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Using acoustic emission to assess mass fractions of composite materials
based on wavelet packet analysis
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ARTICLE INFORMATION ABSTRACT
Original Research Paper Materials are often damaged during the process of detecting mass fractions by traditional
Received 20 April 2015 methods. In this work, acoustic emission (AE) technology combined with wavelet packet analysis

Accepted 15 May 2015

Available Onling 09 June 2015 is used to evaluate the mass fractions of graphite/epoxy composites. Attenuation characteristics

of AE signals across the composites with different mass fractions are investigated. The AE signals
are decomposed by wavelet packet technology to obtain the relationships between the energy and

Keywords: . . . .

Acmstic Emission amplitude attenuation coefficients of feature wavelet packets and mass fractions as well.
Mass Fractions Furthermore, the relationship is validated by test samples. The results show that the lower
Wavelet Packet proportion of graphite will correspond to less attenuation. The attenuation characteristics of

Non-Destructive Testing

Attenuation feature wavelet packets with the frequency range from 125 kHz to 171.85 kHz are more suitable

for the detection of mass fractions than those of the original AE signal. The error of the graphite
mass fraction calculated by the feature wavelet packet (1.9%) is lower than that of the original
signal (4.75%). Therefore, the AE detection based on wavelet packet analysis is an ideal NDT
method to evaluate mass fractions of composite.

)‘ cdadls 9 6)).:| BN 5:}}45)40 uLo‘ L| as .)9“: u;oLa.Jl 9 ‘SJLO s_)|)LM.> 0‘9—‘ PRt ]MS w}g u;l)_, oD 4_._9)? )li. (s 6L‘bg)*'3)
e . . 2, - 1 . TR . .
20l BS Gy bz S gy (9 Sl gSng Son 5T 295y il 5T e (R 5eelS
3 . PO 7 R . weoo. . . 7 .
78 dallne (6l [5-3] " e et alesl slagtg, (S ol a5 sk [20] ol wiged elatio o i g (s3luoolel 4y L5 el
L bLi)l o ong lasbsy 5l S ogiise 00, )1 (fujseelS Slge o0y

1- Spectroscopy
3- Non-Destructive Testing (NDT) 2- Scanning Electron Microscopy (SEM)

Please cite this article using: S lod o3liiw! Jod @yl 5l Wlio cpl @ gl (5150
A. Refahi Oskouei, Design, Using acoustic emission to assess mass fractions of composite materials based on wavelet packet analysis, Modares Mechanical Engineering, Vol. 15,
No. 7, pp. 307-312, 2015 (In Persian)



oSl SBLS) sl

Gl Sage Jalxs el 33 G roals SN 91015 )3 AiD) SIS Slge (50> JausS luwlish i (il SeingST (g 6 a5 I

@ Ay il 8 Glaosgame ol icwl 05 B ilS )3 0ogass sl)ls
Gl il jeiie Wlei o ol ol i mhw Wiz s LK 4]
2o oy (3) bl 51 pebaw 50 (ndlS 3 00900 LS Caond
1 ;
05527 @)
1 -1 ;
[E fi27.5 f52‘0‘1)] ()
el (610 pdigad uilS 8 g A
oYU el 5l LT 5l (S ead ayes Wil slanil o o
O 95 My sl & aBl oo sane SLI (lls 5 039 109>
2 PR ed e oolatul LuilS B Wil se e (65,80l 5l owilS 8 Wil
Syga |y ol len ol |z B F(8) JuKmw a2 51 o a5 ol ol
lo lad (5) alaly gollas ol j o ;8 (5 Ay S go 152] (oolod ggama

27

FO=) @ )
i=1

el o 53 ol LS 5 oS

Gl S g0 gl 55531 ylore =1-2

wid)S )18 ooliiul 890 (351 jlre (SeiwsST lo Juews b L3I o
ol Sglite (651 @5 (S8 Alisie slawly o aSol s 4ol
59«85l i slls ol Wil AT oS e im lei e 1A
$o95 ab plpie @ lgiee 1) Jol Geen g Sl (gt Dbl 0 1S
J ol yo ilS B il o g5l late 4 B S1.C8S ki o ol S
aglig0 Sy (6) byl 51 ouilS 2 il o (331 olSST cogd i S sy

B = (ff @) ©)

=ty

wlie ey (7) alal) b S S (55,0

2

Etntal = Z Eji (7)
i=1

amls sl 5 655 @ e s Glaspl Cond ol 5 0

ably Ojgar oS Conl oad a8 S L 3 w58 Wb e e 55l @

)5 e |y o olg o0 (8)

. EL .
Pi=—1  i=1.2) 8
J Etotal : ( )

a3 e oL | (ol 8 Al 52 5 (55 g S B S

@ Skl -3
905 grdiges g3lw ookl -1-3
oolatwl IS cpl o alises o, slads o | M.\_el)f/u_‘fyl CojemelS
ol 1) jemelS sladiges jl Gl oS5 1 oo ol o
.\.\.QQ‘SA

gl 5 diad a8 5 IS o8 slagiole;] (gl G4 B Gl sladiges
Jeaz ,0 oad ol s GlLaS 5 L Jow (o liel (615 G6 5 G5 sl
Sl 5 0 oas atle 0550elS ladiges oled slal iaios asle 1
2ol 5 mm x200 mm x200 mm b .,

7 ojlois 15 )93 1394 PYP RIS PR VAN VH (VTR VTN

150 85 el sl SotnsST iS5 ) ooliad e e slainles]
SladiSomw jLazl cel slgs Sl 0 (22555 35 SLSU s 3]
S g g piiia o o oS are 4 o JuSws (2l g 00 (SitnsST
Ol (SetwsST Gl JiSs (55, 2 ol plonil Slalllas il o ol
phis jolay el olge jo (SiwsST Zlsel JLatil Comgas a5 ol ools
lolis Gl (S8l Slidos yge opl ,0 sz 8 [8-5] coul s LB
SeisS | glyol [lasil Cpogas ol n (jspels Olge oy S
il oy, (SerwsST o JiSews Jelow (glp sl onis plxil
iy Sge (g, by, Cnl e 31015 18 eoliiad 550 Canl (S
G5 ol el Jis B3l 53 i oty K s 4]
76 =8 slail 5l ol gllack il fals el JUuSws (3310 5
oo 5 o8 38, VL el o5 ) JLSew 5l o Shs g osdee bai e
[11-9] sl e oal)3 00,5 oo Lo JUSns Julows
oz oS el glp (SetwssT glsal jlazil S5y pol> 550
o oolitl Ssyl o0y [edlS Eld iemls Lo s codlS
Slodasin 05l Candy slp Mtmr Sage T 1 izen o
9 odd AT oy Alide owilS B slanil ;o a4 gl JuSew
bl o oad glmiul gla Shis 5 CedlS oy oS G Ly g
L ool sy S (o2 S ales o il Sy Pl iS5
ey e Allg (Brae Sy 53 GBS (nl S9d oo amlie (HBly olie
S Ll Gl el SiasST (3055 ol 1 (g8 et

Gl (35920l Slge )5 oy

S Ay K> g0 I6T-2
il lp Bl ams wiz 0 waz bd b, Olyie 4 Szge o
b9y 3l Qe Sl (B el a3 15 eslinul 5590 pglas g by JuSew
Ll gl po a5 Wl o (SetwsST slo JiSw 5UT 6l Szse
O Soeh S jeeelS 5o eSS Gl glase Lol 4 (s e
5T 55 [1312] 5,5 6,il Slse g5 ol )5 e g Slilas 5 )35
S ol POl o 4 il pe 4 ol JiSew Szsa
IS i s Sz 5 ol S8 i sl SIS 3550n
26 sl aolss Slujz g SLLS il e ol JLSw 51V
Iy el maziyl 4l @y Go) B aald nl 5 0ad Sl 290 o
Slisz Jalds o8 (150 LS le S JuSew a0 [1514] s s
@) SIS ssh osiior aim gl (paiz 0wl OLIS
osSxe Szrge hios ol olST 058 (558 sguome (51 b (UK
w9 a Jool> (1) el

+00 [ 400 _ 2

£(0) :% [ { [ mnen [ ze(-20)] db}‘%
1
bbbl o b Gy opley felh b ls B yelly @ dlsles ()l o oS
ks e (Wyf)@h) 5 Srge b5 P (pole) ol Srge &l
95 g0 iy 15 (2) aolne p 8 4 45 0Bl o Szge

(Wyf)(@b) = lal”t [ :of(t)l,l;<¥) at )

1- Wavelet Packet
2- Approximations
3- Details

308



P95l R, ol Gl S ge Julxs el 33 sy SN J910l5 )3 AiD) HIS Slge (50> pusS luslishs iyl SuingST by M5 LS

SRS 3 Gl K0 Slie 4 55 o (85 5 el chenS (sl ] il LS 5 5 ojels Sl ] g

S G5 5 e I (Sl B S S e S5 o SIS o aey | SpsansS
Sgdsa Hlail e 5o sla i diads cel )b a4 Sle slajls 10 Gl
o e 9ol s Sl lagl sl el e il L [17] 40 G2
4 Ylatol onsy (il 5 Mo QR stz BB ok o3 5 Sy >0 e
o . ST o 70 G4
05 (A WlgE o el S92yl @ S Sz ;S Shol Lo Glgie 30 o
60 G6

o] SiawgST oliws -2-3
ol 42 o sy 4 0,95 51 )0 (85 Elgel 05 e planil (0 S]]
g 00l Cogds LQAT Al 0uisS Cuy gl e )| oolazwl b g ouds é:):\i”
SetosST olfios Wpbiso il 55 o slo il gy K g
5| i Sz el PACIPCI2 s IS ol o oolicial o0 ptel
S laz olen & 200kHz b 50KHZ _wilS )3 odgaze L R15 gg5
Ol & )8 Lawg W jgucw Lailoads oolatwl HISG1 gl oaiS o gis
IS 50 o ool ylad alaii (1 X&) Sg o odilow puitios b3 S
abais cnl o ol paSs b oS el (SetusST JUSw anie Jore 1
Ol 3 (o b ygain 59, 2 1) 395 Fl g oad Jol> )l 3590 JUSw
S8 skl 350 i YU LSS el b g oole (g, o plye @ s
L aw Gulel o spSolul lalks pals johie o [16] 0,5

S s Gialejl Juloi g glis-3-3

o Ay o 1 ygis oz a0 e talojl ailels 1 S 2 g lite slge o (SetwsST glol a4 bgyye Slogas
el SnsST oK (gl ol s logliss 2 Jouo Lulg, 51 axsl (e e TP 9 &5 € b"-’-’*f‘ zr Shre ol
: o] s (10) 5 (9)
Jlade bl
2 VHz oy e S RARE, = 20 log(E, /E,) 9)
3048 sl o RARA, = 20 10g(4,/A;) (10)
40 ;_\...,5 W}E.: ‘_,J”)@ ) G 6))" En ‘(n=1,2,3,4) G B A Jaﬁ).a dae n Yb Ja.g‘s) » aS
1024 LJL..i....; J}]a Cewdo u:.i.’L:A ﬁoLEA | fa"n )9"‘““"“" LJL.XM.:’ Adn "m Al An 9 fa"n

g0 03 515G (603l Jlre Gloie 4 Gtoles] ja ST b a5l ool

40mm alols 5 a5 1 o)lads g 4 sins, (SeiwsST slo JUiSew
1ol | Sl ez JiSw Glsie 4l a8 3 18 slae CulSd a4 Cos
[©)
& -20f i el oad ools las asels 5 (655 (g apni
< 264 b GL (slacisas (55l hend s 2 S5 g0 & 255
.. - ,Jl:.; (m]
§ 30 Ol Herem B 3 3 S Jloges o g asl e 0137 50129 . -0121 . -0/15 U 1l ys s 5
T G2 wsel o b A T
0 3 aiged 0 s i 021 F0M14L py s @ b diged cpwod (sl anels Chnds o
L G e oy s iy Elyol SLazil 51 3 a5 Cd 5 ams Glgie W 0l e 0136 5 -0/28
Rt ol t Cnd e cilise SLaS 5 L olge S5l 0 40mm ojlasl 4 StasST
50 G6 wigns 515 bt ]
° “";‘:”"“ 5}} 5 23/1dB 3 17/2dB 12/4dB 6I7dB YU ;5 ons ;55 cladisas 5 5,
e gy )
605 - - 4 onlplo sl o 14/4dB 4 11/2dB B8/4dB 5/6dB ausls cinds lais
S (mm) el Cojgnals J31o 0 Cudl S oy S oo Liulpdl a8 CiS les e

zlool Jlasl alold o (6550 s Crn "'G&HA@I)Z S - - -
1- Physical Acoustic Corporation
2- Relative Attenuation Rate of Energy

3- Relative Attenuation Rate of Amplitude

309 7 oploiis 15 095 1394 10 purd0e Suille Swise



oSl SBLS) sl

Gl Sage Jalxs el 33 G roals SN 91015 )3 AiD) SIS Slge (50> JausS luwlish i (il SeingST (g 6 a5 I

s 4 s (SetnsST slo JiKw oS ol o0y solital o JUS
S il 5 LS g Wb selisS ol 0)9e plej (Sele o
a8 assl bl 5 [B] el el LIS ol 6l Sge 00lgils ol Byo
Gty il o (il 5 0390 (4) 5 (3) Ly, 5l 6 pFo e b g ab aiS
kHz] J[62/5kHz -93/75kHz] wils 2 Wb 5 ol 5 (ol a5 Wi
kHz -187/5 kHz] [125 kHz -156/25 kHz] [93/75 kHz -125
s bl 31125 kHz #8 L [218/75 kHz -125 kHz] 4 [156/25
6K 5 Wb g 4usl 3wk 2 Wb L Wb el b S5 laasl ol
&l il il o ot Jloji 55 Hlo5ai 8D (glaJSs 50 igd o0
Cawl 00 00,91 G4 1 G (sladiges

oS 5551 &5 85 axi Glgie iz 865 lass
oo 5 et ([156/25 kHz -187/5 kHz]) 4 &b ;5 baee (StwsST
oS ogdie wb S a0 (o) ohy (ilS B Al lsie 4 4 wil (ol
Ol 4 g 483 1 10 odgaze (pl o 1) b LK Cledbl § Clogas
Syge Cajgals JF 3 SIS epr S spToill gl ey
358 oo )13 oolazl

0.06

0.04r

0.02

Amp. (V)

-0.02

-0.04 L L L L .

o
=
N}
w
~
3

x10

Amp. (V)

0 2 4 6 8 10
f(Hz) x10°
)
Olo 059 50 Sle S 3| (5L (StaogST JuSws (14 S
(SeosS T JiSms oS 3 (slyimo (o

7 ojlois 15 )93 1394 PYP RIS PR VAN VH (VTR VTN

0]
-10+ 4
O
20} ©
a +
=2 0 Gl %9 5025 gl
S B0 G2 e 0 + 1
% 0 G3 wged o120 s o
A0F G wgel iy il &
0 G5 ges s1y78 g I
50F & GO wges (1 gl ,
t_sb O}':""‘)f)
% 80 120 160
S (mm)

ol Ll Aol g aiels o Cions &5 o b, 3 S5

hon | e (6550 50 aands & Wloe iz B )loged I (nizeen
Cpndi Gl aiged ;5 plejen jshay (Jlie (sln Ssnoe g5 atels o
b G2 slodiges .oib o 014 dB amsls canss Jy <ol 0/19dB (55,1
O Rlaai)ls BL iged 4l (5,18 5 it Lt (58 0l 5l 55 G4
szge SOl 5l a8 aels ;5 Sgzge oMbl a5 wsly s ol 4 3,
"0 5k i abion jladie L atels S0 ojle a0l (6350 50
Sidy @ ol A el asals 1 5108 Sledlbl Jolis (65,3l a5 Jb> jo waS
Ol & 5l lnd ooyl 15 o el e iy cid
037 5s epealS sladipes 15 Bl garr hoys (6ol el
oz S polie 5 655l il glaced G Ly Gelul 0gd e
0] oo Cowdy (11) as dloles G4 b GL sladiges o cudl S
y = —256x — 0.22 (11)
SiA el e X g LS oy puS ey dolee pl o oS
il g (651 chnds (sl Jogas 3l ol ont) (ol S

ol Jols mlbs coe Gialesl jolate 4y GB 5 G5 (sladiges
oz S 1 il e ~0/187 (g5l Cmii ooy G5 wiged (gl lonis
o a8 oo 02604 L 11 Woles Lol s aiges ol gl cudlF
tigas (sl il o U3IB L ply sl sy adly o> duoys b aylie
2 Gl by el 2034 Ll ool sy (5331 hond o GB
oS 2l oo WOSIL U il ys diges ol 40 CudlS o)z puS S yd 11 alayl,
el W5/ s 3 gllas (sl ls

Sl o (SestwsST ol JuSws 55, 51 VL o a8 5 plonil gl Jloss
|y comlS 3 05050 5z 51 calnliy el 40,5 plosl o JulS ol 3
A oS e oy il 58 sael Casy glalls 5 S sgazme s0g>
SEdS o Ol 5l ln Sl Szge (g, 5l Sde (e
3 S (omilS 3 eguaze o slae CuS I Jol> sl LK a5 o]
) SewsST o i olos 1 (4 JS2) wlonss 35 5ee 200kHZ
S 535 sgame b g 005 a5 glaw 5 o s Soge by
G JFee Wil 0 (> 0 Sase ol 2 &5
Slasly ol 55 Loy oy milS B Slosil 3 |y JuSew liogas
S5 5 5 clpnd b bLS | 5o (ande Sledlbl 00555 5y )0 ofng (omlS 3
Jeoss lp ez Sae ) oo cnl 4Bl Wlgi oo <85 o

1- Daubechies

310



P95l R, ol Gl S ge Julxs el 33 sy SN J910l5 )3 AiD) HIS Slge (50> pusS luslishs iyl SuingST by M5 LS

Slodiges gl d ail o 6550 chmal o a5 wad o lis 9 S

0.5 T
wls 0139 45 -0/31 ~0/23 ~0/16 L 4, sy 4 G4 b G1 Y il
5 4 GA B GL sl ages sl 4 Wl y5 (65 e ol (izmen ;ilﬂ
5 ool Cewsy polie 5l .ceul 2/2dB 4 17/6 dB (12/8dB 8/4dB L I, th
oz S e G BLIE polie Gl e (s xS 0see S, L |
2] o s (12) alal; &9 (6551 chundi cu po 9 2Bl S I
y=—245x — 024 (12) w
4ol o @5l aendi o pd X g GBS ey S Y alaly ol o oS
i 4l e 65l hadi h B6 5 G5 wigel lp il o
oS e 12 alal, o g i b oS el ool ey ~0/35 4 -0/22 |
oy polie b oS T o sy WBLIT5 %2812 L il s 5 & oy N
A
4

o) s %L/T5 3 %18 1

Wl o JUiSs ndl gy dlwgy CuBS o S YL Ll ) . )
) ' ) A 1y ol 1 30 G digai (candlS 3 sloil ons Jloyi (55,1 B S
A s Srge Judow b (il )3 il g, 5l eolitasl (05 o drmlxa 4

SreS sl gl Lol LK 51 JolS onilS 3 Wb 5l eolatal g, 05 : : = v o
EE v wb
ol a8l ials (04/35) JolS cudlS 5 il 3y, (slas 0.4f 9 fafd
G5 oI sl JolS U s S ey oilS 5 il alnl ok
el §fcelio gy (S59palS Slge (a2 puS 03} 1
uf
07 : :
1 02f 1
2 sl
061 3 i
4 s\ ol s |
L 5 wb | : HH
05 : [
: HH
i
0 ki
m: n
&y g ol yp 50 G2 digad (omadlS 3 sloil ons Jloyi (55,1 6 S
07 : : ‘
5 Yok
11 EE Y b
s 0.6 EE oy wb
s B f ol
4 05t ol
& jgunios il s 50 G4 diged (uadlS 3 sloil oo Jloji (55,1 8 S 0.4f :
uf
03F g
° 02f i
10l 1 i
o] 0.1 == 4
==
.
= ! JLEENE
F:Q _20, i B K
= 0 Gl %ged g, @il 1
= u] n
T G2 aiged (o gl
300 D G3 ged o gl 1 1 g 1l 53 G Wigad andlS 3 (gloily oy Jlo 5 (5331 7 Sl
T G4 aiged oo gl N n - ) ) L - 3 -
MO0 G i i gl 1 0550 S By a5 855 se Jas i plonl WS Lol JUSs o
— BF oS, s el A1) B 554 lS 8 il gl ol JUKw (gl oas
) 80 120 160 o ndl E g 0dd aBF LB 50wz pe 5 Glye 4 1 jgenins
S (mm) Aol 54wl s 6550 o abal) 098 oo e 9 alal, 51 (55,
gloal JLassl alols 5 (65, (oo i ¢35 o abal, 9 Y5 ool 0 o0ls Lzs 9 S o b ) gaanices

311 7 oploiis 15 095 1394 10 purd0e Suille Swise



oSl SBLS) sl

Gl Sage Jalxs el 33 G roals SN 91015 )3 AiD) SIS Slge (50> JausS luwlish i (il SeingST (g 6 a5 I

[4] AV. Arefiev, X.H. Gao, R.T. Mikhail, X.M. Wang, B. Shim, B.N. Briezman,
Size distribution and mass fraction of microclusters in laser-irradiated
plasmas, High Energy Density Physics, Vol. 6, pp. 121-127, 2010.

[5] R. Khamedi, A. Fallahi, A. Refahi Oskouei, Effect of martensite phase
volume fraction on acoustic emission signals using wavelet packet
analysis during tensile loading of dual phase steels, Materials & Design,
Vol. 31, No. 6, pp. 2752-2759, 2010.

[6] A. Refahi Oskouei, A. Zucchelli, M. Ahmadi, G. Minak, An integrated
approach based on acoustic emission and mechanical information to
evaluate the delamination fracture toughness at mode I in composite
laminate, Materials & Design, Vol. 32, No. 3, pp. 1444-1455, 2011.

[71 J. Yousefi, M. Ahmadi, M. N. Shahri, A. R. Oskouei, F. J. Moghadas, Damage
Categorization of Glass/Epoxy Composite Material Under Mode I
Delamination Using Acoustic Emission Data: A Clustering Approach to
Elucidate Wavelet Transformation Analysis, Arabian Journal for Science
and Engineering, Vol. 39, No. 2, pp. 1325-1335, 2014.

[8] M. A. Torres-Arredondo, C. P. Fritzen, Characterization and classification
of modes in acoustic emission based on dispersion features and energy
distribution analysis, Shock and Vibration, Vol. 19, No. 5, pp. 825-833,
2012.

[9] D.Baccar, D. Soffker, Wear detection by means of wavelet-based acoustic
emission analysis, Mechanical Systems and Signal Processing, Vol. 60-61,
No. 0, pp. 198-207, 2015.

[10]A. Marec, J. H. Thomas, R. ElI Guerjouma, Damage characterization of
polymer-based composite materials: Multivariable analysis and wavelet
transform for clustering acoustic emission data, Mechanical Systems and
Signal Processing, Vol. 22, No. 6, pp. 1441-1464, 2008.

[11] E. Pomponi, A. Vinogradov, A. Danyuk, Wavelet based approach to signal
activity detection and phase picking: Application to acoustic emission,
Signal Processing, Vol. 115, pp. 110-119, 2015.

[12]G. Qi, Wavelet-based AE characterization of composite materials, NDT&E
International, Vol. 33, pp. 133-144, 2000.

[13] A Velayudham, R. Krishnamurthy, T. Soundarapandian, Acoustic
emission based condition monitoring during drilling of glass/phenolic
polymeric composite using wavelet packet transform, Materials Science
and Engineering A, Vol. 412, No. 1-2, pp. 141-145, 2005.

[14]R. R. Coifman, M. V. Wickerhauser, Entropy-Based Algorithms for Best
Basis Selection, IEEE Transactions on Information Theory, Vol. 38, pp.
713-718 1992.

[15]K.P. Soman, K.I. Ramachandran, Insight into Wavelets from Theory to
Practice, India Prentice-Hall, 2004.

[16]ASME E976-99, Standard guild for determining the reproducibility of
acoustic emission sensor response, 1999.

[17]X. H. Wang, C. M. Zhu, H. L. Mao, Z. F. Huang, Wavelet packet analysis for
the propagation of acoustic emission signals across turbine runners,
NDT & E International, Vol. 42, pp. 42-46, 2009.

7 ojlois 15 )93 1394 PYP RIS PR VAN VH (VTR VTN

& 5 4omi—4

P Sl oz S dalllae gl ptl SeingST By, alie ol o
Sl Sleogas oo Lulg, ol 0ol solitul S gl [eudl S Cogmals
55 slanily s sl cesay sl LK 5 ol (SiwsST Zlsel
L oodel Camds gl (et 0 ] Casdy dlge oyx S g ol
e Bas b Lol 5 a8 bail 5 e 15 b)) oy5e 500 slaaiges
Col 00 ol oy puS 5 sl SetuosST glsol G B3| 0,8
Gy U5 Al (Ko 0h yp o9 8 e g0 5l Bpo nlnly
Obg) 99 Gl )5 Al pgo 5 ams HE bl 050 |y crel SisST
2 ol w4 Cond | LS Julog sl cud a8 5 IS
D8l o )z odel Caway Lol gl oas aaad Claal bl
bz SlaS 5 5 let b (SuiselS Slse yd zee i) Shiogas (1
SeogS | glsel apnds als cely codlS 5l 608 polie ol glis
azej )0 CdlS Glie 20l L Gl JU S Al L 409l e
Syl Gligs o [17] gz ye 5l Jools 4zt b ams opl a5 il o ialS
95 3 P BB Gl Srge g, L odd dnlie gayz S e (2
sladigas glp Soge Ghg) o Gllre gl ol (ol JuSw
o 4 cos e opl o5 wibe %2 Loyis oSl yobn iales
gy 3 il 1 el s (BAITS) ol JUSs o, (nSis
Slp e pb cailie gy o Gl Sge 4l el SsST
il e ilitee S 5 olss b olge aym o8 lulis

&1»-5

[1] P. Stutzman, Scanning electron microscopy imaging of hydraulic cement
microstructure, Cement and Concrete Composites, Vol. 26, No. 8, pp. 957-
966, 2004.

[2] K. H.Kim,J. L. Ong, O. Okuno, The effect of filler loading and morphology
on the mechanical properties of contemporary composites, The Journal
of Prosthetic Dentistry, Vol. 87, No. 6, pp. 642-649, 2002.

[3] Y.Hwang, R. Radermacher, O. T. Hirata, Oil mass fraction measurement
of CO2/PAG mixture, International Journal of Refrigeration, Vol. 31, pp.
256-261, 2008.

312



