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1 K<@6

08GE Y580 T'$mXT 0:06N, JE.B(EOX# GE"OM2 1 "Gj?U. |

b ?2X@&a0$m, 06GEUA<IA6GE WA>UG6GE 'A'VAGGE + "2R!" [, E-~
PbGE % Y2 p (AOY,X, J S*0O1,X % ' (d8g4S 1979). ib$ m,X Y58, [E?— X £
EA , "OpXE7%+ |E, GS'uYé+ XL , |37LcEKE>D£R9, 3 AE, $m

De 3156 76NGE. 1'$m,X Y56 07TEA T U 220: $2 0 Y56 "M-$24a Y5&. $2 0 OA;j

Zener (1948) o 1,X, J(M& $mMUtEQ LEQE, h-4 -€EE’ JG>5 , 5a EiE> o
[i iIB?E>/IR~&J-~@é. L _,XiB?E>/R U A+ &5 LK éCK,X iB ? (Zener 1943, 1947; Nowick &
Heller 1963) A+ 1Ji 0,XL Exr | {*0,X iB? (Thompson & Holmes 1956, Alers & Thompson
1961) 7+ J+ $¥ | éCK,XiB?1 (Kr 1947, 1950; Kr & Mehl 1999). B Boltzmann "t s)U,
Zener4-172 @/i$2 0 h(=¢-AhoRTABGEc3AY58)KEXNGE G2, J+:/+»
UTJ4fJ+ PETE> rP'P A (Kr 1947). M-$2a Y56 {*¢ bhoah- KE,uT ND G2,
J0&daNe)"G a 350, G (amplitude dependent internal friction, ADIF), L _-><
J] " 1Ji7 J]E>/R éCK,X Y5 & (Granato & L ecke 1956, Bauer & Gordon 1960, Asano 1970). U G
TD™%R, T'$m,Xo:> $2 0 (anelastic), E- &'s-1,XTE 0 (viscoelastic) Y &

a 1'$mX@/jaao:> ,XU20?«="1 ( fOA 1999).

>7 1 ?E (0iE N( ) ©31/0% t1CBRN ce>, pF >, <2+

a a) G2i [ €Eijh a a4“0G2l
Wce a
M24“0 Q a
% O u a
$ 0 a
4“0TE G U a

O %X 006GE# GE «"©O, AEN$f xeé4~<" n_ Xuol, GisM-OtEQ RG>*i#
GEO0 -6,XG2(9.Bn$mX<Id8GE, E- 1R O8V?U Y4i,X 3M- O# GE «"©. ¢)UAZ b
AE, 3M- O «"© 3 A tEIE># G£=é - (Brook & Sully 1955, Ninomiya et al. 1963) *h o R i
(Sternstein & Ho 1972) £4“9k 1'X Y58, rL 08 &4G>*UE-20 «"© 9# G£ Y5&. | O
"© *U,X 0 O0GE Y5é# GE %, Y# GENe)[¢" P-AU "Ne"©AE "OA"(6+
"©. IhbE-0+"© F4£1),Z200 *UX# GE¥%<, V|O&A ,Ud % (DMA)AE A#
A© % ACY ABGE %1 . LO?UUTX , 1bh48 X.@ $mVG¥ 2 ALJ*E1, J 0 86GELcNe)[- &
EW &, A !Ax D. 5aibY5&($2 0Y58) 9AE, W a# GENe)[ YEW ,X,I G O (Woir-
gard et al. 1977, Lee et al. 2000), “!8 UA|AZ Y5¢& E ™NO a.B U 1# GE,XNe)[. ,A!, 0 6GE,X
# GE +"© E4£I'EW &'s, Jeé oY zEi*u,X U8, VASTM E1875 "E1876 U yG>*i7%+ U E
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e S «+°=A DO/7

"© 6Y t%” ..."O9# GE@ aa0l1' X<!a0GE >UBGE, J# GEAAAAL{ (i5%*7C
2% 1 Y (Wolfenden et al. 1989, ASTME1875-13 2013, ASTME1876-15 2015). ,iI" B, ,A!Y5é
#GEXSBzE-A 74&, IG¥2$m9AE, '! 2UG*i,XA "© 7%+ U |>D £'©,X Y5&
#GEAAA 1110% tb. Y58 X&8.B#GEE™ 2 16E- O pip?- 1,XL'NL
[XYe]fVR:1 28V 'Y4; 00GE Y58# GE, X420 "©, GEM-O «<"©OA™"
Ne"'© AE "© A" 06 +"©. 1 38VIi *i,X [jE +"©E > ZA%43 Y4j AAAZ. 1 48VGj&e Y
4;Z AONI4“ OE¥ o 1, XTb +L kX O6GE Y5&# GE ,«"©. O &, IE-/j, X 0GE Y5&# GE
«"©,X & " h*i! CE> ZA|AZ ).

2 0] WH D »6M#eH ,°4 2+ i#

2.1 UMe 7 i#

$M-0"©4a™ At Bhoih-E4“Xp)9Aulk 0 3GE, a EE- A 1# GE£ Y5&
(Blanter et al. 2010). J# GE+aU R g/i: ()# GEhoih-$22 /&4, B$22)f XM6/A

9Aulk Y5&; (2) y*i M- O RTAOP# GE Y58 (# GE&nho R,X=é- h é5U# G£
&nh- B,XhoRT h ).

y*i hoih-%$22)fM6/A# GE Y5&,1i1T), ,.Ey B Y5&,Xn Aulk G A,
J $m |Op<6 5&7X6NGE, 5a $mcC ,,xO0 06N. °é, EIE>
-QO0h-"GAt«" #G£a | ,IGXY5&(ADIF). yR9 ?2UKa a3M-ORIi"O,
E-G =6~ _, V*1 /. 'ULEE -€E‘t&nho a)0Cc a'Xh-1,EyFE

J+O0& n(R UU -><piB?, unrelaxed); $2 0 ' .Xh-i -€E FE’ , y- ETE>
a/j IB?E>/R#&a#a rt,ETCOE ~ E’ , (R OR -><iB?, relaxed); 4“TE G 'Xh-iiC_
b4“ 0 rKS. E-G AJAZ,X $2 0", n $2 0'XihND : %T) = /I, piB? O~
GE : = .Fw B)eeMDb ts)UA1k A$2 0'0T4&Ne) BRX|O 0~

GE  XTrFY% <.FY ( fOA 1999)
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ZMY%" "WF( e S MFQ : +5C+°=i43. (@) ™r , (b) O0-& fU2% DMA

Y56 At B| O "GEX<.FY%ArFY%,X!" k .+ bS*iM-0"o# 006GE£AaY5&éih
0 h =, X# G£2' z?U" EWP-, !D7E J# GEAA AET 110% ! b (Nowick 2012), 18 W\ &
>e S*{i.
2.2 NC#

"Ne"©ETE>s# GEhoah - KEX,I!A9AulkY5¢, J OL_Xgp+© A "O©
aDMA. A ¥% A N:+a(=)U:S:/+»L6 ¢ al, X (Kr 1947, :/ «'» 1994), J ?2U48 X V
*2(@) /. ># <ET 451Seé5Uf(S, JO0A*i Kin, ©é& O0AETE> KapUA
0 'E2y, >e# >e5B bP-#y&] 50 "#y &#y < . ETE>4- 5B {" o' X4“U ‘t+# ¢

5a {*6 A-%, y*U :4 # n,&2'!/I. hoih= KE,X,11?! EIE>Au E <# GEBOEQ

E I/l uEE>LE& KE,X EKEEE39.Bn,X. ibOpP-2"2XA , VPAUE < X# GE2’z
1 s, Fw J 0110 Hz B, X,11?!# GE4.Bnz 6.0 T 10° (Lakes 2004). ZE' E- X

§Bz, MNOY XL!'"+ $172 ,>A. *UDMA X1 48 XV *2(b) /, WET S*i

+ sPE|<E2y| 4-># +'tOpinNe),X |[(0.01 Hz a 100 Hz), ' ay*iod 6

< 1166<Uy#GEo I/IWEJ BWA KEX G2i4a,l!A9Aulk 008GE a

Y5&. DMAET KY1/i-66a4A0EYY%, Ve 6aA>U0aAY& 064811 (Sale &

Schranz 2011).
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" LU""wFQ | A+° MFQ : #5C. (@) " L U" "wFQ.f; *, (b) B+ "EFDG$ e S+°=ce 0D6/7

"Ne'© O0i“UbJAte“X#GEAaaNe)[t2h- RXY58, IbL $
m, VG¥ 2 ALJ*E1l, + bhoh- KE,X,I!A\& J@E >>A }2 I8 MNOY ,X
{ u>!"(Lakes 2004). _rb, #GE L $mXOQ+© E "O.

2.3 8 e#t

'@ t%”" ...,XNe)[E’' ># A® ,XE Ne)[E, AO E24A ;@ X>"]F#] 6 4P0"], A©
{*6 ;& |, Al |,)X &a™aétw ..a7!", aEaAo ,XYs5éai. E'©o O,
503 h*i O S" X (06GE aY5e# GE "0, J#GE2'z0O8P-bJ2«"©. Y'# GE Y5&
Xed, E"©AtU 7%+>D£"© As)[>9S"OAE "16"0. Y'# GE>T™EB (] a>e# o
y?°, E "©@ e AtU : y?°3aM2y?°5+"0. 81 Y ;%" ...E X4 E-AtU : +J
'%” ..."O A+ %" .."O AM-+ %" ..."©11. U [X1 38V UIA! *i,XO0E "©OE>
A48 X Y4i.

2.4 # Va#

E "© i># A© 6 &P0O"{, 5a"7 6 +"© (Rose 1999, ASTME494-10 2002, Periyannan &
Balasubramaniam 2015) iG>*ii EP-Ne,X D |%” ...A© , ¢5a UA© wpe+ab{*6)O,X6Y t
es5U O p"TU, V *3(@) /. ABY 1t ("TU),X —Ne)[E° 0 b># A® ,X E Ne)[, &"KS4z
A© 1,X1/10*7C E 4. ETE># GE6Y T4£E>A© X EKE (8 p66N<O ¥ O #GE), é5U
# GEBY 14£E>A© O pOAFYs a BE" 2, X EKE () 66N <6Y t 2"7# G£) 9Aulk"JEG, y- B"|
E6a 0 D,XG2IE O!9Aulk 6GE. 7Cb Y58  X#GE£, V *3(b) /, At B,IF6Y t
X ID>D £1276Y t,X —Ne)[ 61k k
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J a JFe6Y T,X , V "YEO, , "T04£E>,XKSz. O *i,X"16"© y*i
EWa I,X66N<UEWQO,X@Z&anXA0 %”..17/6"71a>U0"19# GE 0 0GE 4 Y5é,
I8 E>e#t o X"JE6A O D KE$uC* R G2i

J Uy 716""EG " > U""YEOG, §z, % ° 'Uy <lad8GEa>U006GE, "7
RI". "1 6 «"O,X# GEAAA O8!"E "© G k 1(Nowick 2012), J &+ b>s# A© ,X )Ne 7,
17" UAO© Ee+ X | OEA @ TD7E Y5&,X# GE EW,6r # 0 (Lakes 2004).

3 0 §ei# ,°O*<D(&i
31 8+g-8e# A7? %0 c#

7%+ U E "O© (free-free beam) '6Y 1t%” ..." © (impulse excitation technique) # GE$m 0
8GE,X @ p U §+"©, Uy>+ASTM E1875 " ASTM E1876 ) (ASTME1875-13 2013, AST-
ME1876-15 2015). E- g/j *"©,X BUFN EIE>%" ..KS5(5 X &£ |(AE@ |) 9# GE <
180G E£(>UBGE). J ,KS5(S +X<lA6GE % alOL A£E Ne)] A>U08GE 'aJo
L AE@ E Ne)[ $uCt 1R G2i

J M BUGE. B, T, , Uy KS5(S X‘z, nzakKSz. 4, Opa"zRI"YGXA
172iD. " & ! i a>#AOE 'n!"Y G,X2iD.

V *4(a) /, 7%+ UE "0 08G>*lig €4“€0 +JAaE*ib%”..ay |pE.
EIE> - €4“X€0«a¢5aEY %" ... £ |85UAE@ |. €0&EI i OL |0
O.X g p8V&LE¥. O €4“E2yPE|66N<, °O €4“iE2yy 66N <. EIE> ?Ne uE 9
%" -, B#GE,X Ne(MOA&4“Artk OL A4 Ne)[ & ,UJ.-9a@4) aGAk

00GE. al8aE, A! 08GEIThXY586A1 B Ne(MO A4 X G'KkT. >e#t o

Ei 2U"><M6 GH, PR><M61YEW QXG> z, e OL /A4 Ne)[{ U1l kHz a 10 kHz, 5a
OL AE@A& Ne)[i{ (10 kHz a 30 kHz (ASTME1875-13 2013). | bP- "#y)f W R,X# GE£,
%LO?UEY EQ ', X €4“ U>e# AO E €5B bP-#y&] é "#y &#y < G A,

V *4(b) /, 4ab7%+ UE "O,XE24A ?Ne%” ..., 6Y 1%” ..."© (IET) G>*UEO ,, X ,
tT19%” ... o EIE>IGLEXESPEE™> YG E-6GAk +XOL AE(AE@)E
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(@ 7*-+[", (b) 65PS$i Y"

Ne)[. <XY5é6At B u‘kl, &5U3A:LEIE>3U R &4- 1(Roebben et al. 1997)

J X(T) y XE3uE, ETE> YG E-6k ,X DL Ad Ne)|, ) i1 >D
£0D avse XG2i: =/ ).

7%+ UE "© 6Y t%” ..."©,X i& U b>™5B1T ), ET*i 0 , (MY 7%+ UE "©, P-"#y
BX# GE>™5B "4 #y O ,L8Z%" ... y [ XL'z1Y rt. E-glj*"© X# A®
22z«€ O( €)& X !5B175(S># A0 E b R><M6,X G> z E jEW 0 (Nowick 2012).

3.2 C» & 8§ eBg i#

043X E "O# GE 0 6GE£ aY58FN Tb(Mn6(S,XA© E {*6) O/j20,X |9 4,X,

Ul8 ™ % B, A© E,XAd Ne)[a># (O D KEKY1T)ihG2l. ,8RRU#GE@adq

X O D-%4L #,;, 643+"© T koa¢ —, GAE¥Y HO9¥)CK9XCYAE B -
" © (resonant ultrasound spectroscopy, RUS) 6N?- $E- pKAN | (Migliori et al. 1993, Leisure & Wil-
lis 1997). RUSEIE># GE)O @ &0 0 «XNeB 9i$¢ Y O D( 0 D-%L). *5(@)

OpL _,XRUS#GE/ a0. J ># X )6(SET KSe'AUA'&5U)x " >
# X @ pNI&>EOEO Ugp_+ 66N < KE, ¢5a.B +Ee+ 7%+ ,X 5 E. PE | 66N <*ii
b%” ... ?NepE, vy 66N<i*ibdh «Xih. 'PE|66N<XNe)[E' +XODpE
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B+ «[A]" RUS. (a) RUS"WFO 0=.ScieSdce-Ka.f;* (b) TRUS Y U*TS$i u"w
[ —0.cLZY/'E=xM-@06 W (Ogi et al. 2002)

Ne)[E, v 66N < 6N?—3 EWQ,Xijh. *5@) [/ zZOpL _,X# GENeB O.

B# GEk ,XNeB j$&># A©OE,X O DX#/RV *5@) /, J 2UU g p!9Px.
Oj Ibd-n TASz12AY 0-%L #,,,X># A0 E (i " 8EQ,X 5 E RE=* {i Lagrangian
-~ Us)U, " AEIE>"?-1RS (MU Bk AO E,X @L E Ne)[

J % S BUGE-%L, S 1z-%L. >#AOEKY!7x8&5UEP-J'I/AGE, E-A

1 BUILXIIAG "™ %-%L ° L U 8 p$-.L 9 U yAulk, ¢5a :+t ¢EnlkEo6 z
(Ohno 1976). y R 9 UAulk k ,X E Ne)[ a# GE£ k ,XNe)[ .I'EW, ''5UAA A 4$uCt -AEAA
A E, y* i Levenberg iMarquardt (L iM) 1k" © (Press et al. 1986) 9 j$&¢ 04~ ,,X O D. LiM
1k"©,X Bii (/NSEA '© & f zRL!I"©,X48 U. 4£E>18 ~)fEA-a A1k ># +X,0

r 0 D-%L.

RUS a A 1# G£ Y5&-%L , WJaeN1T) BAa AX s)[u‘k .~ Aa
A X s)0'% -><ZA16 O,X Y5& , 54 0A*8ORYTp G DCK ZO0*u, ~
'8 hAl Y5&-Y5L Tp UGEXt . Suminol (1976) 10Y Z a XG2iVvR

1uRUS A1ETE> O 6# GE9<2@ X Y 0 DaYse, WH?YY p7E Q5 LK
(Balakirev et al. 2019): (1)>«# < Xe+Bii' D 1 46N p a(E7 LO?U 1 ! 300), G iNeB @ o
O,X A#E “ 1l OCK; (2)# GENeB ,X 8 OF+$a4-" ?2- jKANI G 9\ 0T+&°. J?- 1 r'© O8 Ax
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H>e# «1# ~ 8, 65U II"Aulk,XNeB |rt5 ,X& ONe)[, E-M2 5xP'# A© Z,XAf
P (Leisure & Willis 1997); (3) LiM j$e1k"© IEA-AY qC*OM2 P-, 'Y E°/e,6r
E,EA-A6N& /, X17C | oppa8phb, 18'#AOZI # X 0 DX0&aol

" 1E,RUS\ABN . _rpb, 2-1tKANI(2) "(3) O Q,X+"© L8 Z# GE£ -+ XNeB
&, E-2UASYTIE O pNe)[ ThX |80. V *5b) /, Ogil (2002) y*i%” # ¥ °?
£# GEKS «' + X O pM6B,X/+M6 I/TUx O 9A3y @ pAa Ne)[ ThXdd, E-00Q
rtZ# GEEKE a & .

3.3 A+kC» & C>eb (e

_+CYA&U |T (piezoelectric ultrasonic composite oscillator technique, PUCOT) O
[i"EW 50, X# GET . % (11925 H, Quimby (1925) i18.5f X GUC8A 95 <PE |, X | 4KS z
X X4% & |E™> Z)UAZ U d, JEIE># GE 95<i & U2i43 XNe)[ A0AFY%EOG z 9Aulk <!a
OGE a Y5&. Zacharias (1933) i Quimby ,X101. p.1Z E, 2ol B-C8A 95<X b
41 9Aulk <!3 6GE 4 Y5&. <Q' 2 A ALETE>EA -1K"©" ?2-># AO E,X 0 6GE,  Y5&,X2’
B><E’4J46N4-1. Z20 84~50 H -, Marx (1951) (A& 2i43 t91 * +-C8A 95<
a1l O+-C8A 95<4a " ). V*6 /,E-g+ 95<Op0 PE|) (drive), ©
OpO0 ¥# ) (gauge). -C8A 95 < a>+«# A© E,XKS zLO?U BWA U #yR,X 006GE2
—A’Au ¢5a$uCiNe)[ G! 5 E, G4~ U2i43 X h 0"1,X j8V&LO?UEIE> @) ,XE2y&e, 61

A+AE, @) LO2UUYHDp "TKS. 'U-CBAPE|) P'tOpx#+ _ a, ETE># GE£
¥# ) b X+ _ ,XAa Ne)[ & Atk >e# A© E,XA4 Ne)[AY5& O 0 h-.
Robinson1 B1 + CA)UAZ | b Z2i43,X Y5é 17@4UX00h= X><E’ &
(Robinson & Edgar 1974, Schaller et al. 2001)

J ¥# ) , X (Gauge) + L Kk, © 2043 XBUGE ! zA& Ne)[( ).

X U --C8A 95<,X O"'NN2ID*z _ +2iD, -C8A 95 <K + UM6,X * z, 4~ U |

X4%0"T"TKS. >e# A© E,X Y58 aA4 Ne)[EIE> L R><E’ d4-1

J ) 1 147 UXBUGE, A4 Ne)[a Y5&. + b-C8A 95<,X6 C Y5éM2 &(4z10°),

’

I8 PUCOT [ b Y58 X# GE2' ZEWP-. L8 Z *6 /,X4% | _PUCOT &, RobinsonE- &
Z AE@ _, X (Robinson et al. 1974) 1z /& _, X (Devine & Robinson 1998) PUCOT *U b# GE $

miuaa |64aR,X Y56
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5302 *aB+x 94[0 -]

| bP-#y & "#y)f W B, X# G £ (Marx & Sivertsen 1953, Sutton 1953, Weertman & Salkovitz
1955), LO?U U>«# A© E a-C8A 95 < KE ! 9 O!%Ne)[ G!,X'h=a-C8A !*ii 9Lh&A. >+# AO E
19 P-#y&] 85U "#y &#y < , -C8A 95<i+ O Ul & n#y z8x E Y. PUCOT ,X O pGj?U i
“UbWA#GEAah- | G,XY5Eé (amplitude-dependent internal friction)(Kustov et al.
1998, 1999), JeOdah- 110" a5 110“8x EY AAx (Robinson & Edgar 1974), E- -0J
$m+ b % 0 - 6 (Sapozhnikov et al. 2000) 4+1 + 3 g (Mason 1956, Golovin et al. 2004) {*4,X
M24“ (1 Y5¢ @ 0 ZGj?U }.
LO?2U U1,X , PUCOTG>*ii Z 8 p-C8A 95<0 %" ...ay >™5B. '53, + b-C8A J "X
_+ 0\ ,5aeE A\0X, "18LO?U i-C8A 95 < A© KEE™> Ne)[ G!, 3 AE, LO?U
UA’AUAO© E 1 E-F'A® ,X 08GE£. "18, PUCOT a6N*i 9# GE 0 8GE p-1,X $ m. E-
éAE PUCOT O,Ep6Nk S" h*ii,X O pGj?U s . PUCOT ?2U*i b# GE /-1 8GE $ m#y
z1 G, X Y58, + b-C8A'a « KELO?UI"EW U ,XNe)[ G!, 5aG¥ 2,X 6GELc#yz - & T
TI"EW 0, 18 PUCOT# GEG¥ 2 Y5&,X#y z8x E T TI'EWOX. °é, + b-C8A AE@ 95 <
(Robinson et al. 1974) ,X 06N")f &U x & O, "18 y* i PUCOT # GE AE@ Y5é& , il O oKANI.
4e P EA, ,A! 0 6GEX# GE «"© E4£"EW &'s, 364 ZI"EW rsi AM4,X 0 §, , i,X
2UKANI # GEE>/RE-4ape“¢ K. 5aY58 X# GE 'AZU: +E- *+FNipBZ, o
| bG¥ 2 ALJ*E1 48 X $ m 9AE, ,AIE-5 & §.B AM4,X Y5&# G£ +"©.

4 0 Ap+kLgi,°0] WH »6M#eH & i# (M-PUCOT L Q-EMI)

OE¥, AONI4 o1z O/iTb +L k'"©,X 8GE " Y5&# GE£ +"©, /A M-PUCOT
(modified piezoelectric ultrasonic composite oscillator technique)(Xie & Li 2020a). Al «"© 3 A/A
nGE,X + L k"© Q-EMI (quantitative electro-mechanical impedance), * Yy b48 X 9 <« ¥#

NZ 3,X n OGEMI «"© (Ayres et al. 1998, Fu et al. 2015). At+"© A1 S BA EOAAE#GETS$
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& © frakg A" +° M-PUCOT "wF(2'4

m,X 6GE " Y58, UGBGE  Y58,X#GE-aZO/iE*01K, ¢5aA*io: 06N,X-é9><U
YT'$mXYFv$e e, VIO, i-A)*WOE@ -~ AJiEo |AJ+ $¥|AYFY%U3 @11 .

41  #H O*<

V *7 [, M-PUCOT & x ZPUCOT ,XOIi-C8A! 95<, a5a. X O( &XJU
JOGLI™ (PZT) _+ U)f(Y XD, € X$, nzH).A + Ufa™iub% .. |WE3*by
|LE. + bPZT KY\0,X _+2IDa +50U02ID, 18 _+ U)f 66N < a>e# o
KE,XNe)[ G! 5 E 4LO?U$uCt, Jé& +)f,Xn z HE®°AbLh&A |,XKS £ 2 + XKS z ,
5a _+)f,Xé X $aLh&A 17 «X,EXO7E. 'LO?U# GE<!ABGE 2JIihX4% |Y

56 E, G>*ud33684% a |_ _+ U)f, AtU)f“nzeaUeé JPRBpiM6 + U
M6, '~ + U)fi>e# (& _+ U)fiLh&A !i>ett ) 2lyJ™U)fnzed‘tx-
+ E, Hp2i42 G A {*64% & |. 'LO?U# GE£ > U 6GE zJIihXAE@ |Y5é& E,

iG>*id15 6 4, X AE@ _ _+ U) f (Xie et al. 2020). AE@ _ _+ U)f,X U#/BVR: Oj Un
zUéX + U)f XPRgp+ UMG.%e. y- UJ“EX O UFawmp U)f, JU4dp
UOFM6< + U."aUJ Op U)fid Skegp U)f,XUeé-+4alj J* b+ JIEGE
UWA2lya a0 p, XU)f. Oa“AtU)f,X)f&'tx-+ aGA{*6 OXAE@ |.

ib #y B# GE 006GE£aY58, ALEyU + U)f 66N <a># A© E2lyda™ 4 4" U
2143, 5a 1 bP- "#y)f W R,X# GE£, & 643, X PUCOT 20 , E-LO?U ii 66N < a>+# + KE'!
9 O!%Ne)[ G!,X'h=a-C8A | &10 éJ+ ! 9Lh&A, ¢5a +A« 66N <10 i UEQ,X#y 28X E Y. >e
#AO E !9 P-#y&] 85U "#y &#y < *Ae & n#y z. + b'h=a-C8ALh&A ! !0 éJ+ | K Y U
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G,X&A0 nQ, "18JYFY#yzfzIiJ 00GELZY56EH &,X -~ 0600 tYALN+9

4Au (Marx 1951), '# GE#yz E'600 P E, El LO?UE™> Un#\L8BJE . 40643 XE

"O# GE£2143,X Ne(M 0 £4“ 4 a, E-G y*iL k U d %E2y 66N < a# GE£2143 X+ 4t /4"

(D4t E4“ X<.F¥%), ET O 5+ 4t E4“X# GEE6z U1l a 2s. B+ 4% £4“ X M+ NL Ad Ne)[
a jAa Ne)[ 9Aulk 06G£aY56. J M Lh&A! X "IKSD, N >#A0E

X "{KS D. + b+ 4f FE4“Xp)[¥%a66N<,X-DYG, "18E-LO?U U+ 4t £4“Xp)[*G a

99< k §.B,XA&4 Ne)[ajAd Ne)[, V*7 X!90 /.+ b _+)f,XnzE°ab «%

Lh&A |, XKS z, ¢ X<IAO6GEA>UOBGEZ1h,Xglj Y5& A 1+ 2143, XA4 Ne)[  jAa

Ne)[ / "1, J><E’aVR

J ., , Uy _+)f A>e# AO E ALh&A ! X § z. ., , Uy _+)f A># A© E ALh
&A I XKSz; , , , , Uy Lh&A ! X<IaA8GE, 4% & |Y5¢, >UBGELZAE@ |
Y5&. + bLh&A !, X Y5éM2 & (al0®), "18 ° ET A1'OLE. ib Y4 U243 (66N

<iLh&A ! i># AOE), E1 G>*N =1, M =1 é2. ib 47U2i43 ~=0, M=0 -9 a4(10)
a, Atk 4702043 X 6GE Y58Aulk><E’ a

ZP Ae P A4, X 3B 0, y*U%” # ¥%# GEZ 47 U2043 (66N <i>e#t A© E) ,XOAFY4 !/I

X Ne(M O E4“Jad+ 4t FE4“001", V *8 /. ALR 1+ 4% £4“XA4 & 4 jAd & U
yihb!/I NeM O £4“Xgpi3 dB&, 5aWAXG TQ Ne(MOA&E4“ XA &. 18
E 643,X Y5& n = abaXY5é><E a(11) 4AR5a U, ¢5aA-aZ @ &,X 8.B Q.

°g kOur X, (1) ,XY56><E'34 L$bi?”iUA'X#GE. rb, ibK
Yiae(SalaEe+ 5EX48 X", 'Jano _+ 2ly a(_+ 'KYiaelSa |6
&), ETE># G£2143 « G p)[ &4,X+ 4f /E4“XA4 Ne)[ 4 jAd Ne)[, a-9 4(11) aG A" k
2143 X Y58. ' + 'Ct 64, éEe+ 5E &é9Nqé 35¢éE, I8 E# GE£,X2143 Y58 G AAX
48 X' De,X. 18, ALy*UAl+"© (48 X YSEE > « “¥# .



116 Aba[ "O, I, X 006GE " Y5&# GE£ «"©-e0JE ) 45

*

76) 7 i=x"WA " @38 22'4 +°*a3R 38 :0F y/' qM¥%'¥ S 3&

*

F6* T M-PUCOT &" "wFOFy Sp”!; MFO , +5C3a=[0O M ;) "A\+°*a3R 3&. (1) F6*T
*a Z6) " A+°0X , M"WFQ; (2) F6*T -*a Z6) " A+°0X , M"wFQ; (3) 226) "A 7, 1 M1A
3y +°"WF03y E; (4) F6*T B,V Z6) "B +°"wWF03y E

4.2 #eH °H C]AIFU]

J1"b 1,X 8GE Y5&# GE£ «"©, 1b +L k"©,XM-PUCOT ,XO 1" # GE,XP-z
Gial ¢E60. *9 *gpda bjiaX _ + U)f66N <A "BiadOpG¥2'E>, X4
O0# GE4A8p. ¢ *9 AL1R , GSG*igpaaX _+ U)f66N<, E Ne),X# GEGj 4AA
A33 b0.1%, 6GE# GEGj A0AAA & b0.2%, Y5&# GE,XGja0AAA & b3%. ,II" B, ASTM
),> U $E1875(7%+ U |"©)# G£ <4 6GE,XGj a0AAAOQ ™MAT{ {i2% tY. I8,
Tb +L K'"©, X M-PUCOT ,X# G£ §.B 0! "ASTM),> U §P- O pG£4{. ° &, # GE *9
XO5+41 £4“%LO2s°C. + bM-PUCOT ,X¢ KO 38.B0O, WUOBGE Y58 X# GE -4
ZO/jtK, ¢5aAETE># GE£ o : 06N,X -~ & 9-20J $ m,X YFYi$e é.

4.3 ® A E+»

M-PUCOT # GEEG6 z ¢, UE|)[P-, M2 EO U*iib $ m,X,1 --€0J. *10 / Z y* i M-PU-
COT X4% & |6 a# GEEH & U 8 PZT-5H ,X (0 0GE£!74% & |Y5é& (Xie & Li 2020b). A
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U*TM-PUCOT +°34[ O M ;"WwFOD =- BPZT-5H+° e S MF( ,34=[ O +5C. (a) qFg#U O
y*a3R 3eéK»#U O+° B, (b) qFg#U O :*a3R 3éK»#U O+° B, (c) e §*a3R 36@I0A A \+°
e S MFQ : 5C

1R , 0 G#y z(190 ) !, Lc-#yz,X b + 4% £4“ XAa Ne)[ a jAa Ne)[, XG 4¢
6b , ><Z 006GEX4c6rt, 53iA4 Ne)[aAa Ne)[[ XA i 4¢6£4 ><azy
584¢c 6L!"; 'YyE¥ G #yz E, A4 ajAa Ne)[E™MEOGL!", 5aJA E™E6r(, ><Z$mi
YE¥,] =& E 6GE,XE™EO £ 417 {*6,X Y58 A; '#y zCYE> G#yza, 0GE ®E™EOTr(Q, Y
5¢ [E™EOG £ 4,E7COE .

*11(a) / Z y* i M-PUCOT # GE£ (0 +G¥ 2)e* W Zr,; 5 Ti135CU125Ni1oBEs 5 )**W EE@ - &
JBE>/R X (0 O6GE aVY58X - é(Xie et al. 2021). A1,R1, '#y zE' @ Y)**W é#y z
4x E (375 ), O +G¥ 2)*WE 9E> «#1,1 , 48 X ¥*6 1B?, D7TEJ (0 G8GEL!"1Z Y5EE™
E6rt. '#yzE AYJé#y z 49 (440 ) E, 0OBGEE O4&a ,4z AY ,X90%, aE
1),a ,XY58A. 480 *11(b) A1 ¥),: (1) 'O +G¥ 2)«*WE 9E> «#t,1 (42410 ) a
alLl#y, Q0O6GE, rt, 5aXi@4“>! G(XRD) O"'uY - &. AEAOGGE Xrta FY%48)
D7E,X, 52 7%+ '/AX$B&AE® 4,X; (2) '#y zE’ 600 P E, ~<48J, $m><),1J"
X 0B, G 00GELc#yzb 5aRL!, Y56 UDr t(P-#y6 C Y58&).

L8 Z-80J $ m#y z,]l G,X 8GE * Y5& - &, M-PUCOT E- A ETE># GE£ 6GE£ ~ Y58,X - é
ONX# $m YFY%,X3@/Rz. P AE-/j«"OXY 0, | E",Q)]}-Cu _4y. #BE>/8 E~
> Z 8GE " Y58,X# GE£ (Xie & Li 2020c). *12 }-C i _4yE>/R L _,Xhoih- &4 ¢O

AtRIAY}-C,X zI'EW", zU7Q"EWQ, 4z 20 a 35 MPa.

*134- 13 p4aaxX}-C i _4y . #!, <la0GE Ad% |Y58A>U06GE  AE@

Y56, X & ™%. ALR , i3 p *9AE, <la6GET bLc_ho,Xra5ar(, 5a>06
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U* T M-PUCOT "wFG S ny é(g) _Zr41_2Ti13_8CU12_5Ni108822_5 (g)_BDN :¢ BDO/7TY+° e S M
FO:+5C. (a) OUs#U:4& DO/7 Y+° e S MF{ : £5CK»#U O+° B, (b) 9 8#U O& 0)2 :Fy
S(¢) +°XRD *t

*

kelu+©(u O- T -4UDG6/7 Y+°a -ACA 3é

GE-€40. 4% | Y5Eé (longitudinal IF) - & 4?” . ba AE@ Y5éLc- _ho,Xr0)Axb ,
0. # !, AE@ Y58 tEQ!,X16 a 24 &, E- + bLc- _ho,XrQ, $m X >4-34
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kKelu+t©(u O- T -4U-"{y+°MFQ0 ,+5C B. (a) 1 #ci, (b) 2 #ci, (c) 3 #ci

ert, ¢5artZAE@ Y56. B *13 X48p AINX# 1, # GE$S mX AE@ Y5é, Yil$
m,X YFY% 3 g/R zZE> Y XA~ .

5 g <5

¢ IM6,X2NRALRT, (8GE Y5&8X#GE+"©U " H! F ZT *EN\, E¥oH
9¥)4¢ 6. (BGEX# GE«"O,l I""EW &'s, , 0,X 2UKANI # GEE- 46+ ¢ K; Y
568 X# GEE-~ p 6 40 n AM4,X «"©, Tp B Z h*ii. [2NR,X (20 8GE  Y5é# GE +"©, |
b 6GE£# GE 9AE, O *i,X E "©; |bY5&# GE 9AE, ! *i,X "Ne"©, L:/1dA
DMA -><,

AONI4~ OE¥ o 1,XTh + L kX 6GE Y5&# GE£ «"© M-PUCOT, AAEAS.BA (EO
# GE <IA6GEA>UBGE 7l h,X Y5&, ,II" |,X 6GE Y5&# GE«"OKY +,X1“ Ale
"© AL A7 @ U?U -1 GNZ 3,X-20J:
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(L)M-PUCOT 2 bP-Ne+ # «"©, J# GE£ 8GE£,XGja 02’ z!"), Y,XASTM 6GE£# GE£ U §
(7%+ U |"©E1875, 6Y %" ..."© E1876) P- O pG£4{, # GE EKE %4LO /I, AINX?« i & ,Xp
gU2 .ASTM),YUS, & O *U,X 6GE# GE «"©;

(2M-PUCOT 'LO6 6 <" « KENe)[ G!, AuM2 ‘X#yz8xEYrEAS3B #

GE£ 8GE£ " Y58, W U 8GE * Y58 X# GE = & Z O/{ET*0,X %0, Al\e* -20J 1" XP-#y/
"#yo:> , UAET $mXO8GEL "Al- AW OE@ -1 ;

(3M-PUCOT# GEG¥ 2 $m,X Y5 K Y(A X 1*“, Y5&#GEX4+xIAAAAL{ (i2E5
1Y, Y56 ib$mX3gA+t 11 o: 06NweM2 #06, #GEY56 U & g+$m+t £ A3
g,XY 1%. M-PUCOT +"© Y i OEsG¥ 2 $ m+t A 3 g-€0J,X , M6.
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Review of the measurement methods for elastic moduli
and internal friction of solids

XIE Mingyu LI Faxin*

LTCS and Department of Mechanics and Engineering Science, College of Engineering,
Peking University, Beijing 100871, China

Abstract Elastic moduli and internal frictions are fundamental properties of solid materials. The ac-
curacy and convenience of the measurements these properties are of great significance to industrial pro-
duction and scientific research. This paper reviews the measurement methods of elastic moduli and in-
ternal frictions of solid materials in the past 100 years. These methods can be divided into four categories:
guasi-static method, low frequency method, resonance method, and wave propagation method. Firstly,
the measurement principle of each type method is introduced and evaluated. Then the resonance meth-
ods, including free-free beam method, impulse excitation technique, resonant ultrasound spectrum and
piezoelectric ultrasonic composite oscillator technique (PUCOT) are presented and discussed in detail.
After that, a new method called modified piezoelectric ultrasonic composite oscillator technique (M-PU-
COT), proposed by the authors, are introduced. This new method is based on the principle of electro-
mechanical impedance, and can measure the Young s modulus/shear modulus and the related internal
frictions simultaneously, accurately, and quickly. Finally, the significance and prospective of this new
method are discussed.

Keywords elastic moduli, internal frictions, measurement methods, electromechanical impedance,
piezoelectric
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