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Abstract 

The formation of the gold layer in mercury gilding occurs through the heating a gold amalgam. As a result, the forma-
tion mechanism and technical characteristics of gilded products are closely related to the temperature at which they 
are heated. In this study, XRD and XPS analysis of a copper-gilded coronet from the Sui or Tang dynasties revealed 
that  Au3Cu was one of the main phases of the gold layer. Therefore, base on the thermodynamic stability of ordered 
phases like  Au3Cu, the estimated heating temperature for this copper-gilded coronet ranged from 240 to 285 ℃. 
Furthermore, SEM–EDS analysis of the cross-sectional concentration distribution of Cu indicated that the diffusion 
distance of Cu during heating did not exceed 2 μm. At 240–285 ℃, Cu diffused along the defects of the gold layer, 
and the diffusion process followed Fick’s second law. Previous research has indicated that the defect path diffusion 
coefficient of Cu is on the order of  10–12  cm2/s, and the heating time of the gilding process is typically considered 
to be 15 min. Using the diffusion equation, the calculated diffusion distance of Cu aligned with the diffusion behav-
ior of Cu at 240–285 ℃, confirming the inferred heating temperature range. Additionally, at these temperatures, 
the gold layer was formed through the solid-state reaction of the gold amalgam and was bonded to the substrate 
through the diffusion of Cu.

Keywords Mercury gilding, Copper-gilded products, Au-Cu system, Au-Cu compounds, Diffusion coefficient, Sui and 
Tang dynasties

Introduction
Gold, one of the earliest precious materials used by 
ancient ancestors, has always symbolized wealth, pres-
tige, and power [1]. This metal’s enduring popularity can 
be attributed to its vibrant and long-lasting color, malle-
able texture, and ease of processing [2]. Given its rarity 
and value, civilizations throughout history have sought to 
replicate the appearance of gold [3, 4]. Consequently, in 
the fifth century BC or even earlier, techniques such as 
foil gilding (wrapping a silver or copper-based alloy with 
gold foil) and leaf gilding (gold plating with an adhesive) 
were invented [5, 6]. However, these gilding processes 
typically resulted in gold layers measuring 2–10 microns 
or even thicker, highlighting the need to conserve the 
use of gold [7–9]. As technologies for achieving gold-like 

*Correspondence:
Fengrui Jiang
jiangfengrui@nwpu.edu.cn
Junchang Yang
yangjunchang@nwpu.edu.cn
1 State Key Laboratory of Solidification Processing, Center for Nano Energy 
Materials, School of Materials Science and Engineering, Northwestern 
Polytechnical University, Xi’an 710072, China
2 Construction Preparatory Office of Museum, Northwestern 
Polytechnical University, Xi’an 710072, China
3 Institute of Culture and Heritage, Northwestern Polytechnical University, 
Xi’an 710072, China
4 Xi’an Institute of Conservation and Archaeology On Cultural Heritage, 
Xi’an  710068, China
5 Shaanxi History Museum (Shaanxi Cultural Relics Exchange Center), 
Xi’an 710061, China
6 Duolun Cultural Relics Conservation Center, Xilingol League 026000, 
China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-023-01000-8&domain=pdf


Page 2 of 18Shao et al. Heritage Science          (2023) 11:162 

appearances advanced, the challenge emerged to utilize 
minimal quantities of gold across different cultures [10]. 
In China, during the fourth century BC, a novel gold 
decoration technique called mercury gilding or fire gild-
ing emerged through the combination of gold and mer-
cury [11, 12]. This technique earned its name fire gilding 
due to the essential heating step involved in the process. 
Unlike gold foil and gold leaf, the paste-like gold amal-
gam used in fire gilding provided a more seamless inte-
gration with the substrate [13]. Consequently, fire gilding 
not only resulted in thinner and superior gold layers [14] 
but also significantly reduced the consumption of gold 
in the process [15]. Therefore, it quickly became one of 
the most successful methods for ancient craftsmen to 
explore the effective utilization of precious and scarce 
resources [16–18]. In addition, owing to the utilization of 
amalgam, it is an indication of the technical advancement 
of ancient China.

At present, research on gilding processes is mainly 
based on ancient records. In fire gilding, gold amalgam 
is first coated on the surface of the base metal and then 
heated to form a gold film. During heating, most of the 
mercury is evaporated, leaving a porous gold layer [12, 
19]. However, due to the solid solution reaction of Au and 
Hg, a small amount of mercury remains [20]. Even so, 
mercury is not a unique feature of fire gilding. As early as 
the fifth century BC to the fourth century BC, the people 
of the Eurasian grassland began to use mercury to stick 
the gold foil and gold sheets on ironware [21]. Therefore, 
scholars have conducted in-depth research on fire gild-
ing to discover more technical features of this technology 
[22].

In recent years, more and more advanced material 
analysis methods and theories have been used for the 
research of cultural relics [23–25]. The heating pro-
cess and formation mechanism of gilding technology 
have been deeply studied by analyzing the interface and 
phase composition of gilded items [26]. The gold layer 
is formed by the phase transformation of gold amalgam 
during heating. Consequently, the Au-Hg system has 
become a new research focus in fire gilding [27]. α-Au, 
which is only formed above 419 ℃, has been found in 
the gold layer of cultural relics. Thus, some scholars 
believe that the heating temperature of fire gilding is 
higher than 419 ℃ [28]. However, other scholars insist 
that mercury evaporates from the Au-Hg system dur-
ing the gilding process and that the proportion of Au/
Hg in this open system continuously changes. Hence, the 
whole process is a solid-state reaction process and does 
not involve the melting of Au-Hg alloy [27, 29]. In addi-
tion, the main purpose of this ancient gilding process is 
to obtain a golden surface layer that is firmly bonded to 
the substrate. Thus, the metalsmiths should take special 

care to avoid overheating these objects due to the ten-
dency of copper to oxidize in the air at high temperatures 
[30]. Due to the porosity of gold amalgam, copper will be 
enriched beneath the gold, which is easily transformed 
into copper corrosives in the subsequent storage process 
[31, 32]. This phenomenon eventually causes the plating 
to flake off [33]. Hence, the heating temperature of this 
ancient gilding process is considered to be 250–350 ℃, 
which is lower than the boiling point of mercury (357 ℃) 
[12, 34]. Unfortunately, based on the study of Au-Hg sys-
tem, no reasonable and consistent conclusions have been 
drawn on the heating temperature and formation mecha-
nism of fire gilding.

In contrast to the extensive research conducted on the 
crystal structure of Au-Hg alloys, there has been limited 
focus on ancient gold alloys, particularly in the context 
of the crystal structure of Au-Cu alloys. However, in the 
case of copper-gilded relics, the influence of heating on 
diffusion and phase transformation within the Au-Cu 
system cannot be disregarded. Recent experimental find-
ings have revealed the formation of an ordered phase 
within the Au-Cu system under specific conditions, par-
ticularly at intermediate temperatures ranging from 150 
to 400 °C. Furthermore, heating promotes the rapid diffu-
sion of copper atoms into the gold layer within the Au-Cu 
system [35]. Consequently, investigating the diffusion 
and phase composition of the Au-Cu system during the 
heating process presents a promising and viable research 
approach for examining the heating process and under-
standing the formation mechanism of fire gilding.

The end of the Sui (隋) Dynasty marked the conclusion 
of China’s previous division, leading to the advent of the 
Tang (唐) Dynasty, which ushered in an unprecedented 
era of openness and prosperity [36]. With China’s robust 
national strength, various ancient metal processing tech-
niques reached their zenith during this period. The con-
struction of exquisitely designed and intricate female 
gilded hair accessories became particularly prominent. 
For instance, the earliest gilt-copper beads emerged on 
the crown of Empress Xiao (萧), which currently stands 
as the highest-ranking ceremonial crown. These beads, 
with a minimum diameter of merely 0.4  mm, were 
adorned with a gold layer of minimum thickness meas-
uring 10  µm (Fig.  1a, b) [37]. Undeniably, gilding tech-
nology had reached its pinnacle of development and 
sophistication at this juncture. Consequently, exploring 
high-grade gilding products from this period can offer 
valuable insights into the technological advancements 
achieved during the heyday of gilding technology [38].

In this study, a collection of high-grade copper-gilded 
coronet ornaments, resembling the crown of Empress 
Xiao from the Sui or Tang dynasties, were carefully 
selected for comprehensive analysis [4]. Through an 
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in-depth examination of the phase composition of the 
gold layer and the diffusion behavior of copper atoms, we 
aim to elucidate the formation mechanism during gild-
ing and the bonding mechanism between the gold layer 
and the substrate. Such investigations will contribute to 
our understanding of the technological advancements 
attained during the gilding process and shed light on the 
underlying mechanisms involved in the bond formation 
between the gold layer and the substrate.

Materials
The gilded cultural relics were discovered in Tomb M2, 
located in Xi’an (西安), Shaanxi (陕西), China. Tomb 
M2consists of a single-chamber earth cave and a long 
ramped passage, indicative of its architectural structure 
[39]. The shape and structure of the tomb, along with the 

artifacts unearthed from it, suggest a potential associa-
tion with the Sui Dynasty (581 − 618 CE) or, at the very 
least, a timeframe no later than the early Tang dynasty 
(7th − eighth century CE) [40]. Notably, during the exca-
vation process, a collection of meticulously arranged 
gilded ornaments was found surrounding the head of the 
female tomb owner [41]. According to relevant research 
[39], these objects were identified as decorative compo-
nents of a high-grade ceremonial coronet. As a result, 
Tomb M2 presents a valuable opportunity to explore 
ancient gilding technology and gain insights into this 
field of study.

The excavated coronet exhibited poor preservation, 
with significant degradation of all its components, mak-
ing the original structure difficult to ascertain. However, 
after an initial cleaning process, it became apparent that 

Fig. 1 Replica crown of Empress Xiao (a: front, b: side); X-ray image of ceremonial crown of Empress Xiao c [37]; BSE image of the gilt copper beads 
of the crown d 
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the coronet primarily consisted of two wing-shaped 
ornaments (referred to as temples) and eight apricot-leaf-
shaped ornaments. These ornaments were embellished 
with pearls, glass, and various gemstones (see Fig. 2a). In 
addition to a multitude of metal ornaments shaped like 
petals, ties, water droplets, and leaves, the coronet also 
featured the presence of jade and mother-of-pearl (see 
Fig.  2b). During the period spanning the Sui and Tang 
dynasties (581–907 CE), the number of decorative orna-
ments adorning a coronet served as an indicator of the 
wearer’s social status [41]. Hence, the presence of eight 
apricot leaf ornaments and two temples on this coro-
net suggests that it was a personal adornment worn by 
high-ranking females within the hierarchical system of 
that era [42]. The metal ornaments comprising the coro-
net displayed a visually captivating golden yellow sur-
face. In order to ascertain the manufacturing process of 

this golden appearance, a thorough scientific analysis 
was conducted on all the metal components. To facili-
tate subsequent descriptions, abbreviations have been 
assigned to each specific component: TB represents the 
temple, SD represents the apricot leaf decoration, PS 
represents the petal decoration, TS represents the tie 
decoration, WS represents the droplet decoration, LS 
represents the leaf decoration, and CW represents the 
copper wire. To obtain the elemental and phase compo-
sitions of the gold layer in the coronet, non-destructive 
testing was employed on the provided samples. However, 
to explore the cross-sectional composition and structural 
characteristics of the components, the cross-sectional 
samples were prepared according to the following steps. 
Fragments (2 mm × 2 mm) were first cut from each sam-
ple, in-laid in the embedding resin (Buehler epoxy resin 
and Buehler epoxy hardener), ground using abrasive 

Fig. 2 a Temples and apricot-leaf ornaments of the ceremonial coronet [39]; and b some jade, mother-of-pearl, and metal components 
of the coronet
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papers (300–1200 grit), and polished using a high-speed 
polishing machine (Buehler AutoMet 250) with a pol-
ishing agent (diameter: ~ 2.5  μm). The obtained cross-
sectional samples with smooth surfaces were washed 
with ultra-pure water to remove the polishing agent and 
thoroughly dried. Herein, the Au-Cu system was taken 
as the research object to comprehensively analyze the 
copper-gilded products. Initially, the microstructure 
and composition of the surface and cross-section of the 
copper-gilded products were examined to gather rele-
vant information. The heating temperature was inferred 
from the phase composition of the gold layer. Moreover, 
the distribution of Cu in the cross-section was evaluated 
to understand the impact of temperature on atomic dif-
fusion. Subsequently, the heating temperature of the 
cultural relics was determined based on the phase com-
position of the gold layer and the diffusion behavior 
within the Au-Cu system. Through this comprehensive 
analysis, the formation mechanism and technological 
characteristics of copper gilding were elucidated.

Methods
Micromorphological and compositional analyses
The surface composition of the sample was nondestruc-
tively analyzed by X-ray fluorescence (XRF) spectrom-
etry. Herein, the samples (TB, SD, PS, TS, LS, and WS) 
were mechanically cleaned to remove surface contami-
nants and then analyzed by XRF (EDAX Orbis, USA) 
using a rhodium target operating at 50 kV with an effec-
tive testing diameter of 5  mm. Notably, 3 − 5 analysis 
areas were selected for each sample, and each area was 
tested 3 − 5 times with a collection time of 150  s. The 
acquired data were screened and calculated to finally 
obtain the average compositional information of each 
sample surface.

The samples were examined and imaged with a ZEISS 
EVO MA 25 SEM microscope, equipped with an Oxford 
X-max 20 energy-dispersive X-ray spectrometer (EDS) 
console to obtain secondary electron (SEM) images, 
backscattered electron (BSE) images, and the alloy com-
position. SEM–EDS analysis was performed in line-avg 
mode with an accelerating voltage of 20 kV and an EDS 
working distance of approximately 8–9  mm. The ESD 
data were obtained by a standardless analysis method 
according to the Chinese national standard GB/T 
17359–2012  [39]. An industrial copper standard sample 
was used for calibration and optimization. Each micro-
area was analyzed at least three times, and the elemental 
results were averaged and normalized. After obtaining 
the micromorphology and compositional information 
of TB, SD, and the other samples by SEM–EDS, the 
damaged samples were cold inlaid and polished. The 

micromorphology, structure, and compositional infor-
mation of the cross-sections of PS, TS, and the other 
samples were also analyzed.

Phase analysis
X-ray diffraction (XRD) patterns were used to iden-
tify metals and metallic compounds using an X-ray dif-
fractometer (Kratos XRD-7000) equipped with a Cu Kα 
radiation source. The X-ray generator was equipped with 
a monochromator and a capillary attachment was used 
to enhance the signal intensity. The working state was 
controlled by the CPU. The 2θ range was from 10° to 90° 
and the scanning speed was 5°/min. The JADE 6.0 soft-
ware package was used to compare each diffraction pat-
tern with the reference patterns in the ICDD PDF2–2004 
database.

The surface chemical features and bonding configura-
tions of the samples were analyzed by X-ray photoelec-
tron spectroscopy (XPS, Kratos, Axis Supra). CasaXPS 
software was used to fit the binding energy data and the 
Gauss-Lorentz method was used to fit the XPS spectra. 
To acquire the XPS spectra, an electron energy semi-
spherical analyzer was fixed at a constant pass energy 
of 20 eV to ensure a constant energy resolution over the 
entire measured range. The energy resolution for the Ag 
 3d5/2 region after  Ar+ metal sputtering was 1.0  eV. The 
binding energy (BE) scale was calibrated by measuring 
the C 1 s signal (BE = 284.8 eV) of carbon [7]. The accu-
racy of the BE scale was ± 0.1 eV.

Results
Surface and cross‑sectional micromorphology 
and elemental composition
The analysis conducted using surface XRF and cross-sec-
tional EDS techniques revealed that the gold layer in all 
samples primarily consisted of Au, Hg, and Cu, as indi-
cated in Table 1 and Table 2. The substrate was composed 
of pure Cu. The presence of Au and Hg as characteris-
tic elements suggested the involvement of the mercury 

Table 1 Surface chemical composition obtained by XRF

a The average value of multiple test results of multiple areas due to the non-
uniformity of the surface composition

Sample Composition (wt.%)a

Au Hg Cu

TB 70.4 ± 0.2 13.9 ± 0.2 15.7 ± 0.3

SD 63.5 ± 0.1 13.0 ± 0.2 23.5 ± 0.2

PS 36.1 ± 0.2 5.6 ± 0.1 58.3 ± 0.2

TS 36.2 ± 0.3 5.5 ± 0.1 58.3 ± 0.2

LS 40.2 ± 0.1 4.7 ± 0.2 55.0 ± 0.3

WS 40.0 ± 0.3 4.7 ± 0.2 55.4 ± 0.3
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gilding process [43]. This led to the speculation that the 
coronet decoration components were made of gilding 
copper. The gold layer was found to be a combination of 
gold and various gold amalgams, resulting in variations 
in the Hg content across different samples, as presented 
in Table  1. Additionally, the Cu content on the surface 
was significantly higher compared to that in the cross-
section. This showed that the corrosion products formed 
by the diffusion of substrate Cu were concentrated on the 
surface of the gold layer. The variation of the Cu content 
within the cross-section of the gold layer followed the 
diffusion law associated with corrosion, as indicated in 
Table 2 [44, 45].

The BSD images of the golden surface in the sample 
(Figs. 3a, d, e, g) revealed the presence of flat and com-
pact areas exhibiting distinct and consistent scratches 
aligned in a specific direction. These observations pro-
vide strong evidence that the relatively flat and smooth 
gold surface of the gilded products was indeed attained 
through the polishing process. In other areas of the 
samples, a significant number of fine gold particles, 
approximately 2 μm in diameter, were observed to clus-
ter together (Fig. 4a, b, e, a, e, g). These particles exhibit 
a characteristic granular morphology commonly associ-
ated with mercury gilding products, and their presence is 
noticeable even on the unpolished surface. Furthermore, 

in the cross-sectional BSD images, the gold layers in all 
samples were easily discernible and relatively thin, meas-
uring approximately 4–6 μm in thickness (Fig. 3c, b, d, f, 
h). In contrast to the smooth and compact surface, the 
cross-section of the gold layer exhibited an accumulation 
of granules with numerous pores interspersed between 
them. This distinctive cross-sectional structure arose 
from the formation of gas channels and granules within 
the gold layer during the heating process, as a result of 
mercury evaporation. Notably, these unique features 
of the gilded products remained intact even after sur-
face polishing. The higher-magnification cross-sectional 
images revealed several small holes in the interface 
between the gold layer and substrate (Fig. 5a, b). The EDS 
results of different areas showed that the area A of the 
substrate only contained Cu, while the area B contained 
a significant amount of O and Cl in addition to Cu. In 
the gold layer, area C adjacent to the substrate contained 
48.3  wt.% Cu, 44.1  wt.% Au, and 6.5  wt.% Hg. Surface 
area D of the gold layer had significantly higher Au and 
Hg content, while the content of Cu sharply decreased to 
5.2 wt.% (Fig. 5a and Table 3). The same component dis-
tribution was also reflected in the EDS results of areas E 
and F (Fig. 5b and Table 3). The gold layer consisted of an 
uneven mixture of gold, mercury, and various gold amal-
gams. Thus, in different samples or different areas of the 

Table 2 Cross-sectional chemical composition determined using SEM–EDS

a The average value of multiple test results of multiple areas
b The uncorroded areas

Sample Composition (wt.%)a

Au Hg Ag Cu

TB Surface 87.4 ± 0.2 9.4 ± 0.1 1.3 ± 0.2 1.9 ± 0.3

Cross-section Gold layer 80.2 ± 0.2 9.7 ± 0.1 1.9 ± 0.1 8.2 ± 0.2

Substrate b – – – 100.0 ± 0.0

SD Surface 86.6 ± 0.3 11.1 ± 0.2 1.4 ± 0.1 0.9 ± 0.1

PS Surface 84.1 ± 0.3 8.8 ± 0.1 2.6 ± 0.1 4.5 ± 0.1

Cross-section Gold layer 78.3 ± 0.2 10.5 ± 0.1 1.5 ± 0.1 9.7 ± 0.2

Substrate b – – – 100.0 ± 0.0

TS Surface 78.2 ± 0.3 8.6 ± 0.2 2.6 ± 0.1 10.6 ± 0.1

Cross-section Gold layer 77.1 ± 0.2 10.4 ± 0.3 1.8 ± 0.2 10.7 ± 0.1

Substrate b – – – 100.0 ± 0.2

LS Surface 82.7 ± 0.3 8.9 ± 0.2 1.7 ± 0.1 6.8 ± 0.2

Cross-section Gold layer 70.7 ± 0.2 7.6 ± 0.1 – 21.8 ± 0.1

Substrate b – – – 100.0

WS Surface 85.8 ± 0.1 7.2 ± 0.3 2.2 ± 0.1 4.8 ± 0.2

Cross-section Gold layer 66.4 ± 0.1 5.3 ± 0.1 2.9 ± 0.2 25.4 ± 0.1

Substrate b – – – 100.0

CW Surface 87.3 ± 0.3 7.9 ± 0.1 3.3 ± 0.1 1.5 ± 0.1

Cross-section Gold layer 72.7 ± 0.1 12.2 ± 0.2 2.8 ± 0.1 12.3 ± 0.2

Substrate b – – – 100.0
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same sample, the mercury content was different ((Table 3 
D, F). Due to the long-term copper corrosion and dif-
fusion in these cultural relics, the copper content was 
relatively high and the mercury content was low in some 
areas of the cross-section of the gold layer, resulting in a 
significant deviation in mercury content (Table  3, areas 
C, E). Plotting the cross-sectional Cu content with depth 
showed that the substrate contained the highest amount 
of Cu, and the Cu content gradually decreased toward 
the gold layer. Overall, the Cu content remained above 
20 wt.% within 1 μm of the interface. However, when this 
distance exceeded 2 μm, the Cu content dropped below 
8 wt.% (Fig. 6a, b).

As a consequence of prolonged exposure to the burial 
environment, the substrate underwent gradual corrosion 
[46], leading to the formation of dark gray areas compris-
ing copper oxides, chlorides, and other corrosion by-
products. However, Cu atoms diffused from the substrate 
towards the gold layer, with a substantial number of cop-
per atoms diffusing within a distance of only 2 μm from 
the interface. This phenomenon can be attributed to the 
influence of the diffusion driving force.

The samples were selected with an appropriate size 
and relatively flat surface for XRD analysis, as reported 
in Fig. 7. The diffraction peaks at 2θ = 30.8°, 42.0°, 64.3°, 
and 73.1° corresponded to the characteristic peaks of the 
gold-copper phase  Au3Cu (PDF #34–1302) [47]. How-
ever, some characteristic peaks overlapped with those 
of Au (PDF # 04–0784) at 2θ = 38.2°, 44.4°, 64.6°, 77.5°, 
and 81.7° and a  Cu2O (PDF # 05–0667) copper oxide 
peak at 2θ = 42.3°. XPS was applied to characterize the 

surface composition and oxidation state of  Au3Cu in 
detail (Fig.  8). After peak fitting and C 1  s correction, 
for the Cu 2p spectrum, the two peaks at 931.2  eV and 
950.8 eV in the Cu 2p spectrum were assigned to the Cu 
 2p3/2 and Cu  2p1/2 orbits of metallic Cu (Fig.  8b) [48]. 
Moreover, the Cu peaks at 933.1  eV and 952.7  eV and 
the O1s pecks at 530.3  eV were assigned to  Cu2O spe-
cies (Fig. 8b, d). The peaks at 934.4 eV and 954.0 eV were 
ascribed to  Cu2+ species. The Au 4f spectrum exhib-
ited  4f7/2 and  4f5/2 pecks at binding energies (B.E.) of 
84.7  eV and 88.8  eV, respectively (Fig.  8c). The peaks at 
99.9  eV and 103.9  eV coincided with the metallic state 
Hg (Fig.  8e). Compared with metallic state, the band 
positions of Au 4f spectrum were slightly shifted toward 
higher binding energies. Correspondingly, the B.E. values 
of  Cu2p3/2 and  Cu2p1/2 shifted in the opposite direction, 
while the Hg4f band positions remined unchanged. This 
can be attributed to the electronic interaction between 
Au and Cu in the alloy [49]. It is reasonable to infer that 
the transfer of valence electrons transfer from the Cu 
atom to the Au atom is caused by their discrepancy of 
electronic negativities, resulting in the redistribution of 
interatomic charges [50]. Therefore, during the heating 
process of the gold amalgam and substrate, a new Au-Cu 
phase was formed by the redistribution of interatomic 
charges in the system. 

Mercury was detected in the gold layer by EDS, but 
the characteristic peaks of gold-mercury compounds 
were not observed by XRD. One reason might be that 
the size of the detection area was too small and the com-
pounds were not evenly distributed in the gold layer. 

Fig. 3 a Flat surface and scratch of TB; b Granular morphology of the gold layer of TB; c Cross-sectional BSE-SEM image of TB; d Polishing traces 
on the surface of SD; and e Granular morphology of the gold layer of SD
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Thus, gold-mercury compounds were not found in the 
effective area. Another potential reason was that stable 
gold-mercury compounds were not formed at the heat-
ing temperature of the gilding process [19]. In addition, 
although Cu was not the main component of the gold 

layer (less than 10 wt.%), the characteristic peaks of gold-
copper compounds and copper oxide minerals were still 
detected by XRD because the X-ray penetration depth 
for different elements generally reaches tens of microns 
[51]. These characteristic peaks were due to the phase 

Fig. 4 Granular morphology of the surface and cross-sectional areas of PS a, b; TS c, d; LS e, f; and LS g, h 
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inside the gold layer or even the substrate. The copper 
oxide was undoubtedly formed by the diffusion of copper 
from the substrate and the slow reaction of this copper 
with environmental oxygen during the long-term bur-
ial of the cultural relics [43]. However, the formation of 
gold-copper compounds in the gilding process required 
an appropriate temperature and potentially other harsh 
conditions [52].

Discussion
The investigation into gilding processes has initially 
relied on ancient literature records and has gradually 
been substantiated through the analysis of cultural rel-
ics. It is evident that the gold layers of gilded products 
are formed through the heating of gold amalgam. How-
ever, there has been ongoing debate regarding the spe-
cific formation mechanism of these layers. Among the 

Fig. 5 Different areas on the cross-section of CW a and PS b 

Table 3 Cross-sectional chemical composition of CW and PS determined using SEM–EDS

a The average value of multiple test results of different areas

Analysis area Composition (wt.%)a

Au Hg Ag Cu O Cl

A – – – 100.0 – –

B – – – 59.0 ± 0.3 22.8 ± 0.3 18.3 ± 0.2

C 44.1 ± 0.2 6.5 ± 0.1 1.1 ± 0.2 48.3 ± 0.2 – –

D 76.4 ± 0.3 16.1 ± 0.2 2.3 ± 0.1 5.2 ± 0.1 – –

E 32.2 ± 0.2 3.0 ± 0.2 – 65.8 ± 0.1 – –

F 77.3 ± 0.3 12.3 ± 0.2 2.2 ± 0.1 8.2 ± 0.1 – –

Fig. 6 a Cross-sectional BSE image of PS and b change in Cu concentration within the gold layer
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various factors influencing the analysis of the gilding 
process, the heating temperature has garnered particu-
lar attention. Understanding the heating temperature 
is crucial in unraveling the formation mechanism of 
gilding. In the case of copper gilding, most of the mer-
cury evaporates and exits the system during the heat-
ing process, while any residual traces of mercury at 
the interface exhibit minimal interaction with copper. 
Consequently, previous research suggests that studying 
the interface between the gold layer and the substrate 

should primarily focus on the Au-Cu system. Building 
upon this premise, the present work analyzes the for-
mation mechanism of the copper gilding process and 
explores the interaction between the gold layer and the 
substrate.

Phase composition and formation mechanism of the gold 
layer
The phase composition of an Au-Cu system is related to 
its processing temperature. Therefore, the heating tem-
perature in the gilding process was preliminarily defined 
by analyzing the Au-Cu intermetallic compound in the 
gold layer.

Cu and Au possess the same valence state with a 
small difference in electronegativity. Therefore, the 
solute atoms only substitute the solvent atoms in the 
crystal lattice without structural changes during inter-
diffusion at low temperatures [53]. The diffusion of 
Cu into Au under the influence of heat only results in 
a random distribution of Cu atoms in the FCC-struc-
tured Au, and there is no atomically ordered arrange-
ment in the crystal lattice. However, when the system 
reaches a certain temperature range, the Cu and Au 
atoms gradually form a new ordered arrangement. 
At this time, the ordered solid solution on the Cu-Au 
interface forms new phases (i.e., Cu-Au intermetal-
lic compounds such as  AuCu3,  Au3Cu, and AuCu) 
(Fig.  9) [54]. The Au-Cu phase diagram shows that 

Fig. 7 XRD patterns of the PS

Fig. 8 XPS spectra of PS: a survey, b Cu 2p, c Au 4f, d O 1 s, and e Hg 4f spectra
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stable intermetallic compounds cannot be formed at 
temperatures below 150 ℃ or above 410 ℃ [55]. The 
solid–liquid transition of the same composition occurs 
between (Cu, Au) and AuCuII at 410 ℃ and between 
(Au, Cu) and  AuCu3I at 390 ℃. The transition tempera-
ture between AuCu II and AuCuI is 385 ℃. The transi-
tion between (AuCu) and AuCu II +  AuCu3I occurs at 
285 ℃. At 240 ℃,  Au3Cu is formed by a peritectic reac-
tion. In previous studies,  AuCu3 and AuCu have been 
observed on the gold layers of some gold-plated cop-
per samples that were treated at 250 ℃ and 300 ℃ [56]. 
Therefore, the existence of Au-Cu compounds proved 
that the gold layer of the cultural relics studied in this 
work was indeed formed by heating. This can be con-
sidered as one of the technical features of the gilding 
process. Moreover, because  Au3Cu was found on the 
gold layer, the gilding heating temperature of the gilded 
coronet was speculated to be 240–285 ℃ according to 
the Au-Cu phase diagram. The gold amalgam in the 
gilding was a mixture of Au, Hg, and various Au-Hg 
intermetallic compounds. Mercury slowly evaporates 
when the temperature exceeds 8 ℃, and the evaporation 
rate increases with increasing temperature [57]. There-
fore, at 240–285 ℃, excess mercury left the system. In 
addition, because the Au-Hg system was a special open 
system during heating, Au-Hg compounds began to 
experience phase transformation when the temperature 
exceeded room temperature. For example, when the 
temperature exceeded 122 ℃, the gray γ-Au2Hg in the 
gold amalgam began to transform into golden  Au3Hg. 

As the temperature gradually increased, new phase 
transition reactions continued to occur in the system 
[58]. Therefore, the formation mechanism of the gold 
layer of this copper gilt product can be described as fol-
lows: the paste-like gold amalgam was transformed into 
solid gold mercury compounds through a solid-state 
reaction at low temperatures.

Bonding mechanism of gold layer and substrate—atomic 
diffusion during gilding process
A large number of mercury atoms in the gold amalgam 
rapidly evaporated during the heating process, generat-
ing a large number of gas channels and causing the gold 
layer to exhibit a fine particle morphology. Moreover, the 
Au-Cu binary system was left at the interface. The mor-
phological characteristics and gas channels of the gold 
layer provided defect-containing diffusion channels for 
Cu atoms [45]. Therefore, the relationship between Cu 
diffusion and the heating temperature provided useful 
insights into the heating-assisted gilding process.

There are two possible diffusion mechanisms of the 
Au-Cu system [59]. Classical bulk diffusion, also known 
as lattice diffusion, involves vacancy-assisted atomic 
exchange, where the reaction is completed in a reason-
able time if the temperature is near the melting point. 
Rapid diffusion can occur along defect paths even at 
low temperatures in different systems. One should note 
that defects such as grain boundaries and dislocations 
are common in metals and act as rapid transportation 
channels through metallic layers, favoring the rapid dif-
fusion mechanism [59, 60]. The porous structure of the 
gold layer of the gilding products indicated that the diffu-
sion of substrate elements likely occurred via the defect-
assisted diffusion mechanism. Moreover, for the copper 
gilded crown, the heating temperature (240–285 ℃) was 
less than half of the melting point. Thus, copper atoms 
rapidly diffused to the gold layer along the defects and 
the diffusion mechanism of the copper atoms was clearly 
rapid diffusion. In addition, the formation of new Au-Cu 
phase layers is inevitable when the Au-Cu system under-
goes diffusion at a certain temperature, which has been 
shown in many previous studies [60, 61]. Whether in the 
Au-Cu phase or Au phase, the diffusion mode of copper 
is rapid diffusion along defects (grain boundaries, etc.) at 
temperatures below half the melting point [54].

Furthermore, it is important to highlight that dur-
ing the prolonged storage of copper-gilt products, 
the atoms from the substrate undergo slow diffusion 
towards the gold layer driven by corrosion at room 
temperature. The diffusion of copper, as depicted in 
Fig. 6, was predominantly associated with the corrosive 
processes experienced by these gilding artifacts while 
being buried for an extended period. The bimetallic 

Fig. 9 Au-Cu phase diagram (Reprinted with permission from Ref. 
[54])
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structure of these artifacts accelerated the corrosion 
of copper, facilitated by the migration of  Cu+ and  Cu2+ 
ions through micropores and microchannels within 
the gilding layer. Hence, two sources of copper atoms 
within the gold layer were identified: those resulting 
from defect-assisted diffusion during the heating pro-
cess and those arising from the long-term diffusion of 
the substrate due to corrosion at room temperature 
[61].

During the heating process, defect-assisted diffu-
sion played a significant role in the formation of gilded 
crowns. Copper atoms, driven by heat, undergone dif-
fusion into the gold layer, leading to the inevitable 
creation of a new layer known as  Au3Cu phase, in con-
junction with the gold. According to the formation con-
ditions of  Au3Cu, this phase was clearly a product of 
heating in the gilding process. Significantly, the copper 
atoms present in  Au3Cu originated solely from rapid 
diffusion during heating and were unrelated to corro-
sion diffusion during preservation. Moreover, the newly 
formed  Au3Cu intermetallic compound was close to the 
substrate side due to Cu enrichment [61, 62]. The distri-
bution of Cu in the cross-section of the gilded product 
was also analyzed (Fig. 6b). Cu atoms diffused outward 
from the interface between the substrate and the gold 
layer. A linear downward trend in the Cu concentra-
tion was observed within 2 μm of the interface. Above 
2 μm, the Cu concentration gradually stabilized. It was 
speculated that the rapid diffusion of Cu during heat-
ing did not exceed a distance of 2  μm. Moreover, the 
content of Cu in the area within 1  μm away from the 
substrate was 23−39 wt.%, which was much higher than 
that of  Au3Cu (9.77 wt.%). Further than 2 μm from the 
substrate, the Cu content was only 5–7 wt.%, which was 
significantly lower than the content of  Au3Cu (Fig. 6a, b 
and Table 4). Obviously, the thickness of  Au3Cu phase 
would not exceed 2 μm. Thus, the diffusion distance of 
Cu during the heating would not exceed 2 μm.

In the heating process of copper gilding crowns, cop-
per exhibited rapid diffusion along the defects present 
in the gold layer, resulting in the formation of a dif-
fusion layer that was typically no more than 2  μm in 
thickness. Furthermore, the bonding between the gold 

layer and the substrate occurred through the diffusion 
of copper atoms during the heating process.

Relationship between diffusion and temperature in the Au‑Cu 
system
The temperature plays a crucial role in determining the 
mechanism and pathway of solid-phase diffusion in 
binary systems [63]. It significantly influences the diffu-
sion coefficient and rate, thereby shaping the process of 
diffusion in such systems [64]. The temperature depend-
ence of diffusion coefficient D is related to temperature 
according to the following equation:

where  D0 is a temperature-independent coefficient,  Qd is 
the activation energy of diffusion, R is the gas constant, 
and T is the absolute temperature. In the Au-Cu system, 
the diffusion rate of copper atoms along defects is much 
faster than that of gold atoms. To establish the diffusion 
model, it can therefore be assumed that the gold atoms 
do not diffuse [63, 64]. For the copper-gilded crown, the 
diffusion mechanism of Cu during the heating process 
was rapid diffusion. The D’ (defect path diffusion coef-
ficient) value was an order of magnitude greater than D 
(lattice diffusion constant) [65]. Thus, D’ was more suit-
able for calculations.

In diffusion calculations, Fick’s second law can com-
prehensively describe non-stationary diffusion processes 
where concentration changes over time. The general dif-
fusion coefficient is a constant. The boundary conditions 
of Fick’s second law are: (1) the concentration of diffusing 
substance  Cs remains constant throughout the entire dif-
fusion process; (2) a certain amount of the diffusing sub-
stance diffuses from the surface to the interior. During 
the gilding process of the cultural relics studied in this 
work, copper atoms rapidly diffused along the defects of 
the gold layer during heating [65]. The Cu substrate pro-
vided an unlimited supply of Cu atoms to the gold layer, 
maintaining a constant surface concentration  (Cs) at all 
times. Therefore, the relationship between diffusion dis-
tance and concentration can be solved using Fick’s second 
law. In non-stationary diffusion processes, the change in 
the concentration over time at a distance of x is equal to 
the negative value of the change in the diffusion flux with 
distance [66]. If D’ is independent of concentration, the 
penetration of diffusing species in an infinite system can 
be described by this relationship [62, 67]:

D = D0exp

(

−
Qd

RT

)

Cx − C0

Cs − C0
= 1− erf

[

x
/

2
√
D′t)

]

Table 4 Cu concentration at different diffusion distances

a Along the copper diffusion direction in Fig. 6
b Concentration range obtained after multi-point measurements

Diffusion distance/μma Cu 
content 
(wt.%) b

0 100.0

 ~ 1 23–39

 > 2 5–7
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where  Cx (wt.%) refers to the concentration of diffusing 
species (Cu) at penetration distance x (cm) and time t (s), 
 Cs corresponds to the constant surface concentration, and 
 C0 denotes the original concentration of Cu in the solid. 
The error function erf (x/2 (Dt))1/2 is a tabulated function 
(Tables 5, 6). D  (cm2/s) refers to the diffusion coefficient 
of the diffusing species, and substituting D’ here is more 
appropriate, as explained above. Furthermore, in the 
copper gilding process, copper diffusion occurs primar-
ily along grain boundaries and other defects at tempera-
tures below half the melting point, regardless of whether 
it’s in Au-Cu or Au phases [61]. The rate of copper diffu-
sion is rapid, and the distance traveled depends on fac-
tors such as the diffusion coefficient (D’) and time [64]. 
Moreover, recent research have shown that D’ of copper 
in Au or Au-Cu system falls within the range of  10–12 at 
temperatures ranging from 200  °C to 350  °C. Therefore, 
using an appropriate diffusion coefficient enables us to 
obtain a reliable estimation of the diffusion distance. For 
instance, in a Cu-Au system, the defect-assisted diffusion 
coefficient of copper atoms along grain boundaries at a 
temperature of 320  °C is estimated to be approximately 
1 ×  10–12  cm2/s [60] or 2–3.5 ×  10–12)  cm2/s [68]. Further-
more, at a temperature of 300 °C, the reported diffusion 
coefficient of copper in an  Au3Cu alloy is approximately 
2.6 ×  10–12  cm2/s [61]. In the manuscript, we have utilized 
a value of 1–3.5 ×  10–12   cm2/s for calculations, encom-
passing all available data. 

In addition, achieving the desired thickness of the gold 
layer may indeed require repeated coating and heating 
processes. However, based on previous reports and our 
simulation experiments, the diffusion mode and distance 
of copper are not affected by these repeated heating pro-
cesses. In the actual fire gilding process, the heating time 
is correlated with the thickness of the gold layer, but each 
individual heating process is relatively short [10]. For 
instance, it takes less than 10  min of heating to obtain 
a gold layer with a thickness of 5–10  μm, and less than 
2  min for a 2  μm gold film [3]. Significantly, in the dif-
fusion process of the Au-Cu system, adhering to the 
boundary condition (L > 4.6(Dt)1/2), even a gold layer with 
a minimum thickness of 2  μm can be considered as an 

infinite diffusion system. Additionally, when taking into 
account the heating time and diffusion coefficient dur-
ing the formation of a 2 μm thick gold layer, it has been 
determined that less than 1wt.% of copper atoms can dif-
fuse to a distance of 0.7 μm, while less than 7wt.% of cop-
per atoms can diffuse to a distance of 0.5 μm. As a result, 
during the second coating, the concentration at the inter-
face between the gold layer and the substrate can still be 
simplified to 100wt.% for calculation purposes. In the 
approximation of the copper gilding process as an ideal 
model calculation, the diffusion coefficient is dependent 
on the cumulative heating time rather than the number 
of heating cycles applied. At this stage, the heating time 
represents the cumulative heating time of both coating 
cycles, and the thickness of the gold layer corresponds to 
the total thickness from both cycles.

Typically, it is widely accepted that heating a cop-
per substrate for a duration of 10–15 min is adequate to 
achieve a high-quality golden film when gilding [22]. The 
gold layer thickness of all the gilded ornaments was meas-
ured to be 4–6 μm. Thus, at t = 900 s (Choose the long-
est possible time), the value of 4.6(Dt)1/2 was 1.4–2.6 μm, 
conforming to the assumption of L > 4.6(Dt)1/2. It was 
assumed that the original concentration of Cu in the gold 
layer was  C0 = 0, and the concentration in the substrate 
was  Cs = 100 wt.%, For heating time t = 15  min = 900  s 
and  Cx = 9.77 wt.% (Cu in  Au3Cu), x = 0.7–1.3 μm. There-
fore, the Cu atoms diffused by 0.7–1.3 μm into the gold 
layer during heating. This analysis is consistent with the 
measured thickness of the  Au3Cu layer in the cross-sec-
tion images (< 2 μm).

Therefore, the calculation process of Cu defect diffu-
sion in the Cu-Au system provided additional confirma-
tion that copper coronets were gilded at temperatures 
ranging from 240 to 285 ℃ for approximately 15  min. 
This gilding process resulted in the formation of a Cu dif-
fusion layer at the interface between the gold layer and 
the substrate, with a maximum thickness of 2  μm. The 
diffusion layer was crucial as it facilitated the firm adhe-
sion of the gold layer to the substrate, achieved through 
defect-assisted diffusion at lower temperatures [68, 69].

Conclusions
In this study, a comprehensive analysis of a copper-gilded 
coronet from the Sui or Tang dynasties was conducted 
using XRF, SEM–EDS, XRD, and XPS techniques to inves-
tigate its surface and cross-sectional micromorphology, 
structure, and composition. The presence of mercury and 
the granular morphology of the gold layer were distinct 
characteristics observed in the gilding products. Addi-
tionally, one of the main phases identified in the gold layer 
was  Au3Cu. Considering the position of  Au3Cu in the 
Au-Cu phase diagram, it was estimated that the heating 

Table 5 Values of error function erf(x). a erfc(x) = 1-erf(x)

a Selected data. The complete data is in the Table 6

x erf(x) erfc(x)

0.00 0.000000000000 0.000000000000

….

1.16 0.899096168851 0.100903831149

1.17 0.902000369835 0.097999630165

1.18 0.904837401978 0.095162598022

….
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Table 6 Values of the error function erf(x)

Error function
erf(x) = 2

√
π

x∫

0

exp(−y2)dy

erfc(x) = 1‑erf(x)

X erf(x) erfc(x) X erf(x) erfc(x) X erf(x) erfc(x)

0.00 0.000000000000 1.000000000000 0.37 0.399205982861 0.600794017139 0.74 0.704677825150 0.295322174850

0.01 0.011283415555 0.988716584445 0.38 0.409009451768 0.590990548232 0.75 0.711155429840 0.288844570160

0.02 0.022564574690 0.977435425310 0.39 0.418738697780 0.581261302220 0.76 0.717536534054 0.282463465946

0.03 0.033841222338 0.966158777662 0.40 0.428392351896 0.571607648104 0.77 0.723821436877 0.276178563123

0.04 0.045111106142 0.954888893858 0.41 0.437969090031 0.562030909969 0.78 0.730010238060 0.269989761940

0.05 0.056371977793 0.943628022207 0.42 0.447467618261 0.552532381739 0.79 0.736103240130 0.263896759870

0.06 0.067621594389 0.932378405611 0.43 0.456886694328 0.543113305672 0.80 0.742100790385 0.257899209615

0.07 0.078857719765 0.921142280235 0.44 0.466225114978 0.533774885022 0.81 0.748003138393 0.251996861607

0.08 0.090078125833 0.909921874167 0.45 0.475481719382 0.524518280618 0.82 0.753810590156 0.246189409844

0.09 0.101280593901 0.898719406099 0.46 0.484655389454 0.515344610546 0.83 0.759523625314 0.240476374686

0.10 0.112462915992 0.887537084008 0.47 0.493745050147 0.506254949853 0.84 0.765142559892 0.234857440108

0.11 0.123622896147 0.876377103853 0.48 0.502749669700 0.497250330300 0.85 0.770667932983 0.229332067017

0.12 0.134758351714 0.865241648286 0.49 0.511668259856 0.488331740144 0.86 0.776100121993 0.223899878007

0.13 0.145867114826 0.854132885174 0.50 0.520499876035 0.479500123965 0.87 0.781439724674 0.218560275326

0.14 0.156947033051 0.843052966949 0.51 0.529243617480 0.470756382520 0.88 0.786687219425 0.213312780575

0.15 0.167995971414 0.832004028586 0.52 0.537898627358 0.462101372642 0.89 0.791843126770 0.208156873230

0.16 0.179011813181 0.820988186819 0.53 0.546464092831 0.453535907169 0.90 0.796908112895 0.203091887105

0.17 0.189992461178 0.810007538822 0.54 0.554939245085 0.445060754915 0.91 0.801882743251 0.198117256749

0.18 0.200935838984 0.799064161016 0.55 0.563323359330 0.436676640670 0.92 0.806767619642 0.193232380358

0.19 0.211839892105 0.788160107895 0.56 0.571615763455 0.428384236545 0.93 0.811563473736 0.188436526264

0.20 0.222702589127 0.777297410873 0.57 0.579815805683 0.420184194317 0.94 0.816270948330 0.183729051670

0.21 0.233521922850 0.766478077150 0.58 0.587922899753 0.412077100247 0.95 0.820890717620 0.179109282380

0.22 0.244295911388 0.755704088612 0.59 0.595936496378 0.404063503622 0.96 0.825423574670 0.174576425330

0.23 0.255022599259 0.744977400741 0.60 0.603856089780 0.396143910220 0.97 0.829870230340 0.170129769660

0.24 0.265700058433 0.734299941567 0.61 0.611681217488 0.388318782512 0.98 0.834231422458 0.165768577542

0.25 0.276326389365 0.723673610635 0.62 0.619411460101 0.380588539899 0.99 0.838508000774 0.161491999226

0.26 0.286899723185 0.713100276815 0.63 0.627046441016 0.372953558984 1.00 0.842700735175 0.157299264825

0.27 0.297418218507 0.702581781493 0.64 0.634585826132 0.365414173868 1.01 0.846810447700 0.153189552300

0.28 0.307880067977 0.692119932023 0.65 0.642029323520 0.357970676480 1.02 0.850837952060 0.149162047940

0.29 0.318283495789 0.681716504211 0.66 0.649376683060 0.350623316940 1.03 0.854784156064 0.145215843936

0.30 0.328626759359 0.671373240641 0.67 0.656627696054 0.343372303946 1.04 0.858649899788 0.141350100212

0.31 0.338908150169 0.661091849831 0.68 0.663782194814 0.336217805186 1.05 0.862436066652 0.137563933348

0.32 0.349125994593 0.650874005407 0.69 0.670840052208 0.329159947792 1.06 0.866143531268 0.133856468732

0.33 0.359278654683 0.640721345317 0.70 0.677801193147 0.322198806853 1.07 0.869773250224 0.130226749776

0.34 0.369364528928 0.630635471072 0.71 0.684665263995 0.315334736005 1.08 0.873326118594 0.126673881406

0.35 0.379382052969 0.620617947031 0.72 0.691432825427 0.308567174573 1.09 0.876803068202 0.123196931798

0.36 0.389329700289 0.610670299711 0.73 0.698103703680 0.301896296320 1.10 0.880205040976 0.119794959024

1.11 0.883532970435 0.116467029565 1.52 0.968413493245 0.031586506755 1.93 0.993655649566 0.006344350434

1.12 0.886787854405 0.113212145595 1.53 0.969516205881 0.030483794119 1.94 0.993922570352 0.006077429648

1.13 0.889970639901 0.110029360099 1.54 0.970585687054 0.029414312946 1.95 0.994179333115 0.005820666885

1.14 0.893082301682 0.106917698318 1.55 0.971622730809 0.028377269191 1.96 0.994426275041 0.005573724959

1.15 0.896123820836 0.103876179164 1.56 0.972628119883 0.027371880117 1.97 0.994663724270 0.005336275730

1.16 0.899096168851 0.100903831149 1.57 0.973602625589 0.026397374411 1.98 0.994892000052 0.005107999948

1.17 0.902000369835 0.097999630165 1.58 0.974547007706 0.025452992294 1.99 0.995111412902 0.004888587098
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Table 6 (continued)

Error function
erf(x) = 2

√
π

x∫

0

exp(−y2)dy

erfc(x) = 1‑erf(x)

X erf(x) erfc(x) X erf(x) erfc(x) X erf(x) erfc(x)

1.18 0.904837401978 0.095162598022 1.59 0.975462011997 0.024537988003 2.00 0.995322264755 0.004677735245

1.19 0.907608264626 0.092391735374 1.60 0.976348379983 0.023651620017 2.01 0.995524849121 0.004475150879

1.20 0.910313959958 0.089686040042 1.61 0.977206833628 0.022793166372 2.02 0.995719451244 0.004280548756

1.21 0.912955492333 0.087044507667 1.62 0.978038085776 0.021961914224 2.03 0.995906348259 0.004093651741

1.22 0.915533855545 0.084466144455 1.63 0.978842837391 0.021157162609 2.04 0.996085809348 0.003914190652

1.23 0.918050082203 0.081949917797 1.64 0.979621777518 0.020378222482 2.05 0.996258095898 0.003741904102

1.24 0.920505165437 0.079494834563 1.65 0.980375583261 0.019624416739 2.06 0.996423461660 0.003576538340

1.25 0.922900112029 0.077099887971 1.66 0.981104919763 0.018895080237 2.07 0.996582152902 0.003417847099

1.26 0.925235927850 0.074764072150 1.67 0.981810440204 0.018189559796 2.08 0.996734408567 0.003265591433

1.27 0.927513617286 0.072486382714 1.68 0.982492785807 0.017507214193 2.09 0.996880460434 0.003119539566

1.28 0.929734182683 0.070265817317 1.69 0.983152585845 0.016847414155 2.10 0.997020533263 0.002979466737

1.29 0.931898614698 0.068101385302 1.70 0.983790457668 0.016209542332 2.11 0.997154844960 0.002845155040

1.30 0.934007929381 0.065992070619 1.71 0.984407006734 0.015592993266 2.12 0.997283606722 0.002716393278

1.31 0.936063109317 0.063936890683 1.72 0.985002826647 0.014997173353 2.13 0.997407023194 0.002592976806

1.32 0.938065143442 0.061934856558 1.73 0.985578499203 0.014421500797 2.14 0.997525292621 0.002474707379

1.33 0.940015016096 0.059984983904 1.74 0.986134593296 0.013865406704 2.15 0.997638606993 0.002361393007

1.34 0.941913706557 0.058086293443 1.75 0.986671669716 0.013328330284 2.16 0.997747152198 0.002252847802

1.35 0.943762188599 0.056237811401 1.76 0.987190273902 0.012809726098 2.17 0.997851108167 0.002148891833

1.36 0.945561430056 0.054438569944 1.77 0.987690941050 0.012309058950 2.18 0.997950649022 0.002049350978

1.37 0.947312385788 0.052687614212 1.78 0.988174194892 0.011825805108 2.19 0.998045943215 0.001954056785

1.38 0.949016024608 0.050983975392 1.79 0.988640547789 0.011359452211 2.20 0.998137153582 0.001862846418

1.39 0.950673286547 0.049326713453 1.80 0.989090500825 0.010909499175 2.21 0.998224437869 0.001775562131

1.40 0.952285111714 0.047714888286 1.81 0.989524543906 0.010475456094 2.22 0.998307948269 0.001692051731

1.41 0.953852432362 0.046147567638 1.82 0.989943155865 0.010056844135 2.23 0.998387831976 0.001612168024

1.42 0.955376172558 0.044623827442 1.83 0.990346804574 0.009653195426 2.24 0.998464231208 0.001535768792

1.43 0.956857247857 0.043142752143 1.84 0.990735947060 0.009264052940 2.25 0.998537283345 0.001462716655

1.44 0.958296565005 0.041703434995 1.85 0.991111029620 0.008888970380 2.26 0.998607121056 0.001392878944

1.45 0.959695021643 0.040304978357 1.86 0.991472487951 0.008527512049 2.27 0.998673872429 0.001326127571

1.46 0.961053506041 0.038946493959 1.87 0.991820747271 0.008179252729 2.28 0.998737661102 0.001262338898

1.47 0.962372892651 0.037627107349 1.88 0.992156222455 0.007843777545 2.29 0.998798606380 0.001201393620

1.48 0.963654059118 0.036345940882 1.89 0.992479318168 0.007520681832 2.30 0.998856823364 0.001143176636

1.49 0.964897859339 0.035102140661 1.90 0.992790429001 0.007209570999 2.31 0.998912423069 0.001087576931

1.50 0.966105141664 0.033894858336 1.91 0.993089939613 0.006910060387 2.32 0.998965512542 0.001034487458

1.51 0.967276743924 0.032723256076 1.92 0.993378224874 01006621775126 2.33 0.999016194979 0.000983805021

2.34 0.999064569837 0.000935430163 2.74 0.999893351284 0.000106648716 3.14 0.999991030434 0.000008969566

2.35 0.999110732946 0.000889267054 2.75 0.999899378076 0.000100621924 3.15 0.999991601789 0.000008398211

2.36 0.999154776621 0.000845223379 2.76 0.999905082351 0.000094917649 3.16 0.999992138259 0.000007861741

2.37 0.999196789766 0.000803210234 2.77 0.999910480287 0.000089519713 3.17 0.999992641873 0.000007358127

2.38 0.999236857979 0.000763142021 2.78 0.999915587315 0.000084412685 3.18 0.999993114550 0.000006885450

2.39 0.999275063657 0.000724936343 2.79 0.999920418146 0.000079581854 3.19 0.999993558102 0.000006441898

2.40 0.999311486091 0.000688513909 2.80 0.999924986804 0.000075013196 3.20 0.999993974239 0.000006025761

2.41 0.999346201572 0.000653798428 2.81 0.999929306653 0.000070693347 3.21 0.999994364578 0.000005635422

2.42 0.999379283478 0.000620716522 2.82 0.999933390426 0.000066609574 3.22 0.999994730645 0.000005269355

2.43 0.999410802377 0.000589197623 2.83 0.999937250253 0.000062749747 3.23 0.999995073881 0.000004926119

2.44 0.999440826109 0.000559173891 2.84 0.999940897685 0.000059102315 3.24 0.999995395645 0.000004604355
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Table 6 (continued)

Error function
erf(x) = 2

√
π

x∫

0

exp(−y2)dy

erfc(x) = 1‑erf(x)

X erf(x) erfc(x) X erf(x) erfc(x) X erf(x) erfc(x)

2.45 0.999469419881 0.000530580119 2.85 0.999944343719 0.000055656281 3.25 0.999995697221 0.000004302779

2.46 0.999496646353 0.000503353647 2.86 0.999947598826 0.000052401174 3.26 0.999995979817 0.000004020183

2.47 0.999522565723 0.000477434277 2.87 0.999950672969 0.000049327031 3.27 0.999996244577 0.000003755423

2.48 0.999547235809 0.000452764191 2.88 0.999953575628 0.000046424372 3.28 0.999996492576 0.000003507424

2.49 0.999570712128 0.000429287872 2.89 0.999956315820 0.000043684180 3.29 0.999996724828 0.000003275172

2.50 0.999593047979 0.000406952021 2.90 0.999958902122 0.000041097878 3.30 0.999996942290 0.000003057710

2.51 0.999614294515 0.000385705485 2.91 0.999961342687 0.000038657313 3.31 0.999997145864 0.000002854136

2.52 0.999634500820 0.000365499180 2.92 0.999963645269 0.000036354731 3.32 0.999997336397 0.000002663603

2.53 0.999653713982 0.000346286018 2.93 0.999965817233 0.000034182767 3.33 0.999997514690 0.000002485310

2.54 0.999671979160 0.000328020840 2.94 0.999967865580 0.000032134420 3.34 0.999997681496 0.000002318504

2.55 0.999689339655 0.000310660345 2.95 0.999969796958 0.000030203042 3.35 0.999997837523 0.000002162477

2.56 0.999705836978 0.000294163022 2.96 0.999971617683 0.000028382317 3.36 0.999997983439 0.00000201656

2.57 0.999721510909 0.000278489091 2.97 0.999973333751 0.000026666249 3.37 0.999998119872 0.000001880128

2.58 0.999736399569 0.000263600431 2.98 0.999974950855 0.000025049145 3.38 0.999998247413 0.000001752587

2.59 0.999750539470 0.000249460530 2.99 0.999976474397 0.000023525603 3.39 0.999998366617 0.000001633383

2.60 0.999763965574 0.000236034426 3.00 0.999977909503 0.000022090497 3.40 0.999998478007 0.000001521993

2.61 0.999776711383 0.000223288617 3.01 0.999979261036 0.000020738964 3.41 0.999998582074 0.000001417926

2.62 0.999788808937 0.000211191063 3.02 0.999980533609 0.000019466391 3.42 0.999998679281 0.000001320719

2.63 0.999800288912 0.000199711088 3.03 0.999981731595 0.000018268405 3.43 0.999998770061 0.000001229939

2.64 0.999811180655 0.000188819345 3.04 0.999982859140 0.000017140860 3.44 0.999998854822 0.000001145178

2.65 0.999821512243 0.000178487757 3.05 0.999983920174 0.000016079826 3.45 0.999998933948 0.000001066052

2.66 0.999831310522 0.000168689478 3.06 0.999984918421 0.000015081579 3.46 0.999999007799 0.000000992201

2.67 0.999840601165 0.000159398835 3.07 0.999985857407 0.000014142593 3.47 0.999999076712 0.000000923288

2.68 0.999849408708 0.000150591292 3.08 0.999986740475 0.000013259525 3.48 0.999999141004 0.000000858996

2.69 0.999857756604 0.000142243396 3.09 0.999987570788 0.000012429212 3.49 0.999999200975 0.000000799025

2.70 0.999865667257 0.000134332743 3.10 0.999988351343 0.000011648657 3.50 0.999999256902 0.000000743098

2.71 0.999873162071 0.000126837929 3.11 0.999989084973 0.000010915027 3.51 0.999999309048 0.000000690952

2.72 0.999880261484 0.000119738516 3.12 0.999989774362 0.000010225638 3.52 0.999999357659 0.000000642341

2.73 0.999886985012 0.000113014988 3.13 0.999990422049 0.000009577951 3.53 0.999999402965 0.000000597035

3.54 0.999999445184 0.000000554816 3.70 0.999999832849 0.000000167151 3.85 0.999999948114 0.000000051886

3.55 0.999999484516 0.000000515484 3.71 0.999999845179 0.000000154821 3.86 0.999999952081 0.000000047919

3.56 0.999999521153 0.000000478847 3.72 0.999999856628 0.000000143372 3.87 0.999999955754 0.000000044246

3.57 0.999999555272 0.000000444728 3.73 0.999999867256 0.000000132744 3.88 0.999999959153 0.000000040847

3.58 0.999999587040 0.000000412960 3.74 0.999999877120 0.000000122880 3.89 0.999999962298 0.000000037702

3.59 0.999999616613 0.000000383387 3.75 0.999999886273 0.000000113727 3.90 0.999999965208 0.000000034792

3.60 0.999999644137 0.000000355863 3.76 0.999999894764 0.000000105236 3.91 0.999999967899 0.000000032101

3.61 0.999999669749 0.000000330251 3.77 0.999999902641 0.000000097359 3.92 0.999999970388 0.000000029612

3.62 0.999999693577 0.000000306423 3.78 0.999999909945 0.000000090055 3.93 0.999999972690 0.000000027310

3.63 0.999999715741 0.000000284259 3.79 0.999999916718 0.000000083282 3.94 0.999999974817 0.000000025183

3.64 0.999999736353 0.000000263647 3.80 0.999999922996 0.000000077004 3.95 0.999999976783 0.000000023217

3.65 0.999999755517 0.000000244483 3.81 0.999999928815 0.000000071185 3.96 0.999999978600 0.000000021400

3.66 0.999999773333 0.000000226667 3.82 0.999999934207 0.000000065793 3.97 0.999999980279 0.000000019721

3.67 0.999999789891 0.000000210109 3.83 0.999999939202 0.000000060798 3.98 0.999999981829 0.000000018171

3.68 0.999999805277 0.000000194723 3.84 0.999999943829 0.000000056171 3.99 0.999999983261 0.000000016739

3.69 0.999999819571 0.000000180429
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temperature for the copper-gilded coronet ranged from 
240 to 285 ℃. By analyzing the distribution of copper, it 
was determined that the diffusion depth of Cu atoms 
due to heat-driven diffusion was less than 2 μm. Previous 
research indicated that the heating time for copper gild-
ing was approximately 15  min. The calculated diffusion 
distance, based on Fick’s second law, aligned with the dif-
fusion behavior of copper atoms along defects at tempera-
tures ranging from 240 to 285 ℃. These findings confirmed 
that the copper crown underwent gilding at a temperature 
of 240 to 280 ℃ for a duration of 15 min. Therefore, the 
formation mechanism of the gold layer involved the solid-
state phase transformation of the gold amalgam. Moreo-
ver, the gold layer was securely attached to the substrate 
through defect-assisted diffusion of Cu atoms.

Nevertheless, it is essential to acknowledge that the 
phenomenon of copper diffusion during heating in gild-
ing processes has rarely been reported, primarily due 
to the long-term corrosion diffusion of the copper sub-
strate. Fortunately, this study successfully estimated the 
diffusion distance of Cu during heating based on the 
concentration distribution of Cu. As a result, the heat-
ing temperature of the gilding process was inferred using 
the phase transformation law of the Au-Cu system and 
further validated by the diffusion law of copper. This 
research endeavor is anticipated to offer novel ideas and 
insights into the investigation of the technological pro-
cess and formation mechanism of ancient copper gilding 
techniques.
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