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The Role of Silk Protein as a Reservoir for Water in Silk-polypropylene
Composites

a8 BAal Yaxi Tian fixX BR E£H EE
IKatsunori IWASE Yaxi TIAN Akira NUKAZUKA Tsunenori KAMEDA

Silk is a natural material with excellent heat resistance and mechanical properties, and has been used
exclusively in clothing. When silk is added to polypropylene (PP), there is a concern that the formation
of “dama” (lumps) of silk will occur when it is directly fed into the injection molding machine. It has been
reported that the addition of water or other substances improves the dispersibility of additives in the
resin when the molten resin and additives are combined, while the exposure of silk to temperatures of
170°C or higher causes the generation of superheated vapor due to dehydration.

In this paper, we have worked to suppress the formation of “dama” by actively using the superheated
vapor generated from silk in order to improve the thermal and mechanical performance of the composite
material. As a result, we were able to achieve good dispersion of silk within the PP, and we were able to
confirm the performance improvement effect we were aiming for. The main reason for this was that we
set the mixing temperature of the resin to 210°C. In summary, we discovered a new property of silk: it
has the ability to retain water until it reaches this high temperature, and it functions as a kind of “water
reservoir”.
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WRDDT 45— (BIZIE, 75 AHHE) ¥ 23 ENTWE Y M T F T S PPV L
ENLBEEME LTHY SN DD, BEERO 8Lk IBEM DL E, FHBERETIE R (7L AR
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WX DERSITwz, ZoMfng, SRR
Vo REHRATDLEI VBT 12h5 " 9rn
Thb. LHrLi2s, REVEZETL L, BEfF#
i 2 00 L 72 IR X 2 BEAM OB E T L
W, ZZTOFY e, RRDINV T PREARE -
7IRBIZH D, B E oBEMIERIENS L RoTwS
EERD. ZDRD, Vv BBIRERICE 54 L
TV BN LBEEMOREICT 22 L2k ENT
Wb,

BELL 2B SR & oA TIE, KD B
E K VA & VR 12 N 37 5 J5 i (Water Assisted
Production, W% : WAP) 77 23#ifs ST\ b, KA
AT B 2 & TR & O AR % 5o B iR
WIZH—IZ3HTE LX) 12% 5B, 2O WAP & I[akk
DRI ADPP & v 7 OBALIIH TE N, H
HRRIBRIC L 2 2V 7 o« 7= " LASE S A
BAHALASER T E 2 00h Lt v, 2024 4F,
5 Wk Y vy BOREEEOSEIC BT, 170°CL D
MPOOZTOERRA L & B ITHIKGHI X 2 KAELKD
FHETHIE, BIU, ZTOFRAMEIR 200°CE B 2
B2V POAMICEAT A EEHALMIIL 2
T, FAlE, BOMIZE o TY NV hSIsET HK
AR BRI HHT 5 2 & T WAP & [AEEOHERFE I
EBv N0 7= " ALMHIAER TE 2D TIE W
e Fx BEOYIN L —PPEAHOHE D VY
TIE, BALIREA 190°CULT (Vv 7 Bl & %
KBRS EZ TR ET HIMETIE R ) THY,
L LCHEAMPTOI Vs ="V 2hot2
LEZNE, FRloHfFLH AN ER/ETELLDT
IE 7w,

ZIT, ARTIE, YVT OBKBGIRIC X 5K
SN RALT 5 210°CE A LIRE ISR E L, &
PO REIC L B YV —PP EAM ZER L, #
M B X OB IRIFEOIER, 2 L Coipslig e
Ratz. 2o, THEMHERY L LTHYSR
LMK VA VBEMNR) 7L v (B MP) ©
ROV T O MET &7 72

FEM R AT ORGSR, VT B KORFEE T & L
THHH$ 52 LT, PPB LU MP#EI PP (B : PP-
MP) WTOYNV7 ORRGBPEBTE, ROLH
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BB X ORI MR 2 S R % GRS 5 2 LIS
L7z, BshREE LCid, YVZoRmcky, 2o
BUOMRRIER 19°C LA S8 20k, MP ZiFN
52T, SHIZIICEATHILEZWSRICLZ.
INOHOFHEER, YVZRIMIE ) ZOEEM OB
BEWDNEHE 072 L RRBT 5. F 7B 2
AL LTI, ¥V 7 —PP-MP A 05 [HERERICH
WC, IR E DT ARD, MR L TE Bk
THIEEMAEL ZHUIBEAH OWLIT fE 2 = R
VX —OBAPRT LI ELEAETHE. 5D
REAE, TERGADOY VT ORI RBT 5.

2. MEETE

2.1 ##

DIVZIE ) VY EAEE25%DAR (R < A,
21 7= =, EWREARE) 2w vy LS
L3281, FAMETHS PP (K1) 7urlL v,
HAKY 708l MA3) BXUOMP (A< LA v
ZWRY) 7oLy, BEFE S I VB, MG-670P)
27 MPRIERIZ PP ERISH LT wt% & L7z,

22 EEHHORL v FRERBEROIER

PP B X O'PP-MP & ¥ V7 oA bid, XL v b
B LB OZEBTOEREZIT 2. XLy
b i AE 3 G i, Thermo Fisher Scientific # @ {i $ #%
(Process11 W EZH#i R 7)) 2 —T 7 A M V—5—) %
Mz, ZoBoRES XKD (W) &M, =
NZEN210°CB L 2.5 MPa & L7z TERFIHIE, >
V7 %S mm AR v MR, RSBEN TORMSE,
2= 3mm MOV v Mipk L7z, ¥V 7 FmE e
JEERIIH L 10x1wt% & L7z,

RS OVERTIX, XLy Mih% 80°C—2 R D
JERZBt%, SHHRBBICHE L7z B o, IS
K 7161-2-1A (Z#E U725 [ aRAABR T & L7z BRI,
YA b ARG B (Thermo Fisher Scientific %4,
HAAKE™ MiniJet Pro) % 720 S5 BB &1 %
Table TIZ/RY. 22T, YIVZZBMLAZPPBL
PP-MP O#I&H# %, ZhZN PP-s B L U PP-MP-s &
g,



Table 1 Injection Molding Conditions

2.3 #EM O

FEHTHB IV, BLOITERLZEEM (XL Y
Mibds KO ah) DRl & LT, BuUrdT, (LT,
FEARA P VR SUR 3 X OTETREBIE 2 17 5 /2.

2.3.1 Bath

BOTIR, XLy MO BSHREGIRE (Td) ©
REERIT- 2. TdOHETIX, BEEWE (0
TG, NETZSCH #, STA 2500 Regalus) % I\ 7z.
SR FIREEE, Fy ) 7T AM (EE) 13, Th
ZN10°C min' BL N, (100 ml min") & L7z %
B, YV O TEIERICIE, Fx ) T HAERELRL
FTL b T -7z F2, TdOPRETIEA vy M
FEZ A L7z

2.3.2 Ef$ NMR

BC CP/MAS AR 7 b v i [ A% i A 36 18 45
(W& : SS-NMR, 7'V % —#L#L,  Avance 600 WB) #%
T 150.96 MHz » PC LG EMEHcllE L7z, 4.0
mm ¢ PNV A=70—F —%&REEICL T MAS #E
135 kHz CHIEL, 7¥~ > ¥ v 2o ERiE#EI LT
CH, ¥—7 % 29.5ppm & L 7=.

2.3.3 BB RD5|REAR

PR L 72 5B i o 5 1R ERIE, JIS K 7161-1 (2#E D
TAT- 7z, B L 723500, R il (R
fERTE, 4 — 2757 AG-IS 100kN) & €7+ I
fh OMEEE (R EEBAERTR, TRViewX) #Hw7z. i
BRi% 23+2°CCATV, kBl e, BEARRIREEES L 0o
M AHE R, 221 50 mm min”, 50 mm B &
115 mm & L7

23.4 XY Ea1—YHBIRE

WAL NEE T 2 v 7 O IREILRIE, X#a v
Ya— s iiEiEsE (% CT) 2Hw5Z & Tiro7z.
WETE, EMHOEIZZEL, Iaht (v
ysubrurtry—, 74 :BLIIS3) 12X 5l
ERRA L7z, XL, Afot X (mhrF—:
13keV) THY, 7TVI=ZTA03mmDT 4 )VF—
AL, TOERER 200 msec DA T TR LA =
KILT — 8 DIFBIEZRT K7 LV 4 X3 1.33 um
Thoz.

235 EHEEFRMBKEICLIRE

FEATE T eSS (W 0 SEM) &, Ya v bF—
LB A A - B JSM-TT800-SHL (H A%
T R L BT R E TR ST
W, EEJBEEE 6 mm, M 1.00 kV, 45 pA S
TOW MR o 2 EEE—-FE Lz Y vy
BIOBMGBOBIETE, Th~0HEEEITHI LR
CBIgLT-.

3. BR

3.1 2L OEEEE & T DS

FERRIHE L 722 v 71E, Fig. 1(A) ISR L7zl b e
10 um BEDOBAP 10 ABREDORIZ R o 724 RTH o
72. ZOBIIKT 2 EREOZIE, RT—100°CH Y
(Td-1) F T L 7zHmEHRD, 3 X0 266°C (Td- 1)
TOERRDHDHER S 17z (Fig. 1(B). BEAE 0%
182020 A HIFIE TNV GO, BBV
RIKDBGHRIAY T B, Tz, V7 RIKO 3D
UHE 5 250°CiL Y £ Tld, MEOREEZZIFII VT
LS55,

TV 7 O PP ~OEHIE, 210°CHOIRE T TH 3 min
DI T o720 TG HERIZL B L, BEUHLE (210°C)
TORERBRDVIIERTE R Y. ZO—FT, TGHMllE
ERLy MUMERTIE, 210°CORFRE AR L 5. 2
CCRIREHIAS YV 7 OBOMRYEIC S 2 B B OIE R
ZHE L, REEMEZ ST A= Lz 70 (AL
PRRER 0 0 min, 3 min, 20 min BX 2 h) %2400
IZT2I0°CTORLIIZ L DL, 2L T, Thb

D SS-NMR ARZ FUip b 2V 7 KA & B8R L 72,
SS-NMR O # % (Fig.2) 1&, £V > (Ser) ®C, &
C, IZHIKT 2 ¥ — 27 (75 — 65ppm) 25 AMLEE (Original)
DZIIIK LEALT BT enb, VIV 7 OB ERRIG
DEATHRME SNz, BHS P IE, Z ORERTHAT
T 5t SO BIKBUBIC & - TES RN 5 A
THHAMIIAKRELATHDEHMELTW5.

Fig. 1 Cross-sectional SEM image (A), and
thermogravimetric (TG) analysis curve (B) of
raw silk. The scale bar in (A) is 10 g m. The
carrier gas species used in the solid and dotted
curves in (B) are, respectively, N, and air
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Fig.2 ™C CP/MAS NMR spectra of raw silk and raw
silk heated at 210°C for 3 min, 20 min, and
2 h: only the high-field region of 5-75ppm
is shown. Spectra for each heating duration
are shown as red curves, overlaid with the
spectrum of untreated (original) raw sill,
shown in black. Arrows in the figure indicate
pealks assigned to serine (Ser)

3.2 PP-s 5L U PP-MP-s XL v hDEFE

PP-s DERZB B TIE, 3 o0 EBBAEE (Td)
AR SNz (Fig. 3RMEM). ZolE L, Zheh
R.T—100°C (Td-1II), 264°C (Td - 1V) B & U¥ 396°C (T4
V) Thotz Td-Nk Td-IVTOERREKDIZ, ¥
VI DTG H — 7 THERINZREFTTOZNLH
¥TdH o7 (Fig.1B). 22T, Td- MO
Td- TICHETHIMETH Y, ZOWPHIE Iwt% T
Holz. YNVIZIRMEDN 10wt% THHZ L2 EZLD
&, ¥z (Fig. 1, #kFEMH) OEKE (10we% FLE)
DL EHIEVIIHBLTVWE I LRD, ZOHR
WPV IMETH DI LD Ghh. FRENS &
2, Td-Vid, BROBSWHICHRT S Td Th B0,
PP-MP (F5%#) @ Td & 13I1ZMH LE (396°C) T
BHolz. PP(REM) O TdH377°CTH o722 L b,
NI IRMASPP O Td % 19°CH L5 S8, PP-MP if:
DR E R LI &% 5.

PP-MP-s O # fF2R B BT d, PP-s & FFRIC,
300 MdH RSN (Fig. 4). ThEho Td %,
RIEM 25 ZNZENTI-VI, Td-VIBX W Td- VI &
RS 2. V7 kD Td - VI PP-s & [l B 72 i
MTHhot. —HT, Td-VIBXOTd-VIiZ, ThZ
N 269°CHB LV 407°CTH Y, ¥V 7 B LU PP-MP
DTdEY D FCBIW14CHDP o7z FRIC Td- VI,
MP (F 5#) @ Td (407°C) L13IZFH LETH - 7z.



Fig. 3 Thermogravimetric (TG) analysis curve for
PP-s pellets (red dotted line). The green solid
curve showing results for silk, the black solid
curve for PP, and the blue solid curve for PP-
MP are presented for comparison

Fig. 4 Thermogravimetric (TG) analysis curve for
PP-MP-s pellets (red solid curve). The green
solid curve showing results for silk, the black
solid curve for PP, the blue solid curve for PP-
MP, and the blue dotted curve for MP are
presented for comparison

3.3 PP-s & U PP-MP-s B! R D5 5RIS1E

PP-s B & U PP-MP-s D #5HT OAE R 5, B~
DYV OFIMEY, v 7 —BRE TR MHE
TEREESRZ > TnwitEZObN5. £ THDH%
51, PP-s B X U PP-MP-s &I 5t T O BB P 1k o 1)
EL Wit TcXx %, 22T, PP-s B & U PP-MP-s i i
DOFIRIEI B L COTAOFMZ ML 7. PP BLO
PP-MP D7) - 09 Al (W S-S AH—7) 13, i
HEZETE A & W ZE TG~ D B A 708D & I T sl foe AR %
AR REVER R B %R L7z (Fig. 5 (A, H#) BL O
Fig. 5 (B, &##)). PP-s 3 X U PP-MP-s IZ B} % S-S
H—=7ThH, #BE (PP & PP-MP) & [Flhk 70 HE 1 A 3%
%)%~ L7z (Fig. 5 (A, #°#%) B X UVFig. 5 (B, 7/#)).
PP-s D KIGH & Z DO ADOEIX, PP &L
TIEEAEEL L 572, —Ti, PP-MP-s ®DZF 15
DL, €N ZEN 43.00.1 MPa B & 0¥ 11.0£0.6% T
»Y, PP-MP L I, ThEhM 128 LU 1.7
BETholZ ed, WRHEY OFREF 2 2% (Table
2). PP-MP-s kI S-S 1 — 7 IZR SR s )y & O
FTAOWHEIME, ORI TE LA F—
DR, Thbby 7R ADEM (PP-MP IZxF LT
1.7f%) L7z2 k%2135 (Fig.5 (B, ##t)). 7z,
PP-s 3 & U PP-MP-s B il C o itk 1x, ZhEh
DOBRIZH LT 2% BLU 7% O ETH - 7.

Fig. 5 Effect of silk addition to PP and PP-MP on tensile test results: Stress—strain curves of (A) PP without silk
(blue) and with silk (red), and (B) PP-MP without silk (blue) and PP-MP with silk (red)
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Table 2 Tensile parameters for PP, PP-MP, PP-s and PP-MP-s

3.4 BEGAD IV DIKE

BEM oG IR, BIRNTO YL 7 OREICK
ST A Thabb, BIRNTO Y V7 o5k
B, WAOKRTH2AR05HARE»E B ITEEL
%A, TIT, YIV7OBIRNTOSB & U HeR
RBOBBOZDIZ, ThENCT BLUSEM # Hw
TS EAT o 72, WIH TRE RIS OWNE O 2V
7oA %, BB TN R O WTIE 0 2 L 7 S5
DB AT

Fig. 6 (A) 3 L U Fig. 6 (B) ® CT %1%, WKEHDF]
AT L CTREARTOBREZRL TS, 2T,
CTHIZB I 2 Ikt lg, Amifixzvy, 2L
THEMEIIZHZRY. PP-s B X U PP-MP-s J& A i
DCTIETIE, N7 T " ROMENEL Z &7 <,
BRI LT b 2 &b s, LT, WKW
WIEANE WA, B 10um 4 X DZERAAHY PP-s 3 L T

PP-MP-s |ZfEFE S N7z,

—) T, GlRBORE S % SEM THERR L 7-
(Fig. 7). PP-s DRI, BIRNALSMUT2 N7,
BLEVN I BPF7ALMER S 17z (Fig. 7 (A). %
IR L, PP-MP-s T, PPsIiZH HN72X ) By
7oV 7 RfLISHER ST, BT IR S iz vy
MHEFE S N7z (Fig. 7 (B). ZOHEHR XY, PP-s & PP-
MP-s TiE, ¥ V7 LBIRMCTOMEEHOKRE SIH
EHBHIEPERIEINT F2, TV OFETA
ZWCHZMTZE, ARG L v 2iE, Vv o8&
10 um FEFEDRIARD 10 AREORIZ R 5 72IRETH -
7z (Fig. 1(A)). —J . Fig. 7 (A) % Fig. 7 (B) TH:2
SNV RIWA—ADOTIUTEVES (10 um 2
) Thotz. ZoZhbfliomcoy ik, #
BEBIOTRERET, WA 72— ROBAR THEEL
TWwblWnz b,

Fig. 6 Overviews of silk distribution inside PP-s (A) and PP-MP-s (B) dumbbell-shaped test specimens. Scale bars
in (A) and (B) are 200 p m. Yellow dotted circles in the diagram represent voids



Fig. 7 SEM images of the fracture surfaces of (A) PP-s and (B) PP-MP-s dumbbells. Scale bar in (A) and (B) are 50 p m

4, B

41 EERRNIES T2 IV 09m E 9

PP-s & PP-MP-s DK SN > v 27 1%, R A5H &
Hotz I ROBWMEEL LR, 2D, BED
WA RDARERE, —ROBKRE LTHIRNIC
SEL TV BT AR T X 72 (Fig. 6, Fig. 7). 2Z
TOGEREE, EAEM ORI LE R 5 E RS
COGHIE, YV EBRT AT I VBO—DTHD
) Y OMSEDWR B E L 72 2 & TIHAE L 72K
A WAP L [AEEDOKN ALY, SHICEBHNOEN
EWBINMD B EIZE 5T, YV AR OS5 EN
MW EL7AERD 20 SN2 MR L7z BRI 2
HZALNIUTOMEY) TH D, BARDOEDNDS % LESR
A210°CITMBE N B LT, YVIHOEY VIS
DOWAKRIIE Y T3 5. Z LT, ZRICE D5
H L 72KZEED, ARNO ) ¥ v Dl &kt %
TE&E5E. YVINTE, TooTF#HBETERINT
WK EEEWCRE LIRS THEAY AL LT, £
NOOKREHBEXZYVINL, VIV 7 G THOEHNZ &
Wiz, Thbb, WAL (plastcization) * 23T L
ekE2zohA. ZLT, TORBISERSHHFENOILES
LHEAEOMERT AT, A% (BRE) DB
#ITL72. &) ¥ OWALBIZ R, @R TR TORM
LM TOIL P LEHMCIFALEEZS. 2
12 WAP & R DB CREXADST VT & PP OMEA
ERZmD 722 T, YVZEEDR T~ “fbd5 2
E% K, OB LE R HREZ EHL L 72,

BHESICEZE, 170CAY 5V I7NEY YO
BSHBLAK BRI & 2 KERBEDTR S Y. o
%13, SS-NMR 2 X% b VOTEHE (75—65ppm) &
LCHER S 7 (Fig. 3). A To v L2 —#ik
OBEALRE X, BEEE O tozh (180—
190°C) £V & Ew210°CTH -7z, 210°CTO VIV
7 0B DEFIERE L, 180°CTOZEN DR 38 fif
(0.18>6.83ppm sec') 2% % Y. Zd7zw, PPs B
X OV PP-MP-s OFERIFICIE, BAEM 1 g472) 1 mg-
H,O OKRMEBE AL L Tz b ilfE S ns —
R 72 WAP TOARGFRMIE X 7.5—30wt% TH Y 7,
RS IE L2 TH 2013 L A L DRSNS
BHINTWE I ERD, ZORAKERR M
EWVzB. LhLars, fifke LT, AEBRTHEH
L7 ENOET L @I LY, BROBA»S %
BRSO —KOBWHRND UM FETH > 72D,
KB NI NE»LFAEL, TOWTIHEA SN0
LEZoN5.

) CEOMRC & BKAESEAR, BRI EH%S
MEZBREWRZ O5NLDS, Ky — A TIEHiAE 2B
RERZDILNTED. Thabb, ARFHICBTS
2L, BIRNTOS B LB K % RSRE £ C
BT 2 RO " & LToOR#EZHE> Tnzk
BA, KTF—RII Vs OBENGERT V¥ ¥ ViG]
EWMLBIEEZA. TO—FT, JROEEMITIE
YN0 L ZEB (Fig. 6, #l]) 23S
N7z, TNSHRISHETFOERE LI E00, W
DRMDD 5.

4.2 EEMOBENHE L BBNRECERXZVIILID
o

AR, Fig. TWOR L7238 D, sk 10 AR EEDSHIC 22 o
Tk Thotz. V7 M ULIZEEM OB L
PR HEE 2 0D B121E, AR ATHAR T L b
TEIRMIZO L, S5I2, 5L 72 R 28R &
CHEAER, $abbRmELEY (RLH) PLEE
k. RO LB O UL Fig. 6 & Fig. 7 T
ATEZ LMD, 2ITIE, YV REEBIRED “ 7%
LA IZOWTHEmT 5.

PPiEA L7 4 Y ROBIRETH Y, ThEMKIZITHME
HERTw., 2070, MERELEA L7 MP % PP
IS 52 LT, MEEERORNMEDR UAZ
W B ENTEMATLATHE Y. —hT, ¥
W2 ERERLZ 7470 Y ONMIE ) Y UHE S
oGRS T WD Y, 200 REHI VY L
B oBELTIE, Bk tY v > EoMEERD
BEash, ZNoUICR UL Lo T, BUlss
ERL 7 A AER iR - R d D Ral= 0 S ) 0]
T3, TV Y rRT I = v EO MR T
IMBBIORY) VR INVY I VB EORBET I
Ao %b. ftoT, YVZLOMEMEMTIE, PP %
AWZBiE ) ¥y EEOIEmLE T I/ B, i
5D PP-MP % H\W7-B12i%, & ¥ v RO IEMME
TIJBICA, w7 I B MEEH RN %
LI ENMIETE D, K& (Bombyx mori) DX ¥ |2
B AL X BT I BoOGHERIE, FRE
NH 20% 3 L UH 80% L 7 ShTWBH I Lnb,
PP-MP ~® ¥ v 7 #MITl&, PP & b b v+l HAEH
AHETE B, AMEHTO PP-MP-s DZIEE 3 X OF
PO ORGSR AL, B D@ Y PP-s (I L CTHEL 2
MRThHotz, Thabh, BIEETE ZoMEEMN
DEGHRIE % 14°CREbL L, WIS, FIE
K AMOWINTE DRI AN F =25 1.7 51252 5
CERHLNITTE. ITNHDOHRIE, Y rFD
BT I VBEMP LD R UAICZOERNH B L
Zzohiz, 22T, v T Uo7 I B, Wk
OEFT GMURLHM) ) R A affioEn ? 422
EDEATHILns, ZRIUIHIE L7z MP O 45T
ERZDWREORFIVLELFR 5.
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WX B EAME R—AICLTWS, AT, 2hs
DA, ) ¥y oOFfzwiGHEE V7 IsH
TERRFETH. ZLT, ARMImEiL, MoRKE
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