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Application of nanosecond laser cleaning technology on bronze ware
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Abstract: Most bronze artifacts were used to bury underground, where they were eroded by various substances in the
soil or groundwater, forming different corrosion products on their surfaces. Surface contaminants or corrosion products may
damage the bronze itself, making the removal of these harmful substances particularly crucial. Laser cleaning technology has
been widely applied in industrial fields. Since cultural relics are irreplaceable and non-renewable resources of China's outstand-
ing civilization, laser cleaning technology has only been used in the field of cultural heritage preservation in the past two de-
cades. This study employs a laser confocal Raman spectrometer and X-ray fluorescence spectrometer to scientifically analyze
the composition of corrosion products on the surfaces of two bronze artifacts. Raman results indicate that the red corrosion

product on the bronze mirror is iron oxyhydroxide, while the light blue corrosion product is amorphous tin dioxide. The blue
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corrosion product on the semicircular bronze artifact is indigo, and the green corrosion product may be cobalt green. The red

corrosion product of the semicircular bronze artifact is iron oxyhydroxide. X-ray fluorescence spectrometer results show that

in addition to the base elements Cu, Sn, and Pb, the bronze mirror also contains Fe, Ca, Al, Si, S and Zn. The semicircu-

lar bronze artifact contains Cu, Sn, Pb, Fe, Zn, Ca, Si and S. The cleaning of corrosion products on the surfaces of both

bronze artifacts was attempted using laser cleaning at both the focal and non-focal points. The results demonstrate that in the

defocused form, the laser energy density is 3.8 J/cm?, a repetition frequency of 1 Hz and five pulses, the cleaning effect on the

bronze mirror was optimal. At the focal point, cleaning the semicircular bronze artifact with laser energy density of 89 J/cm?,

a repetition frequency of 10 Hz and one pulse achieved good results. Defocusing at the laser energy density of 2.87 J/cm?, a

repetition frequency of 1 Hz and five pulses also yielded favorable cleaning outcomes. The experimental findings explore the

feasibility and practicality of laser cleaning technology for bronze artifact conservation.

Keywords: laser cleaning technology; bronze; corrosion; pollutant

0 35

T A 0 R A 2 AL TE T, R T LR e A
FH A o] DUAE S #8901, O HLAB % 52 31 4% B 3
o, Blmefi & memsit, EENRa, ke
B LT (o, BIOME B IR 2% (2 RN AR F I A S SR . 5
HHAE, A6, FAEKREA S5
AR, BAHAMESBRFR - RWA 2
AR 4R 0 R DL B A 4
Bt 2% 180 A7 s 5 el A2 N E RS AN
Wiz 5@, EXEGLN TS AN, Kin
By AAERP T ESAR . K. arE A
TSR ARRR DA B A S A VR A A Y (X B
oty gy K 3 T Al B B ) 5 e W B AEAE L T
SAETS I 2 05 0 PR A 3 7 Bl o 15 8] 1 38 3 1 —
AR g AR FE WA, Oy — T e
Wi SR AR B (E o AE 19 h el A 20 20 AT, 7
i 2 THT B AR 7 A 38— i R R Ak 2 R AR A T
b ARG, BEBHE IS, R LA
WO TR X R 2 2 0 0 5l A

WOLE R AN E ARG TR ERE,
19604F 5 H Mg A B 7 N2 D5 s — ROk,
Xof 4 e AN [ 45 385 1 N R AR A B R s . Sl T
IEHOGRE S AL, OB LB AN OB RS
TAEA BT, W4r AR . SARFRAREOE S . %
HHERBEARE T EFS O AR ERELRE, H
H T SO R 37 S 2 5 PR RLRR R M OB T Tk
HAREEN KRB S, HEPCAHBEZ AN
FR W FOCTE VR =B RN T SO R
HAFEND: YAGHOGES . COL MO &8 A 73 1
e AE . MR TE VR S SR R[], DI % RN
[F) 2K 700 A 6 AR AR S R A AT 0 S O T TR 4
RIEEE XY HEMAS LR, T cym
WOGWE YR, AT AW T R E S e,
Siano!"'45 2 55 X 42 i 2 SO HEAT IO TR 19 SE 56

il

N, SRR TR T M. —
F1h S 50 i B Vi PR AT, X 3R TS Y W B Tl Y
B AT R DU 5 A A, SRS R IE A 0 0% 2% 0
FLHEAT W VRN AR T Ak T T Y o e L R 1Y
ALY . Je AT AR . WO VRIS SR B
MR B, FRm T BB A 20 4l 70 AR
K EOFARAT, Hh Je 28 bl (17 2 7 R AR AR TR b
TBERNRP . FEFARKET, XERER
o T e AT A, R AR TS A AR R
2010 4FFF 4R, — 37 25 Ik A0 0BT U )2 B0 8 1 4k 32 B
BRI . Basso'™ 4 F F 1064nm fy [ A BHO% &5 X
g4l i Samuel F. B. Morse {5 & T #9775 34 9
AR R ST OB Ve . FEE SN, KoL s e
ARRHFE&BECY MM HARZ, flmeh2 e
5% DL 36 e /NG ST LR - U R R A A
T 20 AR AT R A Y TR R R T AL R, A
BN, OGRS W R R 2 A AR
FLWF5E 1 2 B X 5 0k DO R B 2 0% R, S R
N TE R R AT T — R RS, R E AR R b Ay
W7, ALk — 2D R A T A 3R B R, DA Ik
PN H R BARBET KRGS X
LGS 1l W B 2R A T L T 2R I R
SMORAET, LR AR A OGRS AT OB
Uk, IR A T VR B (E R IT TR

A SCR A E — A B SO R R A —
H OB S R O VR A Sk
T4 A5 2% T AT ok A S TS e AT . 3K
5 5 S 3¢ W 4 2 1T Rl e i 5 IS e T
VLRI RO AT 0, IF o IR R I R =
B, H i T AR A A A P B O 3 1 A A
B4, P U VR S AR NS A 2 IR
PR LA A SC R B B T

1 FLWEH

A SC T B O T BE A BT X S 26 R
49



X o HF O K

o5 52 4

F AR SCH . T AR RS SO A, RO
TR o X /N A BT L A RIS SRR
AT LA IR 558 2 e 0F 5 40 A0 1 R0 0 1 1 55
PR AR RE S, AT R S0 R g AT K AR
THUE o PRI AR SR B 4 0 /N RE i S BHL AR T VG
FRFE S SN TIE R A i M Os b KA
=W, 9 1064nm . 532nm 1 355nm, B 23R
1064nm . 532nm F1 355nm 4 B0 4 i, SE AT
A I K B IR A s, S8 8 1064nm . 532nm I
355nm IR A4 o AR AS [R] 14 SC 4 25 8 BE BOAS [7]
AU, 40 7 i A% — R F K S 1064nm 1
o6 ok #EAT I VR, A B SCH — iR ] 1064nm Al
355nm 1R G K MO R HEAT I R, I i — R
FH K 532nm 1Y O Sk #EAT I UE . NP EOE R
S SR e ) o N 1 M N N e 1 0 o LB R
O3S . X T O TE U AR 48 ok Ul R Oy I 4
BB AT B OGAS R WOG T DERCR M DG s il
BB RGE W iEER R L ilr 2%
WA IEE R ARBERE N E FOLE RE;
BILAR T 43 2 028 R IR S I L B . O R
RFDIR T G . TR G 28 A A5 e S A 4 R
By Y BA koo BE B >900mJ . HoL B K 1064nm Y 44
FRUOEY . 22 S5 40 25 AR 4 A58 B 1064nm 1 94 FD i
JEH A, 43 A B K o RE B > 300mT L HrG
P+ 532nm Al EL K vh fE & >150mT. ot P K
355nm [ 94 FPOG o O #% B ik b 5E B R 10ns,
EEE 1~ 10Hz, EWEHAKL N 10mm, %K
R SEP RN E LR . 28 Bk, BRSOt
T VRS I6 O A Y S0 50 R 32 R g D O
Jt (1064nm . 532nm Ml 355nm), £ 3 6 o 45 ) &
Gk ARG RS EUCE SO RS, Wk S 4ERE A
SR VAR I X (UNS AN R A e A et U =
TR W N A TTRT Y A (EN 35 M S Y
S B AEEAN R, KRG TR XY H
K, A

il
|

B 1 SCHIHOGT UE 4 Bk B% L 567 B R B

50

2 LM

W 2 frs, B R T 9N m B Kl 7.8em,
R ] Fe A Ol 8em . K THIAFAE ) MG, I HAFAE B
b, DI A] DLW % 31 36 1 52 BLAL 60 1 FNR 5 1
FEY), A e PR WS T DL 2T 8 TS e )
RS SO E S 4. —1TH
TWHOCTH VR 75 4 &5 W & 3 s, P BB 5 i 45 1
Ry 11.5em, K EEH 7.5cm, FREAEAEMN
ERJEAR, REAFELEIE ™) . 0 O ™Y
LA™Yy o X P FR &I — AR 410

1
®)

. il
(b) MBSO VR (ZIHEP )

(2) HBEROLTE DERT
P2 BB SOE T Ve X H B
(a) (b)
(2) PP & (b)F B i e
WHOCTEBERT HOGHTBES (ZIHEN )

I3 I 7 6 5 O W U0 H M
3 KREEMESMNT RIS 50

R IR N, AT R X 4R i
ASCRIT 38 3 TR A B 7 2 o o T A 4 S T A
Gy HEAT IR I o S 56 45 R R Ok T Tk e T s Y
Wy %53 B T T i R RS
3.1 X HT&IE AR

AR X 52k 9¢ E BE 1A (Bruker 24 |, M4
Tornado, FEE), XL & IE VEHT Y IC R H 1T
WALy M, SCE S %0 Rh#, B 50kV, HLIf
200pA, REHK N 10um, RER K 120s.
BER /Ny 20pm o SR FHAZ IR A XEHOG I U X8R
JCE MK . WA W A 2 (b)) 20 fE K
P, R IR 6 A S . TG S B I 5 SR an 1 4
N, EEGZE R BRAMEEILAITE Cu. Sn. Pb,
WA Fe, Ca, Al, Si, S, Zn%m K., HEE%H)
WA 17N o A5 3R 5 9 07 A PR | 00 %
EHE, WENFeM S EaRRm2EN, Hioc
EW & AR, EWH R TR N8 &
H, RAYEANS %, 52 T 605 AY 2 20 (0 o7 B 1Y
i, 2/ Fedd i ik 50%0 . a5 1A AT 4 03K /Y
2o, SHAMMSHLE T K,



51 T4 RO Ve AR e 7 57 58 b 0%
140000 3.2 fIEkig
120000 [ . OB 5 MOE AR BB L (RENISHAW 2
100000 | A, Invia, #E) B8 (LeicasyF, DM2700,
R PR, WOL RSB 4 91 532nm F1 785nm, fiE %
gmm— R 114 %6 3% 75 [ R 200~1000nm, 63 4> HE % N
x - lem™, TR FRES EMBER A 1.5mW, Bk
40000 - N . o [ N . —
" Fe lzn B Al O35 05 0 B IR A0 BOWAIR 25 F 19 7 I 251
20000 Pb .
i \ Sn o, MBS R mE 6 iR, 6 (a) SR @
A N — N fa— o
I S TR R o 7 6 AR O R P L% Ol R LA B,
A AU T A 5 S B A Fe MM FIEAE— A5 6 (D)
4 GBI X B A 5 ) I .
R XA S 4 0 BB OB L B
%%1 H\Bﬁﬂhﬂofiﬁﬂgﬁiﬁiqzﬁjﬁ [ﬁ':]‘jé:/fl"f/t%%[zﬂo
I)ﬁl_l f— F=Re
Gl JLE J i H A L ook 250
F3/M5 L (AD 0.26/0.72
~ 600
FE(SD) 1.14/1.5 =
Fi(S) 0.18/1.84 gi 400
& 0.065/0 ;‘@
5 (Ca) 2.29/2.21 £ 200 RIS
#:(Fe) 0.29/6.7
O i 1 i 1 A L i 1 i 1 i
< . 250 500 750 1000 1250 1500
i (Cu) 32.67/29.86 o
#(Sn) 58.87/50.98 (Q)ZL =4
#(Zn) 0.06/0.11 12000
i (As) 1.15/1.46 I
10500
HH(Pb) 3.01/4.61 3 -
% 9000
X 55— A2 B 1 4 7% 2 10 0F 15 XRE G = ool
T, N . =
Wk, W s K3 (b)) L GaHERI Y, A e
W Ty N, " e 6000 — RS
F L 5 AN AL . TR TSR E S, S I
E/ﬁé%%?%% I;/%%{ZIKJTD‘%CU\ Sn. Pb, iI‘ﬁFG\ 4500F 1 . 1 N 1 " 1 "
. N 250 500 750 1000 1250 1500
Zn, Ca. Si. SEFIGE. A5, A 3AL 4= PR e

s YR X, R ITE Sn i E B A
55%, PbI & A 53%, HAGEE SR N
Fe, &0 14.67% s 1 F0 5 2 00528 1 Je & (0 IX
B, Simy & 15.5%, H TR H5A3MA 42K
L, HARFFELES,

140000

Cu
120000

)

> 100000

80000

60000

i1%(Cnts/(a.u

40000

1T r 11T 15 1T

=

Ca Fe Zn

20000 ﬂ Pb
- Sn
0§ e
5 10 15 20 25 30
et E/keV

FIS 2 R TE 5 45 09 X 5T 296t i 18]

(b) R E )
L6 45 Y A 2 O 1
[ei) B A1) T S A i o 00 a2 8 ) s 2 T 1Y
J& ol =, 3 R R SRR S TR B [
RS a1 LA RN 7R, 7 (a) 26
J& Pl My BSOS R, R hEEE s 7 (b)
SRR Pl ) L 2O R, T RE O A %,
ZL0 1Y JE Tl W R B Y A SRR ], A Dy R R AR
ek
4 HABFHREWBREBH Y ETLEY
KT B BOCTE e, SR B S i 06 TS Tk
VB R AL O Ve, AR I O 1064nm 1) 94 F2
HWOEH BRI 65.5um, RIEAR . fEEHE=
2X Mk ehRg s () /DT AL EBER /N (em®) =
J/em?®, Ria] 15 2 68 & % B 19 K/h o B SR A A
51



EIN - Bz
4800~ 1573 2200
4000 2000_
’:;‘ i ’; 1800
<3200 S I
E | i 1600
i i [
% 2400 = 1400
L N [
Eli%{ iﬁi 1200
1600
A 1000 f-
800 1 M 1 " 1 L 1 " 1 " 1 A 1 800- 1 i 1 i 1 " 1 i 1 i 1 "
250 500 750 1000 1250 1500 1750 250 500 750 1000 1250 1500 1750
Fr2fitg/cm e g/ em
(a) W B Bl (b) SRl

7 CRIRITE A A 0 B 2O R

IO TR, BRI B R AL Al Y
fidE, BREMILESHEAMEE N Imm/s, H
R 10Hz, WA~ 2 [ /Y B BE O 0.4mm, A it
BHIEYE L IRBY R h 3,65, PRERIEOCRER®EE R
89J/cm”, THPEWE - HI A1k, 2. 3SR,
WHVERECH LIRET, BOGTF G ™ A R ph R o R #
MOt BB & % A 71.21/em®. 59.3]/cm’,
47.5]/em®. 35.6J/cm®. 29.7J/cm?. 23.7]/cm?, &
VERL R AR . BNt % E R KN
11871/cm®, V& VR EUA 5K, 3R A7 78 L5 1) 3
TSR, AR AL B SO T R XK /N BB g
WEERK, X EMS AR W25
B R OB . M ROGRE % o 3.8]/em®, H
B 1Hz, BRpECN 5AREE, EUERUR B B
i, U I S 800 Uk — 1 KO X sk an K 2 e
N, RIBGERTLLEBRLAEE MY, HFRE2E
PR K (8, T PR AT BE 2 2% I AY 21 65 1l ) R
AL B Fe B TR & B M) A0 B 5 5 8 45 2
R B TR A A — i

PR B F 2 Ry sk i e, FH
AN O VE, WOGRE % O 89)/em®, H
AR 10Hz, TH PR ECH 1k, BIRE I8 21 48 4f
MW VRO, R AE T 68 0 S Tk ™ ) TE 7 A4
FA 2 ISR A A, an A AR G BE B OB AT
TUE, PTREME AR A A FEAR S X T AT ) e
Y, BT XREER, R EERBEOLH AT,
MOt BE B % 2.87]/cm®, T & MR N 1Hz,
ik R 5B, S AR T RO, EXT
1 75 5 #2505 VERCR I, AR SCH R AR O 2%
)7 ¥, D DR AE F 7 4 2% 3R 0E 0 8 T 0 e R
JE N 548 5 SC i SO 5 kAT iR, AT Ik
B — AN 8 P BB o R FERR

5 4 it

BUE MY B A B2 A, — ORI T
Pr s WOme . RA AR R AE i TR AF BR BT A
52

STE R EIY WA [7) 36 B 04 J65 o 7=y, 3 26 I8 ol 7=

YA — & HB S 4 A% 7 AR L AT Al RE 2 B ik Ah

PR WA At — B RE, REHZAMN

o HHSZ, Hon] BB 7E 55 5l 4% 2 T B s nT 375 & 5

ARET 2L BR . K BR T A 3R  A5 ph ) 4

mEMEZR, BRI eIk (BB

HRFRORR D, WOGTE TR B AP i 3 S

Yy fd dr s, (H i T o8 BAT R R e, W RE

P SCW) R AR, T LUBOGIE VEHRTE A

B S R AP TR T O ANz . AR SCE T XK

&, VRO R A & SO R A s A, R

PO I BT 8 H AR I XU 2 5l BRI Y AR

Iy EAT R o I AR A VO T R R AR AL Y

TG T VX TR R g R AT O6 T DR S B,

PO T VRO AT DL S XS 2 T 9 21 4 77 ) F 4 45

PR HEAT WU, LR OGS UE S RO 1 R 08

WO Ve T A% SO S BB S

S

(1] ORI B 20K vl 0 50 R 55 0 - 088 o 7= 4, R, £ 9
(M1 B2 AL, 2009:123—130
Scott D A. Copper and bronze in art: Corrosion, colorants,
conservation[M]. Getty Publications, 2002:145—156.

(2] ARk, XV, X, 5 . b AT fd 48 8 1 pho™ ¥ 01 52 [l

Jo——¢ 1 RAE 7 1 R AL 7], e R 5 25 R
2024,36(04):128—142.
Zou Feichi, Liu Jianyu, Liu Hanwen, et al. Review of the re-
search on tin corrosion products of ancient bronze: properties,
characterization methods and corrosion models[J]. Sciences of
Conservation and Archaeology,2024,36(04):128—142.

(31 slwgsc, et F0ae, & . i = 2t = S8

T A R R AR 7 B R 2 M (D). kS B
2024,45 (04):39—45.
Liu Hanwen, Xie Zhenbin, Guo Jianbo, et al. Scientific analy-
sis of powdered corrosion products of bronzes excavated from
the Sanxingdui Site in Sichuan[J]. Corrosion &. Protection,
2024,45(04):39—45.

(4] Z95 2, 2, W55, & FWOI T S0 1 Al 25 4%
FG 2 R S T[], 3, 2024, (03):162—168.

Li Qinghui, Yuan Yimeng, Xie Yaoting, et al. Technological



%18

T, %

ARS PO VR H AR AE T A% LA

(7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

analysis of the corroded layer of bronze ware fragments un-
earthed from the Dahekou Cemetery in Yicheng[J]. Relics and
Museology, 2024, (03):162—168.

AR T A A B D R R R i S ] 1l e
FARCARFHENR) , 2004, (01):44—47.

Zhong Jiarang. Study on the conservation of bronzes and influ-
ential of powder rust[J]. Journal of Shanxi University (Natural
Science Edition), 2004, (01):44—47.

Maiman T H. Stimulated optical radiation in ruby[J]. Nature,
1960, 187(4736):493—494.

Buccolieri G, Nassisi V, Buccolieri A, et al. Laser cleaning of
a bronze bell[J]. Applied Surface Science,2013,272:55—58.
Siano S, Pini R. Analysis of the blast waves induced by Q-
switched Nd: YAG laser photodisruption of absorbing targets
[J]. Optics Communications, 1997 ,135(4-6):279—284.

Siano S, Salimbeni R, Pini R, et al. Laser cleaning methodol-
ogy for the preservation of the Porta del Paradiso by Lorenzo
Ghiberti[J]. Journal of Cultural Heritage , 2003 ,4(S1):140—146.
Fusi F, Mercatelli L, Basile V, et al. A new method based on
contact surface profilometry for quantitative measurement of re-
sorbed bone volume[J]. Physica Medica: European Journal of
Medical Physics, 2005,21(1):41—46.

Matteini M, Lalli C, Tosini I, et al. Laser and chemical clean-
ing tests for the conservation of the Porta del Paradiso by
Lorenzo Ghiberti[J]. Journal of Cultural Heritage, 2003, 4:147
—151.

Basso E, Pozzi F, Reiley M C. The Samuel F. B. Morse
statue in central park: scientific study and laser cleaning of a
19th-century American outdoor bronze monument[J]. Heritage
Science, 2020,8(1):81.

Striova J, Castellucci E. Free-running Er: YAG laser cleaning
of mural painting specimens treated with linseed oil, “bev-
erone” and Paraloid B72 [C]// Lasers in the Conservation of
Artworks VIII. London: Taylor & Francis Group,2011:85—92.
Dajnowski A, Dajnowski B A. Using the new G.C. laser clean-
ing system for cleaning and surface preparation for re-gilding of
a large outdoor bronze monument of Alexander Hamilton[C]//
Lasers in the Conservation of Artworks XI. Krakow, Poland:
NCU Press, Torun,2017:217—228.

WH, A, i— . Sl BERTE & 1 SO OB e b Y
IS FBEFELT). SCHORA 5 % B2, 2018, 30(03):1—13.

Shen Yijia, Zhou Hao, Shen Jingyi. Applied research on the
agar gel-mediated laser cleaning of bronze objects[J]. Sciences
of Conservation and Archaeology,2018,30(03):1—13.

[16]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

(26]

SERRTT, T FIEE, GE L WOLTE TSR AL S 45 T I & 10
EHF5E0T]. HOt 5l 2R BE R, 2022, 59(11):326—335.

Cai Jingfang, Zhou Hao, Yan Ying, et al. Study on threshold
value of laser cleaning loose surface green rust bronzes[J]. La-
ser & Optoelectronics Progress,2022,59(11):326—335.
AR, IREE, X SC, 5F L GIRROLNT VEHORTE S A O
AT ERY BT SR, 2024, 50(04):500—507.

Li Chenyu, Zhang Xueyan, Liu Hanwen, et al. Application of
nanosecond laser cleaning technology on marble in the Forbid-
den City[J]. Optical Technique,2024,50(04):500—507.
AR, WIS, KT, A B AR OB B EARTE R
B S LRI b DR (R 3E30), 2024, 17(05):1050
—1059.

Li Chenyu, Hu Wenzhe, Zhang Xueyan, et al. Application of
dual-wavelength nanosecond laser cleaning technology on stone
artifacts[J]. Chinese Optics, 2024,17(05):1050—1059.
R, dhse, XU, AF WO BEH R TE SO By
(7). th ST AL 58, 2021, (01):52—60.

Li Chenyu, Qu Liang, Liu Xiaolong, et al. Application of laser
cleaning technology in cultural relics[J]. China Cultural Heri-
tage Scientific Research,2021,(01):52—60.

Coccato A, Bersani D, Coudray A, et al. Raman spectroscopy
of green minerals and reaction products with an application on
cultural heritage research[J]. Journal of Raman Spectroscopy,
2016,47(12):1429—1443.

McCann L I, Trentelman K, Possley T, et al. Corrosion of an-
cient Chinese bronze money trees studied by Raman microscopy
[J]. Journal of Raman Spectroscopy,1999,30(2):121—132.
Huang B X, Tornatore P, Li Y S. IR and Raman spectroelec-
trochemical studies of corrosion films on tin[J]. Electrochimica
Acta,2001,46(5):671—679.

Jelvani S, Maleki M H, Khadir S, et al. Laser cleaning on
bronze artefacts by the XeCl laser[J]. Optik, 2021, 242(2):
167316.

Lee H, Cho N, Lee J. Study on surface properties of gilt-
bronze artifacts, after Nd: YAG laser cleaning[J]. Applied Sur-
face Science,2013,284:235—241.

Pini R, Siano S, Salimbeni R, et al. Tests of laser cleaning on
archeological metal artefacts[J]. Journal of Cultural Heritage,
2000,1(S1):S129—S137.

Sansonetti A, Colella M, Letardi P, et al. Laser cleaning of a
nineteenth-century bronze sculpture: In situ multi-analytical evalua-

tion[J]. Studies in Conservation, 2015, 60(sup1):S28—S33.

53



