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Study on improving reliability of adhesively bonded joints

in sever environment using metamaterials

WIEREFE BN AT DT YA A B KIEBHRCR

Sota Oshima

A novel method to improve the reliability of adhesively bonded joints using mechanical metamaterials

has been proposed. Mechanical metamaterials were employed to reduce peel stress at the end of joints.

Equivalent elastic properties of several metamaterials were obtained by finite element (FE) analyses

and the homogenization method to find desired metamaterials. The results of the FE analyses showed

that elastic properties were able to control for metamaterials that have oblique members. By applying

elastic properties of a metamaterial obtained by the FE analyses, the lap strength of joints slightly

increased because of a reduction in peak stress and an increase in stress transfer efficiency. The

proposed method, therefore, proved that metamaterials are good candidates to improve the reliability

of adhesively bonded joints.

25

AT ORI ESEL-0ICA 4 ~T
TV ROWTEHROMTFEA AR L. HEEF
SR DI BERIHRI DT DI B L Ip D A B~
T U T NO BRI X > TRET L7

ZORER, AT TER T AWM B DR
DOWEREFTHA XTIV T NADERE CHDHZ &
DG ISz, ZOEH A= AZ~T VT
NEFBHT DI, FixDAZ~T U T MR L)
BALERAT AT, SRR A DE Uiz, R kR
FRATOFER, OO A Z~T U TN O A H
FEDENT ERHS NI o7, BRI, #REHLZ
A BT U T NN U5 T OREE AT
1ot ZORER, AA~T VT NVEEANTLHZ
& TE—UG DR & W AWE ) OB A C
FRZT » T ENRWIGAITHEFIRE DR EAYATRET
HHZ LR RN

1. FANE

PEETE T IR S L el Ui i
DNBET HIVD 70 kxRS AT D7, BB,
WZEFH, T RAF—PERER & CORMMER LT
WA, Bilzig, 1 IZ7”7¢ CFRP (Carbon Fiber
Reinforced Plastics, [REHRHETRILAEAAED s
JEARFES 7 T, RO A4 L CFRP OAK A £
BT HIDIBEEGOFERP R SN TWD. L

DL, BEEWTOMTIISI RS L e b0, 1X
SHEEDFEAE LT, (BHMEOBLR TRV MR S
ATV D. FRZ, CFRP &M &, BZRED
B DB E T A AT B BAE LT
<, FHIEEYR CFRP ByRHKHE Y 7 72 B 534G
T 59 ZTOREELI->TND, —fKIZ, BEEHD
SR CIS I A 2R S 5 72 DI I I R~ L
MLEfTZ L0, 74 Ly FOMNEIZ XIS
HARET 2 JFESEL DS D3, HEHIA T 5 CFRP 2
FH GBI EIC TN O T AL ERN T DIE
WEECIh 5. FFIRE COMIER AT 5720
\Z, SR AR AR L, PEBIC IV Tl e
PSR 2T D BRSREF MR R S TR @,
TSR O BN RAAD D Z E BB SN2 > TV
5. oL, BEEREOLOORWEEZL S22
BEEAHREEPMINE: & ORI A X DIITRA R H D

B0 KE

0% (&) (CFRP)

\

LS A T
(HtHiE)
X1 CFRP BBk S 7

— 151 —



—J7, MEEER EOBIERzZ LY, ZhET
R L SN TE IR OMEZERNT 5 Z L A3 AThE
LR OOH Y, Fum FBREOHEDOREIEEHFE
BLTW52™0 @i X - CRYERTRE S 7o o
TMELD—2 L LTAFZ =T U T IDRZET HiL5.
A BT VT IATHI Z TR 70 & ORI SE 2
LTEY, FMOMEMFEIINZ T, ZORM7H)
HEDMBIOREZRET HHDEND . AXST
U7 IV OBBAVRHEIIREIC L > T RREH 7562
EWRRETCH D728, HHT HEREEOSKIFICHEA L
oA BTV T IUT L THEE ORRMER] LS 1
TED., HERZ, AX~T U TV Tl DBk
AEHONEIMEE (/A7 ) EET
% Z & TR CORFRISTIGINER L, HEH O
EZEBT DT BEHISFTRETH B LWV ) i b e
ENTNWEOO 22T, AFROHNE AL ~T
U7 V% TR AU C ORI A BEEN L
HlfEd 2 2 & T, BEEMRFmIIZIT DN T A
fEFL, EfrkEom L2X5Z L35, ZORE
LR D OIWHIORE e LTAZ~T U T L
O3 P 2 BEARATT |2 L 0 B 2.

2. ARTT) TIVERW S OEFEM

X 2 |2 A X ~T U T VA Uik o
2R AR CIIBREEROREIA X ~T Y
TN 3D SV BT EE G CEBREEE TS
ZEERET D, LIS T, BAEN IS B E A,
AT VTN, BFEHR|, CFRP #EER GRS T
W5, BEEMTFOMHBREEZZET L L, MEdl L
THERWMHEAAETE D2 L, Rl CORERE
PR 9 2 2 &, il CRE TN A LTS
(DT D EICE LN 2 & D =DDH

3. Fimrnkst

BT ORI Bl L7z A X~ T U TV AR
ETDITHTY, TIHAIGETE T o7z, TRARES
T 2 DA K= )T VLY Tl A CET
AL LT BB TFICRT L, A2 ~7 U 7 UEO
WSR2 L S ST R EERAT ATV, A ¥~ T
U 7 IVERDOTEHERFED ST OIREE 12 52 2 R 5

~7z.

3.1 AL

FEMTICIXILA A RER G Y 7 b =T
(Abaqus/Explicit) ZJHU /=, CFRP & A X ~T
U T VER LA RN A, T A EEE L
T BRI TR ZAGE L, 4 HRONES )
HEAE N TET /L L=, CFRP & WS iAoy
Pag 1 LR 2ICENEIURT. EEEAITRS G IE
FTET MU LT, fEET1ERITH D677 E TIEH
W72 5B E0E L, ISSIORMEICE L7 %I3FT
EDTRX—E R LN OB 2 EHRTHY,
PAE OB A DI BEERRITIC L Vv b s.
PAEABNE 2 AE LT S ER ORI A% 3 1R
9. CFRP [XE A& aAEE L, [02/902/02/90./0]

1 ATRESRAHT I 2 CFRP gag RonMER
CFRP ([02/90,/02/90,/0],)

E. (GPa) 184
E, (GPa) 10
G, (GPa) 6.1

Young’ s modulus

Shear modulus

Poisson’ s ratio Yy 0.32

2 AIRERMHT TS B AR
Ti—6A1-4V

N VAL >~ R AN -
14375 ;‘k&) %ﬂé zﬁﬁﬂ“(@i\_ @g,fq:a\— = ﬁ ]\/71;7( YOUng’ s mOdUlUS E (GPa) 109
2T VT NVEREL, EOEAEZ HNIT 5. Poi ; .
oisson s ratio v 0.28
Not to scale Ti-BA-4V v v v v v
CFRP ([0,/90,/0,/90,/0] ) 0 . .
[3p)

50 | . Metamaterial

< > (Continuum elements)

100

vV

Adhesive

(Cohesive elements)

X2 A¥<T VT VRO HEERTFOME L GTRERET L

— 152 —



323 AIREFRAEII A s AR ORI

Adhesive (cohesive ele.)

Mode T stiffness K (MPa) 2500

Mode II stiffness K1 (MPa) 920

Mode T peak stress ti. (MPa) 49.5

Mode II peak stress tie (MPa) 37.9

Ge kJ/md) | 2.71

Mode I fracture toughness

Mode IT fracture toughness | Gi. (kJ/m) | 7.76

OFEEER TET U L2, T e Lo~k &
CFRP DffJEt#RFs L UBERSAHIX 2 | 2~d0@ Y ¢
bb. Ty TEELHN12.5, 25, 50, 100 mm D 4 FiE
HOETNVERE L. AX~T VT NEOY T
B E AW ¢ OV Iy—T57% 10 GPa (Z[H
EL, 5z 0.1~1000 GPa O TLELSET-.
CFRP & &ROIFRRDE NIRRT 2 BUG ) 2 B
T 572, H100°CITAHY T HIRER (LA 52, D
#BIZElIRAR 2 5 2 7.

3.2 HBEHER

[ 3 36 LUV 4 (ZHEEHEFOWMIES )3 L O
MFRE I KITT Y TR EOREE T v TR L
R ek, ZORFEAMMEMEER 61310 GPa Th
5. ZZT, YOI T N OREE I ER
DISIHENEEFEIZE LT & & OAFRE AW,
FETFIREE I A AWIS I DEKRIETH Y, A
AT NIRRT (AT LT A T 7O hife
THRLIEBDOTHD. 728, KHPOMHR (Control)
IZRAZ~T U T IVEREET MEET, CFRP & &Jm ik
BT EEAEAICHE LI aofREFE L, U
Bl d Z DA & DS A X~ T U T V) SHEFHRE
DI FIGRD B B0 E#em T 5. WIS %
YU TRENPRED, TN IOWEAIC LR L.
—75, MEFIREOSE T H YIS ) & g L
BRI N E NS ODREOEHAS R ST i
YU THEPREVGEIIEEREOLODOE—
WVETE (ATH~OER) BSIflShiz7=d, ¥
VTR EDNSWIEAITIETAEC L 0 o
—IUS MR SN2 THDH EEZBND. A
BT U T IR DY 73R ()8 Thok 2006Pa
FE) L0 bEmWnbDIIENRWED, Yo g

50 e

® [ =125mm
A | =25mm
L 40 B L =50 mm
= v L=100 mm
&
12}
g o0 &o------ RREEEEE
@
[}
_‘_é 20 A A 7 A_______
M©
_E, RS - I . E [ B
£ 0 gg.. T .
ol vl vl il el
107 10° 10! 107 10°

Young's modulus E, GPa
3 WSS NSRS JIETr o RO

S —

A" 2 A
0L TTTVY v

Joint strength 7y, MPa

L o |
101~ A [ =25mm

oL

v L

0 111y 11111 1111l 1 111
107 10° 10' 107
Young's modulus E, GPa

B4 HEFIREECIS KT o U ERORE

BN AZ<T YT (1 GPa Kiis) ZEHAT 200
HFREOR HZFmhchdr EBEZ NS,
FERIS, X5 BEONK 6 |CHAFHET- OGS
136 L OMRFIREE N AT T AWM ¢ O 8%
ToTRILIORT. kB, ZoOWY L IR EIL 10
GPa THD. 7 v 7R 12.5 mm DEFEEFRNTHE
PMTEMESR G 73N SN E T IIRES T) A3 L
. 0, RIS AR ¢ AR EI T3S
EORESEME T H720, TFIHREME T L.
PLEX Y, MEFEE oM B3t AMmEEER ¢35 10
GCPREEDAZ<T VT ANEE LNNEEZ HND.
— BB BRI AR L U & LT
RTIEY o 73 P13 AWEMER ¢ L0 H &<,
WEOERIX E/G= 2.5 THDH. LIzh->TC, EHE
OMEFCII R AWHIER ¢ 3 Y VR E LY HRE
IRRPBHEAED 3 Z LIIARATRE CTH H. DIRRIE, 2
DB BT B A Z~T VT NLVOFHRHERLD.

— 153 —



50—
® [ =125mm
A [ =25mm
& 40 B L=50mm
= v L=100 mm
5
[2]
“3 0@ &------ ®-------
®
o A
3 207777 Aoeoes Aooooes A---ooes
@©
&
3 B [ [
£ 0 _ V.v_ ... | v AN kv ZE .
0 1 wl 1
107 10° 10’ 10? 10°

Shear modulus G, GPa

5 M NI JE T AMmHIER ORI

Joint strength 7;, MPa

0 L1 NIRRT 11 1111
107 10° 10! 10?
Shear modulus G, GPa

6 METFIRAL s KIFT - AUM R DR

4. AZIT)TILOFHMmEER
4.1 fBRITAE

AN RO o THEIVNS L, EFRED HEAM
BPERNKRE WA Z T U TV AT 5120, ﬂ
AT L 0 A X~ T U T LSk 2 3
L7z, MEMTICITIUHATRER MY 7 b =7
(Abaqus/Standard) % FHV =, BEMEERI7RE 2005
Yo TR L TROEARBEER Ao L Sh b
BORT VBB THRIBERCVIEOA X ~T
U7N (K7 (@ & b)) 2'57MbL7". iz,
HAWTER 23T, WM OER D% 3
T oME L U CERER OEEREE (N H 7T 7)
RT R ¥ v XNOEREGIZOUE, 2 BOET

L (7 () ~(@) bETMELZ. OUETIE

MO LR OR S EEZ T-ET VEVERR L
7o, L AIRW OREEEZ =TTV E 3 FEEMERL
L7z, TR TOETATESIT0.2m & L, OUFE
DETNERNTHMOKREIL0.02 mm & Lz, £

A VSR NTRIA ORI
A1-10S8i-0. 4Mg

Young’ s modulus F (GPa) 70

Poisson’ s ratio v 0.33

02mm

MAND

a) Star (b) Arrowhead  (c) Diamond

—
=

(d) Z1 (e) 22 (HZ3

0.2 mm

7 fRNTRIERDOA 2 ~T ) T v

2 Node D

Node A

Node C
[ |
8 A RS ORI

2aq

TIUIREEIEAZ L < AV BB IERRLS DT L
A4 (A1-1081-0. Mg) #ARE L7-ihEiE (3%4) %
B2 7. HHHEHEECE L, 4 8im0Semi S
FEHWE 1 2=y FOAZ<T U T AL
FhRODHIZIZ, BT NVOREFIZEMNEER S A
5T ERHD. ZZTE, F—HHERECK
OO EFD x JFIAE y TN ERIIBER AT
AP L7z, B8 ITRT K 9 e BTkt LT RRD
DX BGMAERREREY 7 Mo = TI32ESh

TWDZ SR OBREE FAVWTH G- L, EHIEER
FERRE LT

A-B Rz T

uf —uft = 2aE11}

uf—uf =0

oY)

— 154 —



CD Rz T

ul —uf = 2bE12}

u? —u§ = 2bE,,
ZIT, ulFEMERL, PEIRATFIIEERIC
KIST D EBE, B ERATAIEMEER ARE S
HENINT D, £, a & pIFKSITRT 1 2=
v FOET, EAFEHOTAHTHS. E;=1& 1L
7o & ZORMIERARET 2E O] (EAUST)
MEDFROBERITIENT 5. £z, AZ~T Y
T IATIFIANT Ko THPERD R D B2 H5 5
7o, DR CIEERICK 7 IS T 2 B R 2 )
L CEDOTmZE XA 5.

@)

4.2 FEITEER

X 9 | AT FREERAHT CHUGF LT & A 2~ T U TV
DY TEE L AWER G, 2 F LD, BIFE
KUV CTIREINST DY > 75 )33 AWmHEPESR

Gy LD B REL gtz —HOUER Z IETIX Gy

MWE LV HREL oz, ZHUTO U Z BTIX
RN L TR Y, AKX At AW &5
ol ThrizbtEZzLND. 17, 7 BTIX
BT OMBENENT 5 & BN LT,

*8=45° 1=0.02 mm

[
Star

Amrowhead ——'

Diamond*

z2 oE
. GW

10° 1b' 102 10° 10
Equivalent medulus E, or G, , GPa

X9 A 2~T U T DY 75 AR

*08=45°t=002mm

Arrowhead

Diamond*

Z1

z2

Z3

-2 -1.5 -1 -0.5 0 0.5 1

Poisson's ratio viy

X 10 FEAX~T VT NORT Yt

BRAE=T VT IVORT Y v, 2 10 177
FRIER DR R T Y LD PRE (-1~0.5) &
B2 DEHORT VR L TNDH0HY, A
BT V)T VDI R R A g 2 &8
ARREIOFERIN D B LM77z

O UEOSAmEMERE LOWRT Y S &I 35B
MIEIOMAE ¢ OREEX 11 LK 1218, MRS ¢
DR 13 LR 14 IZFENTIURT. 0 PREL
RBITHEN, B, Gy EBITHIMLTZ. LAL, BT
Gy £ 0 HAFIZEIRTH D72, EHTHEIOMAE 012
EoTE L G, 0EGEBRICHIECE 2 Z &A%k
BENT-. £, BT YU v E 0 O
REETL, 01TR L. —F, 8RS i
E L G TS E D Z b, HAS
LHZE S TE L GOMEEA LS D Z LR TE
5. LIzidoT, OUBDAX<T )T VIS
MOMAREL RKSIZE ST, HEERAEE A RICHE T

t=2mm
10° T3
3 N
E i A
O 10°E . o>
s f . * * E
‘5A 10° TS N 4
w
[2) r 4
2 10%L A -
> E 3
g P oo _
= 10'F -
c E 3
© F 3
T C
5 100k E
=] E A E F
z E E
w 3 * nyyz
104 PRI U [ T N S NN SR ST S S TR S’
0 20 40 60 80

Angle of members 6, deg.

X 11 O UBD o 73 LA AR R E S AT e O

t=0.02 mm
15 : : ——r
[ o
10 .
N [
i) i
g L o
- ]
S L
?
s o
o
o o 0
sl v v
0 20 40 60 80

Angle of members 6, deg.

12 OUEBORT Y U I ETH T A O

— 155 —



EXHZEIWRENTZ. ATV Uy iF IR LT
I CH Y, TR 0 ORELY L ViR 21T
BT ENHBNNI 20T,

5. X227 7ILEERL-BilEREFDIEG

HEREARAT

Bet%12, BB S LA RS L7- A
Z =T VT VOFEA R AN UTo356 O8R5
BT 21T o7, FFTOSMHT 3 BTkt & [
BThs., AZ~T VU T ILOEMEMERICIIO L
OFMMAE 0 = 20° , HHKE ¢ =0.02 mm D
L&V, ZOK, E=112.1MPa, G, =1680.3
MPa Tl 7. WIS A 1512, kT2
B 16 [IZZNFIUTRT. T v 7 EDFEV L=12. 5 mn
& L=25 mm OEEITIE, AX~T VT NVEEAL
72N (control) & bl U CHRAEDIORS D5
HLboT2bDOD, Ty FENEVL=50m & L=100
mm DE AT ), AETFIREE & 1000
MU=, L= 100 mm OHFA I TR A3 19. 4%,
FETBREE DS 2. 2%l F L=

171z — i) ESAIRTD), X 18 I8 A
WIS DDA 2R, Teds, ORISR O
SNDOERECH Y, AX~<T U T NNEEANLRN
Gra OBREFAERE (Rl CWBEZ A L7z Z A )
TORKEIT> TS, B EIA X ~T VT
NWVEEBNT A2 LTRSS T2 Z L35
Moz, ZIUZLY, X<BEORATOR1%
T2 Z LN AMRECH D, Fiz, TAWISII3HE
FEFRNOREETRE (37.9 MPa) O#IFANTHIINL T
0, AW OAREDE S E LT L &R LT

0=45°
10000
N
g N
(O] Xy
< 8000 .
)
o T *
o L
L6000} * 4 i
2 [
S [ ® 4
8 4000 -
£ ¢ &
5 I IN
S 2000} 2 ]
=1 L
o
5 [
o) I 1 [P
0 0.01 0.02 0.03 0.04

Thickness of members t, mm

B 13 O-UBOY o 73R L AR RIET IR S 0528

WS PLEXY, AZ=TUTNVEHND T LT
FEHETF ORI AT 22 ATREMED VRIRR S U7z,

6. ¥

AT OEENMER E2 BRI A Z~T U 7LD
WEAMEA MG L. @BEEEROERRICA X ~T
7NV EEFEEEE T DA T ms oY o
HHPVNS L, HAWTHEENH DFRERE VA Z~
TUTIGE LTS Z ERNALMNI otz BE
{biE2 BT OSSR, R 258 L T D
MR E 2R AR A H T D L &bl D
AL RS L > THEANSF MDY o 73 LA
PERO e HONCHEHEE A RICHEcE 52 &2
O o T, Sl FV - B E kT
OREHERTORT, AX~T VT NVERWDZ
E TSN EIALSED Z ENTE, HFRED
M_ERGAEND Z EAVRE STz,

FRIM

(1] REER /INERER, K-TTan, BESHFEFEORR R ORE
azHNE LIz A2 ~7 U 7 VEAORR, 4 63 [Eifihtsh
PRI DRk, AT A LB, (2021/8)

(2]  REEKR A4~T VT NVEROTESRTOIRN SR
A, 2021 4 AABEFPRBHCEE TR, A T4
B, (2021/12), GRFRIER)

[3] S.Oshima, T.Ogasawara, K. -T. Tan, Improvement of
mechanical properties of adhesively bonded joints using
metamaterials, 46th International Conference and Expo
on Advanced Ceramics and Composites (ICACC2022), online,

(2022/1).

0.9F ° o ]

0.8 .

Poisson's ratio v

0.6F .

ol v v b e
0 0.01 0.02 0.03 0.04

Thickness of members {, mm

B 14 O\UBORT >V U RIET R S O

— 156 —



SE30

(1)

(2)

L =100 mm

L =50mm

S P—‘
L=12-5m"‘—

L:“’U”‘"‘F
L =50 mm _

eIl _
L=125”‘"‘—

Y. Sekiguchi, M. Nakanouchi, K.Haraga, I.Takasaki, and
C. Sato,

stepwise tailored single lap adhesive joint using

Experimental investigation on strength of

second-generation acrylic adhesive via shear and
low—cycle shear tests, International Journal of
Adhesion and Adhesives, Vol.95, (2019/12) p. 102438.
L.R. Meza, S.Das, and J.R. Greer, Strong, lightweight,
and recoverable three-dimensional ceramic nanolattices,
Science, Vol. 345, Issue 6202, (2014/9) p. 1322-1326.
T.Frenzel, M. Kadic, and M. Wegener, Three—dimensional
mechanical metamaterials with a twist. Science, Vol. 358,
Tssue 6366, (2017/11) p.1072-1074.
A.Behroozfar, S.Daryadel, S.R.Morsali,
M. Baniasadi, R.A.Bernal, and M Minary - Jolandan,
Microscale 3D printing of nanotwinned copper, Advanced
Materials, Vol.30, Issue 4, (2017/12) p.1705107.

T. Sueda, M. Suzuki, and
T.Kitamura, Effect of interface layer consisting of

S. Moreno,

T. Sumigawa, Y. Futamura,

nanosprings on stress field near interface edge,

o Control = Diamond (6 = 20°, { = 0.02 mm)

0 5 10 15 20 25 30 35
Initial failure stress 7, MPa

156 AZ<T U7 VBN LT B O Wi

o Control ® Diamond (8 =20°, t = 0.02 mm)

0 5 10 15 20 25 30 35 40
Joint strength 7, MPa

16 AZ=T VT VAN USSR

(6)

(7)

(8)

(9)

— 157 —

Engineering Fracture Mechanics, Vol.76, Issue 9,
(2009/6) p. 1336-1344.
H. Hirakata,

and T.Kitamura,

T. Sumigawa, M. Takemura, S.Matsumoto,
M. Suzuki,

singularity at interface edge due to nanostructured thin

Disappearance of stress

film, Engineering Fracture Mechanics, Vol. 75, Issue 10,
(2008/7) p. 3073-3083.
X.Hou and V.V.Silberschmidt,

negative Poisson’ s ratio: a review of mechanical

Metamaterials with

properties and deformation mechanisms in
V. V. Silberschmidt and V.P.Matveenko Eds, Mechanics of
Advanced Materials: analysis
performance, Springer, (2015/4) p. 155-180.

S.Li, N.Warrior, Z.Zou, and F. Almaskari, A unit cell for

of properties and

FE analysis of materials with the microstructure of a
staggered pattern, Composites Part A: Applied Science
and Manufacturing, Vol. 42, Issue 7, (2011/7) p.801-811.
VSRR, ook, JENASE M B LS
PR OO i FRIMEFS Z OIS AWIIIMEDfET, A4
MBS Vol.42, No.1, (2016/1) p.2-12.

40 e
i ----Control
L — Metamaterial
301
I
[
20

-
o

Peel stress ¢, MPa

o

v b e e b B

4
o
o1

50
Position from edge x, mm

X117 A Z~T ) TNEEN L BEERFO B —/ VS 1537

40
L ----Control 1
L — Metamaterial
o 30 -
N J
= F ]
W L ]
2 g0l ]
o 20p -
[ ]
© [ ]
b .
< Lo 4
1ol .
ol vt
0 10 20 30 40 50

Position from edge x, mm

B 18 A #=T U T NEBA LT HAA T MG 15541



