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With the invention of the inlaving technique for celaden in the latter half of the 12th century, the Korve potters
reached a new height of artistic and scientitic achievement in ceramics chemical technology. [nlaid celadon
shards, collected in 1991 during the surface investigation of Kangjin kilns found on the southwestern shore of
South Korea, were imbedded in epoxv resin and polished tor cross-section examination. Backscattered electron
images were taken with an electron microprobe equipped with an energy dispersive spectrometer. The
spectrometer was also used to determine the composition of micro-areas. Porcelain stone, weathered rock of
quartz, mica, and feldspar composition were found to be the raw material for the body and important coni-
ponents in the glaze and white inlav. The close similarity between glaze and black inlay in the microstructure
suggests that the glaze material was moditied by adding clay with high iron content, such as biotite, for use as
black inlav. The deep sott translucent quality of celadon glaze is brought about by its microstructure of bubbles,
remnant and devitrified minerals. and the schlieren etfect.
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Introduction

Some of (he world's most coveted and admired master-
picces of ceramics arl were produced in Korca during the
Koryd and Chostn dvnastics. They were (he result of highly
sophisticaled tcchnology that was basically chemical in nature,
The ability and skill to sclect and treat materials [or body.
glaz¢. and decoralive propertics. to attain the high temperature
nccessary [or proper vitrification of stoncware and porcclain.
and to control the atmosphere in the kiln for developing de-
sired glaz¢ colors made ceramics technology the premicr high
technology of that time. Korca and China were the only coun-
trics (hat possessed such an advanced chemical (echnology
as carly as the ninth centuty,

Ceramic products ar¢ highly complicated multicomponent
helcrogencous svstems that have been the subject of intense
chemical rescarch for centurics. The rescarch began in
camest scveral decades before the Chemical Revolution
when Halians. Germans. French and the English raced to
produce hard-pasic white porcelain, “while gold™. imported
from China. Rene de Reaumur. Jean Hellot. and Pictre
Joseph Macquer were among numcrous chemists who were
instrumental in applving successlully chemical principles to
ceramics production.’

The scicnee of Korcan stoncware and porcelain is just
beginning (0 be unfolded. Unlike their Chinese counterparts.
Korcan stoncware first became the subject of analysis in the
1970%s. actively only in (he last decade.™ Though late in
arrival by scveral centurics. the current interest in Korcan
ceramics both as art and scicnce runs decp and wide. Also.
modcm sophisticated instruments and techniques are enabling,
these objects (o reveal themselves in detail as never before.
Compositional studics on Korvs ccladon. ™ punch’ 5ng.” and
Chosan whiteware™" have been reported by the authors.
Recently a microstructural study on pench 6ng was present-

cd.' and in this paper a microstructural image and com-
positional analysis with EPMA (clectron probe microana-
Ivz¢r) on the inlaid ¢eladon from Kangjin is presented. In
Kangjin. in the southwestern tip of South Korca. the inlay
icchnique  was invented and  blossomed into Kornvd
masterpicecs.

Inlaying tcchnique is the sccond of two original achicve-
menis and an extension of the first Koryd potters in Kangjin
made in the cleventh and twellth centurics. Their first
achicvement of jade-like pisaek glarze produced ccladon
masterpicees that were already recognized as the first under
heaven.'” On many of the picces were incised such figures as
lotus buds and pcony flowers. which showed through the
clcar bluc-green glaze. In inlay decorative tcchniques the
incised lincs and plancs were filled with white or black clay
matcrial 1o contrast with the gray body color. With (his
sccond invention the crafismen creativity rcached a new
height producing such famous picces as (he meipvong.
uniquely decorated with flying crancs and clouds. Tn Figure
I¢a) is shown another popular type of celadon. a vase with
chrysanthemum flowers in white and black inlay. Later in
the fourtcenth century several modifications in the incision
and filling tcchniques led to another unique Korcan ceramic
art punch dng. The usc of only simple carthy material rather
than colorful overglaze pigments is appreciated today as
quintessentially oricntal.

Experimental Section

Inlay celadons were produced mostly in Sadangni kilns in
Kangjin during the 13" and 14* centurics. The kilns were in-
vestigated in depth in 1991 by a tcam from Hacgang Ceramics
Muscum. who provided the ceramic shards for this analysis,
Typical shards used in the study are shown in Figure 1(b).

The shards were embedded in cpoxy resin and polished for
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Figure 1. Tnlaid celadon produced n the latter half of Kon'd
dyvnasty. (a) A vase decorated with winte and black mlay: (b) Typi-
cal shards from Kangjin kiln that were analyzed in this study (or
{he micrestructural characteristics.

cross-section examination. The BEI (backscattered electron
images) and determination of the composition of micro-areas
were made at Hoffiman Geological Laboratory of Harvard
University on a Cameca MBX electron microprobe equipp-
ed with a Tracor Northern TN-3502 Energy Dispersive
Spectrometer and a stage automation system. The geological
standard. detection limit. and counting error used for each
element were as follows: for Si quartz, 0.04 wt%. and 0.30
%: for Al anorthite. .03 wt.%. and 0.15-0.30%: for Fe he-
matite. 0.06 wt.%. and 0.04-0.07%: for Mg enstatite. 0.02
wt.%. and 0.02%: for Ca anorthite. 0.04 wt.%. and 0.03-
(0.16%y. for Na albite. 0.03 wt.%. and 0.03%; for K microcline.
0,03 wt.%. and 0.04-0.10%: for Ti rutile. 0.08 wt%. and
0.20-0.40%: for Mn tephroite. 0.05 wt.%. and 0.02%:; for P
apatite. 0.04 wt.%. and 0.03%. Bence-Albee85 and Ammistrong
alpha values were used for matrix correction. Beam energy
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Figure 2. Backscalicred electron images (BLI) of body. (a) Shard
sample 22 (CLE11-3): (b) 169 (8-27-9).

was 13 keV and beam current. 14 nA. Various beam sizes of
3. 6. and 13 gm and in some cases a point beam were used
for measuring microstructural composition.

Results and Discussion

Body. Hard-paste porcelain material is basically composed
of three materials, each providing different properties: clay
with plasticity, feldspar that facilitates melting and mixing of
different mineral components, and refractory quartz, which
prevents collapsing of shaped wares from over-melting. The
plasticity necessary for forming is provided. as expected. by
kaolinite and other similarly structured clay minerals in raw
ceramic materials from the loess plains of northem China
and in various western formulations for the body ingredients.
However. the plastic component in fosuk (pottery stone or
porcelain stone). the naturally occuming weathered rocks
from which the ovenvhelming majority of Korean stoneware
and porcelain and those from southern China are produced is
mineral with mica structure in various forms. such as musco-
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Table 1. Composition of micro-areas in body measured by EPMA
Analvzed Normalized oxide concentration (wt.%o)
Phase Sample no. y -
point Si02 0 AlzOs Fex(Oz MgO Ca®d  NaQ K0 1102 MnO P:0s SOa
body
matrix 1 22(CI111-3) 1193 5685 35333 276 079 044 078 244 03553 003 003 002
(Al-rich silicate: 166(5-27-6) 1161 3892 3226 273 086 027 101 346 042 004 003 -
muscovile) 169(8-27-9) 1170 54200 4068 138 042 022 0532 241 012 002 002 -
matrix 2 22(Cl11-3) 1192 O8O0 1876 510 128 122 151 386 019 004 003 —
(K-rich silicate: 160G(S-27-0) 1159 6793 1931 281 476 082 223 606 004 003 001 N
K-feldspar) 1160 6858 1891 4353 A3 050 132 467 012 003 - -
169(8-27-9) 1171 66.05 2315 346 112 436 1.07 410 036 009 003 -
glaze
K-feldspar relict 166(8-27-6) 1145 6385 1619 065 (048 931 .11 622 000 018 001 -
(within the aggregation 1148 6686 1487 040 061 1050 094 540 000 020 021 -
of quartz. grains)
wollastonite 166(8-27-6) 1144 5141 010 008 004 4799 .01 010 000 009 018 -
muscovite relict 169(8S-27-9)  1168(core) 50039 3966 (18 014 300 080 332 004 004 005 -
1169(rim) 5010 3071 024 028 1605 098 126 002 006 030 -
schiieren effect 22(Cli1-3) 1187 3776 1276 177 200 2167 026 264 000 042 071 -
light 1188 5483 1349 200 224 2377 (.31 182 000 034 1401 -
1191 5627 1301 173 222 2257 (31 225 0103 048 098 0.2
dark 1189 5954 1325 141 1.73 1933 034 334 000 036 068 -
1190 5688 1353 194 201 2040 (.33 232 0108 049 090 002
white inlay
muscovite refict 166(8-27-6) 1157 5225 3944 280 073 (17 (.62 386 006 002 005
1158 50000 33300 677 349 (19 (.77 539 - 0.09 001 -
133b(D1'12-2 1197 51.27 39359 097 031 088  (LI12 628 002 006 031 018
comparison of 19(CIT1-2)  while inlay 53950 3440 122 033 035 027 334 008 003 007 020
intergrade with white 4 glaze 5908 1351 134 227 19351 039 233 012 041 (OR2
inley and glaze intergrade 6144 1785 1.75 173 1248 (38 48 012 031 047 001
apatite 22(Cli11-3) 1185 1488 270 083 071 4979 009 (116 - (.30 3051 -
black inlay
matrix 166(8-27-6) 1166 5198 23220 1263 230 621 078 207 105 025 031 -
1167 5328 1970 1206 240 547 0 083 260 074 022 071 -
arorthite 169(8-27-9) 1163 4773 3272 063 015 1713 085 041 010 004 023 -
spirref 22(CL11-3) 1172 436 56.66 3044 740 027 003 028 036 023 004 003
1173 2008 3887 3043 777 013 002 001 023 020 002 0.01
spirred 166(S-27-6) 1151 161 53813 3334 661 (08 - 0.11 - 0.1 - -

vite. biolite. sericite and illite.

These various muscovile-tvpe mincrals arc lormed as
intcrmediary mincrals in granite rocks whose Na- and K-rich
fcldspars arc (ransformed (o clavs of aluminous silicates
without any alkaline clements. Various amounts of Na and K
remaining in these intermediary minerals act as flux. while
the extreme fineness of (he grains and (heir platy characteri-
stics make them plastic. Feldspars (hat remain unchanged
facilitate the Muxing. while a small amount of the clay end
product provides further plasticity. Quartr is abundantly prc-
sentin these granite rocks in all stages of transfonnation. Thus
tosuk containg all the nceessary ingredients in its natural
statc for stoncwarc and porcclain. allowing Korcan and
southern Chinese potters (o make their warces tammi. single-
taste. with this carthen matenal alone. only afer refining it
through the mechanical steps of pounding. floating. and
kncading,

Two images of body in Figure 2 show (he microstructural
characteristics of inlaid ccladon that was made with tosuk,
Most of the original mingrals and pores have disappcared in
the process of vitrification and densification. Unlike for
glass. the firing is stopped before the ceramics bodics are
fully and homogencously vitrified. and the microstructural
features were “frozen-in™ when the heating is stopped.

The matrix consists of two irrcgularly mixcd glassy phascs.
which reflect the composition of the original mincrals, As
shown in Table 1 the lighter phasc. represenied by the points
1171 and 1192, is rich in potassium and low in aluminum
oxide. as its main component was feldspars. cspecially of K
tvpe (microcline or orthoclasc). The darker phasce. represented
by the points 1170 and 1193, is derived from high aluminum
muscovite mincrals.

The darkest (black) irregularly shaped hollow sites are (he
pores. much fewer in numbcer and more round than the pores
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Figure 3. Backscattered clectron images ol the sample 166 (S-27-
6). (a) Body and glaze: (b) A higher magnification of area Az (¢) A
higher magmfication of area B.

present in raw material before the firing, The dark gray graing
arc quartz. most of which retained their shape. Some have
crackled. cspecially around the edges during the cooling pro-

Seung i ook {am et al

cess. Mullite. both primary and sccondary formed from high-
aluminum mincral and feldspar. respectively. when the wares
arc fired above 1050°C. is not shown in these 1magges.
Usually too fine and small o be scen in clectron images.
their peaks occur prominently along with those of quartz in
X-ray diffraction patterns of the [ully fired bodics.

Glaze. The glasc is much further vitrilicd than the bodics
duc to the higher content of flux. provided chiclly by CaO.
Some highly fluxed glazes arc completely vitrified. appcaring
clear and transparent as glass. Somce contain mincral grains
that have been dissolved only partially or even not at all dur-
ing the firing process and some that have devitrificd newly
during the cooling process. Most contain bubbles of varving
size and quantity. They are pockets of gascs. which formed
and fowed toward the surface during the vitrification pro-
cess and were trapped when the firing was stopped.

The glazc on inlaid ccladon usually contains bubbles and
both rcmnant and devitrificd minerals. In fact. the characte-
ristic translucent quality of ccladon glaze comes [rom this
microstructurc of bubbles and mincral grains. which scaticr
and diffract light. The glaz¢ of the shard 166 (S-27-6) shown
in Figure 3 is an example of ccladon glaze that has several
varictics of much rclict and devitrificd mincrals, Figure 3(a)
of the image magnificd only by about 70 times shows the
overall difference between the body and glaze microstruc-
turc. Relatively large and also tiny bubbles occur in the glaze.
while many pores of various sizc and shape arc in the body.
Dark thin lincs that go through the entire glaze shown on the
Il edge and also on the right borderline of the arca boxed as
A arc the image of crackles that arc found ofien in glazcs of
ccladon and other (raditional stoncware and porcclain,

The higher magnilications ol arca A in Figure 3(b) and of
arca B in Figure 3(c) make the identification of the mincrals
possible. In the upper middle scction in Figure 3(b) is a large
partially dissolved grain whosce cdge is cracked. Actually il
consists of two dilfcrent compositions. onc that appears
slightly darker than the light gray of matrix and the other is
black. The black is the quart~ grains. and the lighter arcas.
represented here by spot 1143 and 1148 ncarby Icfl. show a
composition typical of K-rich fcldspar (Table 1). Such
aggregates of quartz and feldspar (granophyric intergrowth)
occur in almost all glazes of inlaid ccladon from Kangjin.
Morc dramatic images arc presented in Figure 4(a-1) and
Figure 4(a-2) ol the shard 172 (S-14-1) whosc glaszc appears
much more vitrificd and clcarcr than (hat of the shard 166
(5-27-0) in Figurc 3. The magnificd image in Figure 4(a-2)
shows such clusters of inlergrowth around and cven under-
ncath the large bubble. Here it is shown clearly that the arcas
of feldpars melted. while the relractory quartiles remained
almost intact during the firing.

The white grains in Figure 3(b) arc dctermined to be woll-
astonite (CaSiOs. 1144 in Table 1). In Chincse celadon these
mincrals. devitrificd during the cooling process. are found
rather abundantly. but it is rarcly obscrved in Korcan ccladon
glaze."? The lack of this mincral could be an indication that
cooling took place more quickly in Kangjin kilns. usually
smaller than Chingse ones,
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Figure 4. Backscattered electron mages of fine quartz. grams and other cryvstals m the glaze and the mtertace. (a-1) 172 (S-14-1): (a-2) A
higher magmfication of the boxed area m (a-1) (b-1) 169 (8-27-9). (b-2) 171(S-14-1). {c-1) 174(8-10-4). (c-2) A higher magmi-
fication of the boxed area in (c-1).
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In Figure 3(b) is yct another remnant mincral pointed out
here by the letier M next 1o the crackle on the right-hand side
and also in Figurc 3(c). This clongated mincral occurs oficn
in Kangjin glazc. as shown additionally in Figure 4(b-1) and
Figurc 4(b-2). Usually the rim of this relict mincral is dis-
solved and with the matrix matenal a new mincral of needle
shape is devitrified. Tis EPMA measurcment shows that the
point 1168 in the core has the muscovite composition [KAl;

Figure 5. Backscattered electron image of schlieren ettect, an oc-
currence of dark and light contrasting arcas, caused by inhomoge-
neousness of glaze composition in shard 22 (CL11-3).

i®)

Figure 6. Backscattered electron images of white mlay in relation
to glaze and body. (a) 19(CT11-2). (b) 22 (CF11-3).(c) 166 (8-27-6).
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(AIS1300,(OH):)] of high aluminum and potassium oxidcs.
and the point 1169 on the rim of the needle-shaped mincral
has composition closc 1o that of anorthite (CaAl:Si-Ox).
Ca-rich fcldspar anorthite is formed when high Ca arca
comes into contact with high aluminum arca. as is the case
above between the muscovite and glaze. Thus. ofien this
mincral devitrifics along the glaze interface with body or
white inlay. In Figures 3(b). 3(c). and 4(c-1) the presence of
this mincral is only suggested along the glazc-body interface.

Figure 6. Continued.
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but in the morc magnified picture of Figurc 4(c-2) the anor-
thite ncedles arc clearly observed ncar the interface along
with small bubbles and aggregates of quart-ites.

Another characteristic that stands out in the ccladon glaze
is the schlicren effect. which results from inhomogencous
statc of the glaze mixture. Slight differences in composition
arc manifested as dark (from arcas with lighter clements)
and light strips (from arcas with heavier clements). creating
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wave image in BEI in Figure 5. If glaze were fired longer.
small heterogeneities would have resulted in homogencous
glass matrix. A somewhat short firing schedule and inadequate
mixing are likelv to have been deliberately chosen to create
such a ripple effect. which in combination with various mincral
grains and bubbles interacts with light resulting in depth and
rich texture.

White Inlay. Three pictures in Figure 6 show the overall

ta-1}

(-1}

fe-2)

Figure 7. Backscattered electron nnages of fine crystals m white mlay and m the intertace benween glaze and white nlav. (a-1) 174 (S-10-4):
(a-2) A higher magmfication of the boxed area m (a-13% (b-1) 171 (S-14-1). (b-2) A Ingher magmfication ot the boxed area m (b-1): (¢-1) 22
(CL11-3) {¢-2) A higher magnitication of the boxed area in (¢-1).
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structural rclationship of the white inlay with the glaze and
the body. Most of the inlay is triangular as scen in these
pictures. but somge arc fabular line. running parallel 1o the
glazc. The shards in Figurcs 6(a) and (b} arc typically vitrifi-
cd. while Figure 6(c) shard is substantially under-fircd. The
inlay is usually cven less vitrified than body duc to its high

Figure 8. Backscattered clectron images ol black inlav. (a) 169
(8-27-93. (b)Y A Ingher magmitication of the boxed area m (a).
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fe)
Figure 9. Backscallered electron images ol [ine crystals in black
inlay of 22 (CE11-3). (a) Black inlay in relation to glase and hody;
() A hugher magmfication ot the area mdicated by larger rectangle:
(c) A hgher magmfication of the area mdicated by the smaller
rectangle.
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content of aluminum oxide. between 30 10 40 wi.%. compared
with about 20 w1.% in the body matcrial. Muscovile mineral
grains. such as 1157 and 1138. are presenved in near-original
composition (Tablc 1) in the less vitrificd sample in Figure
6(c) and arc partially responsible for the higher clay content
in inlay material.

Potters™ speedy action of the filling ofien left some arcas
only sparscly filled or even empty like the dark left edge in
Figure 6(a). The glazc sceped through some of these empiy
or sparscly filled spaccs. creating “inlcrgrade™ scctions of
the white arcas of similar appcarance as the glaze in more
vitrificd samples. Only onc such arca is developed in the
middlc of inlay in Figure 6(a). but scyveral places. including
the backside. are developed in Figure 6(b). In Table 1 the
comparison of EPMA mcasurcmenis reveals the inlermediate
naturc of intergrade composilion between the glaze and
rcgular arcas of whiltc inlay. As shown by the thread-like
lincs in Figures 6(a) and 6(b). these inlergrades are usually
cracked during the cooling process duc (o the mismatch in
the expansion cocflicients of (he surrounding materials. Also
the infergrade arca oflten Icads (o cracks in the glazc. as is (he
casc in Figure 6(a).

In the three sets of two pictures cach in Figure 7. micro-
crvsials arc shown both in the overall relation to glaze (a-1.
b-1. ¢-1) and more locused in higher magnification (a-2. b-2.
¢-2). Needles of calcium [eldspar anorthile arc devitrificd
extensively in the interface between the Ca-rich glaze and
Al-rich while inlay as was the casc between the glaze and
body. The needle shapes are gathered delicately like [lowers
in Figurc 7(a-2). massively aggregated in Figure 7(b-2). and
occur in individual rod forms in Figure 7(c-2). The cluster of
whitc grains in Figurces 7(c-1) and 7(¢c-2) (1185 in Tablc 1) in
the backside intergrade is a mincral of apalitc composition
[Ca(PO.)OOH. F. CD]. This Ca and phosphatc mincral is
likcly 10 occur in wood ash. a main component of ccladon
glazc. but it is rarcly as well preserved in Koryd ccladon. as
shown here.

Black Inlay. In backscattered clectron images ol Figures 8
and 9 (he black inlay appears very similar to the glaze. There
is hardly any intcrface between the glaze and (he inlay in
Figure 8(a). This contrasts strikingly with white inlay. which
was much less vitrificd (han cither the glaze or body. The
difference is naturally duc 1o (he compositions of (wo types
ol inlay. Comparcd with whitc inlay. tvpical matrix spots as
1166 and 1167 in Figure 8(b) of black inlay have a much
lower content of aluminum oxide. around 20 wi(.%. much
higher content of iron oxide. around 12 wt.%. and higher
content of calcium. above 3 wi.% (Table 1). Phosphorous
and mangancsc oxidces. found in the ash component of glaze.
arc also present in black inlay, Similarity between glaze and
black inlay in composition and microstructurc suggests that
black inlay was formulated by adding a black clay component.
such as biotitc. (o glaszc material.

The incision for the black inlay in Figure 8(a) is so decp
that its (ip is understandably Iefl empty and appcars black in
the backscattered clectron image. Higher magnificd image in
Figurc 8(b) shows the same microstructural features in the
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inlay as in the glaze. Aggregales of tiny quartz grains are
found in arcas cver so slightly darker than the average matrix.
As in glaze the darker arcas represent quartz-feldspar mnter-
growth. whose feldspar portion has melted but not vet vitrifi-
¢d and mixed completely into matrix.

As was expected from the appearance of needle shapes.
1165 spot is high in calcium and in aluminum. showing that
it 15 anorthite crystal (Table [). This mincral occurs as
commonly in black inlay as in glazc. In fact. it is devitrificd
in such abundance in inlay shown in Figurc 9 that cven in
smallcr magnification in Figure 9(a) cryvstal needles are scen
all over the inlay. The cluster of white grains in Figurcs 9(b)
and 9(¢) has spincl compositions of MgO-Fe¢:Os. Rather
abundant occurrence of such spincl grains is an interesting
characteristic feature of the black inlay used in the Kangjin
ccladons.

Conclusion

The body images of two irrcgularly mixed matrix phascs
arc similar to thosc in the Chinese ccladons from Jingde/hen. ™
The mixture of muscovite clay component and feldspars in
tosuk. \he t@mmi material of the inlaid celadon. is reflected in
such images.

Images of glaze include bubbles of various sizes. remnant
muscovilc mincrals. quartz minerals cracked around the rims.
composilc mincrals of quartzitc grains in the mist of mclted
[eldspar. and devitrificd anorthite crystals. These and the
schlicren clTect from the inhomogencous mixing of the glaze
matcrial arc responsible for the deep translucent soft appear-
ancc of glazc.

The inciscd arcas of whilc and black inlay arc often left
cmply or only sparscly filled. In white inlay. glaze sceped
through somc of these arcas forming intergrade of interme-
diatc composition between the white inlay and the glaze.
Needle-shaped anorthite crystals arc formed in the interface
between the inlay and the glazc and also in intergrade arcas.
The high content of aluminum. above 35 wit.%. and remmant
muscovite mincrals suggest fosuk as an important component
for the inlay as it is for the body. Kaolinile type clay with
only a small amount of iron impurity might have been added
to the rosuk body material.

The close similarity in the microstructural features between
the black inlayv and glaze suggests that glaze was used to-
gether with biotite clav that contains much iron oxide as the
inlav material. Extensive amounts of anorthite and the
aggregates of spinel grains of MgO-Fe-O; composition are
found in the inlay.

As seen in this work backscattered electron images and the
EPMA compositional measurement of distinct micro-areas
lead to important information about the production technical
parameters. This is one of several reports on many images
and detailed descriptions that the authors are preparing from
several hundreds of optical and electron microscopic images
and micro-compositional measurements taken on Korean
traditional ceramics. Such a svstematic presentation is expect-
ed to reveal much about not only Korean ceramics. but also
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their developmental relationship with Chinese and Japancse
tcchnology.
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