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Abstract

Heat sealing is a packaging technique for hermetic sealing of foods and medical supplies etc. Evaluation of seal strength is
important to guarantee both airtightness and easiness to open which are conflicting requirements. There are few studies of
nondestructive evaluation although conventional spot check with destructive evaluation costs a great deal. This study
proposes a new nondestructive evaluation method for the seal strength with ultrasonic pulse. The proposed method focuses on
instantaneous frequency of the ultrasonic pulse which is time varying frequency in waveform. This paper demonstrates that
the instantaneous frequency is more effective to evaluate the seal strength than conventional indexes such as amplitude and
arrival time of the pulse through experiments. The transmittance and reflectance on the welded boundary surface are
supposed to vary depending on the seal strength because the welded condition does not affect only the seal strength but the
characteristics on the welded boundary surface. We also analytically discuss the mechanism how the instantaneous frequency
senses the change of the transmittance and reflectance on the welded boundary surface. Simulated instantaneous frequencies
also vary according to the change of the transmittance and reflectance. This result indicates that our proposed method
effectively senses the variation of the welded surface characteristics pertaining to heat strength.
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Retort pouch

Cup container

Heat sealing

Fig. 1 Examples of heat sealing. Edge of retort pouch and lid of cup container are sealed by heat sealing.
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Fig. 2 Example of actual ultrasonic pulse wave. (a) Acquired waveform and (b) instantaneous frequency computed by
numerical calculation with complex wavelet transform.
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Fig.3 Analytical pulse wave to interpret variation of instantaneous frequency according to wave interference. (a) Amplitude of
waveform is prescribed Gaussian function and (b) instantaneous frequency is constant 10MHz.
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Fig. 4 Interference of pulse waves u1(¢) and ux(%). (a) Pulse Fig. 5 Interference of pulse waves u1(¢) and ux(%). (a) Pulse
waves u2(?) are different in amplitude ratio & to ui(?), waves u2(?) are different in delay time # (us) for ui(?),
a=10.25 (blue), 0.35 (red), 0.50 (green). to=0.030 (blue), 0.035 (red), 0.040 (green).

(b) Superposed waveforms are difficult to be (b) Superposed waveforms show some differences in
discriminated but (c) their instantaneous frequencies amplitude, on one hand (c) their instantaneous
change from constant to showing minimum values, frequencies show significant differences in minimum
which lie clearly different positions in time. value.

EENEND u,y(t) DTV u, () +u, (1) DT E, K AWIT(10)0HR D= 2 5 O T OBFRHER L 2 7R~
T KA T 3 DO TFUEDOEWTIIR T2, u,(t) DIRBOENWZILE» D AHTOFE L. —7,
4(c) DIFRHEEN IR 2 FF OIS ZIL L TR Y, w, () [k 5 u,(6) DIREN a 23K E < 7251200, MREH
ALDEERIN T 72 DR 0305 . [RIERIZ, X 52w, (1) () &, 3 O RERIELL [ £, (us) = 0.030 (F7), 0.035 (R),
0.040 (50 ] #FFou,(t) 7. RIEHIZT—EMa=05 35, K SOWZTFER u, () +u,(t), K 5ZZnbHo
BRI R 9. 2 2 TIEK S(b) O TUREIC B IRFFEAL £, DIEWIC K DIRIBOZNZ D RN DD, X 5(c)
DBRRFIRENE Tl 1, DIEFEWIZ K > THMEDR I N RE S EL L TEY, K 50)DHIE L HHBUEIC , OZE{bZ 4R
ZTWD., FTo, 1y BWRELBRDICOIVBENBN LR R 2o TWD. 2D XL, DT 2 WOTHIC
BT HAR 72 IRIECREREEN O ZA LN TR OBEEN SITHBI L SO WEINRSH Y, DX 95 RIBETH, bt
RERENEL, FRCHMEOBIXIZEH T2 2N OO b HMICEAHE S Z L 3bns.
KON SN D HNHIRBIEL £ (1) 2SMIE 27~ 9] £ = ¢, 1 3R A 729
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Leb. ﬂmaﬁ®@miammé:@ﬁfé‘Vum%>%ﬁ%@ﬁ@ﬁfﬁﬁnéﬁ%%mm%@%ak
IFREAL, DMBE DT DO L, =1, ([ZBT DBRFEREIEL (1) (213, OHDEES 2 Z L3015,
4 BIOK SR LERERIT Z oME %i<%bfwé L723>C, FHaIOEEOIREZ L, JT7hbba d
ZAea R 2123, BEREN DR (ICER T 208N HD.
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PLED X 91z, K31 LIz SOV AERIC X 5 2 o THClE, BRRHEEIES X OV oM 232(10)
BILORU)HE- TELT 5 2 LAVRENTZ. b — b —UTHE SN OV R 1T, S5 R 250 -
BT DBEOIRMEDEEIRRE 5 ) 1L -o T T 2 B2 b, ARETR UICBRHEEEE O, FRoh
ENBLN D RIS E OFBENBIND & PREIND. A TIZZOMWEZFIH L Te — h > — /L OIEEE TOHE
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WTORG S ZHUT 720 FUT 2 OB ZUHENEEINT 5. 20X 9 GEATH, T LI LR EEE
TR OFREE & U CHNIHERET 2 78 3 ML Ciatd 5.
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3:1 E—ro—YrTILEEED

KRETIE, #ENDBERRLe— =P TV EHE L THEER SVAZERRF L, AV AR OBHRHRE
MOEEE RIS FTRE CTh 2 M EBLAREE A~ 5. FEBRICHW e — h o — 7V E K 6 1T, o
JUF 2O — N — BT A VA1 L7 (VA2 DM EEE L= D ThH 5. T ARITT 4 LA
1,2 L HIZIE 10 mm, £S 150 mm THY, ¥ 6(@)Ilmd £ 9 ICHEho 25 mm 208, JEfE L CHEE Lz, o
T IATFEERRL TR T 180°HIBEERER (R DX 7(a)2 M) 1T X VBB N EFHMET 5720, RBRECZOE FHRET
XHEHIZDE IR E LT, BebIZT 4 v A1 &2 DMK ZRT. 74 VA 1I1E, TAI=T4
(AL 20 um J8) OHEMBIZAR Y =F LT L 7% L— b (PET, 12um /&) OFEE ARV =F L (PE, 30 um JF)
DHAEREN a—T 4 > 7 STz 3 @S, 74 /vL210%, #& (Paper, 370 um /) OXEFEIZPE (40 um &) Dz
ERENa—T 4T EINT 2 BEETHD. X 6(e)DEIITEKT 4V LADOEEEE TH D PE ZME, MEL T
—LT 5. B— b ISR ONBUEE N BT E, BN R VT Y, FREMANRKESVIZERED
DRELRDZEDMBIN TS, AFFETIE, 310 OMEYEE (130°C, 150°C, 170 °C) =M\, ThEho
TR LC 3 @Y ONIENERR] (1.0s,1.55,2.0s) THU7VEZRUWE LT, B25RFOEME 13— EfE 0.98 MPa &
L7z, L7edio T, r—/V5ME 3 INENERE) X3 CIEMRE) =918 5. F7o, & — A&t LTS5 #Ed
OOV T NVERYELTEY, AFIOF UL IXS=45 Le 5.

Top view Adhesive area § S
RE = B = — 4 —
:l(jz \1new . o il Welding PE
— _ Film2 ——F—~ PE
" Unit:mm o et S i g (C)p

Fig. 6 (a) Overview of heat seal sample, edges of film 1 and 2 are heat sealed. (b) Adhesive layer of both films, seals are
heated in 3 temperatures 130, 150, 170 °C and 3 press times 1.0, 1.5, 2.0 sec then (c) PE layers are welded.

INHEDOY T AFEIONT, RO 3.2 Gl THEEE VA DENIEBREZIT 122, ZEhoY 7 1o
/LR A 180°HIBERRBRIC L 0 JIE L7z, 180°HIBERER TiX, X 7(a)Z~7 & 512 180°IZBV =¥ o 7 L iiiihs
Z5|-8E Y 50mm/min OEE T —/VEiz RS 5. ZOBRITIZ Sz —/UiE 10 mm 5720 O K51ED
BB L BRSNS, A TOY T ADL—UEIZ 10mm TH Y, BIE LI-HASIEY IREDE 4
EI LD, K IOWHIE LI-#EE 23, MENREREWIZE, D oMMEWHHAEWIE EEE B RE N
ENRDOMD. =721, MBNEEN ENDIE EMEEERIC X 2BEE J10OZEIINE Lo TW 5.
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Fig. 7 (a) 180° peeling test, heat seal sample are opened 180° and one opposite side of seal area in film 1 are pulled at
50mm/min in speed. Maximum load in peering are defined as seal strength. (b) Measured seal strength of samples,
which increase as heating temperature higher and press time longer.

3:2 E—FI—IHUFINITHT ZBER LA ERETRER

X 6N L=E 9IS, ZZTHWEE— b= 7T 5 J@ETH Y, PEIEE I ODIRIENES 1T
STHRRDEEZDND. BEENIPKEZNWE PE RITIE 0 m L-%EE LTl D, m%ﬁ%@@ﬁé%%
Wodm=RITEm - (BRI LB s, I, BaE 1V NSW & A & 2T 2 I O 3K
V(RIERITEWY) . IO T T ST 4 v A1 OFE (PET) I HEBER SV AR A B L, TR
U727 OV AP 2 E L C 2 OBRRHREN ) S 8235 11 OF BN FTRE T 2 0 FEBRE1T 5 .

B 8 |ZEREEE OIS A" T. 2 ha—I M b DES T, BEEEAT (Transducer) 7> HAEE SV AL
WTZTH =" LT — b — Y TS S, T VNGRS LT SV AR OT X7 % —%
It L CTHEREMFICZESNTAH Y r A a—7NIZiiek S D, BEEE & Ao 7 27 % —i%
A OV AP OFeS & A5 OMIBIER R 2521 5720 Th H. ULV, HFERE VAR OB Gl
%5%#%?6%@%/41& BT NNER TR LT SV AR & 52 R L CRidk 95 2 &3 T 5. £
7=, BEREAM T IEEICEE SNz~ A 7 a A —F =l Lo TRA I TR LT B, o7 Lo F
_m%LtﬁiﬁGmwy%&ﬁw4N%Tbt& AHTHUATZ LSO THEBREZITo72. 04N OFHT 11X

P TINETEDRTERIET, DOREMNASIVAREENER X AEE LTRE L.

Press

Controller and

Transducer

receiver )
Heat sealant film Ultrasound
(sample) Adapter
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Base

Fig. 8 Experimental apparatus. Transducer sends ultrasonic pulse wave and receives interfering pulses reflected at some
boundary layers in heat seal sample. Adapter is attached in order to make delay line to separate received pulses from
noise burst in pulse generation. Transducer is slowly pressed by micrometer. Pressing force is monitored by load
gauge and kept in constant value 0.4N.

A5EHDOY TN EREL T3 DOV T IATK T DRERE KRS & TV OBE T)IE59 (), 790R),
9.2 (F) N10mm Toh 5. K Y a)lrmdHJIE SN EE VAL, o 7 Lo TRIE, (A DTN
BB bOOREREWVIRONT, ZTNODWMENOESEZFHIT 5038 L. —J5, 2-1 SR L7z
FUxz—T Ly NEBREFIAT 5L RO 25 O OBRHEEE A X 9b)IZ/RT. 0.3 ps FHTicH
2 BRIRFIREE DR IAEFS LN 0.5 ps I & D MIMIEDS, #2785 3K E < 2R DT ORI IENL TV D Z &8
Db, ZAHOEVEK @) lB T DI OEN LD I TH 5. X 9(e)NMRAME (X 9(b) I D) DILK,
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Fig. 9 Representative experimental results on seal strength (N/10mm) 5.9 (black), 7.9 (red) and 9.2 (blue). (a) Waveforms of
observed ultrasonic pulse where few differences are found on seal strength. (b) Instantaneous frequency of ultrasonic
pulse waves, (c) enlarged figure of maximum values [area [ in (b)] and (d) minimum values [area II in (b)] of
instantaneous frequency. Maximum and minimum values are delayed as seal strength increase.
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FEBIFREE 0.93, X 10(b)D#HEE T) & fi/ MEDKRFH OFEBIREIT 094 TH Y, L HITRWERER®H 5. Lizhi->
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Fig. 10 Relationship between seal strength and (a) time show maximum values, (b) minimum values. Strong correlations,
correlation coefficient of (a) 0.93 and (b) 0.94, are found.
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DX D A T HIEA T AR ST 52 UL AR OIRIEZEAIZ X o T, BHRHREL ORE A F28 & [FfkIC 21k
THDMERT DVENDHDH. ROF A4 FTIE, BEAICEREHET S 2 & CHEBREEOAMEEE T 5.
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4. EXISNWRABEHOELREOLEICL SREOFE

B 112 e — b o= TR D E IR O8RS & NECORE 22 BN DRk 2 BN R il 6 7 27
A= LT — h =Y U TR SN D VA Zu () & L, 22 Tllu, () Ik L 5 DOJEOEESR T
BT % 750V A u, (8) ~ ug(t) ZARGERR72 S & LTS . B I8 STA KK OV A u(@) 122 b
DOSPNERY FH LD ET D u, @) (k=15 1Tk 1 FBEE k FHBOBIR TR LI WV A&
u, () 1 EETE % S 2\ NEER T A BRCIRIENS L L, S SICEREOR SRR D720, FilI22E Shd
AAIVTITRRIZENEL D, T7ebb, KB TORMK, (1) BLOZERMNE u@) ITRO L H RIS,

w (1) = Ay (1= 1,), u(t):ZS:uk(t) (13)

A BEOU T, ZAVENEEIE u, (0) 1Z%6H9 2 B u, (1) OIRIER L OWEENCTH . 4 1T BRIDOBER
TOINVAWEDORIR, FERNORODOND. K 12 (TR TE-1FHDOBED k FHDOBA~D AFHNIKT 5 K
WERR,,, BLOERET, 1%, BRA~ONFEIE p, (S5 5 KHETE p, 8 L OEREE p, & DLTENRER
EFRSN, kBHEOBE p, 8LV IV AREDOEREERE (FiE) ¢, »2HIRO X HITROHID.

R =Pr _ Pl = PriCin A 2p,c, (14)
kL , -1k
Pi Pl t ProiCra Pi Pl T PraCia

RADTIBT DEEH p, [ p, 3 FTOFERE p, [ p, 1X, AF SV 2P ORGSR D SV A F6 J Ol L A
ORI & Z 2 TRV, p./p, <0 DEE, AL SV ADAHERYTH L Z La2nd. £, X140 H
1+R_,, =T, PEFER®H D Z L Wbnd. £1IZEED p,, ¢, DIEZTRT. Acryl, PET 33062 FIVTIEHI L
Al, PE 33RO R SCETR, 19857 H 5 L7z, _n%@ﬁa‘%ﬂ%u\fquﬁw_}i%TMk_hk, FRRT,_, w2
(T, K (paper) BITFH e, A TH LA, MOFTHILPE & K& B2 b7, PE LRORMT
ITATO/ VAP S D LUE L TR, =10 & Liz. PE LD TIXRNAROS (BEEMHKE) 12725
ZLNDinoTEY, R OMFFIFIEERS . 72, kFRB»D k-1 BB~OWi[n & OAFHI G 2 S
R BROBEET, 1, RAHNBLUTOLIITRDHND.

Rk,k—l :_Rk—l,k , kk 1 _1+Rkk 1 :1_Rk—l,k (15)
Uy Uy Uy Uy U,
O O v
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~ [ ] 1 [ ] 1 [ ]
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Fig. 11 Typical reflected pulses u1~us. Incident pulse wave uo reflects ~ Fig. 12 pi, sound pressure of pulse wave entering k-th
at layer boundaries. Amplitude of reflected and transmitted layer from k—1-th layer. p, and p;, that of
pulse waves u4 and us at bonding boundary are supposed to reflected and transmitted pulse wave at
change according to heat seal strength. boundary & and k—1-th layer, respectively.
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Table 1 Density and sound velocity Table2 Reflectance and transmittance between k and k—1-th layer
Material | p(kg/m®) ¢ (m/s) Layer k—1 Layer k Ri1 4 Iy
Acryl 1190 2730 Acryl PET -0.105 0.895
PET 1350 1950 PET Al 0.735 1.735
Al 2690 6420 Al PE -0.816 0.184
PE 900 1950 PE Paper 1.0 2.0

—J, HEAESRRTHSH 3EFHE L 4 BREOSN CORMER,, LBWRT, 13, FEOYIENR—THHT
ORANEEHEERT 5 E R,,=0,T,,=1 £720, TXTOBEENERLERT D2 L10RD. Ziud, SE5tm
PERICHEA SNIREZE®RT 5. M, oA SN TV RITIET R TOBERIZEN TRH S
R,,=-1,T,,=0 &72%. FHEROFR CORFIIE MM Ch DI DIER,, OFFFITA LD . AR5
TIE, BEEELSUE OIS LSRR OMICH Y ENIEL TWD L AT, Tebb, #EIN
REVEEFEEEAE OB L AHEL, /DEVERRIFEEDOEIN LN EEX D, & T THAEFRE TOR
§H3% R, ,=-09,-0.7,-0.5,-0.3, 0.1 ® 5 DOMEIZERE LEAE NOZAUITHIE S D, R, =-0.9 DM bEAE 1
NS Ry, =01 B bREV. MIET DFEEITI+R,, =T,, OBIRMNS T,,=0.1,03,05,0.7,09 L7 5.

COEDITRE LTS R, SinREMND &, B () (2 ST u, (1) DIRMEIL 4,13 4 =R, ,
A, =T R,T,,FLRIh, —BAICERLTDEUTDOLIITRD.

4, = RO,I s Ak = [ﬁTp—],p]'Rk—],k .(ﬁTp,p—]] (k=2) (16)

P= p=1

K(16)» B3RO 4, #FK 3R 5 ODMUTERIE LIHAEEERE OISR R, ,, BISRT, , 32T D 4, & A D,
IRLDMEICHEST 5 SOl E 7%, bbb, B 11 ORI SV AR u, () ~ug(t) DD b, u,(t), ug(t) DIHDHE
BN L > TEENIE T D52 5.

KA3)D ¢, 1%, R b, () [Tk 2 u, (1) OFFFEILE U CTER LI2DS, ZE/7 VA ut) Tu,(t) ~u(t) OFIT
HHTW, bR ZEIND u @) kT HRERE LT, 20> THRIEZRV. 22T, =0&1, K11
IR TREORS LR VTR THH e, 1O t, RO, fEREFR AITRT. £, LR DEH SV A u, (1)
%, THETH—%b— b — LB TNNBEELCT X7 X — KO T LT SV AP & 6 &2 FEBRAICH
LTz K2R LT OV RIS u, (1) TH D

ZDuy () IZHLFEI D A4, LK 4D AV, K30 BEMEANTSZAT S DS SV A u(t) &R T, iR
ZE 131”7, M 13720 u(t) TH Y 5SFEHOLTER - BRITKHIS LTS SOWERH 5. M 13b)IIEEHRY
= —7 Uy NEHRE RO 7o BT OBIHRENE E 7~ 7. B 13(@)DIEICITE & A EZER R B0 olixt
L, X 13(b) OBHRHRERU A BRI COMMN RISV E, $T72bb, #ENME & Bl L7 IRREIE bt
KRB OIBE DR DN EN D Z & A3 00D, TAUTTEBRRER & EMERICR—CTh 5. Bl (X 13(b)l OfElk)
F L OM/IME (K 13(b)I1 DFEME) DILKRKZ LI 13(c)F8 TR T #5 ITHE-> TRREDS BB T~ 5 kR
FTAFEMIORSND. 72720, 10 IR L2 EBRAE R I, MK, WvME & b IZ[FREE OFPH (89 0.07us) T

Table 3 Relationship between reflectance at adhesive surface and amplitude

of reflected pulse Table 4 Time delay
Rys Seal strength A, Ay A3 Ay As k t (us)
-0.9 Weak -0.137 0.002 1 0.0000
-0.7 -0.106 0.014 2 0.0125
-0.5 :[ -0.105 0.727 -0.370 -0.076 0.038 3 0.0185
-0.3 -0.046 0.075 4 0.0493
0.1 Strong 0015 | 0.123 5 | 00903
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Fig. 13 Numerical results of superposed ultrasonic pulse waves. (a) Waveforms of where few differences are found on seal
strength. (b) Instantaneous frequency, (c) enlarged figure of maximum values [area I in (a)] and (d) minimum values
[area I in (a)] of instantaneous frequency. Maximum and minimum values are delayed as decrease of R34 which
simulates increasing of seal strength.
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