4), GEH N2 I S5 FE 1S 23T 72— u N, HZRREREK,
PRI R, B 2R ¢ FIRFER R, RIS iR 20 PPy 15| N3 558 TR 2D ()t 004,
SRR, WM RN A R AL PPy =, HHEEWEIRE, PPy EMEH
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CIRIZE U EME e a7 G5 R 2D B W 2 am FE AT
3.4.7 FEiEiReb B

R A
(a) B 2K

et kb

(d)

B 3-11 SR BRI A (a) BRE;  (b) BEEERE100 I (o) FushEEEERE; (d) fhzhEE
Brt
Fig.3-11 Friction test photo of structural color cotton yarn (a) original; (b) Friction samples /100 times;

(c) Pull the friction sample; (d) Twitch friction pattern

B 3-11 N ZE e R eb BEEEMR IR o I 3-11 9 () AT (b)) A%, S5Mtafnsd
LT 100 REEBAAL G, S5 BR2R I RIBEAR K LT, HEE 100 KRG 41E 6
MY RIA WD HRETGE, XFHE R e AT . Hp BB m N H
Kl 3-11 (o) RisheEtampes 31 sh 200 g fERY, sl BRI IR B8 1 AT 30 IR,
FLEOMRAT A H LR 0 6, SR s EERIREGA ) 100 YRIN, R AR 22 1 H IR ot
Bl (LRt 5 B 3-11 (D) wI%n, s EREes (1-100 KO , FAHTIR
b T AR EE AR A SRERE, (Ao B eatEil. kbR, SHamgaaR
T P i PR 4% € 7
3.4.8 HEHEIRLRIKIEMEGE

K 3-12 AL KT E . B 3-12 vk, it adKikE, B
BREETN, RNGHERERS K BRMERERE. SREH, &AM
BN T ek SR RIS 71, T T SRR R KSR .
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(a)]

Kl 3-12 i B2k BeRT E R (o) JEARE; (b)) i /K B it
Fig.3-12 Before and after washing structural cotton yarn (a) original; (b) samples tested for

washability
3.5 KB/

A B SR FH L s L R 2D 2T 1 3R G ) £ 1 38 JR L 1) BRI s o1 PPy-HR 2D SRR
Fihe bk & 25 R eh, Wt R b I & L2 53T T Ak, FH KM FT-IR,
SEM 255 S5 M MR 2D IOMTE SR . e, MHimtE . e Rk T RAE . 45 R R

(1) MHERFE IR R 5%, REEFIRIRE N 0.2%00, 82 B hE T
SRR IR B &R RIS Ry, HRmMEMAREREY —. ESM%R .

(2) M FT-IR %1, SRAMERE AR 3EAT ki, 15 2150k = 8 1) PPy-fE2b. £
R B, EARFERAR (205009 245, 332 #1398 nm) [ P(St-DVB-GMA) R [ 4 25 78
PPy-fp) b, RIHIARIE A, KEMGE =MEIGNSHNENRY, SHeamYRmELa
BEFE SE R o N = FhEE R AR LD AE 210 °C N ALHE 30 min, HERTEE M (3l R & A B B AR
t, g5t HA IR iR Re .

(3) BT Rntng E RIS 1R 2 0AEAE, a1l E A H] 270 MPa,
BT PPy-tRZP B RL5REE (199 MPa) FARRZPIBIZLGEE (135 Mpa) , Z5HEAE2
(L5 AR B4R T . [, B TR A AN, 900 T TIOsR- Bk 2 fak - ik
JRIAIISE G T, 5 Eped B R 0N 7K e AN R 1 e .

39



N AN N R R S AT

£ 4 & TPU/CMC #ZRLEM B SRR AT4ERIHIF R RE

4.1 5|8

M FAERA AR OB ARGFAERTRIR . BRS040 O YEE K%
WML, e gukl, FErTEd SRt SEI AR B B AR B
EThRE, IETEHESNGIZL. MRLREA SIS BIET, 75 T RESR AN = OINE 1 8L 3 S
ATz A sios100l, SR 4 i N5 AR BER B G B i et &
AN AESERR A, AR 2 AN Al T iz B UO7108T, ol 8 g € 2 24 ANt I 2 44 P o 4
B R AF B 0 250 TR AT 4 v R R R BRYE, AL4ER) 2 Dhaede G 92t 138
e, (Hfg ik (EEDR . RES &S aTYE s 2o sk, 8. K
Ve BRI 25 K0 60, 5 vk, AFAESE MR B MEZE I R s RISk i) B A3 R =2 81 2 0
TR e (CUAFIR K ). ZBRCEFRE) , FERERARERINAE, TR RS
[109]D

Bl BIR @, AE DL GA Il CMC FIAZEREE MIME O, T DA ) iaioRn A
TPU M1 DMF HTR & RAE J95eht, B R E YT 2] 4 TPU/CMC % 524516 (4T 4,
P I AR T8 % TPU/CMC B g /B IREF4E. RATRTE TPU/CMC #5245
TR AT 45 () % T 228044k TPU/ICMC #7545 M (/B 4T 4 bl 4% T2, JF3
— BT TPU/CMC #4785 i (B IR AF e OIS . 2B FLBRE . S ) 54
YERE, WIPERFT TPU/CMC 58 4500 (0 BRI £T 4L IR T 2 231
4.2 SEIERSY
4.2.1 KA RANER

K 4-1 FELI WA AL

Table.4-1 Main experimental equipment and instruments

& GRS [
AL g R10 % e ChED HRA A
e B AR S 2T ARG IRPrestige-21 ! H A i o )
XU HE HZ-TJB-02 5 R R R A
INRSRL L PT-1198GTD-C AR5 TR H IR A A
W RS A T R S-4800 % SN E R/
PRI LGJ-12 AEETRA IR R BUR AT IR )
sk A% DF-1018 g R R A IR A A
BT R CP214 g BB AR A B A F]
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K 4-2 FESLIG MR
Table.4-2 Main experimental materials and others

A NS I

KB (GA) 50% Rz TR (i) ARRAR]
FREEFEA (TPU) PRI g I SR R R R A LA R A F

BRI ER W (CMO) 300-800 mPa.s Brd Tt (i) HIRAH

sER R R — il
NN-ZHEH B % (DMF) AR B[4 Tk 7 (b)) HRRA A

43 LWHE
43.1 BFELEHWESRIRFESHIEZ

FREX 9 g i) CMC ¥ 218 N3] 100 mL £ B 7K, B0 IiF o5, [k
B TIMN 9 gGA, AR SIER, ##E 240, FiH.
432 BEEHESRIRFERMIEIZ

¥ 30 g M EFLEBFEIS S, B TR FRILH T 60 °C T R4 5 il 18] 4 45 74 £ 55
¥, HWTERK R: ¥ TPU 1 DMF #218 1:10 FigE RS, FKBIIE 50°C, #Hitdk
Z TPU 52 VR MRTE R SRR . FuIREE MR R SR (% TPU 1 DMF VR &AW
15 MR ILIR G, FrEitEIr I By S0, M.
4.3.3 TPU/CMC #Z =451 SRR AT EMNZESLHIZ

WSV SR 3 BN A 20 mL RIS 88 e, SR FH— AN RO B 4
—ANERE L, AN EBETOKEIEGRE, — MG, DB E, K RSB KK
LA R R g B LIRS G [ e R R Sk, B Sk NEEERE (BT 1 em,
FEM RS E N 15 mL/h, SO PHETRE S E v 20 mL/h,  #i#3E S0 41 4k,
il & FE AN 4-1 P 4 Bl HAS A 4ENIKAE (<4 °C) A% 24 h,  FRREHFE S
NG TN T4 48 h, 5§ HI15 TPU/CMC %58 45 M (0SB 2T 4t

K HARIEg 22, Ll TPU A1 DMF JR A VAH] & R & s (TPU) 274k,

K B E g 22, DNAli5E I | £ g5 e e e 4

ShFertel

B 4-1 [F5IRIL YT 2 51 % TPU/CMC #5545 W (0 S B 41 4 i 1
Fig.4-1 Process of coaxial wet spinning to prepare TPU/CMC core-shell structural color aerogel fibers
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434 MRXE5RIE
(1) RN

2% 2.3.4 M5 RAE
(2) A EERIRAE

2% 2.3.4 M5 RAE
(3) RIMEIME:

Z 8 2.3.4 M 5 RAE
(4) EEMFLIRE:

B AR

FA R A~ RO & 1 AR 4SRRI B 2 A R, 4R e s BRI & e A
= (4-1) FioR:

=— X @D
HAH, —ARERPEWEE, gem’; m—AERARE, g v—ER KT,
cm’s

FLBR T 5
gEE TR R, 3 D BB B LB R =l (4-2) A1 (4-3) FroRiio,
P=(1 ——) x 100% & (42
=2 £ (4-3)

-

HAd, P—ARERILERE, %; —AEREE, gem®s Woas Weme 774

GA fl CMC fER B IR I E %, A 25K GA F1 CMC MR &%, 4
A 0.974 g/lem® F1 1.6 g/cm’,
(50 J5 R
BRI B Z B, BBKEZ 20 mm, KA VI F4EREAT R, &4
FEa & 10 2, 45 500 10 23R i aE .,
44 FER5TIE
4.4.1 TPU/CMC #EE MBS 8RAEN T Z MMMk

% 4-3 TPU Fl DMF [¥)Jii & Lt %F TPU/DMF #% 5% 45 14 5S35 i £ 4 1) 5 i
Table.4-3 Effect of mass ratio of TPU and DMF on color aerogel fiber of TPU/DMF core-shell structural

color
2R TPUDMF (Fi&ELL) ZHEBmEmE (g P S
TPU/DMEF-1 1:1 1.0 Jo A
TPU/DME-3 1:3 1.0 P8 15
TPU/DMF-4 1:4 1.0 L I
TPU/DMF-5 1:5 1.0 P, i £
TPU/DMF-6 1:6 1.0 PR 2 1 e AR
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# 4-3 4 TPU F1 DMF i & EL X TPU/CMC A% 5e 45 f B 4T 45 m . iR
4-3 Al FIEAS R L ) TPU F1 DMF RS HRSAI 1.0 g S5t sk oK, il it Y %
TPU 1 DMF ()i & LL il £ TPU/CMC #% 52 45/ (/S e 47 4k« Jorp TPU/DMF-1, RV
A TR, A amekoki T A, HEWaxELlRdl. fif DMF &1,
TPU/CMC % 77¢. 25 14 €0/ 8 Jo 1 4 3% T B (238 7 A2 e 464 , . 7 TPU/DMEF-5 A TPU/DMF-6
LT Y M BN EEH, {H2 TPU M DMF HIJRE KT 1:6 1, #7845 B
LTYEI) J1 5 fe SBR[, TPU:DMF K tb A 1:5 i, #1451 TPU/CMC #5545
P B S R 1 4 e B B 68 1) 45 4 B R 3 9 0 P e

* 4-4 F5K 0K S TPU/DMF JR G IR 5T R HEXT TPU/DMF A% 58 4514 (0 SURE I 2 4 1 S i
Table.4-4 Effect of mass ratio of structural color powder and TPU/DMF mixed solution on TPU/DMF
core-shell structural color aerogel fiber

Kk A (TPU/DMF-5) ESE S
1:1 TR SR
1:5 FUEBEIR: J)FIERe %
1:9 LA A Re s 2=
1:10 U, )R — R
1:11 LRUEBEIT IR s )5 vERERS N
1:15 L Y gy 22 3 RR TG A AL RO

* 4-4 REH R K5 TPU/DME-5 [1))5i & EE 4T TPU/CMC #5245 F 0SB IR £ 4
52 . FHER 4-4 AJ A1, Mg/ R K5 TPU/DME-5 i &L A 1:1 B, TPU/CMC #%
FeAE MO B A e R T H )2 Re A 22 U85 Bk K 5 TPU/DMEF-5 )i &
oA 1:5 B, TPU/CMC #5845 ¥ (0 SRS 4T 4k 6 T U (s vk HL 1 2- M R 22, 445
ok K 5 TPU/DMF-5 ({2 L i 1:9 3G hn 4 1:11 i), TPU/CMC #% 7% 45 #4) to S Bt Jie £F
Y SRR WG N, (H 445 R K 5 TPU/DMF-5 i &t 1:10 B, TPU/CMC
W A OSBRI O MR B e . 4S5 M (BOF K 5 TPU/DMEF-5 [l & LA
1:15 i, fEgizeidferh, A4 eikEuaisy. s K5 TPU/DMF-5 KR &L A
1:10 B, il #1521/ TPU/CMC 1% 76 45 14 (S I 2 24 B A S+ 1) S5 0 BB e A A2 1Y
J15ERE . £F B TR A5 R B B IR A dE | & ARG T2 %6 A40 8, TPU 5 DMF 1151
®HON 1:5; 45 ERAKS TPU/DMF R S = N 1:10.

4.42 TPU/CMC ZRE B SBERALENUEE DR

K 4-2 4 TPU/CMC ¥ 5e 45 ¥ SRR 47 4 5 TR R BR 4 4 A A 28 . B 4-2 ()
AR, AE 3437 em! F1 2927 em! Ab AR U2 IR ZUIE H 20 FR R IR (1) N-H £ 70 DMF H
() C=0 JE Rk 1T &8, PR, 5RPE TR B R A PP AK: 1638 cm!
AR FRRFE I S C=C BEMIRLMIRBN 51 AL ; 1530 em! AL )2 830 1 B 2R e IR 3hik, 905
cm™! A1 700 cm ! ¥R R AR IR IS I, A 1116 eme! & HH TR R A 4E RN 5 L
TR R SIS R R BT C-O-C B, SLEM ARSI, I 4-2 (b) AL,

43



N AN N R R S AT

RABRA L 3429 om! AL FRFAE G N-H S8 IR Ai R 30 5121, 2730 em™ ALRFAE I 2
MR (-CHO) ") C-H B 4aIkah sl M, IR RIKIE: 1596 cm™ AbsE ih

REABE 2 AE FIR MG N-H 8175 thiiRa A C-N BRI MR & 51 r); 1350
cm ! AR IR 2 2B R IR C-N BE MR IR3h SRR, 765 em AR IR I8 2 I 2 B
RIZRIR = 2E AR BRI . R, TPU/CMC #Z5e 25 i (S B IR 4T 4k GA il CMC R
A AZHK

a—TPU/CMCH% 5% 45 ¥ t6./5 B I 41 4
b—TPU4 4

A
A } 905
1530 1116

T

700

3429 ?

4000 3500 3000 2500 2000
F ¥ /em™!

] 4-2 TPU/CMC ¥ 7 45 K 0 S BEIR ST AE L A1 1 i 26
Fig.4-2 Infrared spectrum curve of TPU/CMC core-shell structural color aerogel fibers
4.4.3 TPU/CMC #5545 & SR T4 B B 5

K] 4-3 5 TPU £F4EH1 TPU/CMC A% 5245 14 0SB IR £F 4E 3R T RO B 3« 18 1 1B
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SR AFYERSRIE, H Uk 4a AT e E AR ok R AT RS 7S TPU 431 [BI B
WD LT BRRE, P U EE TPU/CMC A% 5% 25 K0 (0 SR I 4T 4 3 1T 58 0
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Fig.4-3 (a) SEM image of TPU fiber; (b) SEM image of TPU/CMC core-shell structure color aerogel
fiber
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Fig.4-4.Cross-sectional SEM image of TPU/CMC core-shell colored aerogel fibers (different
magnifications)
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Fig.4-5 SEM image of TPU/CMC core-shell structural color aerogel fiber surface (different magnifications)
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£ 4-5 NAFBUER] TPU/CMC 1% 76 245 1 S B I A1 4 1) %5 FE AN FLBR R . iR 4-5
ALAET, 3 FRASRIBUEL ) TPU/CMC % 5% 45 ) 6/ Bk Je £ 4 14 2% B2 AN FLBR 2R B8 A 22 5+
TPU/CMC #% 5% 45 ¥4 €6 S5 B 41 4 1) 55 FE AE 0.40~0.55 g/em® 22 [8]; FLBRFRAE 90~95% 2
[‘Eﬂ[113]0
% 4-5 AR (4% 75 05 M 00 B 4 ) 235 PE AL I o

Table.4-5 Density and porosity of different colors of core-shell structural color aerogel fibers

K RMEREE (g/em?) FLERZE (%)
SRS R BRI AT 4 0.44 93
RO O ER AT Y 0.44 93
W g b B SRR 4T 4 0.42 94

4.4.5 TPU/CMC #7458 & SRR T HE L F451E
K 4-6 N TPU/CMC #7245 0 S B IR AT 4E iR o IR 4-6 R 50, 4F4EL Bk T
FER S, HOeIs IR PR AR Tk, Skt R A ERIAR (245, 332 F1 398 nm)

[¥] P(St-DVB-GMA)Z5 F (5 il R, 73 J3) il & 1 5 € 58t gt 3 B AN R ¥ TPU/CMC
TG B LT 414
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Fig.4-6 Photos of TPU/CMC core-shell structural color aerogel fibers
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K ERIE 550%; 1M 2 4L W 2458 2 0.89 MPa, Wi K 2IA 330%, &AL
BREEMI B Bl NI5R T R4 J122 1 RE . [N, E— e DARTU I Y, RO, MRk
MR, Bl 4-6 (a) T4k a KRR T #iZk b RS, R TPU/CMC #oe i iyt
E LSS A A B S Bt . 45 SR T T U = 4RSS BRI 2 254, 1
T TPU/CMC #% 52 25 K6 €0 56 J 1 4 (1) 53k P RN )42k o
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Fig.4-7 (a) Stress-strain curves of TPU/CMC core-shell structual color aerogel fibers; (b) Maximum
fracture stress and fracture rate of different fibers
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Fig.4-8 Patches woven from TPU/CMC core-shell colored aerogel fibers (green)
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(1) #il4& TPU/CMC % 5e 4 i eI A 4 Ak T2 %48 TPU 5 DMF i
BN 1:5; S AN KS TPUDMF B &ERMRELE RN 1:10.

(2) TPU/CMC #7451 (/S IR A AE B A B B I AX 52 454, SOM I S B 5 4 5 P
7€ 0.40~0.50 g/cm3 2 [0], FLBEZRAE 90~95% [A]; £F4EF M A 56 HXRES, If
B KBRS EMER, RAARFRKE (245, 332 F1398 nm) ] P(St-DVB-GMA)fER
Sy RIHIAR T IE A REMLE 3 FEFE N TPU/CMC 5e 45 1 B BR 4T 4E .

(3) T GA F1 CMC IS BELE Y, TPU/CMC % 58 45 46 {0 /S Bk I 21 4 (1) i 24 8 1
AW ZAHHCZR 737000 4.1 MPa, 550%, FHELT S BL4E (0.89 MPa, 330%) Z&EHETT,
TPU/CMC % 5e 2510 (0SB 4P 4 B Rt s BRI M . [F]Is), TPU/CMC % e 45t
R A BA R T B Lk
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5.1 &8

B S5 K (M ER S & 77 55 FE BLEE H4) MR TN I A E 1R 25 (1 n) @, A SCEL St GMA
RNFERAR, 5INZEGR DVB, R FLE S EE R % 1 iR 2 P(St-DVB-GMA) 4
IR . LA P(St-DVB-GMA) S5 sk ondkon, dE— Pt ot 1 ki 4554 B
ERIEZWY) . RIS BER AT 4E LN FH e . BARBF 45180 T -

(D) TEARBE AR &GS AR ORI NIRTRAE K H s
(P(St-GMA)) R ZR A b, RAFBEREE, IS ZHBARZEGH DVB, & —odt
R4 P(St-DVB-GMA) &5 f (k. 25 KW i 5l NZZHR) (DVB) il 4% 1 i it 21
P(St-DVB-GMA)Z5fg Bk, Hif iR EREREE DVB &8 (5%~21%) 38 i $E
2 DVB FELE 15%LL B, fHERTE 60~200 °CTE A & I A S B Ra e 1k . 24 [ 5
DVB & &N 21%M}, 8 WEBEXCGRENG YA, PI3RIRAE A 245, 332 F1 398 nm ]l
K, raldlg TG, ROMGO =M aEa LRy, W T RaEEGR-
KAETC PRI [ TC A FE R Al o6 T a4 s TSR I T Ry ) B A 2 e IR ad o
TR VERE— P & T a5 Ea B S, e R YR BB K BE I B e .

(2) | s 7E (A Rp 2D 3R 1 H 2R -G T8 USRI g 45 21) 28 (5 1) SRtk g e Ve PPy 20 .
KRR & A AR . 25 RRW: UFLBIKRE R 5%, FiE KA 0.2%0,
KA [FRLAE P(St-DVB-GMA) R 73 il il £ 1 W5 6, SRSk 3 PRt (1) 4549 g
2b, HAW ORI BEEA MR S ER27E 210 °CF AR 10 min, K[
PREAT DR EFFEIN B S5 00 AR R, FA AR R B I RS e 1 s 8 T kg o R R 25 4 2 )2
Ik, SiERDINREE BERE, A8 7T 270 MPa; HE M AR B A T 5
KPR R4 (0, A2 T

(3) RH FHIRIEY; 2855 R R THREOR, il 45 T TPU/CMC A% 52 45 4 t0 < I
e, EdRgiigi 5. SRRV UL KRS TPU/DMF-5 (TPU 5 DMF
LR 1:5) BIRENCH 1:10 B, HIfES4L R TPU/ICMC 52 B4 2T
P(St-DVB-GMA)ER ki AE 22 57 (245, 332 1398 nm) , Z» 764 T 50, LOM%E
O =R LT YE . TPU/CMC 5% 4546 (S I £ 4 (1) % 2 AE 0.40~0.50 g/em? 2 [A];
FLBRRAE 90~95% 2 [H] . 52 25t tafyik i TPU MY 1078, ERUEREAE RSt
T infk4it. H TPU/CMC #x7e 4514 B SR 4R 4 (1 Wi 458 B2l 4.1 MPa, ik
1% 550%, KRR, HAHEREHGEEE.

52 RE

B 56 %o} 45 K €8 S B FIR AN AL, R 4 H A IR L) 4% T2 R 4% ks

7, A AR A HUMERA T R S5 R, R85 R ef3 302 HRPRIM . AR
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