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ABSTRACT In the digital era, large archives of information and Internet accessibility make information

search, including image search, easier and affordable, even from remote locations. Information
transmission and sharing can be performed instantly, at any moment. In the case of images, there are
risks of transmitting and recklessly sharing intentionally modified images. Such modified images can
also be transmitted and used as an additional source of information by followers. In this study, historical
portraits of Yu Kil-Chun are shown, who was the first Korean student to study in both Japan and
the United States. He was an intellectual, writer, politician, and independence activist of Korea’s late
Joseon Dynasty. Using image processing software, the portrait images were compared to investigate
aging effects and artificial modifications. Statistics of red (R), green (G), blue (B), and L*, a*, and
b* values of every pixel in the selected identical areas of the portraits were compared to identify possible
causes of variations, including aging effects and artificial modifications. Sepia toning, used in black
and white photographs until the 1930s, and modern digital sepia toning can be very confusing owing
to their aging effects. The importance of preservation of physical copies and preservation of context
(interconnections between data and between documents) is discussed from archiving and conservation
science perspectives.
Key Words Image comparisons, Aging effect, Sepia toning, Natural change, Artificial modification,

Image analysis statistics, Image analysis software

1. INTRODUCTION

information about them. The archival materials themselves
are not memories; instead, they aid in the recall of past

An archive is defined as “a place in which public records

experiences or communications. As noted by Angelika

or historical materials (such as documents) are preserved” and

Menne-Haritz, “Archives do not store memory. However,

“a repository or collection especially of information”

they offer the possibility of creating memory. Their function

(Merriam-Webster, 2020). Van Garderen defined “archival

is that of amnesia prevention” (Menne-Haritz, 2001). Archival

materials are information objects that serve as evidence of

materials can only act as a memory aid for a person that was

past events” (Van Garderen, 2007). He further explains that

present or participating in the past event by providing

the archives act as a memory aid or as a proxy for those

information that allows them to remember the event. If the

events by recording information about them, which can be

person was not present, archival materials can act as a proxy

recalled at some point in the future. Archival materials are

for the event by communicating information that allows the

used to re-experience these events or to re-communicate

person to experience specific details or characteristics about
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the event.

2.1. Brief history of photography in East Asia

Historical documents and objects that provide evidence of
the past have been digitized and made available online; in
this sense, a digital archive is similar in purpose to a physical
archive. If the historical documents were not created digitally
in the first place, digital archives were generated via scanning
or photography. Digital archives are usually created with the
goal of preserving historical objects and making them
available to researchers (Sam Houston State Library). Digital
archives can be used for the restoration of a physical archive
and conservation environment study by monitoring the
conditions of physical archives on a regular basis. Physical
archives can be a cultural heritage of various forms.
In library and archival science, digital preservation is a
formal endeavor to ensure that digital information of
continuing value remains accessible and usable (Digital
Preservation Coalition, 2008). The goal of digital
preservation is the accurate rendering of authenticated
content over time (Evans and Carter, 2008). Digital
preservation also faces both great technical and economic
challenges due to the continuing evolution of technology and
sustainability of organizations (Wikipedia, 2020f).
In this paper, we compared more than 100-year-old
historic photographs available from various digital archives
using image analysis

software for

their

statistical

colorimetric and dimensional analysis. Digital images of
th

photographs taken in the late 19 century were downloaded
from various websites and compared from the viewpoints of
data integrity, file fixity, characterization, sustainability, and
renderability in conservation science applications. The
importance of preserving physical copies and preserving the
context through a few examples of historical photographs is
discussed

from

archiving

and

conservation

science

perspectives.

2. MATERIALS AND METHODS
As we are going to select specific historic photographic
images for statistical colorimetric and dimensional analysis,
reviewing the history of photography in East Asia first and
subsequently the selection of specific digital photographic
images and their downloaded source is beneficial. The
features of the image analysis software used herein are
described below.

An English photographer, Frederick Scott Archer,
published his wet plate collodion process in the March issue
of The Chemist in 1851 (Wikipedia, 2020a). It became the
most widely used photographic medium until the gelatin dry
plate was introduced in the 1870s. The dry plate eventually
replaced the wet plate, and photography became widely
available. Photographic images were captured on glass
negatives, which were used to make positive prints on
albumen or salted paper.
A camera was imported by a Dutch ship going to Japan
in 1848 (Wikipedia, 2020b). In China, the first photograph
captured dates back to the early 19th century with the arrival
of European photographers in Macao. In the 1850s, western
photographers set up studios in the coastal port cities, but
soon their Chinese assistants and local competition spread to
all regions. By the end of the 19th century, all major cities
had photographic studios where middle-class Chinese people
could have portraits taken for family occasions (Wikipedia,
2020c and Peabody Museum, 2020). In contrast, the practice
of photography in Korea was delayed until the late 19th
century because the Joseon Dynasty had a policy that forbids
their citizens to make contact with foreigners. A few foreign
photographers captured photographs in Korea or photographs
of Korean people outside of Korea in the 1860s and 1870s.
The history of photography in Korea spans approximately
150 years (Wikipedia, 2020d).
2.2. Selection of photographs
For meaningful digital photographic image comparisons
from the viewpoints of data integrity, file fixity,
characterization,

sustainability,

and

renderability

of

well-known and widely introduced historic photographs with
traceable information on the photograph’s year and place of
origin would be ideal candidates. The photographs of Yu
Kil-Chun (1856-1914) who was an intellectual, writer,
politician and independence activist of Korea’s late Joseon
Dynasty (Wikipedia, 2020e) seemed to be an ideal candidate
for this study. He is well known as the first Korean student
to study in Japan and the United States, and his activities
were well documented and traceable.
In 1881, he went to Meiji Japan, as a member of a Korean
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mission and stayed in Japan to study at Keio University. He

original photo from visual inspection is difficult. Even though

studied modernization from Fukuzawa Yukichi for a year. In

one can have his/her feelings or opinions, providing a rational

1884, he traveled to the United States as part of the first

explanation for it is difficult. Quantitative colorimetric

official Korean delegation to observe the American industry

analysis and dimension analysis can provide rationale for the

and government. After completion of the diplomatic mission,

opinion-forming process. Group photographs of Yu Kil-Chun

he studied at the Governor Dummer Academy in Byfield,

are used in the discussion section.

Massachusetts, USA (Boston University, 2020). At the time,

Figure 1 (E) was described as a photograph taken while

he was 27 years old. Even though he planned to study for

he was studying in Japan in 1882 (Wikipedia (Korean

five years in the United States, the political situation in Korea

Language), 2020g). According to the New York Times in

forced him to suddenly return to Korea. Once he decided to

November 1983, he cut his hair while he was visiting his

go back to Korea, he took the European route instead of

host Prof. Edward Morse (Director of Peabody Essex

crossing the Pacific Ocean. From Boston, he went to Japan

Museum) in Salem, Massachusetts (Medical Observer, 2013).

via London, passing through the Suez Canal. This route

His name was spelled as ‘Yu Chil Chun’ in a New York

helped him travel to diverse countries and see many new

Times article. Thus, the authors also believe that this portrait

things. He left many photographs of his own and with other

was photographed while he was staying in Massachusetts in

group members of the Korean mission to the United States

1893 or 1894.

in 1883. These are 137-year-old photographs with familiarity
and are a perfect fit for this study. His life and activities have
been taught in all Korean schools and are reported very
widely with historic photographs, documents, and books.
Thus, portraits of Yu Kil-Chun and his group photographs
were used for digital image comparisons.
Figure 1 shows six portraits of Yu Kil-Chun downloaded
from various Internet archives. All portraits seemed to be
drawn from the same photograph even though Figure 1 (F)
is a mirror image of the others. The original one is believed
to have been photographed in the 1880s. All images have
their own sizes, shapes, and tones, and identifying the
(A)

(B)

(C)

2.3. Image analysis software
There are several commercial image viewing and editing
software products available for general users as well as
application-specific image editing software for professionals.
However, finding handy image processing software designed
for detailed image analysis, including statistical colorimetric
analysis, dimensional measurement, image comparison,
outline detection, and color selection with image/numerical
data export for digital forensic and conservation science
applications, is difficult. PicMan (WaferMasters, Inc., CA,

(D)

(E)

(F)

Figure 1. Portraits of Yu Kil-Chun downloaded from various web archives. (Sources: (A) Boston Korean Society 2020,
(B) Joong Ang Daily, 2007, (C) Joong Ang Daily, 2009, (D) Boston University, 2020, (E) Wikipedia (Korean Language),
2020g, and (F) Jung Do Ilbo, 2016).
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USA) is a novel image processing/analysis software package,

the second image from the left was different from that of

originally

the rest. It seemed to be vertically stretched, which may be

applications

developed
and

for

was

scientific
subsequently

and

engineering

customized

for

intentional or reckless alteration.

conservation science applications. Statistical colorimetric

The color difference between portraits may be owing to

analysis, image comparison, image highlight, and digital

different reasons. If we were comparing printed photographs

forensic functions were enhanced for this study.

with color variations, we may consider age-related color

A few application examples of image analysis software

fading as a potential cause. However, all portraits were

(PicMan) have been previously reported (Yoo et al., 2017;

downloaded from digital archives and aging did not cause

Yoo et al., 2019; Kim et al., 2019; Yoo et al., 2020b; Yoo

color fading owing to the nature of the digital image. The

and Yoo, 2020; Ryu et al., 2020). As all images are either

color variation between portraits must be due to intentional

digitally generated (“born- digital”) or transformed to digital

color adjustment and/or color shift during digitization by

images via scanning or photography, having quantitative image

scanning or photographing a printed image. To compare the

analysis and comparison capabilities is becoming increasingly

face area without bias, the face areas of all portraits were

important for record keeping (archiving) and reference

converted to grayscale images (Figure 2B). The subtle

establishment for evaluation of aging-related changes and

differences in brightness and contrast levels between faces

restoration of cultural heritages. It can also be used to

can be noticed. The grayscale images were expressed in 8-bit

investigate imitations and forgeries in various fields. The

(28 = 256) brightness levels. To highlight the subtle

original position of mythical stone lion statues in front of the

differences in brightness and contrast levels in grayscale

Gwanghwamun gate in Seoul was also estimated by using

images, 8-bit brightness levels were simplified to 3-bit (23

analytical photogrammetry, which is an application using

= 8) brightness levels and color-coded. As seen in Figure 2

image analysis (Nam et al., 2020a; Nam et al., 2020b).

(C), we can easily recognize the difference in brightness

Colorimetric determination techniques used in medical and

levels used in each portrait by observing the background

pharmaceutical applications have been reported (Yoo et al.,

color and number of colors on the hair and the face. In terms

2020a). They are derivative applications of the image analysis

of brightness levels, the fourth image from the left has the

technique used in PicMan.

most detailed information, and the fifth image from the left
shows the lowest level of detail, in terms of brightness levels.

3. RESULTS

Qualitative visual inspection is still subject to personal
feelings or the sensitivity of individuals. Quantitative means

Five portraits of Yu Kil-Chun in different sizes and colors
(from Figure 1) were selected for image comparison and

of image characterization must be introduced to make
numerical data-based objective judgments.

analysis. The horizontally flipped portrait (Figure 1 (F)) was

A digital image is composed of pixels. All pixels have

excluded owing to the artificial modification (mirroring) of

color (brightness of red (R), green (G), and blue (B)

the original portrait. Figure 2 shows five portraits of Yu

channels) and its coordinate information. A unique

Kil-Chun after face size adjustment, grayscale conversion of

combination of color and coordinate information of individual

selected area (face), and highlighted 8-level color contour

pixels forms a characteristic image. We can gather color and

maps corresponding to the brightness level. The face size was

coordinate information from every pixel on the image and

adjusted to the face size of image A of Figure 1 [144 pixels

analyze it numerically using statistical analysis.

in width and 183 pixels in height (area = 144 pixels × 183

Figure 3 shows a screen-captured image of the image

pixels = 26,352 pixels)]. If the aspect ratio of the face in

processing/analysis software (PicMan). The five portraits of

any portrait does not match with image A of Figure 1, the

Yu Kil-Chun used in Figure 2 (A) were opened to

face size (from the lower jaw to the top of the hair) was

demonstrate color and coordinate information extraction from

adjusted to a height of 183 pixels without changing the aspect

selected points (pixels), lines, and areas. For point

ratio during size adjustment. All five images seemed to be

measurement, five points on the head of portraits (one point

derivatives of the same image. However, the aspect ratio of

per portrait) were selected, and their color information was

Digital Image Comparisons for Investigating Aging Effects and Artificial Modifications using Image Analysis Software / Yeongsik Yoo, Woo Sik Yoo | 5

(A)

(B)

(C)

Gray to Color
Conversion Scale

Grayscale
Color Scale

Figure 2. Five portraits of Yu Kil-Chun. (A) After face size adjustment, (B) After grayscale conversion, and (C) As 8-level
digitized color contour maps.
extracted (RGB intensity, hue, saturation, and value) and

intensity is plotted with a gray line. The intensity range

hexadecimal color codes (or HTML color codes or web

displayed in the figure ranges from 0 to 255 (28 = 256 levels).

colors) used in color monitors. L*a*b* and Munsell color

A grayscale image has the exact same intensity for each

code can also be extracted. The color information on a line

channel (R = G = B). Images close to grayscale will show

can be displayed as RGB, and its average intensity graph is

multiple lines for RGB and average intensity (gray line) next

shown on top of the screen-captured image. The RGB

to each other. Images with color will show distinctive RGB

intensity is plotted with its own color line, and the average

and gray intensity lines, as shown in the middle portrait. By

6 | Journal of Conservation Science Vol.37, No.1, 2021

Figure 3. Screen-capture image of the image processing/analysis software (PicMan) demonstrating numerical analysis of
colors at points, on lines and in areas. RGB, HSV, L*a*b*, hex color code and Munsell color at the points are shown.
Contour lines within selected areas were superimposed on the portraits.
observing the line intensity graph, one can make an objective

(occurrence)

judgment rather than an instinctive one on the origin of the

generation.

information

per

channel

for

histogram

color differences among portraits of the same posture. Even

Figure 4 shows the RGB intensity histograms of each

for the middle portrait, RGB and gray lines showed similar

portrait before grayscale conversion (five portraits in Figure

trends with the intensity shifts across the portrait. It is almost

2 (A)). The color information for 26,352 pixels per rectangle

a monotonic image of the same color. It is not only an

covering the face area was plotted as a function of the RGB

instinct-based visual judgment but also is supported by

intensity interval of 1 (Figure 4). They are histograms of

numerical, data-based objective judgment.

26,352 pixels per rectangle on each portrait. The histogram

The dataset for the intensity graph can be exported as a
comma-separated value (CSV) file for additional numerical

information of colors can provide additional insights into the
image quality and potential alteration history.

analysis and customized graph generation. HSV, L*a*b*, and

Portraits B and C showed shifts between RGB histogram

Munsell color information are also exported in the CSV file.

curves, indicating the presence of color components, while

Three 8-bit channels of RGB make 24 bits per image (8

portraits A, D, and E are close to grayscale images. Portrait

bit/channel × 3 channels = 24 bits). A 24-bit image can be

A only utilized a very narrow range of intensity values. As

8

8

8

24

=

a result, it has a shallow depth of contrast. Portrait D utilized

16,777,216 tones of color). The color information on multiple

a broader intensity range and showed more depth of contrast.

lines can also be exported as either one CSV file per line

On the contrary, portrait E has simple RGB peaks centered

or one CSV file for all lines.

at an intensity value of approximately 215, implying that the

expressed from black to white (2 × 2 × 2 = 2

Ten (10)-level contour lines were superimposed on the

details of the original image have been lost. The origin of

face of the portraits. As demonstrated with point and line

the colors of portraits B and C should be answered as to

data, the color and coordinate information of all pixels in

whether it was from the original image or altered. The other

selected area (s) (face surrounding rectangular area (s)) can

grayscale images such as portraits of A, D, and E also face

be extracted as a statistical summary with frequency

the same question: How close are the apparent color (nearly
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Figure 4. Histograms of color information for 26,352 pixels per rectangle are plotted as a function of RGB intensity interval of 1.
Table 1. Attribute information of rectangular areas and their aging average intensity statistics on individual portraits
Portrait
A

B

C

D

E

Width (pixels)

144

144

144

144

144

Height (pixels)

183

183

183

183

183

26,352

26,352

26,352

26,352

26,352

Area (pixels)
Average Intensity (RGB Average)

149.6

160.0

152.4

137.7

168.3

Minimum Intensity

69

23

47

2

0

Maximum Intensity

213

234

207

228

246

Intensity Range

144

211

160

226

246

Intensity Standard Deviation

39.7

56.8

41.6

55.3

64.1

gray) and the depth of contrast to the original image? Without

individual portraits and their statistics on RGB average

having the original image for comparison, we need clues

(grayscale) intensity (brightness) of histograms in Figure 4

from the individual portraits and circumstantial evidence to

are summarized in Table 1. Quantitative, numerical

answer those questions. This is detective work similar to

data-driven image comparison becomes possible with the

digital forensic investigation. Numerical data analysis plays

statistical information on the identical region of interest for

a crucial role in scientific assessment and obtaining consensus

different portraits. For colorimetric comparisons, statistics on

from others.

RGB, HSV, and/or L*a*b* individual values are necessary.

Based on the histogram data shown in Figure 4, all five

Tables 2 and 3 summarize the statistics of RGB and L*a*b*

portraits show very different distributions of RGB intensity.

individual values of all pixels in rectangular areas on the

Even if we were able to identify the original portrait, we may

portraits. The standard RGB (sRGB) values of individual

reach a conclusion that the other four, or all five, portraits

pixels were converted to XYZ color space, and the converted

may have been altered from the original portrait image. Data

XYZ values were converted to CIE L*a*b* values. Color

integrity and fixity may have been compromised and pose

conversion is a complex task because the color spaces in

a big question.

different color systems are defined differently. Few examples

The attribute information of rectangular areas on

of color conversion formulas and procedures among color
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Table 2. Statistical colorimetric summary for RGB channels of all pixels in rectangular areas on individual portraits
Portrait
A
Intensity
Average

R

G

B
B

R

G

C
B

R

G

D
B

R

E

G

B

R

G

B

148.2 149.7 152.2 169.4 160.6 150.9 172.6 153.8 131.1 135.6 137.7 141.5 167.3 167.3 167.3

Minimum

68

69

71

27

23

16

64

45

29

5

3

0

0

0

0

Maximum

212

213

215

247

233

224

225

211

186

223

227

238

246

246

246

Range

144

144

144

220

210

208

161

166

157

218

224

238

246

246

246

Std. Dev.

39.6

39.7

39.9

59.8

56.2

54.9

42.0

43.4

38.1

54.6

55.9

55.2

64.2

64.2

64.2

Table 3. Statistical colorimetric summary for L*a*b* of all pixels in rectangular areas on individual portraits
Portrait
A

B
b*

L*

C

a*

b*

L*

1.41

6.23 64.14

a*

D
b*

L*

Index

L*

a*

Average

61.51

-0.5 -1.52 65.72

Minimum

29.26 -2.67 -4.24

Maximum

85.25 1.93

0.31 93.12

Range

55.99 4.60

4.55 84.76 11.50 13.54 64.21 12.32 19.95 89.27 24.19 28.87 96.88 3.57 4.45

Std. Dev.

15.40 0.40

0.69 22.48

3.42 14.46 56.39

8.36 -4.03 -2.14 20.65 -1.17

4.29

a*

E

1.59 16.58

2.24

2.96 22.30

L*

a*

b*

0.10 -2.37 68.19 -0.84 0.01

0.88 -10.13 -19.32

7.47 11.40 84.86 11.15 24.24 90.15 14.06
1.65

b*

1.75

0 -2.90 -2.82

9.55 96.88 0.68 1.63
1.97 25.50 0.79 0.14

spaces can be found in EasyRGB 2020 and Wikipedia 2020h.

of view, hand-written memos, natural color change of paper,

With graphical expressions in Figures 2 and 3, the

and institutional ownership of the photo. However, we have

numerical information, including statistics summarized in

to ask ourselves how confident are we? and whether our

Tables 1-3, provide in-depth understanding of individual

assumption supported by data? The top black and white

images and lead logical questions toward problem solving.

photograph looks much clearer and vivid. We need to employ
numerical, data-driven investigation.

4. DISCUSSION

To gather numerical data from the two photographs, a
vertical line was drawn at the same location of the two

Two identical group photographs of Joseon’s first

photographs. Line intensity graphs were generated using

diplomatic delegation to the United States were selected for

PicMan along the vertical lines (left). The top photo only

image comparison and investigation of the possible cause of

shows black line graphs, indicating that it is a perfect

color differences between them (Figure 5). According to the

grayscale image (R = G = B). Unless it is not a ‘born digital’

record, the group photo was captured in September 1893 after

image, creating a perfect grayscale image by scanning or

arriving in the United States (Monthly Chosun, 2016 and

photographing it is not possible. The top image must have

University of Wisconsin Milwaukee, 2020). As of today,

been altered after scanning, photographing, or downloading.

these photographs are 137 years old. The photograph on the

The bottom photograph, however, shows shifted RGB line

top (Figure 5 (A)) is black and white, and the other

graphs, and an average line graph overlaps with a green line

photograph, on the bottom (Figure 5 (B)), is brownish. Can

graph. The red line graph shows higher brightness and the

we identify which photo is the original with supporting

blue line graph shows lower brightness compared to the green

evidence? From our instinct, the brownish-colored photo

line graph. The trends are the same for both photos and

seemed to be the original. There are many elements of

paper. The difference in intensity ratio among RGB on photo

circumstantial evidence: brownish color by aging, larger field

and paper is quite different. The red channel did not saturate
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(A)

(B)

Figure 5. An official commemorative photo taken by Joseon’s first diplomatic envoy after arriving in
the United States in September 1883. (Yu Kil-Chun: the middle of second row) Intensity profiles along
the red dotted vertical line on the two photographs are shown.
on the photo but did so on the surrounding paper due to

We must consider techniques and materials used in early

aging. The ratio of RGB intensity (or magnitude of shift) is

photography in the 19th century. Most photographs captured

proportional to the green channel intensity (or average

during that period are “salt prints” or “albumen prints,” which

intensity) on the photo. The same trend was observed in

provide warm brown tones. Old photographs that we see in

Figure 3 (C) and Figure 5 (B). There must be reasons for

museums or antique shops are quite the same as they looked

this phenomenon.

immediately after printing. Salt prints have very strong

It is easy to form an opinion without supporting data,

archival durability and can last for more than one hundred

which can lead to the formation of a biased opinion. We have

years if cared for properly, as we observed in the example

our own experience on the color change of white paper or

photographs herein. All photographs were monotone back

books into brownish color due to light damage and oxidation.

then, as opposed to color, and even black and white. This

Owing to this, we tend to believe that a brownish color is

is because the printing materials were not capable of true

a sign of a vintage photo without deep consideration. When

blacks (Cargill, 2020).

we see an old picture of brown color taken in the 19th

The brown color we see from the 19th century samples

century, we are often confused whether the original was in

is sepia, which is considered a form of black and white or

color or black and white.

monochromatic photography. The appearance is called sepia

10 | Journal of Conservation Science Vol.37, No.1, 2021

toned (Heritage Photo Restoration, 2020). Sepia toning

high data rates at any time. In the case of images, there are

became the preferred method for developing photographs

risks of transmitting and sharing true images and either

until the 1920s. It became obsolete by 1930 due to the

recklessly or intentionally alter images. The alteration of

introduction of new technology and materials. Understanding

images can occur at any stage, and the altered images can

the historical aspects of photography technology and

also be transmitted and used as an additional source of

materials is as important as following new technology.

information by followers, without knowing or suspecting data

Based on the RGB intensity (red, green, and blue lines)

integrity and fixity compromises.

compared to grayscale-converted intensity (gray line) of

In this study, 137-year-old historical portraits and group

pixels on the dotted red vertical line in the sepia-toned group

photographs of Yu Kil-Chun were compared to investigate

photography (Figure 5 (B)), the sepia-toned photograph

the aging effects and artificial modifications using image

shows demonstrates characteristic features of enhanced red

processing software. Statistics of red (R), green (G), blue (B),

color and suppressed blue color, while the green color

and L*, a*, and b* values of every pixel in the selected

component represents the average of RGB intensity values.

identical areas of portraits were compared. The possible

Thus, the enhanced red color and reduced blue color in

causes of variations between images, including aging effects

Figures 3 (C) and 4 (C) showed the best matched

and artificial modifications, were investigated. We have

characteristics of sepia-toned photographs, as seen in Figure

identified that sepia toning used in black and white

5 (B). All other images were altered versions of photographs

photographs until the 1930s can cause confusion in

in color, brightness, contrast, aspect ratio, and/or mirroring

identifying possible causes of variations between derivatives

from the original photograph. Quantitative color and intensity

of an original image. Modern digital sepia toning can also

analysis data for all pixels in the rectangular areas on

add confusion with aging effects. The importance of

individual portraits in Figure 2 (A) indicate the statistical

preservation of physical copies and preservation of context

differences in RGB and L*a*b* values between images with

(interconnections between data and between documents) is

various combinations of image alterations.

discussed and emphasized from the viewpoints of archiving

In digital photography, toning can be simulated digitally,

and conservation science.

either in-camera or in post-processing, to make special
effects. Data can be easily altered and/or changed intentionally,
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ABSTRACT Safflower, a natural dye representing red, is the dye that materials and dyeing method are
recorded in the literature, including materials and dyeing. Although the safflower is the same, the ash
used as a mordant is recorded differently in each literature, which greatly affects the aesthetic perspective
in realizing the traditional safflower red. Therefore, the optimal conditions for realizing the traditional
safflower red were sought. The experiment was conducted by pH investigation, dyeing and color
analysis by dyeing solution water, concentration, and temperature by ash, and the unique color of red
was confirmed. As a result of the test, the pH point of time when the unique color was expressed
was 11.53 as goosefoot ash (natural bedrock water), which was 1:100 for concentration and 70°C for
temperature, which was easier to extract red pigment than other ash, indicating that it is suitable for
safflower dyeing. The analysis of the ash showed that K and Si play an important role in dyeing,
especially Si, which is an element that inhibits carthamon. The color of red was similar to that of
KS Standard vivid purplish red in the ash of the goosefoot, and the other ash was deep purplish pink.
In the light of findings, it was possible to quantify the dyeing method through traditional materials
and find the standard color of red color, and it is judged to be a basic data for studying the unique
color of natural materials.
Key Words Goosefoot, Bean pod, Rice straw, Safflower, Ash, Safflower color, Natural dye, Mordant

1. INTRODUCTION

The method for realizing the traditional safflower red is
to extract carthamin using alkaline solvent, which is a red

The color using safflower is generally named as a

dye that information of ash materials is recorded in the

safflower color, which is called reddish color that is brighter

literature. Literature that recorded detailed description of

and pinkish as compared to red. As a polychromatic dye

safflower and ash materials include 뺷Ojuyeonmunjangjeonsango뺸,

that includes 2 different pigments, safflower color can show

뺷Gyuhapchongseo뺸, 뺷Imwongyeongjeji뺸, 뺷Sangbangjeongrye뺸

a subtle color. While carthamon of safflower is dyed on

and 뺷Bonchogangmok뺸which were written in the Joseon

protein fabrics only, carthamin responds to and is dyed on

Dynasty. Goosefoot is recorded in 뺷Sangbangjeongrye뺸, bean

both protein and cellulose fabrics, so fabrics that can be

pod in 뺷Ojuyeonmunjangjeonsango뺸, 뺷Gyuhapchongseo뺸and

dyed differ by pigment. As for silk fabrics, carthamon and

뺷Imwongyeongjeji뺸, and rice straw is recorded in

carthamin are mixed, creating a bright and reddish color,

뺷Cheongonggaemul뺸 respectively. Although safflower, ash,

whereas only carthamin of safflower can be seen in case

dyeing recorded in the ancient literatures are considered

of dyeing cotton fabrics.

important as data for the process of realizing unique
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2. TEST AND METHOD

safflower color, they turned out to have a problem.
First, types of ash materials differed by literatures. Each
ash material has a different ingredient, which makes

2.1. Test specimen

difference in changes of color, but data that compares by
dyeing with ash materials under the same condition is
necessary to understand such difference. However, difference
by ash materials has not been mentioned. Second, there exists
no data that defined color names based on the difference of
the color of safflower. Various names specified in the ancient
literatures classified by the names of color such as Daehong
(deep reddish color), Dahong (crimson red), Simhong (deep
red) and Jinhong (dark red), but it is unable to estimate how
much each color differs. Therefore, it is impossible to
compare with crimson red to dark pink that are the present
colors of safflower.
Problems mentioned above were also pointed out and in
spite

of

efforts

for

expressing

carthamin

through

reproduction of traditional dyeing, aesthetic perspectives
played a big part overall (Kim, 2010). And it is difficult to
realize standard color of safflower through the method and
traditional dyeing method recorded in the ancient literature
due to the difference in interpretation of researchers (Nam
et al., 1995; Chu and Nam, 1997). Most of existing studies
classified as traditional dyeing method and dyeing method
that improved the former (Kiyoshi, 1973; Tamako and
Mitsuhiko, 2007), and because most of which focused on the
researches of color comparison of chemicals rather than on
traditional materials (Park and Hong, 2002; Son et al., 2008),
studies on the unique color of safflower by natural ash
materials still remain insufficient.
The purpose of this study is to realize traditional
safflower color using safflower out of red dyes. First of all,
this study aims to standardize color names of safflower-dyed
fabrics by natural ash materials by quantifying dyeing
method of each ash material recorded in the literature. This
study also intends to expand colors falling under the purview
of safflower color of safflower through understanding of
physicochemical characteristics and sharpness of color by
safflower ash materials by comparing them with ash
materials shown in the literature after dyeing ashes not
suggested in the literature.

2.1.1. Safflower and fabric

As for safflower dye, this study purchased materials
cultivated and dried around August 2018 in the province of
Haenam with cellulose cotton cloth dyed only with safflower
color. Density of cotton cloth was about 41 × 41 inch2 and
thickness was 0.52 mm, and the unit of thickness of fabric
is 270 g/m2, and the weight of fabric specimen to be used
for dyeing was 0.5 g.
2.1.2. Ash materials and dyeing solution water

Materials for alkaline solvent were the ones cultivated in
2018, and this study purchased goosefoot in Namwon,
Jeollabuk-do, bean pod in Chuncheon, Gangwon-do and rice
straw in Yesan, Chungcheongnam-do respectively. Goosefoot,
bean pod, rice straw were the ones incompletely combusted
(Kiyoshi, 1973). 5 kg of goosefoot and bean pod were
reduced to 960 g and 970 g of ash materials respectively,
and 10 kg of rice straw left 950 g of ash materials.
As for dyeing solution water used for manufacturing
alkaline solvent, this study used both natural bedrock water
and deionized water, and mineral content of natural bedrock
water includes mg/L – Calcium (32.5∼44.9), Sodium (10.5
∼10.9), Potassium (1.0∼1.7), Magnesium (3.8∼6.0) and
Fluorine (0.5∼0.9). Deionized water is a generally-used
solution, which was purified through a pure water
manufacturing equipment (Pure RO, Romax, Human Science,
KOR).
2.1.3. Acid solution

As for rice vinegar which is an acid solution, this study
used one that contains purified water, rice-extracted concentrate
18.28%, saccharized brown rice concentrate 4.57% etc (Lee
and Wi, 2019).
2.2. Test method
2.2.1. Manufacturing of lye

Using both natural bedrock water and deionized water as
dyeing solution water, this study set concentration of each
lye to 1 : 10, 1 : 50 and 1 : 100 according to the weight
(wt%) of ash and conducted test by differentiating
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temperature of water as 50℃, 60℃, 70℃, 80℃, 90℃ and

a standard, and measured by diluting 10 times, 500 times and

100℃. After putting dyeing solution water by temperature

1,000 times respectively by concentration.

and concentration and leaving lye at room temperature for
about an hour to use supernatant after depositing for two days
while maintaining temperature of 11∼15℃. Aftr that, this
study manufactured clear ash solvent after filtering lye using
filter paper (No. 6, ADVANTEC®, Toyo Roshi, Ltd., JPN).
Upon completion of the foregoing, this study measured pH
(pHTestr 30, EUTECH, SGP) at intervals of 24 h and 48 h
by dyeing solution water, concentration and temperature, and
calculated average value excepting maximum and minimum
values (Lee, 2020).

2.4. Color analysis of safflower dyeing
This study analyzed colors of fabrics dyed with lye
manufactured by ash materials and this study found values
of L*a*b* under the measurement conditions of Observer 10°
and UV 100% with a Single Primary D 65 light source. The
test adopted a method that displays color difference in
accordance with L*a*b* Color System of Commission
Internationale de l’Eclairage (CIE) which is equivalent to the
regulations of KS A 0066 by applying L*a*b* Color System

2.2.2. Extraction of dye and dyeing

of CIE. Basically, L*a*b* Color System evaluates and

Safflower is a polychromatic dye containing both

calculates values of color difference based on the three basic

carthamon and carthamin, so this study extracted carthamin

concepts of lightness, hue and chroma, but L* value is the

after removing carthamon. For removal of carthamon, this

one that digitized difference of lightness, and this study used

study deposited safflower 100 g which is dried for 2 days

by displaying from 0 to 100.

in the water (deionized water, 5 L) and repeated work adding

On the plain coordinate system like XY coordinate

physical force from day 3∼7 until clear water comes out.

system, the closer the values of a*b* fall to 0, it means a

After removing carthamon, this study removed moisture of

color with lower chroma and if the value gets bigger it

safflower completely by using a dehydrator for 5 minutes.

represents a color with high chroma, and a* and b* are the

To extract carthamin from dehydrated safflower, this study

ones that digitize red and blue, and this study compared

put safflower into 50 mL lye of 2% concentration which was

difference of color from the term 1 to 3 for examining color

filtered at room temperature of 25℃ and separated damaged

change by dyeing by ash materials, temperature, concentration

leaves using stainless filter after soaking about an hour (Lee

and dyeing water.

and Wi, 2019).

For analysis, this study measured color difference by

To dye with carthamin-extracted solution, this study

applying 2 different methods using spectrophotometer

adjusted pH to 6.77 ± 6.90 (Tamako and Mitsuhiko, 2007)

(CM-2600d, KONICA-MINOLTA, JPN) and image processing

using rice vinegar with 8% of acidity, and dyed for 24 hours

software (PicMan, WaferMasters, Inc., CA, USA). As the

at 25℃ with the ratio of dyeing solution at 1 : 50. For dyed

scope of color difference in safflower through natural alkaline

specimen, this study washed with natural bedrock water and

solvent was not so wide, this study aimed to examine data

deionized water that were used as dyeing solution water, and

of standardized color.

dried naturally after 3 times of dyeing.

As for the method of measurement, this study used
average value after measuring by repeating spectrophotometer

2.3. Element analysis of lye

5 times, and measured color difference using image
processing software after constructing an image using Color

To identify ion content and element included in lye, this
study measured using an Inductively Coupled Plasma-Mass

Scanner (Document Centre C 360, FUJI XEROX, JPN) for
the same quantity of light.

Spectrometer (ELAN DRC-e ICP-MS, PerklnElmer SCIEX,

For analyzed data, this study conducted a comparative

USA). As for analysis method, this study used 8 kinds of

analysis using Figure 1. after substituting KS A 0062 Display

lye in total including 3 kinds of ash materials and 2 kinds

Method by Three Attributes of Color, KS A 0011 Name of

of dyeing solution water, and for specimen, this study

Object Colours and Munsell Color System for numerical

established solution manufactured at the ratio of 1 : 100 as

value of L*a*b* in the CIE Color System.
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70
60

Numerical value

50

61.85

61.44

61.55
47.21

51.39

51.37

51.159

54.15

40
30
20
10

1.53

1.28

0
-0.97

-10
-20

-7.39
deep purplish pink

magenta

vivid purplish red

1

2

3

azalea
4

L*

61.55

51.159

51.37

51.39

a*

47.21

61.44

61.85

54.15

b*

-0.97

-7.39

1.28

1.53

Figure 1. The numerical range of safflower color.

3. RESULT AND CONSIDERATION

Although rice straw ash material was shown at 1 : 10,
90℃ pH 11.51 (deionized water), the point where rice straw
was the highest in color difference was 1 : 50, 60℃ pH 10.98

3.1. Analysis of ingredients

(natural bedrock water) and 1 : 50, 100℃ pH 11.39
3.1.1. Investigation of pH by ash materials

Table 1 shows the result of investigation of pH and
comparison by temperature according to the ratio of ash
materials. As for pH value by ash solvent, goosefoot ash
material is maintaining pH 11.52∼12.54, and bean pod and

(deionized water), indicating that there exist respective pH
condition for each ash material. And bean pod ash is higher
by 2 as compared to pH 11 showing strong alkaline properties,
so it is considered unstable for dyeing of carthamin.

rice straw were measured to be pH 12.13∼13.44 and pH

3.1.2. Analysis of metal ingredients of lye

10.44∼11.51 respectively. pH value of all ash materials

Table 2 and Figure 2 show the result of analysis on the

ranged from pH 10 to 13, showing strong alkali properties.

3 kinds of lye. Detected elements include Al, Mg, Na, Fe,

pH of ash materials was in the range of pH 11.5 which is

P, Ca, K, Si etc., and K was contained the most among all

the standard of alkali solution for chemicals used when

ingredients detected, and as for goosefoot lye, high value of

extracting carthamin from safflower in the advanced studies.

18% was detected in 2 points of dyeing solution water. In

Ash material with pH 11.5 was measured in 2 goosefoot ash

regards to Si, rice straw lye differed from other solvents
about 4∼8 times in both dyeing solution water, showing

and 1 rice straw ash.
Goosefoot ash material was shown at 1 : 100, 70℃, pH
11.53, natural bedrock water and 1 : 100, 100℃, pH 11.52,

properties that prevents dyeing of carthamon (Kiyoshi, 1973).
It is estimated that it was easy to extract carthamin as Si

deionized water and rice straw was shown at 1 : 10, 90℃

prevents most of yellow dye when dyeing safflower with rice

pH 11.51 (deionized water), but considering the value of a*

straw lye, and Ca was also detected twice as much as bean

*

pod, and as rice straw ash material was measured as value

red are 1.24∼12.31 higher, so they are considered ash

which is similar to magenta (L* 51.159, a* 61.44, b* -7.39)

red, pH 11.53 of goosefoot ash material and the value of a

materials that dyeing of carthamin is easier than other ash

color that moved to the direction of red about a* 10 than bean

materials. It is also considered that color was expressed

pod ash which was measured as a color similar to deep

clearly as mineral ions of natural bedrock water affected

purplish pink (L* 61.55, a* 47.21, b* -0.97) and heightened

extraction of carthamin and dyeing.

dyeing.
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Table 1. Result of pH of ash solvent
Ratio
(wt%)

Ash

Solution
water
N.B.W

Goosefoot
D.W
N.B.W
1:10

Bean pod
D.W

Rice
straw

N.B.W
D.W
N.B.W

Goosefoot
D.W
N.B.W
1:50

Bean pod
D.W

Rice
straw

N.B.W
D.W
N.B.W

Goosefoot
D.W
N.B.W
1:100

Bean pod
D.W

Rice
straw

N.B.W
D.W

Day

Temperature pH
50℃

60℃

70℃

80℃

90℃

100℃

1

12.25

12.34

12.33

12.43

12.28

12.41

2

12.30

12.39

12.33

12.49

12.32

12.52

1

12.48

12.39

12.43

12.39

12.46

12.41

2

12.54

12.35

12.48

12.39

12.47

12.49

1

13.03

13.18

13.26

13.32

13.32

13.29

2

13.15

13.13

13.31

13.28

13.25

13.18

1

13.33

13.34

13.28

13.44

13.38

13.32

2

13.44

13.29

13.19

13.40

13.36

13.39

1

10.86

10.76

10.74

10.94

10.99

11.06

2

10.75

10.73

10.79

10.78

10.80

11.02

1

11.38

11.02

11.29

11.37

11.44

11.30

2

11.37

11.13

11.43

11.34

11.51

11.36

1

12.11

12.33

12.31

12.30

12.07

12.06

2

12.23

12.16

12.22

12.32

12.13

12.04

1

12.12

12.26

12.25

12.31

12.32

12.04

2

12.24

12.25

12.26

12.26

12.26

11.99

1

13.91

13.03

13.19

13.18

13.14

13.20

2

12.82

13.11

13.05

13.08

13.22

13.18

1

13.12

13.40

13.15

13.24

13.25

13.24

2

13.05

13.20

13.16

13.27

13.22

13.22

1

10.78

10.59

10.73

11.04

10.86

10.91

2

10.77

10.98

10.82

10.93

10.82

10.92

1

11.04

11.14

10.98

11.27

11.04

11.11

2

11.16

11.25

11.25

11.38

11.31

11.39

1

11.75

11.77

11.61

11.96

11.82

11.69

2

11.65

11.65

11.53

11.83

11.65

11.85

1

11.75

11.89

11.94

11.92

11.86

11.64

2

11.75

11.76

11.87

11.85

11.77

11.52

1

12.42

12.36

12.26

12.36

12.28

12.47

2

12.40

12.13

12.14

12.21

12.45

12.44

1

12.60

12.45

12.40

12.58

12.55

12.59

2

12.59

12.41

12.22

12.64

12.67

12.58

1

10.49

10.44

10.36

10.34

10.46

10.54

2

10.43

10.29

10.38

10.45

10.48

10.59

1

10.76

10.96

10.81

11.02

10.92

10.81

2

10.93

11.01

10.95

10.98

11.17

10.92

N.B.W, natural bedrock water; D.W, deionized water
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Table 2. Result of ICP-MS analysis of ash solvent
No.

Ratio
wt%

Elements (ppm)

Solution
name

Al

Mg

Na

Fe

P

Ca

K

Si

1

Goosefoot
(N.B.W)

67

775

1247

5

379

578

181880

1207

2

Goosefoot
(D.W)

5

372

497

3

571

335

183017

202

Bean pod
( (N.B.W)

4.7

477

1548

4

2585

205

96193

1792

Bean pod
(D.W)

16.8

374

967

3

3190

208.9

104158

1074

5

Rice straw
(N.B.W)

0.6

243

1823

5

664

411

65327

7888

6

Rice straw
(D.W)

2

86303

1158

10

1048

373

53812

8030

3
4

1
:
100

ICP-MS, Inductively Coupled Plasma-Mass Spectrometer; N.B.W, natural bedrock water; D.W, deionized water

200000
180000
160000
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140000
120000
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Figure 2. Result of ICP-MS analysis graph for ash solvent. ICP-MS, Inductively Coupled Plasma-Mass
Spectrometer; N.B.W, natural bedrock water; D.W, deionized water.
numerical values of L* 55.65, a* 48.71 and b* -2.48, natural

3.2. Color analysis

bedrock water (1 : 100, 70℃, pH 11.53) differed from azalea

3.2.1. Result of spectrophotometer

by L* 4.26, a* -5.44, b* -4.01, and it became brighter as

This study compared average value of lightness (L*) and
*

*

chromaticness indices (a , b ) generated as a result of color
st

rd

difference analysis on the 1 ∼3

lightness, the value of L* increased, but became murky with
decrease in red of a* and increase in blue of b*. With

dyed fabrics by ash

numerical values of L* 51.50, a* 49.90 and b* 2.33, deionized

materials with KS Standard colors, and shown color change

water (1 : 100, 70℃, pH 11.87) also differed by L* 0.11,

in the Table 3.

a* -4.25 and b* 0.80 as compared to azalea color, but the

Goosefoot ash material is in the range of color value
*

*

*

difference in value of lightness, the value of L* was

similar to azalea (L 51.39, a 54.15, b 1.53), and the value

insignificant, and sharpness lowered as red decreased in a*

of color difference of 2 kinds of dyeing solution water

value and yellow increased in b* value of chroma. 2 kinds

showed a difference from the KS Standard color. With

of dyeing solution water became murky as sharpness lowered,
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Table 3. Comparison of L*a*b* values according to the ash component KS standard (Spectrophotometer)
No

Bedrock water

Ash Count

Color value
L*

1

1

51.78

*

a

48.45

*

a

51.04

b*

-2.68

b*

0.03

*

55.95

L

50.24

*

a

48.07

*

a

48.82

b*

-1.44

b*

2.25

52.75

*

L

52.48

49.62

*

49.83

*

L
3

*

a

*

b
Avg

2

55.65

3

a*

39.23

b*

3.89

b*

3.52

61.78

*

L

62.80

a

40.87

*

a

39.69

b*

1.90

b*

4.87

L*

58.79

L*

59.82

a*

41.96

a*

41.89

*

b
a*

b*

39.99

3.18

62.58

63.84

L*

67.07

a*

44.81

a*

35.94

b*

-7.21

b*

-0.07

*

L

61.50

*

L

60.37

a*

44.90

a*

39.79

*

b

-3.95

b*

1.51

L*

57.35

L*

60.47

*

45.71

a*

41.2

-3.94

*

a

b

Color

Color value
L*

51.39

a*

54.15

b*

1.53

L*

61.55

a*

47.21

CN

a
z
a
l
e
a

a*

b*

49.90

2.33

*

b

-0.97

L*

61.55

a*

47.21

b*

-0.97

d.
p.
p.

3.32
L*

L*

*

Avg

*

3.76

62.05

3

51.50

37.14

Avg

3

-2.48

a*

L*

2

48.71

KS standard

4.70
L*
65.13

b

Rice
straw

b*
L*

*

1

b
a*

65.59

L
2

*

L*

*

Bean
pod

a

-3.32
L*

1

Color value
L*

L
2

Color

58.26

*

Goose
foot

Deionized water

b

a*

b*

40.27

3.90

d.
p.
p.

0.52

L*

a*

b*

L*

a*

b*

60.90

45.14

-5.03

62.64

38.98

0.65

CN, color name; d.p.p., deep purplish pink
but there was a decided difference in color sense as there

purplish pink (L* 61.55, a* 47.21, b* -0.97), it color value

was the value of blue and yellow by b* value out of the range

of 2 kinds of dyeing solution water differed from the standard

of lightness (L*) and chroma (a*b*), which is judged that

color. As for natural bedrock water (1 : 50, 100℃, pH 13.18),

solution closer to the color of azalea is deionized water.

it became brighter than deep purplish pink as the value of

Although bean pod ash has a color similar to deep

lightness, the value of L* out of the values of L* 60.05, a*
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39.99 and b* 3.18 increased by 0.50, which can be seen by

range similar to deep purplish pink of KS Standard, but rice

naked eyes, and a light color was shown as red in a* value

straw ash showed the most similar color sense despite it has

decreased by 7.22, whereas sharpness lowered due to increase

low red in a* value as 2.00. As a result of examining chanes

*

in the value of yellow of b by 4.87. With numerical values
*

*

*

in color difference of 3 kinds of ash material, there was a

of L 62.58, a 40.27 and b 3.90, deionized water differed

difference safflower color in each ash material as the range

by L* 1.03, a* -6.94 and b* 4.87 as compared to the values

of safflower color expanded.

of deep purplish pink. This study confirmed that it became
brighter as the value of lightness (L*) increased than deep

3.2.2. Results of image processing software

purplish pink, but sharpness of color lowered as red which

This study compared average value of lightness (L*) and

is the a* decreased and yellow increased in b* value. The

chromaticness indices (a*, b*) generated as a result of color

reason for decrease in red of a* value and increase in yellow

difference analysis on the 1st∼3rd dyed fabrics by ash

of b* value in 2 kinds of dyeing solution water is because

materials with KS standard colors, and shown color change

dyeability of carthamin lowered.

in the Table 4.

Although rice straw ash showed a color sense similar to

Although goosefoot ash is in the color range similar to

the value of deep purplish pink same as bean pod ash, color

vivid purplish red (L* 51.37, a* 61.85, b* 1.28), but color

values of L*a*b* of 2 kinds of dyeing solution water was in

value of 2 types of dyeing solution water differed from the

the color range same as deep purplish pink rather than that

standard color. With L* 52.54, a* 62.63, b* 0.24, natural

of bean pod ash color. With numerical values of L* 60.90,

bedrock water (1 : 100, 70℃, pH 11.53) differed L* 1.17,

a* 45.14 and b* -5.03, natural bedrock water (1 : 10, 90℃,

a* 0.78, b* -1.04 as compared with vivid purplish red, red

pH 10.80) became dark as lightness, the value of L*

increased in lightness and chromaticness indices a*, whereas

decreased by 0.65 as compared to deep purplish pink, and

sharpness of b* was heightened due to increase in blue but

a* value decreased to 2.07 and blue increased by -1.62 in b*

became murky as blue color increased. Values of deionized

value, but dyeability of carthamin was heightened as chroma

water (1 : 100, 70℃, pH 11.87) were measured as L* 48.59,

(a*b*) was the closest to deep purplish pink, and it is judged

a* 62.63 and b* 0.24, and was dark comparing to vivid

that the reason for increase in blue is because of increase in

purplish red as the value of lightness (L*) decreased by –2.78,

color sense by the influence of metal ions contained in natural

and although sharpness was heightened due to increase in a*

bedrock water. Deionized water (1 : 100, 100℃, pH 10.92)

0.86, b* 2.66 of chroma, it differed from standard color as

differed by L* 1.09, a* -8.23, b* 1.62 from deep purplish pink

yellow was developed higher than that of natural bedrock water.

as L* 62.64, a* 38.98 and b* 0.65. It is considered that

Color value of 2 kinds of dyeing solution water made of bean

*

sharpness lowered as red which is the value of a out of

pod ash is in the range of color similar to deep purplish pink

chromaticness indices (a*, b*) decreased by 8.23, and the

(L* 61.55, a* 47.21, b* -0.97), and natural bedrock water (1 :

reason why natural bedrock water developed a color closer

100, 80℃, pH 12.21) differed from deep purplish pink by L* 2.20,

to deep purplish pink than deionized water is because

a* 1.60 and b* 5.80 with numerical values of L* 63.75, a*

dyeability of carthamin was heightened by the influence of

48.81 and b* 4.83. The color became brighter and sharpness

dyeing solution water.

was also heightened due to increase in L*a* value, but

As a result of examining ash materials through the

lightness became bright as yellow increased in b* value. As

spectrophotometer analysis, goosefoot ash material made of

for deionized water (1 : 50, 100℃, pH 13.22), lightness

deionized water has dyeability of carthamin, and it was in

became brighter than deep purplish pink as values increased

the range of color similar to the KS Standard azalea color,

by L* 3.93, a* 1.92 and b* 7.17 with values of L* 65.48, a*

and it was confirmed that red in a* value decreased to 4.25,

49.13 and b* 6.20, lightness became brighter, and red and

but a clear and deep color sense was expressed due to high

yellow increased in chroma, and it was confirmed that

*

* *

lightness (L ) and chroma (a b ) comparing to other ash

deionized water is closer to deep purplish pink than natural

materials. Bean pod ash and rice straw ash are in the color

bedrock water.
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Table 4. Comparison of L*a*b* values according to the ash component KS Standard (image processing software)
Bedrock water

No Ash Count

Color value
L*

1

1

Goos
e
foot

L*

49.37

a

62.47

*

a

63.95

b*

0.30

b*

3.28

*

L

3

*

51.81

*

L

46.08

*

a

62.01

a

62.02

b*

0.40

b*

1.47

L*

50.55

L*

50.31

a

63.40

*

a

62.16

b*

0.01

b*

*

*

52.54

2

44.07

a*

45.76

b*

5.77

b*

6.52

62.49

L*

64.05

51.17

*

49.42

*

*

a

3.28

b

7.10

L*

61.10

L*

63.81

51.19

*

52.20

*

a

Avg

*

5.43

b

b*

62.71

3.94

Color value
L*

51.37

a*

61.85

b*

1.28

L*

61.55

a*

47.21

b*

L*

a*

b*

63.75

48.81

4.83

65.48

49.13

6.20

-0.97

69.40

L

67.38

L*

51.159

a

58.71

*

a

45.98

a*

61.44

b*

-6.47

b*

-1.00

b*

-7.39

*

L

61.99

*

L

63.89

a*

59.85

a*

52.05

-6.70

*

-2.29

*

L*

61.55

*

a

47.21

b*

-0.97

b

*

b*

*

*

CN

v.
p.
r.

d.
p.
p.

4.97

a*

L

3

a

a*

L*
*

3

a

b

Avg

2

48.59

a*

b

Rice
straw

0.24

68.59

*

1

62.63

L
L*

*

3

b

*

67.66

L
2

a

KS Standard

Color

7.06

*

L*

*

Bean
pod

*

L

Avg

1

Color value

55.27

*

2

Deionized water
Color

b

*

L

56.93

L

59.92

a*

60.02

a*

54.13

b*

-3.81

b*

1.81

L*

a*

b*

L*

a*

b*

62.77

59.53

-5.66

63.73

50.72

-0.49

B
m.
g.
t.

D
d.
p.
p.

CN, Color name; v.p.r., vivid purplish red; d.p.p., deep purplish pink; N-m.g.t., natural bedrock water – magenta; D-d.p.p.,
deionized water-deep purplish pink
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As for rice straw ash material, 2 kinds of dyeing solution

(L*) decreased by 10∼11, but showed clear and deep color

water color value showed a significant difference in numerical

sense as red in a* value of chroma increased by 3∼14. Deep

values, which differs from the KS Standard Color, and

purplish pink was expressed in bean pod ash and rice straw

natural bedrock water (1 : 100, 60℃, pH 10.98) showed a

ash, but rice straw ash manufactured with deionized water

*

*

*

color sense similar to magenta (L 51.159, a 61.44, b -7.39)

show the most similar color sense. And rice straw ash

and color sense of deionized water (1 : 10, 70℃, pH 11.43)

manufactured with natural bedrock water showed a color

*

*

*

was similar to deep purplish pink (L 61.55, a 47.21, b

sense of magenta, expanding the range of safflower color and

-0.97). With numerical values of L* 62.77, a* 59.53 and b*

showing difference in safflower color by ash materials.

*

-5.66, lightness, the value of L became brighter as the value
of natural bedrock water increased by 11.61, and lightness

3.2.3. Analysis and consideration of color difference

became bright and chroma was sharpened as the values of

As a result of the analysis on the color difference by ash

a*b* of chroma decreased to 1.91 and 1.73. With numerical

materials, the order of ass materials that a* which is the value

values of L* 63.73, a* 50.72 and b* -0.49, lightness of

of chroma increased was goosefoot ash> rice straw ash> bean

deionized water became brighter than deep purplish pink due

pod ash. As for goosefoot ash, fabric dyed with natural

*

to increase in L value by 2.18, and chroma was sharpened as

bedrock water (1 : 100, 70℃, pH 11.53) was confirmed to

the values of a* increased by 3.51 and b* decreased to 0.48.

create a color which is similar to vivid purplish red of KS

It is judged that a decided difference in color sense between

Standard, and average value of red a* showed high level of

natural bedrock water and deionized water가 color sense is

62 in both dyeing solutions, indicating that goosefoot ash is

because of the influence of metal ions contained in water.

highly effective for dyeability of carthamin.

As a result of analysis using image processing software,

Bean pod ash (deionized water, 1 : 50, pH 13.22) was

goosefoot ash manufactured with natural bedrock water

confirmed to create deep purplish pink of KS standard, and

showed the highest carthamin dyeability, which is similar to

it is considered that dyeability lowered as the value of red

the vivid purplish red of KS Standard, and it looks dark

a* was 48∼49 comparing to other ash materials by the

comparing to other ash materials as the value of lightness

influence of pH level. Rice straw ash (natural bedrock water,

Table 5. Safflower color analysis result of 1 to 3 staining average spectrophotometer and image processing software
No

1

2

3

Ash

Name

②
Goose ①
v.
foot azalea
p.

d.
p.
p.

Bean
pod

Rice
straw

①
d.
p.
p.

Image processing software

KS
②

N.B.W

D.W

N.B.W

D.W

*

L

51.39

51.37

55.65

51.50

52.54

48.59

a*

54.15

61.85

48.71

49.90

62.63

62.71

1.53

1.28

-2.48

2.33

0.24

3.94

*

b

L*

61.55

62.05

62.58

63.75

65.48

a*

47.21

39.99

40.27

48.81

49.13

*

-0.97

3.18

3.90

4.83

6.20

b

②m.
g.
t.

Spectrophotometer

KS
①

c.v

L*

61.55

51.159

60.90

62.64

62.77

63.73

*

47.21

61.44

45.14

38.98

59.53

50.72

*

-0.97

-7.39

-5.03

0.65

-5.66

-0.49

a

b

v.p.r., vivid purplish red; d.p.p., deep purplish pink; m.g.t., magenta; N.B.W, natural bedrock water; D.W. deionized water
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1 : 50, 60℃, pH 10.98) was confirmed to create a color

of lightness (L*) decreased, and color became clear with

which is similar to magenta of KS standard, but the value

increase in the value of chroma (a*b*), so this study was able

a* decreased by 8.81 in deionized water as compared to

to secure standard data of ash as dark and clear safflower

bedrock water showing the greatest difference in color, which

color was realized.

shows that the color of dyed carthamin differs by

Second, as for the optimum lye concentration, safflower

temperature, dyeing solution water and the ratio of dyeing

color was the clearest after dyeing with mixture of goosefoot

solution by natural ash materials.

ash material and natural bedrock water. This study improved

Table 5 shows safflower color realized with safflower, and
this study aimed to expand color range of ash materials and

convenience by quantifying mixture ratio which is a part of
dyeing technology.

find ash that extraction of carthamin is high, so this study

Third, metal content of lye is estimated to be increased

was able to confirm that color range of safflower color was

through the optimal temperature of goosefoot lye that red was

expanded when comparing colors through the analysis using

revealed the most. Standard value of red a* of dyeing by

spectrophotometer and image processing software. As a result

temperature was classified by the temperature and dyeing

of goosefoot ash material that extraction of carthamin was

solution water that metal ingredient of ash material was

the highest, spectrophotometer showed a value close to azalea

extracted, and is judged that a variety of safflower colors

color, whereas the value of image processing software was

were shown by ion bond activity of mineral in natural

similar to vivid purplish red. Of the chromaticness indices

bedrock water and metal ingredient of ash material according

(a*, b*) of the two colors, a* value was 62.63 in image

to temperature.

processing software and 48.71 in spectrophotometer

Fourth, this study confirmed that K and Si out of metal

respectively, showing about 30% of difference in color value,

ingredients in ash materials are the elements affecting

so it was confirmed that there was a color change even in

carthamin. K, an alkaline ion show the most element content

the same fabrics dyed with safflower color, so it is judged

in goosefoot ash material, and rice straw ash material is

that an analysis method suited to the characteristics of

assumed to heighten dyeability of carthamin as carthamon of

specimen needs to be applied.

safflower as Si is influenced rather than K, and K, Si that

Based on the above, it is possible to confirm that image
processing software that analyzes color of the entire side of

are metal ingredients are estimated to play an important role
in realizing safflower color.

dyeing of fabric expanded color range than point (3 mm in

Fifth, when realizing safflower color of safflower using

diameter) analysis method of spectrophotometer, so it is

natural ash materials recorded in the literature, this study

expected to heighten accuracy for color analysis if color

confirmed that ash material that a* value moved to the

analysis of the entire side and point color analysis method

direction of red was goosefoot ash material which was similar

are used diversely.

to vivid purplish red. When judging based on the KS standard
color of each ash material, bean pod, rice straw and goosefoot

4. CONCLUSIONS

can express safflower color with deep purplish pink, magenta
and vivid purplish red respectively, and ash material that a*

This study derived a method for realizing unique safflower

value moved the most to the direction of red out of chroma

color based on the ash material of safflower recorded in the

(a*b*) of safflower was goosefoot ash material, which is

literature, drawing conclusions as follows.

considered the most convenient to extract carthamin.

First, as for the unique carthamin, this study confirmed

Ash material that realized safflower color of safflower

that color development of red increased at pH 11.53 which

through the materials recorded in the literature suggested a

is goosefoot ash material. This study was able to identify pH

quantized form of dyeing method, which served as a

point of time for expression of unique color through a

momentum for achieving standardization of safflower color

scientific research of natural materials, and as for unique

by ash materials.

safflower color, safflower color was deepened as the value
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ABSTRACT To extend the application of digital technology to the replication of artifacts, meticulous

details of the process and the diversity of three-dimensional (3D) printing output materials need to be
supplemented. Thus, in this study, a bronze mirror with Hwangbichangcheon inscription was digitalized
by 3D scanning, converted into a voxel model, and virtual conservation treatment was performed using
a haptic device. Furthermore, the digital mold of the bronze mirror completed by Boolean modeling
was printed using a 3D sand-printer. Such contactless replication based on digital technology reflects
the stability, precision, expressivity, collectivity, durability, and economic feasibility of artifacts. Its
application can be further extended to cultural products as well as such areas as education, exhibition,
and research. It is expected to be in high demand for metal artifacts that require casting. If empirical
studies through experimental research on casting are supplemented in the future, it could extend the
application of digital technology-based contactless replication methods.
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1. INTRODUCTION

Byun et al. (2009) and Ahn (2017) printed threedimensional (3D) scanning results of artifacts, colored them

Replication, a kind of recording, is one of the processes

and treated their surface to complete the replication. Lee

of conserving cultural heritage. It has been actively

(2018) studied silicone mold-based casting techniques using

performed to conserve and manage cultural heritage, as well

the 3D printed output of the Great Gilt-bronze Incense Burner

as the diversity of exhibition techniques. However, its

of Baekje. Lim and Choi (2020) reverse-engineered the

methodology has constantly changed with the development

damaged cannon used during the Joseon Dynasty using 3D

of new materials and techniques employed by reproducers.

scanning and printed it with a 3D printer to grasp the

In particular, recent advancement in high technology has led

characteristics of the era regarding the shape and technology.

to several attempts in digital technology-based contactless

Thus, 3D scanning and printing are employed as key

replication to solve the issues of complex processes of the

technologies in contactless replication.

conventional contact method of replication and minimize

However, to extend the application of digital technology

secondary damage to artifacts (Di Franco et al., 2015;

to artifact replication, there is a need for further studies to

Merchán et al., 2019; Jo et al., 2020a).

supplement the details of the process and the diversity of the
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3D printing output materials. In particular, it is essential to

and it is significant in that more mirrors were found in

remove the surface corrosion and correct the shape

Goryeo than in China where they were first produced (Jung,

deformation in order to reproduce the original appearance of

2015). Bronze mirrors with Hwangbichangcheon inscription

the artifacts. This is the optimum method for ritual vessels used

are currently distributed in large quantities in various museums

in ancestral rites and bronze mirrors that could be mass-

and institutions in Korea, and the elaborateness of the patterns

produced with molds (Yun and Cho, 2012; Yun et al., 2015).

and the state of conservation vary according to mirrors.

In this study, a 3D scanning-based digital mold of a

The bronze mirror studied herein was the eight-foliated

bronze mirror was modeled to advance the preceding methods

mirror, and considering the overall conservation, it was in

of digital replication. Particularly, virtual conservation

good condition. However, the mirror was covered by thin

treatment was performed for the original modeling of the

greenish rust with brown corrosion partly present. In

corroded bronze mirror, and the changes in shape were

particular, dark green corrosion on the inscription and rim

visualized numerically. In addition, to demonstrate the

was highly entrenched to the extent that it undermined

completed digital mold, a 3D sand-printer featuring high

aesthetic stability.

material similarity was employed for the printout. This study
aims to propose a wide application of the digital mold in
replicating artifacts along with the overall process of
modeling and printing.

2.2. Methods
The digital-mold modeling and its printing for replicating
the bronze mirror were performed in the order of 3D
scanning, voxel modeling, virtual conservation treatment,

2. STUDY TARGET AND METHODS

Boolean modeling, and sand-printing (Figure 1). First, the 3D
numerical data of the bronze mirror with Hwangbichangcheon

2.1. Study target

inscription having overall thin and sophisticated patterns were

Bronze mirrors were designed originally to reflect the face

obtained using a high precision scanner (HDI Advance R3X,

on the surface of well-polished copper plates. After losing

LMI Technologies, Canada) with excellent accuracy and

their function as mirrors in the modern days, the metal crafts

precision. The scanner operates with a triangulation method

remain attractive owing to the various patterns used to

using white structured light and two stereo cameras, and it

decorate the back. Bronze mirrors are metal crafts, which

can obtain about 2.6 million points per scan (0.88 seconds)

have continuity from prehistoric times to the Joseon Dynasty,

through binocular parallax.

and are important artifacts that reflect religion and thoughts,

The on-site 3D scanning of the bronze mirror was

not just simple household items. Mirrors were most popular

performed 78 times with an accuracy of 65 µm, having the

in the Korean Peninsula during the Goryeo Dynasty, during

viewing angle of a pair of 12-mm lenses set to 400 mm. The

which mirrors of various shapes and patterns were produced,

exposure value was maintained at 50.00 ms considering the

and the number produced was the largest (Seol, 2015).

surrounding conditions during the scan. FlexScan 3D

with

software of LMI Technology was employed for the on-site

Hwangbichangcheon inscription, representing the Goryeo

3D scanning and data processing, and Geomagic Design X

Dynasty, which is conserved by the National Science

software of 3D Systems was employed for editing and

Museum. This mirror has been passed on from the Goryeo

optimizing the 3D models.

The

study

target

was

a

bronze

mirror

Dynasty in relatively large quantities among other bronze

For the virtual conservation treatment and digital-mold

mirrors that have been identified so far (Kwon and Jo, 2019),

modeling of the completed 3D models, a voxel-based haptic

Figure 1. Methods and processes of digital-mold modeling and 3D printing.
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device (Geomagic Touch X, 3D Systems, USA) and

of processes, including registering, merging, and filtering of

dedicated software (Geomagic Freeform Plus, 3D Systems,

individual polygonal meshes. RGB textures were mapped to

USA) were employed. The system applies force feedback to

the final polygon mesh model after adjusting the brightness

the user’s hands to aid in vivid interactions with objects

and chromaticity of the acquired colors during the scan,

displayed in a virtual environment. The voxel-based clay

displaying the color of the bronze mirror surface and the

modeling allows the flexible designing of 3D shapes (Jo et

location of the corrosion. The completed 3D model of the

al., 2020a). The S-Max of ExOne printer was used for the

bronze mirror with the Hwangbichangcheon inscription was

3D printing of a completed digital mold, and its layer

approximately 168, 170, and 5 mm in width, height, and

thickness ranged from 0.26 to 0.38 mm.

thickness, respectively, and the inscription on the top was
approximately 42 mm wide and 50 mm long, accounting for

3. RESULTS

about a quarter of the total area (Figure 2).
The 3D numerical data consist of 1,093,209 point clouds

3.1. 3D scanning and shape analysis

and 2,186,418 polygons in total, with a volume of 77,600
mm3. The distance between points shows a high resolution

The processing of numerical data acquired by 3D scanning

of 0.02 mm, which clearly manifests not only the inscription

has already been reported by a number of researchers (Kuş,

(Figure 3a) and pattern (Figure 3b) on the bronze mirror but

2009; Oh and Wi, 2018; Jo and Hong, 2019). In this study,

also the 3D shape and texture of the corrosion on the surface

it was basically completed with one 3D model after a series

(Figure 3c). This implies that it can be used in a variety of

Figure 2. 3D scanning model of the bronze mirror with Hwangbichangcheon inscription.

Figure 3. Detailed shape of the bronze mirror with Hwangbichangcheon inscription; (a) Inscription,
(b) Patterns and designs, (c) Corrosion.
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ways, including restoration and replication, as well as the
analysis of the state of the bronze mirror.

voxelization is essential for this purpose.
Thus, in this study, the 3D polygon mesh of the bronze
mirror was converted to the voxel model with a resolution

3.2. Virtual conservation treatment
The 3D model of the bronze mirror with the
Hwangbichangcheon inscription has very precise highresolution numerical data, which is very important for recording.
However, using it as the basic data for replication is difficult
because even the corrosion entrenched on the surface of the
mirror is scanned together. Therefore, replicating the original
uncorroded bronze mirror requires the removal of any
corrosion present on the surface in a virtual environment.
In general, 3D scanning is applied to opaque objects, and
cultural heritages obtained through scanning are commonly
expressed with the polygon mesh model of the surface. The
polygonal mesh has great strengths in terms of data
utilization and expandability. However, when the surface
shapes are removed, the hollow interior is exposed, and this
is a challenge. Therefore, for cultural heritages that require
both external and internal information, a model having an
inside volume is more appropriate than a polygon, and

of 0.3 mm, and then, virtual conservation treatment was
performed using a haptic device to make the collisions and
interference of data in a digital environment intuitively
recognizable (Figure 4a). This provides a superior solution
to creating unrestricted and complicated shapes than
traditional modeling using a mouse. A system that combines
the voxel modeling software with a haptic device has been
widely employed by both domestic and foreign researchers
(Abidi and Ahmad, 2015; Wu et al., 2016; Corrêa et al.,
2019; Jo and Hong, 2019; Rastogi and Srivastava, 2019).
The corrosion present on the surface of the bronze model
was removed manually by voxel-based physical collision
(Figure 4b). The surrounding features were referenced over
the virtual conservation treatment to ensure that the original
form of the bronze model was not damaged, and the entire
process was monitored by RMS deviation analysis. After
removing the corrosion, the original volume (77,660 mm3)
of the mirror decreased by about 233 to 77,367 mm3 (Figure

Figure 4. Virtual conservation treatment of the bronze mirror; (a) Voxelization of the polygon mesh model,
(b) Virtual conservation treatment using the haptic modeling system, (c) Shape comparison after treatment.

Figure 5. 3D deviation analysis before and after the virtual conservation treatment.
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4c). Furthermore, as a result of the shape analysis before and

taken. The diameter of the mirror with coarse lines shown

after the conservation treatment, the deviation was mainly

in the mold was estimated to be 202 mm, which is about

within 0.1 mm, and the surface area where the contaminants

30 mm larger than the diameter of the bronze mirror with

were removed was about 7.1% (Figure 5). The 3D model,

the Hwangbichangcheon inscription (about 170 mm). Thus,

which completed after the virtual conservation treatment based

after reducing the mold of the mirror with coarse lines to

on the historical evidence, is valuable as the original data at

about 84%, the missing part was restored with the trend line

the time of its creation, and it is likely to extend its uses

to complete the model of the mold’s appearance.

to areas such as education, replication, and cultural products.

Boolean computational modeling was then performed to
display the shape of the bronze mirror in the digital mold.

3.3. Digital-mold modeling
At present, there is no casting method for the bronze mirror
with the Hwangbichangcheon inscription. Consequently, it is
difficult to reproduce its original manufacturing technique.
Therefore, mold-form modeling is required to increase the
utilization of 3D data and the scalability of replication for
metal casting. In this study, the mold of the mirror with coarse
lines, which was excavated at Maengsan, Pyongannam-do and
almost the only remaining one in Korea, was chosen as the
reference model. This mold is presumed to have been created
between the 7th and 5th century B.C., and it is known as
a representative artifact of the Bronze Age in Korea.
First, to model the appearance of the mold of the mirror
with coarse lines, the actual measurements of the size,
thickness, and range of patterns based on its photograph were

Figure 6. Digital-mold modeling process.

In 3D graphics, the Boolean computation refers to the process
of combining two objects, subtracting another from one
object, or extracting a common part of two objects. Hence,
it is an effective method of creating new complicated models
by combining different forms of other models (Jo et al.,
2020a; 2020b).
In this study, the patterns of the bronze mirror were
modeled by subtracting the 3D model of the bronze mirror
based on the model of mold’s appearance built on the
drawing with the actual measurements. Then, it was
supplemented by the sprue and loop to complete the concave
mold, and finally, the convex mold, which serves as a cover
for metal casting, was modeled. In addition, a bronze mirror
was digitally created to check the completeness of the digital
mold, and the sharpness and replicability of the patterns were
simulated (Figure 6). This enabled the defects in the shape
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4. DISCUSSION

to be identified in advance, which greatly reduced defects in
the replica and enhanced the quality.

Replication of artifacts is a method of preserving and
3.4. 3D sand-printing
3D printing is a technology that differentiates 3D models
developed through computer graphics, scans them into 2D
sections, and reconstructs them continuously, based on the
materials being built, layer by layer to make the shape. This
technology varies widely in principles and according to
materials printed (Balletti et al., 2017; Segreto et al., 2017;
Turner et al., 2017; Xu et al., 2017; Vranich, 2018; Ford and
Minshall, 2019); hence, it is important to select a 3D printing
method suitable for the intended purpose. Basically, to
replicate bronze mirrors, casting using alloyed metals is
possible. The 3D printing method suited for realizing this is
binder jetting using sand, which is commonly called
sand-printing. Currently, this method is widely used as a key
technology for sand casting in industries (Deng et al., 2018;
Sama et al., 2018; 2019).
The materials used for the 3D printing of the digital mold
include quartz (99% purity and 140 µm in size) and lowtemperature-cured furan resin. The layer thickness for the
printing was set to 0.28 mm and the digital mold was printed
out after inputting the model into the dedicated software. The
sand was then removed using an air gun and the binder used
in the layer was sufficiently dried at room temperature. The
printout was further cured to increase its strength (Figure 7).
This sand-printed mold is valuable in terms of the printout
itself, but it is more useful in that it can be utilized in the
actual casting.

conserving the original form of artifacts, and it is performed
for the purpose of exhibition, education, research, etc. An
important principle and the ideal method of such replication
is to reflect the philosophy, materials, methods, etc. as well
as the form of the original artifact. However, as there is
insufficient data available over the flow of historical time and
the skills at the time of the creation of such artifacts are
extinct, replication centered on imitating shapes is becoming
commonplace. In addition, it is often impossible to reflect
raw materials, and the rapid advancement in technology has
led to a wide variety of replication methods (Balletti and
Ballarin, 2019; Dong et al., 2020).
Despite these emergences of technologies and methodologies,
the most important aim of replication is to ensure the stability
of the original artifact. Moreover, precision, expressivity,
collectivity, durability, and economic feasibility should be
considered (Byun et al., 2009). In this study, 3D scanning
and printing-based contactless replication were employed as
a method to achieve the aforementioned conditions. In
particular, a methodology is proposed to model and print the
mold that reflects the creation process of the bronze mirror
with Hwangbichangcheon inscription rather than replicating
it directly.
Firstly, a high-resolution scanning model with a distance
of 0.02 mm between points was completed, and for the
virtual conservation treatment, the corrosion particles on the
surface of the bronze mirror were removed using a haptic
device after being converted to a voxel model. The outcome
was the original bronze mirror, which is not only valuable
as a heritage but also applicable in education, exhibition, and
research. Most cultural products in museums are also made
based on digital data; therefore, it can be utilized as a
souvenir to highlight its function as a mirror (Figure 8).
For

the

virtually

treated

bronze

mirror

with

Hwangbichangcheon inscription, the mold was created based
on the reference model and Boolean modeling, thereby
completing the digital mold with the pattern displayed. A
virtual bronze mirror was created based on the digital mold
and the sharpness and replicability of the pattern were
Figure 7. 3D sand-printing of the digital mold.

checked in advance. This can greatly reduce defects in the
final replica and enhance its quality. In addition, basically,
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ritual vessel used for ancestral rites at Jongmyo.
This study focused on establishing a creation process for
a mold used in casting artifacts using digital technologies.
This shortens the entire process by excluding the stage of
casting the original artifact from the processes of creating the
traditional metal artifacts. However, the replica was not
created directly using the sand-printing mold in this study,
hence, there is still a need for further research on the casting
operation. It is inferred that the application of digital
technology-based contactless replication methodology can be
extended only if the on-site applicability is verified.
Figure 8. Cultural product of the bronze mirror with
Hwangbichangcheon inscription.
molds printed with a 3D sand-printer are characterized by
large pores among sand particles. This ensures good
ventilation when casting a bronze mirror, which is
advantageous in emitting water vapor or gases.
Reproducing a mold by 3D scanning, voxel modeling,
virtual conservation treatment, Boolean modeling, and
sand-printing is a method of replication that reflects the
materials and technologies that change with time (Figure 9).
Given that digitalization of artifacts has become common
nowadays and 3D printing is widely used for restoration and
replication (Lee and Wi, 2015; Jo and Hong, 2019; Shin and
Wi, 2020), there is a need to develop new methodologies
using advanced technologies. In particular, sand-printing
based on digital-mold modeling is expected to be in high
demand for metal artifacts that need casting or require
continuous production due to their high utilization, like the

5. CONCLUSION
In this study, a contactless replication methodology that
makes active use of digital technologies, including 3D
scanning, voxel modeling, virtual conservation treatment,
Boolean modeling, and 3D sand-printing, is proposed to
replicate a bronze mirror

with Hwangbichangcheon

inscription. The mold for a bronze mirror could be created
quickly by linking the outcome of a modeled mold to the
sand-printing based on the original data of the mirror. This
methodology minimizes contacts with artifacts and greatly
contributes to streamlining conventional processes for replication.
The digital model of the bronze mirror created by 3D
scanning displayed a high-resolution distance of 0.02 mm on
average between points, and the overall inscription, pattern,
texture, and corrosion on the surface were properly replicated.
Since the corrosion on the surface should not be replicated,
the polygon mesh was converted into a voxel model to

Figure 9. Suggestion of the digital technology-based contactless replication methodology
for the bronze mirror.
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remove it, and virtual conservation treatment was performed
using a digital haptic device. This eliminated 233 mm3 of the
corrosion existing in about 7.3% of the surface area.
To model the digital mold for the bronze mirror, its
drawing was produced with the actual measurements based
on reference data, and its overall appearance was completed
by adjusting its size. The pattern plane was displayed by
differentiating the virtually treated 3D model of the bronze
mirror with the Boolean computation. Then, the sprue shape
was added based on the drawing and the loop was completed
crossing a thin digital clay bar to make a hole after casting.
The convex mold was created for the metal casting. The
completed model of the mold was printed out by
binder-jetting-based 3D sand-printing.
This digital technology-based contactless replication
reflects the stability, precision, expressivity, collectivity,
durability, and economic feasibility of artifacts, and its
application can be extended to cultural products as well as
such areas as education, exhibition, and research in the future.
It could also be in high demand for metal artifacts that
require continuous production of replicas because they
require casting or have high demand. However, in this study,
the replica was not created directly using the sand-printing
mold; hence, further research on the casting operation is
needed. This shows that the application of the digital
technology-based contactless replication methodology can be
extended only if the on-site applicability is verified.
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ABSTRACT This study analyzes six slags excavated from the iron making site in Gogi-ri, Namwon,

Korea to understand the characteristics of the ruins, and to confirm the iron making process performed
at the time. The chemical components of the iron making by-products from the Gogi-ri site were
analyzed, and the findings indicate total Fe contents between 23.24% and 37.56%, which are lower
than the typical total Fe content found in ancient iron making processes. The deoxidation agent contents
of the slags ranged from 43.88% to 58.13%, which are higher than the typical deoxidation agent content
of ancient iron making processes. The high content suggests smooth separation between iron and slags,
and TiO2 detected from the site suggests the use of materials with high titanium content in the iron
making in the region. As for the microstructures of the slags, some slags have long pillar-shaped
fayalites, while others have pillar-shaped wüstite along with ulvöspinel. Slags from the forging furnace
show hammer scales created by both the earlier stages and later stages of forging work. The findings
suggest that the iron making site in Gogi-ri, Namwon, Korea used to be an iron making facility where
a full range of iron making process was carried out ranging from smelting to forging, and the ironmakers
used a wide array of technologies to manufacture iron products.
Key Words Slag, Iron making, Smelting, Forging

1. INTRODUCTION

difficult to understand the development of the iron culture
by solely relying on iron artifacts (Lee, 2010).

In the ancient times, the iron making technology was a

This issue can be circumvented by analyzing iron making

crucial technological element that could determine a state’s

by-products instead. Slags mean residues created by smelting

growth. For ancient states where advancements in the metal

or processing iron (Yoon, 1986). Iron ores and slags are

culture had significant impact on their fate, the use of

excavated in large quantities from iron making sites. When

metallurgy techniques such as mining, smelting, molding,

analyzed, smelting slags from metallurgy sites provide ample

forging, and gilding to manufacture metal products held great

information required to understand the properties of the slags,

significance. A state’s level of advancements in metallurgy

estimate the works performed at the site, and determine the

serves as an indicator of its growth.

level of advancements in smelting technologies (Rho, 2000).

Metallurgical analyses are performed on excavated

Slags contain materials from raw ores, furnace walls and

artifacts to understand ancient iron making technologies.

mixtures, along with a significant amount of iron oxide.

However, given the fact that iron corrodes easily, it is

These materials are traces of the works performed at the time.
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Ancient iron making processes can be estimated by using raw

and the furnace walls at the bottom and the sides are between

materials used for iron making and fuels used to melt iron.

2 and 3 centimeters thick. Hammer scales, granular slags, and

Thus, slags provide significant insights into the iron making

small iron ores were found inside the furnace. Objects

process in the ancient times.

excavated from the site include white porcelain and

This study analyzes slags excavated from an iron making

earthenware pieces, forging tools including hammers and

site in Gogi-ri, Namwon, Korea, to understand the iron

pliers, large quantities of furnace bottom slags, leaked slags,

making process carried out at the site.

and furnace wall fragments.
The Gogi-ri site is the first iron making site in the

2. SITE OVERVIEW

mountainous areas in the eastern part of Jeollabuk-do
containing evidence on the full cycle of iron making

The Gogi-ri site was excavated and investigated by the

processes from smelting to forging. The excavated artifacts

Jeonju Research Institute for Cultural Heritage under the

puts the operation of the site in or around the 18th century

authorization of the Korean Cultural Heritage Administration.

(Jeonju Research Institute for Cultural Heritage, 2016).

Artifacts excavated from the site provide an insight into the

3. ANALYZED SAMPLES AND
ANALYSIS METHODS

full cycle of iron making process from smelting to forging.
Structures excavated at the site include an smelting
furnace, a forging furnace, drainage facilities, unidentified
structures, and a disposal area. The rectangular smelting

3.1. Analyzed samples

furnace is heavily damaged. However, a part of the lower
stone pillar remains, along with a tap and a hole used to

This study analyzed slags excavated from the iron making

collect slags. The forging furnace has a flat and round shape,

site in Gogi-ri, Namwon, Korea (Figure 1, Table 1). NG-1

Figure 1. Slags excavated from Gogi-ri site, Namwon.
Table 1. Characteristics of slags excavated from Gogi-ri site, Namwon
No.

Name

Findspot

Characteristic

NG-1
NG-2
NG-3

Slag
Leaked slag
Hammer scales

smelting furnace
smelting furnace
forging furnace

Relatively light in weight, weaker magnetism
Shows trails of flowing down
Split into plates, and a slight gloss on the side

NG-4
NG-5
NG-6

granular slags
granular slags
Slag

forging furnace
Unidentified Structures
Unknown

Solidified into a spherical shape
Solidified into a spherical shape
Porous and breaks easily
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4. FINDINGS

and NG-2 were found in the smelting furnace. NG-3 and
NG-4 were excavated from the forging furnace, and NG-5
was recovered from the unidentified structures. The spot

4.1. Principal component analysis

where NG-6 was found is unknown. A naked eye observation
revealed traces of melting and hardening in NG-1. The

Table 2 summarizes the findings of the XRF analysis on

material is also relatively light and weak in magnetism. The

the principal components of the slags excavated from the

shape of NG-2 suggests that the molten slag leaked from the

Gogi-ri site.

furnace before hardening. NG-3 consists of hammer scales in

Total Fe content, or T⋅Fe, refers the content of iron

thin tabular shapes, and the cross sections have slight luster. NG-4

remaining in a slag. The iron content allows for estimation

and NG-5 are granular slags created by the hardening of

of the recovery rate of iron from raw materials. A low total

molten slags into spherical shapes. NG-6 is a fragile porous slag.

Fe content indicates a higher recovery rate by smelting. The
typical total Fe content of slags created by ancient smelting
ranges between 30% and 50% (Yoon, 1986).

3.2. Analysis methods

The deoxidation agent improves the liquidity of slags,

3.2.1 Principal component analysis

Samples were cleaned and completely dried for an
analysis of their principal components using wavelength
dispersive x-ray fluorescence spectroscopy (WD-XRF, S4
Pioneer, Bruker, DEU). Principal component analysis was not
performed on NG-3, NG-4, and NG-5, as samples could not
be obtained in the amounts required for the analysis. The
other slag samples were pre-processed for glassification, and
the findings were quantitatively measured.

thereby facilitating the separation between slags and metal
iron. It also lowers the melting temperature for easier iron
manufacture. The typical deoxidation agent (SiO2 + Al2O3 +
CaO + MgO) content of ancient iron manufacture ranges
between 17% and 40% (Yoon, 1986). A higher deoxidation
agent content suggests smoother separation of metal iron.
The findings of the principal component analysis can be
summarized as follows. The T⋅Fe of NG-1 was 34.48%,
with FeO at 44.36 wt%, SiO2 at 28.24 wt%, Al2O3 at 8.79
wt%, CaO at 5.84 wt%, and MgO at 1.01 wt%, which

3.2.2. Observation of microstructures

The samples were mounted using epoxy resin. The
mounted samples were gradually polished from 220 mesh to
4,000 mesh, followed by fine polishing with 3 µm and 1 µm
DP-sprays (Struers, DEU) to remove all scratches from the
samples. The polished samples were observed using a
metallographic microscope (DM 2500M, Leica, DEU). The
details of the microstructures were observed using a scanning
electron microscope (SEM, MIRA3, TESCAN, CZE), and
their chemical composition was analyzed using an energy
dispersive spectrometer (EDS, QUANTA300, BRUNKER,
DEU). The samples were coated with platinum (Pt) to
increase their conductivity and minimize the impact on

confirms that NG-1 is slag created by iron manufacture
process. The deoxidation agent (SiO2 + Al2O3 + CaO + MgO)
content was high at 43.88%. TiO2 measured at 6.46 wt%, and
V2O5 at 0.47 wt%. The finding suggests the use of raw
materials with high titanium content.
The T⋅Fe of NG-2 was 23.24%, with FeO at 29.90 wt%
SiO2 at 42.15 wt%, Al2O3 at 12.50 wt%, CaO at 2.68 wt%,
and MgO at 0.80 wt%, which confirms that NG-2 is slag
created by iron manufacture process. The deoxidation agent
(SiO2 + Al2O3 + CaO + MgO) content was high at 58.13%.
TiO2 measured at 1.59wt%. The finding suggests the use of
raw materials with high titanium content.

composition ratios.
Table 2. Chemical composition of slags from Gogi-ri site, Namwon
No.

Major composition (wt%)
FeO SiO2 Al2O3 TiO2 CaO K2O MgO ZrO2 MnO Na2O P2O5 V2O5

NG-1 44.36 28.24 8.79

SO3

SrO Rb2O CuO

6.46

5.84

2.70

1.01

0.57

0.56

0.48

0.47

0.39

0.08

0.04

0.01

NG-2 29.90 42.15 12.50 1.59

2.68

8.73

0.80

0.24

0.20

0.42

0.62

-

0.13

0.02

0.04

NG-6 48.32 30.34 8.64

5.37

2.22

1.19

0.21

0.25

0.71

0.33

0.33

0.04

0.03

0.01

2.02

-

T ‧ Fe

Deoxi-dation
agent

34.48

43.88

0.03 23.24
-

37.56

58.13
45.54
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The T⋅Fe of NG-6 was 37.56%, with FeO at 48.32 wt%
SiO2 at 30.34 wt%, Al2O3 at 8.64 wt%, CaO at 5.37 wt%,

higher SiO2, Al2O3, CaO contents, confirming the material as
glass phase.

and MgO at 1.19 wt%, which confirms that NG-6 is slag
created by iron manufacture process. The deoxidation agent

4.2.2. Leaked slag (NG-2)

(SiO2 + Al2O3 + CaO + MgO) content was high at 45.54%.

Figure 3A shows the findings of the observation of NG-2

TiO2 measured at 2.02 wt%, and V2O5 at 0.33 wt%. The

microstructures. Long pillar-shaped fayalite and white

finding suggests the use of raw materials with high titanium

polygonal and tree-shaped structures were observed on the

content.

glass phase. In order to examine the details of the
microstructure and its chemical composition, the inner

4.2. Observation of microstructures

structure of the slag was magnified and observed using the
SEM (Figure 3B), followed by an EDS analysis. The findings

4.2.1. Slag (NG-1)

Figure 2A shows the findings of the observation of NG-1
microstructures. Fine wüstite and coarse Wüstite were found
on the glass phase, along with white polygonal particles. In
order to examine the details of the microstructure and its
chemical composition, the inner structure of the slag was
magnified and observed using the SEM (Figure 2B), followed
by an EDS analysis. The findings are listed in Table 3. The
SEM-EDS analysis found a high FeO content in 1-01,
confirming the material as wüstite. The fine wüstite was
forming a tree shape. The white polygonal structures in 1-02
and 1-03 were high in FeO and TiO2, which indicates that

are listed in Table 4. The SEM-EDS analysis found high FeO
and TiO2 content in 2-01, which indicates that the material
is ulvöspinel. 2-02 had high FeO content above 99%, which
suggests that iron particles remaining in the furnace after
smelting may have been mixed in the leaked material. The
high content of FeO and SiO2 in 2-03 shows that the material
is fayalite. 2-04 had lower FeO content and higher SiO2 and
Al2O3, contents, confirming the material as glass phase. 2-05
had higher FeO and CaO content than 2-04, as well as high
SiO2 and Al2O3, contents. The findings suggest glass phase
with high FeO and CaO content.

the materials are ulvöspinel. 1-04 had lower FeO content and
Table 3. EDS analysis results of NG-1 slag
Spectrum
1-01
1-02
1-03
1-04

FeO
93.72
64.05
69.42
39.88

TiO2
2.36
3.44
3.67
-

SiO2
1.66
15.26
11.36
34.39

Composition
CaO
0.46
5.45
5.33
13.53

(wt%)
Al2O3
0.87
8.67
7.44
8.19

MgO
0.67
1.23
0.68
1.01

K2O
0.26
1.09
0.95
3.00

V2O5
0.82
1.15
-

Figure 2. Microstructure of NG-1 slag; (A) Image of metallurgical microscope, (B) SEM image and point of EDS analysis.
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Figure 3. Microstructure of NG-2 slag; (A) Image of metallurgical microscope, (B) SEM image and point of EDS analysis.
Table 4. EDS analysis results of NG-2 slag
Spectrum

Composition (wt%)
Al2O3
MgO
7.07
-

2-01

FeO
64.28

TiO2
24.65

SiO2
1.02

CaO
0.51

2-02
2-03
2-04

99.40
66.36
10.34

3.54
-

0.33
19.45
46.07

0.26
3.55
3.42

4.44
22.08

2-05

24.16

0.94

35.73

15.53

16.08

K2O
-

V2O5
2.48

MnO
-

Na2O
-

0.53
-

1.05
18.10

0.10
-

0.98
-

-

-

5.56

-

-

1.99

Figure 4. Microstructure of NG-3a slag; (A) Image of metallurgical microscope, (B) SEM image and point of EDS analysis.
4.2.3. Hammer scales (NG-3)

analysis. The findings are listed in Table 5. The SEM-EDS

Figures 4A and 5A shows the findings of the observation

analysis showed high FeO contents in 3-01 and 3-04, which

of NG-3 hammer scales. Some hammer scales have leaf-like

confirms the material as wüstite. The lower FeO content in

shaped wüstite on glass phase (NG-3a), and others have flat,

3-01 than 3-04 seems to have been caused by the surrounding

agglomerated wüstite (NG-3b). In order to examine the

glass phase. Given their shape and the high SiO2, Al2O3, CaO

details of the microstructure and its chemical composition,

contents, 3-02 and 3-03 seem to be glass phase. The high FeO

the inner structure of the slag was magnified and observed

content seems to have been caused by the surrounding

using the SEM (Figures 4B and 5B), followed by an EDS

wüstite.
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Figure 5. Microstructure of NG-3b slag; (A) Image of metallurgical microscope, (B) SEM image. and point of EDS analysis.
Table 5. EDS analysis results of NG-3a, b slag
Composition (wt%)

Spectrum

FeO

TiO2

SiO2

CaO

Al2O3

MgO

K2O

V2O5

3-01

77.63

3.57

10.14

3.03

3.30

0.73

1.01

0.59

3-02

51.33

2.40

26.22

10.78

5.90

0.41

2.96

-

3-03

56.37

-

23.26

12.83

3.90

-

3.65

-

3-04

99.52

0.48

-

-

-

-

-

-

Figure 6. Microstructure of NG-4 slag; (A) Image of merallurgical microscope, (B) SEM image and point of EDS analysis.
4.2.4. Granular slags (NG-4)

results, 1-04 had lower FeO content and higher SiO2, Al2O3,

Figure 6A shows the findings of the observation of NG-4

CaO contents, confirming the material as glass phase. 4-02

microstructures. Long pillar-shaped fayalite were observed on

was confirmed as fayalite based on the high FeO and SiO2

the glass phase, along with tree-shaped wüstite and white

contents. The high FeO and TiO2 content in 4-03 indicates

polygonal structures. In order to examine the details of the

that the material is ulvöspinel. 4-04 had high FeO content,

microstructure and its chemical composition, the inner

which confirms the material as wüstite. The microstructure

structure of the slag was magnified and observed using the

and component analyses indicate wüstite grows larger and

SEM (Figure 6B), followed by an EDS analysis. The findings

exist in greater quantities than smelting slags.

are listed in Table 6. According to the SEM-EDS analysis
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Table 6. EDS analysis results of NG-4 slag
Spectrum

FeO

TiO2

SiO2

Composition (wt%)
CaO
Al2O3
MgO

K2O

V2O5

Na2O

4-01
4-02
4-03

28.20
51.74
80.63

1.44
1.06
3.94

37.18
30.85
8.55

13.31
6.23
1.05

11.62
5.58
3.65

1.19
0.83

7.25
3.35
0.35

1.01

0.99
-

4-04

78.91

1.08

13.97

2.89

1.62

0.50

1.02

-

-

Figure 7. Microstructure of NG-5 slag; (A) Image of merallurgical microscope, (B) SEM image and point of EDS analysis.
Table 7. EDS analysis results of NG-5 slag
Spectrum

Composition (wt%)

5-01
5-02

FeO
74.59
67.96

TiO2
3.05
22.10

SiO2
12.83
2.70

CaO
4.62
0.62

Al2O3
3.00
4.94

MgO
0.77
-

K2O
1.14
-

V2O5
1.69

5-03

57.30

1.93

24.85

7.54

4.66

0.93

2.79

-

4.2.5. Granular slags (NG-5)

4.2.6. Slag (NG-6)

Figure 7A shows the findings of the observation of NG-5

Figure 8A shows the findings of the observation of NG-6

microstructures. Leaf-like shaped wüstite were observed on

microstructures. Long pillar-shaped fayalite and white

the glass phase, along with white polygonal structures. In

polygonal and tree-shaped structures were observed on the

order to examine the details of the microstructure and its

glass phase, along with iron particles that remained in the

chemical composition, the inner structure of the slag was

furnace after smelting. In order to examine the details of the

magnified and observed using the SEM (Figure 7B), followed

microstructure and its chemical composition, the inner

by an EDS analysis. The findings are listed in Table 7. The

structure of the slag was magnified and observed using the

SEM-EDS analysis found high FeO content in 5-01, which

SEM (Figure 8B), followed by an EDS analysis. The findings

indicates that the material is wüstite. 5-02 had high FeO and

are listed in Table 8. The low content of FeO and the high

TiO2 contents, confirming the material as ulvöspinel. The

SiO2 and Al2O3 contents in 6-01 and 6-06 shows that the

metallurgy microscope observation suggested that 5-03 may

material is glass phase. The high K2O content seems to have

be glass phase. However, the component analysis found

been caused by charcoal or other organic materials introduced

high FeO and SiO2 contents, confirming the material as

during smelting. The high FeO and SiO2 content in 6-02 and

fayalite.

6-05 indicates that the material is fayalite. 6-03 had high FeO
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Figure 8. Microstructure of NG-6 slag; (A) Image of merallurgical microscope, (B) SEM image and point of EDS analysis.
Table 8. EDS analysis results of NG-6 slag
Composition (wt%)

Spectrum

FeO

TiO2

SiO2

CaO

Al2O3

MgO

K2O

V2O5

MnO

Na2O

6-01

10.89

-

48.08

-

19.73

-

21.29

-

-

-

6-02

59.18

-

29.17

0.95

3.33

4.49

1.93

-

0.95

-

6-03

60.33

27.16

0.45

-

4.66

1.29

-

5.38

0.73

-

6-04

100.00

-

-

-

-

-

-

-

-

-

6-05

71.86

1.13

21.21

2.08

-

2.32

-

-

1.40

-

6-06

27.53

2.88

38.81

15.23

12.93

0.38

1.82

-

-

0.43

and TiO2 contents, which confirms the material as ulvöspinel.

were estimated based on the content of TiO2 and V2O5. But

6-04 had high FeO content above 99%, which suggests that

According to a recent study by Cho et al. (2018), when low

iron particles remaining in the structure after smelting may

titanium sand iron was used for smelting, the content of TiO2

have been mixed in the slag.

was averaged 0.75 wt%. It seems that it is difficult to
determine the raw material only by the content of TiO2.

5. DISCUSSION AND CONCLUSIONS

However, since this result is the result of analyzing a small
number of samples due to the limited amount of samples, it

The following information was obtained from the analysis of

seems that more reliable results can be derived if the number

the iron making by-products from the Gogi-ri site in Namwon.

of samples analyzed through additional research is increased.

An analysis of the principal components of the

As a result of analyzing the microstructures and chemical

by-products from the site found total Fe contents ranging

compositions of the iron making by-products from the

between 23.24% and 37.56%, which is lower than the typical

Gogi-ri site, NG-1 showed fine leaf-like shaped wüstite and

total Fe contents (30 to 50%) in ancient smelting processes.

coarse wüstite on the glass phase, along with white polygonal

The finding suggests a high iron recovery ratio. The

particles. The SEM-EDS analysis confirmed the white

deoxidation agent contents ranged from 43.88% to 58.13%,

polygonal structure as ulvöspinel. The slag was created by

which is higher than the typical deoxidation agent contents

smelting. In NG-2, long pillar-shaped fayalite and white

in ancient iron manufacture (17 to 40%). The finding

polygonal and tree-shaped structures were observed on the

suggests smooth smelting operations. The high contents of

glass phase. The SEM-EDS analysis confirmed the white

TiO2 and V2O5 suggest the use of raw materials with high

polygonal and tree-shaped structures as ulvöspinel, along

titanium content. In the past, raw materials used for smelting

with iron particles that seem to have remained in the furnace
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after smelting. The findings indicate that the slag was created

iron products. In this study, only slags and hammer scales

by smelting. As for NG-3, some hammer scales have

were analyzed, but if the analysis of raw materials such as

spindle-shaped wüstite on glass phase whereas others have

iron ore existing in the region is carried out together, it will

flat, agglomerated wüstite. Through the shape of the

be of great help in understanding the raw materials and

microstructure of the hammer scales, it is possible to estimate

processes of iron making in this region. We hope that such

the nature of the work of the forging process. At the

research will be conducted in the future to help you

beginning of forging work, a large amount of wüstite

understand the iron making technology in this region.

appeared in a granular form, latter part of the forging work,
granular wüstite aggregate and are observed in a
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ABSTRACT In this study, a scientific analysis of the gold leaf layers and internal structure of the Clay
Seated Vairocana Buddha Triad in Seonunsa Temple, Gochang (Treasure No. 1752) was conducted.
The surface of the Buddha statues is a gold foil, and the gold leaf layer consists of four layers. The
gold leaf layer first composed on the molding clay was produced in the order of
lacquer-fabrics-lacquer-gold foil. Subsequently, it was confirmed that the work was performed three
times in the same way. The composition of the Buddha statues was divided into the head, body or
upper body, lower body, and pedestal. The body was made in a cylindrical form by connecting vertically
oriented wooden materials, and the head and lower body were also connected to the body in an empty
form. Thus, the head, body, and lower body are grafted structures that are connected to a single
Bokjang-gong. It was confirmed that the Clay Seated Vairocana Buddha Triad in Seonunsa Temple
was made using wood materials for the basic form, after which the detailed form was created with
molding clay, and the surface was finished with a process of layering gold foil and substances presumed
to be lacquer.
Key Words Clay Buddha statues, Gold leaf layers, Internal structure, Manufacturing technique, Conservation
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1. INTRODUCTION

of Seonunsa Temple in Gochang, is a Buddhist sculpture
representing small statues of Buddha with an outstanding

Clay Buddha statues, which have material characteristics

Buddha image, and it has been designated and preserved as

composed of soil and wood, require routine investigations of

Treasure No. 1752. According to the results from a

their conservation condition. In addition, studies on material

conservation diagnosis and investigation conducted in 2017,

properties and manufacturing techniques can be used as

it was reported that the clay Buddha statues had cracks on

important information for the treatment or continuous

the surface and damage to the gold leaf layer (Georim

conservation management of damaged Buddha statues.

Culture Heritage and Gochang-gun, 2018).

The Clay Seated Vairocana Buddha Triad of Seonunsa

In 2020, analyses were conducted to identify the main

Temple, located on the Buddhist altar inside Daeungjeon Hall

constituent materials of the clay Buddha statues. The analyses
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focused mainly on the following items: the molding clay soil

data for the conservation and management of Buddha statues

components and species of mixed fibers, the basic status of

in the future.

the gold leaf layer, the wood species of the basic skeleton

2. METHOD

of the Buddha statue, and the material of Nabal (Lee et al.,
2020). Following the first study, the present study is
conducted to obtain more details regarding the manufacturing

2.1. Analysis target and content

technique of the Clay Seated Vairocana Buddha Triad of
Seonunsa Temple. The research is based on an accurate

Analysis of gold leaf layers was conducted on five

analysis of the gold leaf layer and internal structure of the

samples collected from the three Buddha statues during the

three clay Buddha statues. In addition, through the research

treatment process of the Clay Seated Vairocana Buddha Triad

results of series No. 1 and No. 2, this study aims to provide

at Daeungjeon, Seonunsa Temple in 2019 (Table 1). The

a comprehensive investigation of the material characteristics

internal structures of the Buddha statues were analyzed based

and manufacturing techniques of the Clay Seated Vairocana

on the results of radiographic irradiation conducted during the

Buddha Triad of Seonunsa Temple. The research results can

diagnosis and investigation of the conservation condition of

be used as a reference for the manufacturing technology of

the clay Buddha statues in 2017 (Figure 1).

clay Buddha statues in Korea and can also serve as useful
Table 1. List of analysis of gold leaf layers for the Clay Buddha statues
Sample name

Category

GL-1

Medicine Buddha

GL-2
GL-3

Vairocana Buddha

Right bottom board of the Buddha statue
Backside of the Buddha statue

Amitabha Buddha

Analysis equipment

Classification

Digital
SEM-EDS
microscope

Gold leaf
layer

Left knee of the Buddha statue
Left waist of the Buddha statue

GL-4
GL-5

Location

Backside of the Buddha statue

Figure 1. Current status of radiographic targets and film layout.
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2.2. Analysis of the gold leaf layer
2.2.1. Microscopy

Cold mounting of the samples was performed with epoxy
resin, and the surface was polished in the order of #1000,

be identified in detail, such as the internal condition of the
Buddha statue, the joinery techniques, internal damage (such
as to the wood and molding clay), and the existence of
repairs.

#2400, #4000, and #1 µm. A 3D microscope (Digital

3. RESULTS

Microscope; DVM6, Leica, DEU) was used to identify the
sectional characteristics and thickness of each layer for the
processed samples.

3.1. Gold leaf layer
3.1.1. Microscopy

2.2.2. SEM-EDS

Samples GL-1, GL-2, GL-3, and GL-5 have a ground

After the completion of microscopy, microstructure

layer at the lowermost part of the gold leaf layer, and samples

observations and chemical composition analyses were

GL-1, GL-2, and GL-5 have a lacquer layer that includes

conducted on the samples using a scanning electron

fabric. On top of that, there is a first gold leaf layer, which

microscope with an energy-dispersive florescence X-ray

is composed of presumed lacquer material → gold leaf →

analyzer (SEM-EDS; EM30AX, Coxem, KOR). The results

presumed lacquer material → gold leaf. Next, there is a white

of the material characteristics analyses and visual surveys of

filling layer, followed by the second gold leaf layer. The

the gold leaf layer were compared.

second gold leaf layer is also composed of presumed lacquer

2.3. Radiographic analysis

leaf, similar to the first gold leaf layer. White treatment

material → gold leaf → presumed lacquer material → gold

Radiography was performed on the front of the three clay
Buddha statues. The radiographic conditions were a γ-ray
source with a source intensity of 20 Ci, FUJI #100 film, a
distance of 4.2 m, and an exposure time of 2 h 30 min.
Through the images captured by the radiographic film,
features that cannot be observed with the naked eye could

materials are present in the gold leaf layer of sample GL-4,
and a filling layer containing fabric is present above the layer.
Lastly, there is a gold leaf layer in the order of lacquer →
gold leaf → lacquer → gold leaf (Figure 2).
The lacquer layers included in the gold leaf layer have
thicknesses ranging from 8 µm to 120 µm depending on the
location, whereas the gold leaf thickness ranges from 2 µm

Figure 2. Classification of layers((a): ground layer, (b): 1st gold leaf layers, (c): white filling layer, (d): 2nd gold leaf layers).
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to 5 µm. The thickness of the filling layer exhibits significant

and elemental mapping was conducted at the same time

differences depending on the sample, ranging from 18 µm

(Figure 3, Table 2). In sample GL-1, calcium (Ca) and silicon

to 400 µm.

(Si) were observed in the filling layer, and gold (Au) was
identified in the gold leaf layer. In the second gold layer of

3.1.2. SEM-EDS

the first gold leaf layer, copper (Cu) and chlorine (Cl) were

The microstructures of the five samples were observed,

identified. In sample GL-2, magnesium (Mg), calcium (Ca),

Figure 3. SEM-EDS mapping analysis results.
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Table 2. SEM-EDS chemical components analysis results
Detected elements
(mapping method)

Point analysis number

Detected elements
(point method)

GL-1

Si, Ca, Cl, Cu, Au

GL-1a
GL-1b
GL-1c

Au
Ca
Ca, Cu, Cl

GL-2

Mg, Al, Si, Ca, Au, Pb

GL-3

Ca, Mg, K, Al, Si, Cu

GL-2a
GL-2b
GL-3a

Au
Pb
Ca, Mg

GL-4

S, Ca, Si

GL-3b
GL-4a
GL-4b

Au
Ca, S
Ca, S

GL-5

Mg, Al, Si, Ca, Cu, Au

GL-5a
GL-5b

Au
Ca

Sample name

Figure 4. SEM-EDS point analysis results.
aluminum (Al), silicon (Si), and lead (Pb) were identified in

in the filling layer, and some parts of the lacquer layer in

the filling layer, and gold (Au) was identified in the gold leaf

the second gold leaf layer also showed the presence of copper

layer. In sample GL-3, calcium (Ca), magnesium (Mg),

(Cu). In sample GL-4, sulfur (S), calcium (Ca), and

aluminum (Al), silicon (Si), and copper (Cu) were observed

aluminum (Al) were identified in the filling layer; in sample

48 | Journal of Conservation Science Vol.37, No.1, 2021

GL-5, calcium (Ca), magnesium (Mg), aluminum (Al), and

the left and right sides of the head using two straight nails

silicon (Si) were observed in the filling layer. In the first gold

(Figure 5 (A-2)). The state of the material used in the head

layer of the second gold leaf layer, copper (Cu) and gold

part was not clearly identified as the radiographic image was

(Au) were observed.

frontal, but the joint parts were identified as connections

EDS point analysis was performed to confirm the

between the left and right sides of the head and the wood

chemical composition of each sample (Table 2, Figure 4).

material in the center (Figure 5 (A-3)). Tiny cracks were

Sample GL-1 showed gold (Au) in the gold leaf layer (GL-1),

observed inside and outside the head image, and thus it is

whereas in the filling layer (GL-1b), calcium (Ca) was

believed that the wood material surface was finished with soil

identified as the main component. On the upper part of the

(Figure 5 (B-1)). The Bokjang-gong of the head is a structure

second gold layer of the first gold leaf layer, where copper

connected through the neck to the body, and based on the

(Cu) was identified in the elemental mapping, copper (Cu)

condition of the wood grain shape, it appears that the material

and chlorine (Cl) were identified along with calcium (Ca).

parts were connected from the head to neck (Figure 5 (C-1)).

In sample GL-2, gold (Au) was observed in the uppermost

A large crack was identified in the lower neck area and was

gold leaf layer (GL-2a), and a clear peak of lead (Pb) was

considered to be a crack in the molding clay layer located

observed in the filling layer (GL-2b). In sample GL-3,

on the surface of the wood, rather than in the wood material

calcium (Ca) and magnesium (Mg) were found in the filling

(Figure 5 (C-2)).

layer (GL-3a), and gold (Au) was observed in the second
gold layer of the first gold leaf layer. In the filling layer

(2) Body

(GL-4a) and treatment material layer (GL-4b) under the gold

From the body to both arms, the thick dark lines that

leaf layer of sample GL-4, calcium (Ca) and sulfur (S) were

appear vertically seem to be attributable to the joints of the

observed. Gold (Au) was observed in the first gold layer

wood material parts (wooden boards) used to form the body,

(GL-5a) of the second gold leaf layer in sample GL-5, and

and the wood grain shape was also found to be consistent

calcium (Ca) was observed in the filling layer (GL-5b).

along most of the joints (Figure 6 (A-1, A-2)). The joint
wood grain shapes of these wood material parts are thought

3.2. Radiographic
3.2.1. Vairocana Buddha

(1) Head
The head of the Vairocana Buddha is empty inside the
Bokjang-gong (enclosed space for fabrics in the Buddha)
(Figure 5 (A-1)), and the ears seem to have been fixed on

to be connected from the body to the lower body. A clamp
shape is positioned at regular intervals on the vertical wood
material parts (Figure 6 (A-3)). Accordingly, the body of the
Vairocana Buddha was constructed by grafting vertical wood
materials, and the inside was made for the Bokjang-gong.
The condition of the wood grain shape that runs down from
the neck indicates that the head and body are connected
(Figure 6 (B-1)). From the inside of the body to the shoulder

Figure 5. Radiography results of the head (Vairocana Buddha).

Study on the Characteristics and Production Techniques of the Clay Seated Vairocana Buddha Triad of Seonunsa Temple, Gochang(2) / Hwa Soo Lee et al. | 49

and the outside of the arms, overall cracks in the molding

(3) Lower body

clay layer were found, and most of the Buddha's forms

In the case of the lower body, the transmittance was very

appear to have been formed and then finished with soil on

low, which limited our understanding of the internal status.

the wood surface (Figure 6 (B-2, C-1)). A number of large

However, it was identified that a number of iron nails and

and small cracks found in various parts of the body appear

clamp shapes were used to connect the base plate and the

to have been caused by the molding clay layer finishing on

lower body (Figure 7 (A-1, A-2, B-2)). Furthermore, the

the surface of the wood, and large horizontal cracks found

cracks in the molding clay layer outside the lower body,

in the chest area where the hand sign is located are also

along with the traces of wood grain shapes in various parts

considered to be cracks in the molding clay layer caused by

of the lower body, indicate that the lower body, like the body,

the formation of the clothes using soil (Figure 6 (A-4)).

was formed and finished with soil (Figure 7 (C-2)).

Considering that traces of irregular nails are clearly visible

Although it is difficult to identify clearly owing to its low

on the left shoulder in contrast to the right shoulder, it is

transmittance, in general overall form, the lower body is also

believed that they represent a repair of structural defects in

empty inside for the Bokjang-gong (Figure 7 (B-1)).

the left shoulder production process or past repairs that are

Moreover, as traces of the wood grain shape of the body and

different from the production process (Figure 6 (A-5)). In

the connection to the lower body are visible, the back of the

addition, a number of nails appear to have been used to

Buddha statue is considered to have a single wood material

repair the structural stability in the area where the arm is

structure connected from the body to the lower body (Figure

bent.

7 (C-1)).

Figure 6. Radiography results of the body (Vairocana Buddha).

Figure 7. Radiography results of the lower body (Vairocana Buddha).
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(2) Body

3.2.2. Amitabha Buddha

Considering the vertically oriented wooden joints
(1) Head

identified on the body and the location of the identified clamp

The radiographic analysis of the head of the Amitabha

shape, it seems that the vertical wood material parts are

Buddha suggests that the wood material part was connected

connected horizontally to form the body. Several material

to create the head, and the interior was designed for use as

parts with different wood grain shapes are connected on the

a Bokjang-gong (Figure 8 (A-1)). Two straight nails were

left and right around the center of the body (Figure 9 (A-1)),

used to fix the ears on each side of the head (Figure 8 (B-1)).

and clamp shapes are consistently fixed according to the

Large and small cracks were identified inside the head, most

vertical shape (Figure 9 (A-2)). The arm parts next to each

of which are thought to be cracks in the molding clay layer

side of the body deviate from the vertical structure. In

on the wood surface (Figure 8 (B-4)). It is believed that the

addition, oblique wood joints are observed (Figure 9 (A-3)),

wood grain shapes identified in the head are connected to the

which appear to be irregular compared to the body part, and

neck and body, indicating that the head and body are

a number of nails have been used (Figure 9 (A-4, B, C)).

connected to the wood material part (Figure 8 (C-1)). Cracks

Most of the thick and vivid connections from the body and

identified in the neck appear to have occurred in the molding

shoulders to the abdominal area are identified along the

clay layer, and based on the condition of the wood grain

joints. Moreover, while it is not clear because of the low

shapes, it is estimated that the wood material parts are

transmittance of the lower part, it appears that the wood grain

connected from head to neck (Figure 8 (C-2)).

shapes in the joints of the wood material part of the body
are connected to the lower body. Therefore, it seems that the

Figure 8. Radiography results of the head (Amitabha Buddha).

Figure 9. Radiography results of the body (Amitabha Buddha).
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vertically oriented wood material part was connected to the

is difficult to identify the lower part of the body owing to

body and both arms (Figure 9 (D-1, D-2)), and the inside

its significantly lower transmittance compared to that of the

was created for the Bokjang-gong. The Bokjang-gong of the

other Buddha statues, the inside of the lower body is empty

body appears to have been connected from the head and neck,

for Bokjang-gong purposes (Figure 10 (A-3)), and there are

and no relics were identified in the radiographic image.

traces of some wood material parts connecting the body to

Overall, the wood grain shapes of the wood material part and

the lower body; therefore, the back material of the Buddha

the cracks in the molding clay layer appear together; thus,

seems to be connected to the lower body (Figure 10 (A-4)).

the construction of the body also seems to consist of wood
material whose surface was lightly finished with soil.

3.2.3. Medicine Buddha

(1) Head

(3) Lower body
The lower body is difficult to identify clearly owing to

Based on the radiological transmittance, the head shape

its low transmittance. Wood material parts with different

was constructed with wood material, and the inside was

wood grain shapes, such as horizontal sections and radial

emptied to prepare a Bokjang-gong (Figure 11 (A-1)). The

sections, were observed in various parts of the lower body

ears were connected using a straight nail, but two iron nails

(Figure 10 (A-1)), and some joints grafted with a base plate

were used to fix the left and right ears (Figure 11 (A-2)).

and lower body were identified (Figure 10 (B-1)). In addition,

Clamps appear in several parts of the head, but it is not

there are numerous traces of iron nails and clamps in the

certain whether they were made in the production process or

lower body area (Figure 10 (A-2, B-2)), which are thought

used for repair purposes (Figure 11 (B-3)). In addition, one

to have been used to connect the base plate to the lower body

clamp was observed at the center of the neck (Figure 11

or to reinforce the structure of the lower body. Although it

(C-1)), and cracks were identified to have occurred in the

Figure 10. Radiography results of the lower body(Amitabha Buddha).

Figure 11. Radiography results of the head (Medicine Buddha).
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molding clay layer outside and below the neck (Figure 11

throughout the shoulders and arms, it is thought that the body

(C-2)). Considering that the Bokjang-gong of the head is

was constructed with wood materials and finished with a thin

connected to the neck (Figure 11 (C-3)), and that the wood

molding clay layer on top of the wood (Figure 12 (B, C)).

grain shape identified in the head is also connected to the
neck, some of the wood material in the occipital region is

(3) Lower body

assumed to be connected to the body (Figure 11 (C-4)).

The lower body is difficult to identify clearly owing to
its low transmittance, but the shape of the inner

(2) Body

Bokjang-gong is approximately observed (Figure 13 (A-1))

The body, which comprises several material parts with

compared to the Bonjon and Uhyeopsi, and a number of iron

different wood grain shapes, is divided vertically, and this

nails and clamps were used to connect the base plate to the

divide appears to be the connecting area of the grafted part

lower body (Figure 13 (A-2)). Several wood grain shapes are

in the production process that connects some of the wood

also observed, such as horizontal and radial sections (Figure

material parts (Figure 12 (A-1)). Therefore, it is believed that

13 (B-1)). Although it is not clearly identified because of the

the body was formed by connecting the vertical material

low transmittance of the upper part of the lower body,

parts, and that the inside is empty and used for a

considering some of the identified connections of the material

Bokjang-gong. The joints of the body’s wood material and

parts and the wood grain shapes of the body, it is thought

wood grain shapes are connected from the neck to the lower

that the wood material part used to form the back of the

body, which indicates that the head and Bokjang-gong are

Buddha is connected from the body to the lower body (Figure

also connected. Considering the cracks in the molding clay

13 (B-2)).

layer and the wood grain shapes inside the body and

Figure 12. Radiography results of the body (Medicine Buddha).

Figure 13. Radiography results of the lower body (Medicine Buddha).
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4. CONCLUSION AND DISCUSSION

detailed follow-up research is required in this area.
Based on the radiographic results, the basic form of the

The results of this investigation and analysis of the

Buddha statue was composed of wood materials, and the

material characteristics and production methods of the Clay

surfaces of the wood materials were finished by molding a

Seated Vairocana Buddha Triad of Seonunsa Temple are as

clay layer to form the Buddha statue, with a similar process

follows.

for all three Buddha statues. The body of the Buddha statue

The gold leaf layers of the Clay Seated Vairocana Buddha

was grafted horizontally with vertically oriented wood

Triad of Seonunsa Temple are largely divided into the fabric

materials and fixed using clamps, and the materials of the

st

layer, ground layer, presumed lacquer layer (1 ), gold leaf

front and back plates were connected to the shoulder

layer (1st), presumed lacquer layer (2nd), gold leaf layer (2nd),

materials to form a cylindrical inner Bokjang-gong. In

rd

repair layer (filling material), presumed lacquer layer (3 ),

addition, the front part of the body is a grafted structure that

gold leaf layer (3rd), presumed lacquer layer (4th), and gold

reaches the lower part of the abdomen, and the abdominal

th

leaf layer (4 ). The surface of the Buddha statue is gold foil,

material is thought to be connected to the base plate. Thus,

and the gold leaf layer consists of four layers. The gold leaf

the body and lower body appear to be connected to a single

layer first placed on the molding clay was produced in the

Bokjang-gong. It is difficult to identify the grafted shape in

order of lacquer-fabrics-lacquer-gold foil. Subsequently, it

the head of the Buddha statue, but because the wood grain

was confirmed that the work was performed three times in

shape of the material is connected to the body, it is believed

the same way. In addition, during the process of forming the

that the backside material is connected to the occipital. In all

third gold leaf layer after the second gold leaf work, it was

three statues of Buddha, the hand signs and ears were made

confirmed that a calcium-based substance was used to fill the

separately, and the ears were connected with iron nails.

upper side of the second layer of the gold leaf layer.

In the case of wooden surfaces, most of the Buddha's

Based on the chemical composition analysis, a filling layer

forms, including the face and body but excluding the hand

between the gold leaf layers of samples GL-1, GL-3, and

sign and head-yukgyae, are believed to have been finished

GL-5 was identified as a material containing calcium (Ca)

with earthen dough based on the observation of cracks in the

as the main component; therefore, it is possible that calcium

molding clay layer throughout the radiographs. The

carbonate (CaCO3) containing calcium was used as the main

radiography results showed no signs of past repair, and no

material. However, in Sample GL-2, minerals such as

factory nails used in modern times were identified.

magnesium (Mg), calcium (Ca), aluminum (Al), and silicon

According to the Series 1 study, analyses of the soil layer

(Si) derived from soil as well as lead (Pb) were identified

constituting the clay Buddha statues revealed that the soil

as the main components. Compared with the other samples,

layer was composed of a mixture of sand and loess, and bast

it is possible that gold mending work on the left side waist

fibers of the paper mulberry (Broussonetia kazinoki) were

of the Vairocana Buddha was performed without complete

included to prevent scattering. In addition, in a tree species

removal of the existing materials. As calcium (Ca) and sulfur

analysis, the wooden materials that comprise the clay Buddha

(S) were identified as major components in the treatment

statues were identified as hard pines (Pinus spp.) (Lee, et al.,

material layer and filling layer on the back side of the

2020). In domestic research studies, the fundamental skeleton

Vairocana Buddha where treatment material was found

of the small Buddha was formed with a wooden member,

(Sample GL-4), it is believed that material based on calcium

and the member was wrapped with a rope or wire, while the

sulfate (CaSO4) was used in the treatment process and the

body was constructed with mud of excellent viscosity. The

formation of the foundation of the gold leaf layer.

formed small clay layer is composed of two or more

Similar to the left knee part of the Bhaisaijyaguru Buddha

composite layers, and it is created by mixing fibers such as

(Sample GL-1), substances such as copper (Cu) and chlorine

straw and seaweed to prevent the formation of cracks in the

(Cl) found in the upper gold leaf part of the first gold leaf

soil. In addition, in the case of molding clay, it was

layer are believed to be related to removing existing

confirmed that the particle size distribution was configured

substances upon re-working during gold mending, and

differently according to the layer level (Han, 2005; Jeon,
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2009; Han et al., 2012; Lee et al., 2013). From these results,
it can be seen that the Clay Seated Vairocana Buddha Triad
of Seonunsa Temple has characteristics similar to previous
results of research on the materials and manufacturing
techniques of clay Buddha statues in Korea.
Therefore, it is believed that the Clay Seated Vairocana
Buddha Triad of Seonunsa Temple was made using wood
materials such as hard pines for basic form, after which the
detailed form was created with molding clay by adding fiber
to a sand and loess mixture; finally, the lacquer and gold leaf
process was applied. This process is typical of the materials
and techniques of Korean Clay Buddha statues, and it can
be considered a traditional production style.
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ABSTRACT This study investigated mechanical property changes by measuring compression factors,
resilience, and compressive strength according to packaging pattern and filling rate to identify the
applicability of cultural heritage packaging using thermoplastic polyurethane elastomers (TPU). Research
results indicate that the cross-shaped 3D pattern showed the best resilience when the internal filling
rate was 20%, while the octet pattern was the best when the filling rate was either 40 and 60%. The
octet pattern had the best mechanical properties and stability with resistance capacities of 20.79 kgf/cm2,
40.40 kgf/cm2, and 82.23 kgf/cm2 at 38%, 39%, and 40% recovery speeds, respectively, depending
on the internal filling rate (20, 40, 60%). Based on these results, basic data on the applicability, stability,
and reliability of 3D cultural heritage packaging materials using TPU materials were obtained.
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1. INTRODUCTION

transportation for exhibition purposes.
The packaging of cultural heritage items stored in

Packaging refers to a technology or technique that using

museums, art galleries, and cultural property research

a box, container, or foaming agent, protects the value and

institutions is necessary to protect from physical shocks that

present condition of a specific product from being damaged,

may occur when transported to a specific place for

providing convenience and stability in transporting or storing

exhibitions and other environments, and from the existing

products. Materials used for packaging are generally glass,

storage settings (Shin, 2001). Surface packaging materials

plastic, paper, etc., and a filler such as a foaming agent or

such as neutral paper, neutral hanji, tie bags, cotton wrapping,

air cap is used to secure the product’s safety through shock

foaming agents, filling agents such as DuPont and sponges,

absorption. Such packaging is often used in various fields,

foam board boxes, corrugated boxes, inner skin boxes such

including the food, stationery, and clothing industries.

as paulownia boxes, and outer skins such as wooden boxes

Moreover, packaging is an essential means to safely store

and aluminum boxes are currently used (Lee, 2018). These

cultural heritage items such as relics, cultural properties,

packaging materials are applied differently depending on the

artworks, and crafts and to prevent damage during

size and shape of the cultural heritage to be displayed, the

56 | Journal of Conservation Science Vol.37, No.1, 2021

current state, the distance traveled, and the environment, used

resistance, including oil resistance and fuel resistance, and

to consider stability, economy, workability, and usability

optimal mechanical properties, such as tensile strength, tear

based on buffering and resilience (Shin, 2018).

strength, and flexibility due to its combination with urethane

However, despite their various advantages, surface

(Hong, 2015).

packaging materials have weak resilience and cushioning

As their characteristics reduce the weight of the packaging

power; cotton bags, for example, have rough surfaces among

material and prevent dust generation and damage to artifacts

cushioning materials (Kim, 2018) and generates a large

due to rough surfaces, TPU have been selected as cultural

amount of dust. Foaming agents and DuPont have the

heritage packaging materials owing to their shock absorption

disadvantage of relatively weak buffering power and

and resilience due to their high elasticity, low strain rate at

resilience. Sponges, despite their high cushioning and

low temperature, and stable physical properties. In addition,

resilience, have low economic value and workability. Inner

3D packaging techniques using TPU filaments have been

and outer boxes take a long time to manufacture, have low

used to standardize packaging technologies according to the

economic efficiency, and are difficult to reuse (Jeon, 2018).

shape, size, material, environment, etc., of the cultural

The use of packaging materials differs depending on the

heritage item. Moreover, packing personnel and researchers

curator, conservation scientist, or packaging specialist;

have carried out a basic study to apply this packaging

moreover, packaging technology is not standardized

technology to reuse packaging materials.

according to packaging materials, packaging techniques, and
packaging objects. Since the 1980s, although changes have
been implemented based on packaging techniques, research

2. MATERIALS AND METHODS

and development of packaging technologies at a large scale
remain insufficient.

2.1. 3D specimen

This study attempts to identify the applicability of cultural
heritage packaging technology using 3D printouts using

A specimen was printed with a stacked-type 3D printer

filaments made of thermoplastic polyurethane elastomers

(B420, STELLAMOVE, KOR) using a TPU filament. For the

(TPU). TPU materials can polymerize various hardness

output's internal filling pattern, three types of quarter-cubic,

elastomers according to the ratio of hard and soft phases

cross-shaped 3D, and 3D-structure octet were selected

through block copolymerization. It has excellent chemical

(Figure 1); this is because the X-axis and Y-axis filling

Figure 1. Inner filling pattern by pattern; (A) Quarter cubic, (B) Cross-shaped 3D, (C) Octet.
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patterns are output differently after printing, even within the

compression of vulcanized rubber used in a part subjected

same pattern, owing to the characteristics of the stacking

to static compression or shearing force (Jin et al., 2009). The

method. This was considered as testing under such conditions

specimen had a cylindrical shape with 12.70 ± 0.050 mm and

was impossible. The printing condition was applied equally

29.00 mm (Figure 2). The prepared specimen was

to three outputs (line width of 0.6 mm, wall thickness of 1.2

compressed for 22 h with a compression device

mm, lower and upper thickness of 1.2 mm); the closer the

sufficiently preheated to the specified temperature (70 ±

filling density was to 100%, the higher the internal filling

1 °C), and the compression factor was measured (Joubert,

density. As the density was too high, the shock absorption,

C et al., 2003).

elasticity, and resilience were significantly lowered, and each
pattern was output at 20%, 40%, and 60%.

The rebound elasticity test (KS M 6518: physical test
method for vulcanized rubber) is a method of checking the
rebound height value by dropping an iron bar freely and
measuring the rebound elasticity of urethane and rubber

2.2. Physical property test
The

compression

factor,

rebound

elasticity,

and

compressive strength tests were conducted as physical
property tests. However, as there is no standard specification
for 3D-printed packaging using TPU materials, a physical
property test was performed on a test item using an elastic
packaging material impact absorbing pad. A compression
factor test (KS M 6518: physical test method for vulcanized

materials using a rebound resilience test device. The
specimen was made in a cylindrical shape with a thickness
of 12.70 ± 0.050 mm and diameter of approximately 29.00
mm (Figure 3). The compression strength test was performed
using a universal testing machine (AG-X plus 5 kN,
Shimadzu, JPN), according to KS ISO3386-1 (soft foamed
polymer material).

rubber) measured the compression factor due to the heat

Figure 2. Specimen output; (A) specimen modeling image, (B) specimen output process.

Figure 3. Physical Property Test; (A) Compression factor, (B) Resilience according.
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3. RESULTS AND CONSIDERATIONS

3.2. Physical property test
The compression factor according to the internal filling

3.1. 3D specimen

rate is shown in Table 1 and is expressed by the following

The 3D specimen was printed using a TPU filament in

equation (Jin et al., 2011):

a stacked manner. Three types of internal filling patterns,
namely, quarter-cubic, cross-shaped 3D, and octet 3D
structures, were used. The overlapping ratio between the
inner filling pattern line and outer wall was set as 15%, the
upper and lower patterns were printed in a line form, and

C: Compression set (%)
  
   ×
  

t0: Original thickness of specimen
(mm)
t1: Final thickness of specimen (mm)
t2: Thickness of space bar: 9.52 mm

the printing and filling speeds were set to 15 mm/s
considering the TPU filament’s characteristics according to
the specimen’s suitability for each physical property test

A 74% compression factor was found in the quarter-cubic
pattern at a 20% internal filling; 71% and 72% compression

(Figure 4).

factors were observed at 40% and 60% internal fillings,
respectively. This is because the opposite of the compression

Figure 4. TPU 3D output specimen; (A) Quarter Cubic, A-a: final specimen, A-b: inside specimen with internal
filling rate 20%, A-c: inside specimen with internal filling rate 40%, A-d: inside specimen with internal filling
rate 60%, (B) Cross shape 3D, B-a: final specimen, B-b: inside specimen with internal filling rate 20%, B-c:
inside specimen with internal filling rate 40%, B-d: inside specimen with internal filling rate 60%, (C) The
octet, C-a: final specimen, C-b: Inside the specimen with an internal filling rate of 20%, C-c: Inside the
specimen with an internal filling rate of 40%, C-d: Inside the specimen with an internal filling rate of 60%.
Table 1. Compression factor measurement result (%)
Physical property

Quarter cubic

Cross shaped 3D

Octet

20%

74

60

70

40%

71

80

70

60%

72

74

69

Internal filling rate
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factor measured in the TPU subjected to heating static

the quarter-cubic and cross-shaped 3D patterns have different

compression indicates either circular resilience or regular

resilience values depending on the size, weight, and shape

resilience, resulting in a lower value the higher the resilience.

of the cultural heritage item (Figure 5).

The specimen produced with quarter-cubic pattern had the

In the resilience test, it is possible to check the recovery

highest resilience when the internal filling rate was 40%. The

speed when the packaging material is deformed by external

specimen printed as a cross-shaped 3D pattern showed

impacts or loads different from the compression factor's

compression factors of 60%, 80%, and 74% when the internal

stability and recovery degree. The measurement results are

filling rates were 20%, 40%, and 60%, respectively. Contrary

presented in Table 2. The specimens printed with the

to the quarter-cubic pattern, the highest compression factor

quarter-cubic pattern showed a 35% resilience modulus when

was observed when the internal filling rate was 40%, and the

the internal filling rate was 20%, while 40% and 39%

highest resilience was observed at an internal filling rate of

resilience moduli were identified at filling rates of 40% and

20%. In the octet filling pattern, the same compression factor

60%, respectively. Therefore, if the packaging material with

(70%) was observed at 20% and 40% filling rates; when the

the quarter-cubic pattern is used, the internal filling rate is

filling rate was 60%, a slight change with a compression

set to 40% or more, and a higher recovery rate can be

factor of 69% was observed.

obtained from impact. When applying the cross-shaped 3D

At the same internal filling rate (20%), the quarter-cubic

pattern, the same resilience modulus of 32% was identified

pattern showed the highest compression factor, while the

when the internal filling rates were 20% and 40%.

lowest compression factor was found in the cross-shaped 3D

Simultaneously, a resilience modulus of 39% was observed

pattern. On the other hand, at an internal filling rate of 40%,

at a filling rate of 60%. Therefore, it is interpreted that the

the cross-shaped 3D pattern showed the lowest resilience,

recovery speed is not proportional to the internal filling rate

with the highest compression factor of 80%. An internal

of the pattern but depends on the pattern shape.

filling rate of 60% was found in the order of cross-shaped

In the octet pattern, when the internal filling rates were

3D, quarter-cubic, and octet patterns (Figure 4). These test

20%, 40%, and 60%, the resilience moduli were measured

results indicated that the packaging material printed using the

to be 38%, 39%, and 40%, respectively, indicating that the

octet pattern minimizes the change in resilience depending on

increases in the filling rate and resilience modulus were

the internal filling rate. The packaging materials printed in

proportional. The resilience modulus pattern that constantly

Figure 5. Resilience according to the filling pattern and ratio; (A) Resilience at 20% internal filling rate (%), (B) Resilience
at 40% internal filling rate (%), (C) Resilience at 60% internal filling rate (%).
Table 2. Resilience elasticity measurement result (%)
Physical property

Quarter cubic

Cross shaped 3D

Octet

20%

35

32

38

40%

40

32

39

60%

39

39

40

Internal filling rate
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rises as described above allows the application range to be

increased. The cross-shaped 3D pattern was 13.47 kgf/cm2

systematically set when selecting a packaging material

at a filling rate of 20%, 37.56 kgf/cm2 at 40%, and 66.76

suitable for items with cultural heritage characteristics. If a

kgf/cm2 at 60%. The octet pattern yield 20.79 kgf/cm2, 40.40

more detailed filling rate test and shock absorption

kgf/cm2, and 82.23 kgf/cm2 at fillings rates of 20%, 40%,

measurement are performed, patterns that are not proportional

and 60%, respectively. In all the patterns, as the internal

to the internal filling rate can be used as a stable packaging

filling rate increased, the compressive strength increased.

material by acting simultaneously with resilience and shock
absorption for each pattern (Figure 6).
The compressive

strength

measurement

Figure 7 shows the changes in compressive strength
according to the internal filling rate using quarter-cubic,

the

cross-shaped 3D, and octet patterns. As the rapid decreases

compressive strength and resistance capacity generated during

according to the resilience of the TPU material's

transport, packing, and loading by checking the degree to

characteristics was challenging to visualize through a graph,

which the packing structure withstands external pressures and

the first transition point result in the rising curve was

loads; the results are listed in Table 3. The quarter-cubic

presented. The cross-shaped 3D pattern distinguishes between

pattern was found to be 15.83 kgf/cm2 at an internal filling

the rising and falling curves and has a pattern structure

2

tests

2

rate of 20%, 40.15 kgf/cm at 40%, and 54.17 kgf/cm at

different from the quarter-cubic and octet patterns. This is

60%. As the filling rate increased, the resistance capacity

considered a changing aspect resulting from the filling rate

Figure 6. Resilience elasticity to the filling pattern and ratio; (A) Resilience modulus (%) at 20% internal filling rate,
(B) Resilience modulus (%) at 40% internal filling rate, (C) Resilience modulus (%) at 60% internal filling rate.
Table 3. Compressive Strength measurement result (kgf/cm2)
Physical property

Quarter cubic

Cross shaped 3D

Octet

20%

15.83

13.47

20.79

40%

40.15

37.56

40.40

60%

54.17

66.76

82.23

Internal filling rate

Figure 7. Resistance capacity according to the filling pattern and ratio; (A) Resistance capacity according to the internal
filling rate of the quarter cubic (kgf/cm2), (B) Resistance capacity according to the internal filling rate of the cross-shaped
3D (kgf/cm2), (C) Resistance capacity according to the internal filling rate of the octet (kgf/cm2).
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according to the pattern direction and shape. Quarter-cubic

of pressure and load during packaging, loading, and

and octet patterns with a similar structure show similar rising

transportation. The highest resistance capacity was observed

curves. However, when the internal filling rate was 60% in

in the octet pattern. The quarter-cubic pattern showed a high

octet patterns, they showed a continuous rising curve,

resistance capacity at 20% and 40% filling rate, and the

believed to be due to the internal filling rate and direction

cross-shaped 3D pattern showed excellent resistance capacity

of the pattern. In addition, showing a continuous rising curve

at a filling rate of 60%. As the optimal pattern and internal

compared to the cross-shaped 3D pattern is likely because

filling rate are determined when the resistance-capacitance is

resistance capacity appears different depending on the pattern

proportional, it is assumed that the thickness of the outer wall

shape and the internal filling rate rather than the TPU

of the specimen and overlapping ratio of the pattern and outer

material’s elasticity. This means that the utilization and

wall are constant and output; therefore, further research is

application range can be set in various ways as it is possible

needed.

to provide custom production according to the item to be
packed and the external environment.

Based on these conclusions, to apply packaging materials
for cultural heritage items using TPU, stability and reliability

4. CONCLUSION

must be confirmed through various tests and applicability
studies, such as fatigue, shock absorption, tear strength, and

In this study, to check the applicability of cultural heritage
packaging materials using TPU filaments, a comparative

aging tests by repeated loads. This study presents basic data
in this field of research with TPU materials.

experiment on the change in mechanical properties was
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ABSTRACT The purpose of this study is to scientifically analyze physicochemical characteristics of
the roof tiles used for palaces in the Joseon Dynasty which stored in Changdeokgung material storage
and Seooreung Jaesil and the modern handmade ones which made by N company to understand the
differences between their manufacturing techniques. Through chromaticity, cross-sectional observation,
component analysis, and crystal structure analysis, it was possible to confirm the physicochemical
properties and fired properties of the roof tile. Roof tiles from the Joseon Dynasty have a wider
colorimetric range and higher apparent porosity and water absorption, on average, than the modern
roof tiles. The cross section of the Joseon Dynasty roof tiles shows that most clay minerals have not
been vitrified, remaining in the form of atypical particles, while the modern roof tiles have denser clay
materials. X-ray diffraction analysis identified low-temperature minerals such as micas in Joseon roof
tiles but no peak of these minerals was observed in the modern roof tiles, implying that the modern
ones are fired at higher temperature than the Joseon ones. Therefore, the modern roof tiles are fired
at higher temperature and have higher density than the Joseon ones due to the use of pugmills. The
general content of main ingredients was similar between the two. Additionally, the principal component
analysis of trace elements in the Joseon roof tiles showed that most samples were from similar areas.
It seems that the Joseon roof tiles were manufactured using soils supplied from a specific region at
the same timeframe and their consistency in the content of principal components implies that they also
have similar mix proportions of clay.
Key Words Joseon roof tiles, Handmade roof tiles, Palace roof tiles, Firing, Mix proportion

1. INTRODUCTION

were introduced in the country around the time of the
establishment of the Four Commanderies of Han. However,

As part of housing culture, roof tiles are a type of
construction material that represents the house owner’s social
status and privilege with practical functions of blocking rain
and wind. The shape, pattern, and production trace of roof
tiles serve as indicators of timeframe and geolocation of
manufacture and technical development. Therefore, roof tiles
are stereoscopic and empirical data that show us history,
culture, and technology of the time and space (Kim, 2019).
Although it is not known when roof tiles and roof-end tiles
were first used in South Korea, it is assumed that roof tiles

it was not until the end of the third century that their structures
were adjusted to the natural and cultural conditions in Korea,
resulting in Korean styles. In fact, roof-end tiles are found
in the remains of the Three Kingdoms period: the Tomb of
the General (Goguryeo), Hwangnyongsaji (Silla), and Mireuksaji
(Baekje), with unique characteristics of each Kingdom
(National Research Institute of Cultural Heritage, 2001).
Since then, roof tiles have been consistently used from
Goryeo, Joseon, to modern times, and are easily found in
ancient structures such as temples and palaces. Since these
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old buildings have been maintained for a long time, they can

traditional roof tiles fired in a traditional kiln, one of the three

be structurally unstable if heavy roof tiles such as those used

types of roof tiles specified in the Standard Specification of

in modern architecture are connected roof tile. The Standard

Properties (Cultural Heritage Administration, 2020), were

Specification of Properties (Cultural Heritage Administration,

used as a control group and compared with the roof tiles used

2020) provides specification details and inspection methods

in the Joseon Dynasty palaces.

of roof tiles used in roof construction, but Kim and Kim

This study aims to conduct scientific analysis on the roof

(2005) showed that, because modern roof tiles are

tiles used in palaces of the Joseon Dynasty and traditional

mechanically manufactured, they have consistent sizes, and

roof tiles manufactured in modern days, which allows us to

the compression molding process increases their density and

compare basic properties by manufacture timeframe and

weight. Based on that, the study suggested that further study

specification. Results are expected to contribute to future

is required to assess feasibility of mass production with techniques

studies on manufacture technology and properties of

that can maintain the strength, water absorption, thickness,

traditional roof tiles. Also providing scientific data, it can be

air permeability, and waterproofing performance of roof tiles.

used for research on roof tile restoration of the Joseon

As traditional roof tiles started to gain more attention, a

Dynasty.

study in 2009 compared properties of Joseon roof tiles and

2. MATERIAL AND METHOD

the ones made by Jewajang (masters of making roof tiles)
to manufacture traditional roof tiles for restoration of the
Sungnyemun Gate (National Research Institute of Cultural

2.1. Subjects of study

Heritage, 2009). In 2012, as part of establishing a promotion
plan of traditional roof tiles and bricks, a study was

The subjects are 54 samples of Joseon roof tiles and 34

conducted to understand physicochemical characteristics of

modern roof tiles. As for Joseon roof tiles, eight samples

traditional roof tiles from Baekje, Unified Silla, Joseon, and

were selected for each of the shapes and specifications from

modern days (Cultural Heritage Administration, 2012).

intact roof tiles kept in the supportive material storage of the

Previous studies were mainly focused on traditional roof

Changdeokgung and the Jaesil of the Seooreung Royal Tomb.

tiles and those that are being produced in the modern era,

For some of the samples, only two were available due to

but it was hard to obtain specific results on the physical

limited quantity in storage. The roof tiles that were in the

properties of the Joseon Dynasty roof tiles, because there was

possession of the Changdeokgung material storage and the

no diversity in the shapes of the roof tiles used in the study

Seooreung Jaesil are all roof tiles used in Changdeokgung

along with a small sample of roof tile. To this end, handmade

during the Joseon Dynasty.

Table 1. List of roof tile samples in this study
Source
Changdeokgung
material storage

Seooreung Jaesil

‘N’ company

Type

Sample name

Large concave eave-end roof tile

DAM1∼DAM8

Small channel roof tile

SAK1∼SAK8

Small concave eave-end roof tile

SAM1∼SAM8

Small convex roof tile

SSK1∼SSK8

Large channel roof tile

DAK1∼DAK8

Large convex-end roof tile

DSM1∼DSM6

Small convex-end roof tile

SSM1∼SSM2

Tiny convex roof tile

TSK1∼TSK8

Channel roof tile

NAK1∼NAK8

Concave eave-end roof tile

NAM1∼NAM9

Convex roof tile

NSK1∼NSK9

Convex-end roof tile

NSM1∼NSM8
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Figure 1. Roof tile samples in this study.
As for modern roof tiles, the samples were purchased

compared. A precision electronic scale (GR-200, A&D, JPN)

from N company, a manufacturer that fired handmade

and a hydrometry kit (AD-1653, A&D, JPN) were used for

traditional roof tiles in a traditional kiln. Like Joseon roof

the measurement. To measure physical characteristics of the

tile samples, 8 or more samples were selected for each of

clay material, the surfaces were polished to remove any

the shapes and specifications, which amount to 34 samples

textures and contaminations and completely dried at 100 ±

(Table 1, Figure 1).

5°C for over 24 h. The weight in the dried status was
calculated, and then the roof tiles were immersed in distilled

2.2. Method
Color of roof tiles varies depending on the ingredients of
the clay, baking conditions and surroundings, and baking
time. To verify the factors, chromaticity was measured using
a chromameter (CR-400, Minolta, JPN). Using D60, three
pictures were taken at a time. The front and back sides were
separately measured, and the parts that looked different in
color to the naked eye were measured three times and
averaged. Voids on the surface and inside of the roof tiles
reflect the information of characteristics of the raw materials
and baking conditions. To compare physical traits based on
the voids, apparent and bulk specific gravities, water
absorption, and apparent porosity were measured and

water for over 24 h to measure its weight and the weight
in the water. Apparent and bulk specific gravities, water
absorption, and apparent porosity were calculated with the
following KS L 4008.
To observe cross sections, the samples were cut and fixed
on epoxy resin. Then, the cross sections were polished using
a grinder (Rotopol-11, Struers, DNK) and sandpapers #220,
#500, #1200, #2400, and #4000 in the order. Their layer
formations were examined using a stereoscopic microscope
(SMZ800N, Nickon, JPN). After they were examined with
the stereoscopic microscope, their surfaces were coated with
gold and examined for the clay materials through secondary
electron images from a scanning electron microscope
(FlexSEM 1000, Horiba, JPN).
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The Seoul Center of the Korea Basic Science Institute

firing time, and firing atmosphere of an oxidation–reduction

(KBSI) analyzed the clay materials using an X-ray

reaction, and to understand characteristics of materials. The

fluorescence spectrometer (PHILIPS PW 2404, Philips,

chromaticity of the back surfaces of the roof tiles was

NLD). Contaminated surfaces of the samples were washed

measured and illustrated in the CIE LAB color space.

off with distilled water, and parts of the samples were

The chromaticity analysis shows the overall lightness (L*)

collected and dried at 105°C for over 24 h. Samples were

of 25∼55, with a* values of −2∼6 and b* values of 0∼15

dried, powdered with a mortar, completely dried in glass vials

(Figure 2). Joseon roof tiles have a wider range of

at 105°C for over 24 h, and examined using X-ray

chromaticity than modern roof tiles, which have concentrated

fluorescence spectrometer for their main elements. KBSI

chromaticity values. This may be because it was more

analyzed trace elements of the clay materials using an

difficult to adjust the temperature gradient in kilns in the

inductively coupled plasma (ICP) system. Some samples

Joseon Dynasty than modern ones, and different factors, such

were collected from the inside that was not contaminated and

as arrangement and shapes of roof tiles, may have caused

powdered. KBSI conducted principal component analysis

differences in colors. However, the Joseon roof tiles used in

(PCA) with an ICP-atomic emission spectrometer (ICP-AES)

the analysis were used ones with contamination traces of

and trace elements and rare earth elements analysis with an

calcification or soils and exposed to external environments

ICP-mass spectrometer (ICP-MS), after pretreating the

for a significant period of time, so it should be considered

samples using the acid hydrolysis method. To identify

that the color might have changed from the time of

minerals in the samples, their crystal structures were analyzed

manufacture. Modern roof tiles were fired in the same kiln,

using X-ray diffractometer (Miniflex600, Rigaku, JPN). Parts

hardly giving any differences in colors. However, they have

of the samples were collected, powdered with a mortar, and

a wide range of chromaticity, which may be attributed to the

dried in glass vials at 105°C for over 24 h. Powder samples

metallic phototropic properties visible even to the naked eyes,

were analyzed in sample holders. The analysis was performed

showing themselves on the sample surfaces with different

at 40 kV, 15 mA, 5°-80°, and 2°/1 min on a spinner stage.

lightness values.

3. ANALYSIS RESULTS
3.1. Physical characteristics

3.1.2. Specific gravity

Bulk specific gravity, apparent porosity, and water
absorption of Joseon and modern roof tiles were measured
(Figures 3∼5). The average bulk specific gravity of Joseon

3.1.1. Chromaticity

roof tiles is 1.74, which is a bit lower than but similar to

Chromaticity is a physical property that is very useful to

the average of modern roof tiles, which is 1.97. The average

investigate firing conditions, including firing temperature,

apparent porosity of Joseon roof tiles is 43.65 and the water

Figure 2. Color coordinates of roof tiles.
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Figure 3. Graph of bulk specific gravity. Figure 4. Graph of apparent porosity. Figure 5. Graph of water absorption.
absorption is 17.56, which are higher than 35.01 and 12.96,

of clay colors such as gray, yellow, purple, and green-gray,

respectively, of modern roof tiles. The Standard Specification

and lower lightness in general than Changdeokgung ones,

of Properties requires the water absorption of Korean

giving darker colors. Most of the time, large roof-end tiles

traditional roof tiles to be 16% or lower (Cultural Heritage

show gray and yellow clay materials, DAK uneven gray and

Administration, 2020). Among the roof tiles analyzed, the

some yellow, DSM and SSM somewhat similar gray, and

water absorption of the modern roof tiles is 16% or lower

TSK darker black-gray clay materials.

on average, while most of the Joseon roof tiles show a water

Modern roof tiles commonly display red mineral particles

absorption of 16% or higher. However, it should be noted

in parts. First, they are denser than Joseon ones, with NAK

that the properties of Joseon roof tiles have changed compared

and NAM containing highly bluish gray clay, and NSK and

to the time of manufacture due to exposure to external

NSM containing highly yellowish or reddish gray clay.

climates for a significant period of time. As roof tiles deteriorate,

Overall, the modern roof tiles feature several black particles,

the density and bulk specific gravity decreases, and more air

which have high roundness. Their air bubbles tend to be long

bubbles increase porosity and water absorption. Therefore,

and arranged side by side.

the Joseon and modern roof tiles cannot be directly compared

Joseon roof tiles showed a wide range of clay colors

via specific gravity and water absorption, because the former

including brown, gray-blue, gray, and red-yellow, while

deteriorated and the latter has been recently manufactured.

modern roof tiles feature gray clay materials. The difference

Compared to modern roof tiles, the Joseon roof tiles have

in clay colors is attributed to the ability to consistently adjust

a higher water absorption, and tiny convex roof tiles have

firing temperature and conditions due to the improvement of

an apparent porosity and water absorption similar to those

manufacturing techniques.

of modern handmade roof tiles, even though they are old roof

Scanning electron microscope revealed that Joseon roof

tiles. Also, only the inner parts were measured after the outer

tiles have atypical particles of most clay minerals that have

surfaces were removed, and thus, the value is assumed to be

not been vitrified. Clay material particles were mostly fine

similar to the actual initial water absorption.

grained to cryptocrystalline. Some of the mineral particles
like quartz are medium-sized, but most have similar sizes,

3.2. Cross-sectional observation
Cross-sectional observation shows that the roof tiles from
the storage of the Changdeokgung can be classified into
red-yellow, gray-blue, and gray families, each with different
characteristics (Figure 6). Seooreung roof tiles have a variety

demonstrating well-selected clay materials. However, cross
sections of convex roof tiles like SSK1 and TSK1 show
vitrification in process, and the color is black-gray, unlike
other Joseon roof tiles. It may be because of the differences
in firing conditions such as shape and arrangement.
As a result of observation with the scanning electron

68 | Journal of Conservation Science Vol.37, No.1, 2021

Figure 6. Microstructure images of Joseon roof tiles and Modern roof tiles observed by optical microscope.

Figure 7. Microstructure images of Joseon roof tiles and Modern roof tiles observed by scanning electron microscope.
microscope of the modern tile, it was possible to observe the
vitrified cross section in all samples, which could be
confirmed that it was fired at a higher temperature than that
of the Joseon Dynasty roof tiles and it can be seen that it
was fired evenly regardless of the type or shape of the roof
tiles.

3.3. Chemical characteristics
3.3.1. Principal elements

Joseon and modern roof tiles show principal elements of
67∼68 wt% of SiO2, 17∼18 wt% of Al2O3, and 6 wt% of
Fe2O3, with similar proportions (Table 2).
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Table 2. Principal elements concentration of roof tiles
Oxide concentration (wt%)

Sample
number

SiO2

Al2O3

Fe2O3*

CaO

K2O

MgO

Na2O

TiO2

P2O5

MnO

L.O.I

Total

DAM1

69.2

16.0

5.29

1.29

2.84

1.45

0.716

0.786

0.148

0.097

1.89

99.8

DAM2

65.1

18.8

6.79

0.644

2.82

1.85

0.592

0.872

0.169

0.103

0.422

98.1

DAM3

64.0

19.3

6.83

0.784

2.95

1.86

0.573

0.885

0.164

0.104

0.823

98.3

DAM4

67.3

16.5

5.53

1.64

2.85

1.44

0.480

0.783

0.099

0.076

2.07

98.8

DAM5

64.3

19.6

7.08

0.846

2.95

1.93

0.632

0.900

0.198

0.101

0.660

99.2

DAM6

64.6

18.6

6.69

0.968

2.81

1.81

0.607

0.868

0.169

0.086

0.852

98.0

DAM7

69.6

16.3

5.54

0.551

2.85

1.55

0.581

0.794

0.123

0.094

0.242

98.3

DAM8

70.0

16.2

5.61

0.683

2.86

1.58

0.737

0.802

0.131

0.090

0.412

99.0

SAK1

66.9

16.8

5.82

0.913

3.16

1.73

1.29

0.795

0.166

0.089

0.580

98.3

SAK2

65.7

18.2

6.26

0.916

3.06

1.72

0.884

0.905

0.228

0.090

0.488

98.4

SAK3

66.4

18.5

6.99

0.270

2.80

1.38

0.140

0.946

0.146

0.079

0.600

98.2

SAK4

69.1

16.5

5.65

0.455

3.00

1.54

0.707

0.786

0.119

0.087

0.224

98.2

SAK5

64.9

20.1

6.13

0.649

2.84

1.42

0.664

0.908

0.158

0.053

0.604

98.4

SAK6

68.2

16.9

5.97

0.642

2.76

1.57

0.685

0.837

0.163

0.081

0.547

98.3

SAK7

67.8

17.3

6.42

0.472

2.85

1.50

0.537

0.901

0.102

0.108

0.632

98.6

SAK8

66.0

18.7

6.47

0.489

2.86

1.36

0.500

0.893

0.097

0.061

0.637

98.1

SAM1

64.7

18.9

7.06

0.462

2.78

1.96

0.438

0.902

0.137

0.090

0.554

98.0

SAM2

63.6

19.6

7.10

0.588

2.89

1.92

0.536

0.917

0.180

0.093

0.599

98.0

SAM3

63.1

20.1

7.18

0.529

2.86

1.91

0.486

0.931

0.169

0.110

0.889

98.2

SAM4

64.1

19.2

7.22

0.445

2.80

1.95

0.521

0.919

0.147

0.096

0.806

98.2

SAM5

66.0

18.0

6.54

0.702

2.88

1.92

0.669

0.896

0.177

0.106

0.626

98.5

SAM6

64.2

18.8

6.90

0.755

2.80

1.90

0.714

0.919

0.221

0.099

1.052

98.3

SAM7

64.9

18.6

6.63

0.643

2.96

1.88

0.743

0.885

0.163

0.090

0.702

98.2

SAM8

66.5

18.0

5.38

0.823

3.02

1.71

1.05

0.849

0.162

0.075

0.764

98.3

SSK1

67.0

17.6

6.25

0.757

2.96

1.85

1.00

0.846

0.134

0.094

0.098

98.6

SSK2

66.2

18.2

6.39

0.627

2.94

1.86

0.737

0.880

0.156

0.096

0.129

98.2

SSK3

67.4

17.5

6.02

0.742

2.90

1.68

0.802

0.886

0.127

0.090

0.254

98.3

SSK4

66.2

18.0

6.31

0.695

2.96

1.89

0.936

0.869

0.149

0.109

0.528

98.7

SSK5

66.3

17.6

6.27

0.691

2.96

1.83

0.913

0.877

0.162

0.107

0.398

98.1

SSK6

66.9

17.6

5.86

0.760

2.82

1.65

0.711

0.871

0.125

0.085

0.671

98.0

SSK7

65.9

18.1

6.35

0.700

2.94

1.86

0.801

0.878

0.185

0.094

0.441

98.2

SSK8

67.2

17.5

5.92

0.556

2.88

1.65

0.828

0.878

0.136

0.089

0.587

98.1

DAK1

70.4

16.0

5.87

0.440

2.46

1.63

0.522

0.907

0.089

0.092

0.090

98.5

DAK2

68.6

17.9

6.71

0.196

2.32

1.32

0.134

0.897

0.080

0.081

0.049

98.3

DAK3

64.0

19.5

6.88

0.749

2.97

1.89

0.717

0.900

0.161

0.108

0.176

98.0

DAK4

68.1

16.5

5.81

0.639

2.84

1.60

0.745

0.961

0.101

0.099

0.658

98.0

DAK5

69.7

16.0

5.57

0.636

2.88

1.56

1.05

0.828

0.112

0.091

0.096

98.5

DAK6

68.5

16.3

6.10

0.565

2.81

1.58

0.731

0.869

0.124

0.135

0.256

98.0
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Oxide concentration (wt%)

Sample
number

SiO2

DAK7
DAK8

Al2O3

Fe2O3*

CaO

K2O

MgO

Na2O

TiO2

P2O5

MnO

L.O.I

Total

69.6

16.5

5.34

0.534

2.81

1.60

0.541

0.848

0.105

0.085

0.419

98.3

63.8

19.9

6.72

0.598

2.98

1.83

0.980

0.910

0.143

0.098

0.281

98.2

DSM1

68.1

17.2

5.98

0.572

2.65

1.54

0.686

0.863

0.164

0.075

0.211

98.0

DSM2

68.6

16.8

5.31

0.628

2.88

1.58

0.542

0.857

0.103

0.080

0.632

98.0

DSM3

69.7

15.8

5.83

0.437

2.44

1.78

0.667

0.932

0.074

0.107

0.254

98.1

DSM4

67.8

17.2

6.27

0.585

2.74

1.73

0.851

0.888

0.091

0.104

0.021

98.3

DSM5

68.2

17.1

6.17

0.527

2.68

1.72

0.687

0.893

0.105

0.097

0.102

98.3

DSM6

69.8

15.7

5.79

0.414

2.48

1.73

0.562

0.917

0.281

0.097

0.188

98.0

SSM1

69.7

16.2

5.81

0.369

2.58

1.81

0.525

0.923

0.073

0.102

0.133

98.3

SSM2

68.1

17.2

6.16

0.525

2.70

1.72

0.650

0.888

0.110

0.097

0.152

98.2

TSK1

66.3

18.6

6.76

0.486

2.93

1.56

0.401

0.875

0.104

0.091

0.306

98.4

TSK2

67.9

17.2

6.19

0.508

2.84

1.56

0.457

0.890

0.084

0.102

0.286

98.0

TSK3

66.7

17.6

6.37

0.684

2.93

1.70

0.795

0.904

0.101

0.107

0.402

98.3

TSK4

67.4

18.2

6.42

0.391

2.82

1.15

0.274

0.868

0.088

0.068

0.283

98.0

TSK5

66.6

18.3

6.54

0.449

2.84

1.59

0.432

0.937

0.118

0.086

0.196

98.1

TSK6

64.1

20.4

7.32

0.430

2.95

1.39

0.466

0.857

0.127

0.061

0.102

98.3

TSK7

64.6

20.0

6.91

0.464

2.81

1.29

0.481

0.862

0.126

0.058

0.422

98.1

TSK8

66.4

16.2

5.12

0.718

2.68

1.23

0.935

0.788

0.111

0.043

3.774

98.0

NAK1

70.9

15.6

6.86

0.410

1.63

0.85

0.566

0.925

0.049

0.106

0.268

98.1

NAK2

71.6

15.3

6.58

0.436

1.68

0.87

0.614

0.924

0.050

0.120

0.271

98.5

NAK3

69.1

17.2

5.90

0.466

2.15

1.03

0.817

0.906

0.042

0.086

0.235

98.0

NAK4

69.4

17.5

5.26

0.910

1.98

0.94

0.890

0.816

0.036

0.077

0.295

98.1

NAM1

71.1

15.5

6.60

0.429

1.65

0.84

0.576

0.936

0.049

0.126

0.267

98.1

NAM2

69.7

17.0

5.94

0.491

2.12

1.00

0.807

0.901

0.042

0.089

0.029

98.1

NAM3

71.1

15.5

6.68

0.427

1.65

0.84

0.565

0.923

0.049

0.107

0.326

98.2

NAM4

69.5

16.7

5.71

0.546

2.11

0.96

1.49

0.882

0.040

0.093

0.069

98.0

NSK1

71.0

15.4

6.88

0.421

1.63

0.84

0.589

0.923

0.052

0.124

0.309

98.2

NSK2

69.9

16.5

5.88

0.532

2.10

0.96

0.841

0.882

0.040

0.091

0.295

98.0

NSK3

70.9

15.5

6.95

0.418

1.65

0.86

0.593

0.930

0.052

0.112

0.327

98.3

NSK4

69.5

16.9

5.82

0.495

2.15

1.00

1.56

0.894

0.042

0.100

0.284

98.8

NSM1

71.2

15.3

6.74

0.483

1.67

0.86

0.590

0.940

0.051

0.108

0.255

98.2

NSM2

71.4

15.2

6.56

0.436

1.66

0.84

0.638

0.925

0.049

0.104

0.270

98.0

NSM3

71.3

15.2

6.55

0.436

1.65

0.84

0.937

0.915

0.049

0.103

0.261

98.2

NSM4

69.8

17.0

5.95

0.471

2.16

1.02

0.808

0.904

0.046

0.090

0.228

98.5

To verify characteristics of roof tile ingredients, the

as flux, were compared (Figure 8). Properties of roof tiles

contents of principal elements conversed using the Serger

change after baking according to the proportion of each oxide

formula, and against the total neutral oxide (R2O3) as 1, the

in the Serger formula; typically, the lower the RO2 value, the

relative molar ratio of the acid oxide (RO2), which is a glass

higher the fire resistance and plasticity; when the RO + R2O

former, and that of alkaline oxide (RO + R2O), which serves

value is high, it can melt even at relatively low temperature
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Figure 8. Seger formula graph of principal elements.

Figure 9. PCA results of principal elements.
(Han, 2006). Joseon roof tiles possessed their most RO2 value

roof tiles and their groups by specifications were further

in the range of 4.5∼6.5, and the modern roof tiles from N

divided into subgroups. For example, small male roof tiles

company showed relatively high RO2 values. Moreover, the

and roof-end tiles have all the samples in similar areas, while

RO + R2O values of most Joseon roof tiles fall under the

small female roof tiles and roof-end tiles have them relatively

range of 0.6∼1.2, while modern roof tiles have values of

more distributed. To find out whether this is caused by the

∼0.6.

difference in contents or proportions of the ingredients,

To compare the relationship between principal elements of
Joseon and modern roof tiles, a principal component analysis

depending on the time of manufacture, further studies of
comparison of the patterns and the shapes are required.

(PCA) was conducted with eight compositions of major
oxides as variables (Figure 9). A PCA refers to an analysis

3.3.2. Trace elements

method of compressing data with countless variables into

To identify relations and to estimate the provenance

principal components considering the relationship between

interpretation of trace elements in Joseon roof tiles, PCA was

the variables o minimize loss of multidimensional data and

conducted with 12 compositions of trace elements (Table 3,

display the data in a low-dimensional space (Son, 2018). The

Figure 10). In the case of modern roof tiles, a variety of

analysis showed that Joseon roof tiles have a distinct

materials are often mixed instead of using materials from a

component composition as a different group from the modern

specific production area, so local characteristics are not
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Table 3. Trace elements concentration of Joseon roof tiles
Concentration (ppm)

Sample
number

La

Tb

Sm

Yb

Eu

Lu

Sc

Co

Cr

Ba

Rb

Cs

DAM1

10.20

0.15

1.51

0.36

0.24

0.06

7.31

30.0

92.1

691

116

5.85

DAM2

5.02

0.14

1.12

0.61

0.24

0.09

9.30

26.6

120.8

736

176

7.41

DAM3

4.90

0.11

1.04

0.40

0.17

0.06

6.36

28.2

122.2

717

126

6.69

DAM4

20.76

0.27

3.10

0.81

0.57

0.10

6.47

21.1

96.7

678

137

6.26

DAM5

7.30

0.18

1.46

0.50

0.20

0.10

8.10

27.8

125.7

735

164

7.48

DAM6

5.66

0.13

1.12

0.37

0.19

0.06

7.56

24.6

120.1

689

160

7.48

DAM7

5.77

0.09

0.88

0.22

0.11

0.05

5.23

23.5

100.4

781

127

6.28

DAM8

15.31

0.28

2.41

0.72

0.43

0.11

6.62

20.3

93.8

672

152

6.53

SAK1

21.57

0.76

5.05

2.16

1.15

0.33

15.15

21.05

112.9

765

155.7

7.03

SAK2

41.28

1.04

7.26

2.50

1.58

0.37

14.02

21.38

115.6

703

172.3

8.11

SAK3

1.54

0.08

0.54

0.36

0.24

0.06

6.62

25.27

139.1

399

120.8

5.64

SAK4

1.30

0.14

0.70

0.65

0.26

0.10

6.19

16.71

84.6

715

111.4

7.24

SAK5

0.66

0.06

0.30

0.28

0.20

0.04

9.23

21.67

139.5

725

110.8

7.92

SAK6

1.42

0.16

0.80

0.79

0.31

0.12

7.55

21.71

111.6

675

101.2

6.15

SAK7

2.33

0.16

0.89

0.60

0.30

0.09

7.00

23.26

112.1

693

111.3

6.91

SAK8

0.31

0.03

0.13

0.16

0.13

0.02

5.05

18.80

118.6

619

121.5

7.27

SAM1

8.92

0.41

2.87

1.28

0.71

0.19

8.09

25.07

146.2

628

132.5

6.47

SAM2

7.30

0.26

1.80

0.92

0.49

0.14

10.49

27.00

148.9

737

134.7

6.61

SAM3

2.63

0.14

0.85

0.56

0.34

0.08

10.65

29.50

147.7

572

145.2

6.92

SAM4

0.94

0.10

0.53

0.52

0.27

0.08

7.74

26.85

149.5

384

114.1

6.56

SAM5

2.13

0.23

1.20

0.98

0.38

0.15

7.04

29.01

147.3

748

102.3

6.04

SAM6

0.55

0.07

0.35

0.39

0.19

0.06

6.18

25.26

133.4

702

99.2

6.15

SAM7

0.49

0.06

0.30

0.42

0.20

0.06

5.43

22.13

123.8

715

63.2

4.85

SAM8

1.01

0.08

0.40

0.42

0.22

0.06

5.78

19.58

117.4

713

17.5

2.98

SSK1

1.80

0.15

0.78

0.67

0.27

0.10

5.56

18.62

107.8

695

106.0

5.70

SSK2

2.59

0.17

1.03

0.72

0.33

0.10

6.10

19.84

110.3

733

102.8

5.95

SSK3

13.64

0.61

4.14

1.96

0.90

0.30

11.71

19.85

112.0

744

125.1

6.64

SSK4

11.29

0.58

3.64

1.80

0.86

0.27

11.91

21.09

109.8

773

141.2

6.49

SSK5

5.66

0.34

1.99

1.12

0.53

0.17

12.64

22.15

116.1

731

145.4

6.89

SSK6

7.13

0.40

2.49

1.47

0.62

0.23

9.59

19.69

106.3

695

128.8

6.54

SSK7

0.78

0.09

0.45

0.51

0.20

0.08

6.37

23.69

133.7

715

124.8

6.07

SSK8

1.29

0.16

0.66

0.72

0.26

0.11

6.18

19.73

110.4

676

108.6

5.92

DAK1

3.50

0.32

1.83

1.28

0.46

0.19

7.08

18.54

101.6

625

93.0

6.38

DAK2

0.30

0.04

0.17

0.18

0.10

0.03

6.49

18.19

108.8

481

119.5

6.31

DAK3

2.12

0.21

1.17

0.95

0.39

0.15

8.55

24.75

130.0

699

120.9

5.98

DAK4

2.53

0.26

1.35

1.10

0.40

0.17

6.17

21.00

103.3

663

106.4

5.31

DAK5

0.48

0.07

0.34

0.37

0.16

0.06

3.38

17.19

95.1

709

103.6

5.07
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Sample
number

Concentration (ppm)
La

Tb

Sm

Yb

Eu

Lu

Sc

Co

Cr

Ba

Rb

Cs

DAK6

1.08

0.12

0.59

0.54

0.22

DAK7

13.84

0.47

3.29

1.51

0.72

0.08

7.26

25.47

101.8

704

114.4

5.59

0.22

10.81

16.97

96.6

723

135.3

5.81

DAK8

0.29

0.03

0.17

0.19

0.13

0.03

4.83

24.69

136.1

771

117.1

6.62

DSM1

2.43

0.26

1.31

DSM2

0.35

0.04

0.18

1.12

0.38

0.17

5.70

14.54

89.2

728

123.0

6.03

0.23

0.12

0.03

3.34

13.34

78.9

719

85.6

5.49

DSM3

1.86

0.22

1.13

1.03

0.32

0.16

3.79

22.58

102.9

642

86.3

5.92

DSM4

0.15

DSM5

0.34

0.02

0.08

0.11

0.08

0.01

1.83

18.12

85.8

724

92.8

5.71

0.04

0.17

0.24

0.10

0.04

3.42

16.69

84.4

726

100.2

6.49

DSM6

0.29

0.03

0.12

0.16

0.08

0.02

1.94

16.72

86.5

638

86.2

5.70

SSM1

0.42

0.04

0.20

0.27

0.10

0.04

1.87

17.71

91.6

705

88.8

5.77

SSM2

1.41

0.14

0.79

0.61

0.24

0.09

2.89

19.46

98.8

706

102.4

6.33

TSK1

0.34

0.04

0.20

0.25

0.15

0.03

2.96

19.45

99.7

687

107.3

5.97

TSK2

1.97

0.14

0.77

0.55

0.26

0.08

6.77

18.50

90.0

636

140.7

6.58

TSK3

0.43

0.06

0.24

0.32

0.14

0.05

4.55

20.15

102.8

701

94.5

5.66

TSK4

0.06

0.00

0.02

0.04

0.06

0.00

3.30

16.82

97.0

593

68.0

4.74

TSK5

0.30

0.04

0.22

0.27

0.13

0.04

3.72

18.91

107.1

610

118.3

6.05

TSK6

0.29

0.06

0.22

0.35

0.14

0.06

5.57

15.86

110.9

650

104.0

7.01

TSK7

0.09

0.01

0.04

0.07

0.07

0.01

2.79

15.07

95.9

579

105.1

7.17

TSK8

0.53

0.06

0.29

0.29

0.12

0.04

5.68

14.48

91.5

599

92.4

5.21

Figure 10. PCA results of trace elements of Joseon roof tiles; PCA, principal component analysis.
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revealed, so they were excluded from the analysis of trace
components. Trace elements are indicative elements that
reflect the depositional environment, and the trace elements
contained in clay materials of potteries reflect mineralogical
conditions of the ingredients used to manufacture potteries
at the time. Not every element is used to assume the origin
of the clay in a statistical method using trace elements. The
contents of 12 elements, including rare earth elements and
transition metals, with high stability and low mobility (La,
Tb, Sm, Yb, Eu, Lu, Sc, Co, Cr, Ba, Rb, and Cs), which
are commonly used in studies to identify origins, were used
for the statistical analysis. The analysis shows that most
samples, except a few samples were illustrated in similar
areas, and the distribution areas of groups with different
specifications were overlapped, indicating that all the samples

Figure 11. X-ray diffraction patterns of Joseon roof tiles
from Changdeokgung material storage.

used clay materials from similar geological origins.
3.4. Mineralogical analysis results
Mineralogical analysis of the target samples identified
minerals such as quartz, mica, alkali-feldspar, and plagioclase
in all the samples and temperature indicator minerals such
as hercynite and mullite in multiple samples (Figures 11∼13).
For Joseon roof tiles, quartz, mica, and feldspar shared
similar peak intensity, but some samples including SAM6,
SSK8, DAK4, and TSK8 show sharp increases in the mica
peak at 8°2θ. It can be seen that mica was found and fired
at a temperature of about 850°C or less. Also, in the sample
in which mica was not confirmed, the hercynite produced
when fired at about 1,000℃ or more was confirmed, and the

Figure 12. X-ray diffraction patterns of Joseon roof tiles
from Seooreung Jaesil.

peak intensity was varied. Through this, it was confirmed that
the Joseon roof tiles has a wide range from low-temperature
firing to high-temperature firing. This can be attributed to the
difference in factors such as shapes, firing conditions, and
locations during firing, in addition to firing temperatures.
Modern roof tiles show more consistent results than
Joseon roof tiles, with hercynite identified in all the samples
and mullite in some samples. Also, mica does not show any
diffraction peak, and feldspar also shows lower peak intensity
than that of Joseon roof tiles, implying higher firing
temperature than Joseon roof tiles, and it is estimated that
they experienced a high temperature of about 1,000℃ or
higher. These results may be caused by the fact that technical
development reduced gaps of firing conditions between

Figure 13. X-ray diffraction patterns of modern roof tiles.
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kilns, providing more consistent firing temperature and

supportive material storage of the Changdeokgung and Jaesil

conditions.

of the Seooreung Royal Tomb. Also, due to contamination
by calcification or soils used in the manufacturing process

4. DISCUSSION AND CONCLUSION

and extended exposure to external environments, while being
actually used in palaces, may have caused colors to change

In this study, roof tiles were compared and analyzed for

from the time of manufacture. Another consideration is that

each production period and type of size based on scientific

modern roof tiles were fired in one kiln on the same day

analysis data of the Joseon Dynasty roof tiles and modern

under the same firing conditions. Also, cross sections of

handmade traditional roof tiles. First, for chromaticity, Joseon

Joseon roof tiles show bigger mineral and atypical particles

roof tiles have a wider range of chromatic values than

and different shapes of air bubbles, while modern roof tiles

modern roof tiles, which show concentrated distribution. This

show higher density. The difference in density of cross

causes Joseon roof tiles to show more various colors in both

sections may have been caused by the use of mixers and

surfaces and raw materials and difference in color between

pugmills during the manufacture of modern roof tiles. In the

the surfaces and raw materials and modern roof tiles to show

Joseon Dynasty, mixers and pugmills are used to mix raw

generally similar colors of surfaces and raw materials. It is

materials today, providing denser and more consistent cross

also related to the X-ray diffraction analysis that reveals that

sections than the raw materials that are refined manually. It

Joseon roof tiles were fired at different temperatures, while

seems to also affect the overall lower water absorption of

modern roof tiles are fired at similar temperatures.

modern roof tiles than Joseon roof tiles.

Additionally, comparing the apparent porosity and water

Analysis results of principal components and trace

absorptions, Joseon roof tiles have higher values on average

elements show that Joseon and modern roof tiles have

than modern roof tiles, and the cross sections of Joseon roof

generally similar principal components. Joseon roof tiles fall

tiles show most clay minerals of the raw materials have not

under a separate group from modern roof tiles, with

been vitrified but remaining in atypical particles. However,

differences in compositions of the ingredients. Their groups

modern roof tiles have denser raw materials and more

of each specification tend to be further divided into smaller

fine-grained mineral particles than Joseon roof tiles. The

groups. The PCA of trace element contents of Joseon roof

color and vitrification mentioned above were verified again

tiles shows most samples in similar areas. This result implies

in the composition mineral analysis. First, quartz, mica,

that the roof tiles from Changdeokgung and Seooreung were

alkali-feldspar, and plagioclase were found in all the samples,

supplied from the same region in the same timeframe because

and temperature indicator minerals, such as hercynite and

not only their sizes and shapes but also principal components

mullite, were found in multiple samples. The difference is

and trace elements are similar. The contents of the principal

that Joseon roof tiles have generally similar peak intensity

components are also consistent, indicating that the mixing

of quartz, mica, and feldspar, but some samples show a high

proportions of the clay materials were similar.

peak of mica, while modern roof tiles have more consistent

In conclusion, modern roof tiles are fired at a higher

diffraction patterns. Also, no peaks of low-temperature

temperature than Joseon roof tiles and demonstrate higher

minerals, such as mica, were identified, implying that they

density due to the use of machines such as pugmills. Also,

are fired at a higher temperature than Joseon roof tiles.

the water absorption of Joseon roof tiles is higher than the

This is thought to be because the kiln temperature is more

16% specified in the Standard Specifications of Properties.

easily adjustable for modern roof tiles than Joseon roof tiles,

These results are expected to contribute to the establishment

and colors show differences depending on the arrangement

of a database on Joseon roof tiles and new standards for the

in the kiln and shapes of the roof tiles. However, it has to

roof tiles used in the field for the restoration of cultural

be considered that Joseon roof tiles may have differences in

properties through comparison and analysis of the roof tiles

the time of manufacture, bunwaso (roof tile manufacturer),

of Joseon palaces and commercial roof tiles and the roof tiles

firing conditions, and craftsmanship of the masters involved

in temples.

in the manufacture, as Joseon roof tiles are from the
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