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Abstract For better understanding the mechanisms of laser cleaning for contamination on surface of
stonework, such as black ink and smoked dirt, the cleaning experiments are carried out. Its cleaning
thresholds are obtained. Meanwhile, the finite element analysis software is used to calculate the temperature
and stress of contamination under laser irradiation. The experimental results are discussed combining the
calculation. The evaporation of contamination and thermal stress could be the main causes for removing of the
pollutants. The site experiment of laser cleaning of black ink and smoked dirt in Yungang grottoes shows that
this technique has a great advantage and can be applied for conservation of stonework.
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Fig.1 Test sample. (a)Black ink; (b) smoked dirt
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Fig.2 Cross section of samples. (a) Black ink; (b) smoked dirt
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Table 1 Physical parameters of granite

Parameter Value
Density p /(g+cm™) 2.3
Heat conductivity /[W/(m+K)] 129
Young's modulus /GPa 10

Specific heat capacity C /(J- g+ K™)
Line expand coefficient a /K™

Poisson’s ratio

®)

@ ©

©

&3 BT R IRE TSN . (a) 20 mJ; (b) 60 mJ; (¢) 80 mJ; (d) 100 m)
Fig.3 Temperature diagrams on surface of graphite after laser irradiation. (a) 20 mJ; (b) 60 mJ; (¢) 80 mJ; (d) 100 mJ
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Table 2 Temperature of graphite under different laser energy
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Fig.4 (a) Curve of graphite surface temperature on centre under different laser energy; (b) curve of graphite surface temperature on
centre of laser irradiation energy area versus time
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Fig.5 Stress diagrams on surface of graphite after laser irradiation with energy of 60 mJ.
(a) Equivalent stress; (b) tensile stress and shear stress
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Fig.6 Stress of graphite on surface of sample as a function of laser energy. (a) Curve of equivalent stress; (b) curve of tensile stress
B B 1O R MR T i O R o R S GO0 00 3 A 3 R AR o T 300 R AL T R A O e o
FESCHTEVE I . WE RS R NEK 3 PR .
&3 IO B 55 00 R B TS Gl W 03 R B A
Table 3 Laser cleaning threshold of black ink and smoked dirt

Contamination type Value /dry Value /wet
Black ink 21 m) 17.5 m)
Smoked dirt 20.5 mJ 20.5 mJ
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(d) 29.7mJ (e) 39.6 mJ (f) 46.6 mJ
7 R I i 0 O3 U 19 2
Fig.7 Micro-photograph of smoked dirt on sandstone surface after dry laser cleaning
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Table 4 Reflectivity of contaminants on sandstone (unit: %)

Times 1 2 3 4 5 6 7 8 9 10 Average
Black ink 6.14 6.44 6.66 6.33 6.53 6.27 6.72 6.86 6.62 6.32 6.489
Smoked dirt 8.48 7.17 7.38 6.85 8.6 8.47 7.59 8.14 7.78 8.83 7.929
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Fig.8 Reflectivity of black ink and smoked dirt on sandstone surface of 1064 nm. (a) Black ink; (b) smoked dirt
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Fig.11 Photograph of test area with black ink of laser cleaning in west cave No.43 of Yungang Grottoes. (a) No black ink area;
(b) after dry cleaning; (c) after wet cleaning; (d) black ink area
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Fig.12 Photograph of test area with smoked dirt of laser cleaning in west cave No.43 of Yungang Grottoes
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