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Paper-composite porcelain is a type of paper clay which is made by combining any kind of
porcelain with paper. Paper is added to clay to improve low green strength and plasticity,
two of the main practical problems of working with porcelain. Despite widespread interest
in the material, the characteristics of paper-composite porcelain have remained undeter-
mined. The purpose of this research was to understand the artistic applicability of, and
obtain reliable knowledge of the properties of paper-composite porcelain.

The research involved a combination of practical artistic experiments and laboratory
experiments used within material science. The artistic experiments investigated the work-
ability and applicability of paper-composite porcelain with different amounts of paper in
various casting models. The technical studies qualitatively investigated the material char-
acteristics and microstructures using X-ray diffraction and scanning electron microscopy.
The qualitative physical properties tests involved different casting body recipes, production
methods and firing temperatures. Quantitative studies were used to measure and analyse the
properties of porcelain and paper-composite porcelain.

The artistic experiments involved the development of a slip casting method which re-
cycled the excess water from the process. Slip casting of various tableware models showed
that there was significantly less cracking, warping, bending and deformation of the paper-
composite porcelain than of the mother porcelain. Furthermore, sharp angles and fine lines
and surfaces were obtained even with the highest paper-fibre content used (90% in volume).
Paper-composite porcelain had the same whiteness as ordinary porcelain, but it had a silkier
lustre and was more translucent when glazed. Fibrous structures were identified in both
green and fired states. It was proved that the presence of paper fibre, the paper type and
the paper-fibre content were the factors behind the increased green strength of the paper-
composite porcelain. In comparison, paper-composite porcelain has higher green strength,
lower shrinkage, lower deformation degree and wider firing range.

The results provide new knowledge of paper-composite porcelain by identifying the re-
inforcement role of paper fibre in the formation and fabrication stages. They also demon-
strate a practically tested and documented method for slip casting which shows some of the

potential application of paper-composite porcelain in artistic practice.
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CHAPTER 1

Introduction

This chapter describes the background of this thesis, its aims, outline and form
and the contents of the appended papers I, II, IIl and IV.

1.1 Background

This research has emerged from creative practice. The following background and
images of my works describe the important starting points and explain how this
research started from a practitioner’s perspective.

From the autumn of 1991 to the spring of 1992, I worked with large-scale ce-
ramic art production (wall decoration tiles) using porcelain clay (Figures 1-3 show
some of the works. These works have been part of the public collection of Kul-
turndmnden in Goteborg, Sweden since 1993.). The weight of the porcelain posed
problems for the production and the transportation of the artwork, both during
the working process and afterwards, during the display and installation processes.
Moreover, the porcelain body tended to have more cracks and warping in the green
and/or fired state than any other clay body.
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Figure 1. Wall decoration tile work. Figure 2. Wall decoration tile work.

This piece was produced by the slip casting This was produced by the slip casting
method with white porcelain and coloured method with white porcelain.

porcelain. It was fired at a temperature of
1300°C in an oxidised environment in an
electric kiln. A transparent glaze was applied.

Figure 3. Wall decoration tile work.
This was produced by the slip casting method
with white porcelain and coloured porcelain.

In the spring of 1992, I started to combine porcelain clay with other materials such as
textile fibre, paper fibre, metal, small plastic balls and sawdust in order to achieve a
lightweight porcelain body. The textile fibres could not be mixed as they destroyed the
mixer, and the metal pieces hurt my hand. The small plastic balls and sawdust resulted
in an excellent lightweight product. However, both made visible open pinholes on
the surface. The best material was waste paper combined with porcelain: it was easy
to mix, resulted in a lightweight material and had virtually the same appearance as
ordinary porcelain.

In June 1992, I participated in a session on paper clay by Gault (1993b) ata ceramic
conference held at UIAH (University of Art and Design in Helsinki, Finland). The
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information interested me as it was related to my experiments on combining por-
celain clay materials with paper. According to Gault, the paper is burnt out during
the firing process and leaves a porous structure in the paper clay body.

Until 1993, I worked mostly with paper combined with porcelain. I used deco-
rative tiles as an artistic application (Figures 4 and s5), the results of which were

shown at the R6hsska Museum in Sweden in 1993 (Kim, 1993).

Figure 4. Paper-composite porcelain tile. Figure 5. Paper-composite porcelain tile.
This work is produced by the double-casting method ~ Produced by the double-casting method with the
(first slip casting and then press casting). The highest amount of paper fibre. It was fired at a

method was invented during the study of the paper-  temperature 0f 1300°C in an oxidation environ-
composite porcelain. The highest paper fibre content ~ ment in an electric kiln. Celadon glaze was applied.
(the amount of paper in a slip was 90% by volume

as 39.8% in weight) was used. The coloured paper-

composite porcelain was mixed with cobalt mono-

oxide. No glaze was applied, however the ashes from

the paper gave it a natural glaze effect.

T o s

L b

o
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Figure 6. Paper-composite porcelain tile. Figure 7. Paper-composite porcelain tile.
Produced by the hand-press casting method. MCP 3

was used. Fired at a temperature of 1300°C. No glaze

was applied. Many fibre forms were seen on the

surface of the tile.
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1.2. Research questions

During my work with tiles I received some unexpected results. The surface quality of the
final tile products raised questions about the material. Many fibre forms were seen on the
surface of every single tile which had been fired at 1300°C (Figures 6-9). This gave me the
idea that the paper may not have just burnt away, but rather that the material might have
changed from one form into another. Other questions that arose were:

o What is this fibrous form on the surface of the tiles?

o Why did it not burn away?

o What had happened to the structure during firing?

o Did the result change any original characteristics of the porcelain body?

Figure 8. Paper-composite porcelain tile. Figure 9. Paper-composite porcelain tile.
Produced by the hand-press casting method with We can read printed text (X and Ta) from waste
MCP 3 and fired at a temperature of 1300°C. No paper and fibre forms on the surface of the tile.
glaze was applied. Many fibre forms were seen on the

surface of the tile.

1.3. Hypothesis

After observing the fibre forms on the surface of fired tiles, I formulated my hypoth-
esis, which was that the organic materials would be burnt out during firing, but that
the inorganic compounds would not be burnt out if any were present in the paper that
had been mixed with the porcelain clay materials.

o My initial reasoning was that the ashes from the burnt paper might contain some
minerals. It is a well-known fact that ashes from different natural fibres contain
different minerals, and that potters have been using them for thousands of years
to mix ash glazes. Bone china is an example of a ceramic body that is made from a
mixture of bone ashes. In addition, several articles (e.g. Cardew, 1971; Hamilton,



INTRODUCTION

1978; Li, 1985; Rhodes, 1971; Sutherland, 1987) have mentioned that some ashes
contain traces of different oxides, silica, soda and potash.

o My second thought was that paper manufacturers use clay minerals when produc-
ing paper (Biermann, 1996; Bown, 1996; Conners and Banerjee, 1995).

Thus, my hypothesis was that the minerals in the paper were not burnt away during
firing and might therefore influence the body characteristics when the paper is used
as an additive in clay.

However, there was no scientific evidence to explain the hypothesis. In addition,
no detailed studies have been reported in relation to my questions or hypothesis. This
is how I identified that there was insufficient information about this material and how
to use it in the field of ceramic art and design.

The lack of information concerned:

o The physical properties and structures of the material. Despite the broad interest
shown in paper clay by numerous ceramic artists, the characteristics of this mate-
rial were still poorly defined. Unfortunately, the lack of technical information on
practical applications in the field of ceramic art and design has to be taken into
consideration when using paper-mixed clay bodies.

o The chemical components and micro-structural interactions between the por-
celain raw materials, paper filler and fibres which make up the combined paper-
porcelain body in its fired state. Questions related to such aspects could only be
answered by means of explicit research. According to Polanyi (1983), explicit
knowledge is related to theoretical understanding and to scientific principles, so it
has the characteristic of being fully codified. Thus an explicit form of knowledge is
related to the scientific results of basic research and innovative activity composed
of facts, information, principles and practical understanding of science. This ex-
plicit knowledge is the opposite of tacit knowledge, which is a personal property
of knowledge. Tacit knowledge is linked to the abilities that individuals possess
based on elements of knowledge that were acquired through practical experience.
Thus, craft skills, routines and workmanship stem from tacit knowledge, particu-
larly in the field of ceramic art/craft/design. Tacit knowledge includes all experi-
ential knowledge that human beings have, even though it cannot be expressed by
means of verbal concepts. It includes manual skills, as well as knowledge of the
skill and thoughts, which characterise the traditional form of craftsmanship that
potters have. I looked for answers by consulting many scientists in the fields of
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ceramics, chemistry, physics, mineralogy and material science. However my ques-
tions were regarded by people as an artist’s problem or a nonsense theory without
any scientific evidence.

My motivation was strengthened by the fact that these questions were not being asked
by any scientists, even though these questions had been raised not only by me, but also
by other ceramicists. According to Gault, it is possible that, at a microscopic level, ash
from burnt paper contains trace minerals which melt or glaze the interior of the voids
left by the fibre during the firing of the clay body. She encouraged future research as a
way of shedding more light on this matter (Gault, 1993b).

This was the starting point for this interdisciplinary research project encompassing
the fields of art and science.

1.4. Aims

The research project described in this thesis had the following aims:
o To characterise paper-composite porcelain (Papers I and II)
o To investigate the properties of the product (Papers II and III)
« To obtain knowledge on workability to guide ceramicists using this material in
practical applications (Papers III)
« To contribute to the development an explicit knowledge base within the field of
ceramic art and design (Papers I, II, IIT and IV).

This research differs from previous studies in that it attempts to solve the practical
problems of working with paper-mixed porcelain that have been experienced by stu-
dio potters and ceramic artists. This is an issue which is usually neither addressed by
scientists nor even by those working in artistic environments or art studios. Paper-
composite porcelain is inexpensive to produce, readily available and easier to handle
than traditional porcelain. Furthermore, it does not require special techniques or pro-
duction instruments such as those required by the highly advanced ceramic bodies
that are developed for intensive technical applications in certain industries. Thus this
study not only aimed to identify the characteristics of the paper-composite porcelain
through technical experiments, but also to provide practical information on possibili-
ties artistic applications of this material. This knowledge can be used to create artistic
and functional products in a small-scale production system such as a ceramic artist’s
studio, but may also be of value for development on an industrial scale in the future.
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1.5. Outline of thesis

This thesis is divided into eight chapters and four separate papers. The first two are
already published and the last two have been submitted for separate publication. The
outline of the thesis is however ordered as if the four separate papers are all parts of
one complete research project. Thus the questions, aims, literature review, methods,
results and conclusions, as well as the contributions of this research to the field of
ceramic art and design, are accounted for all together — that is, not in the form of a
paper-by-paper report.

o Chapter 1 introduces the background and starting points of this research and de-
scribes the aims, outline and form of the thesis, as well as the main issues of each
of the separate papers.

o Chapter 2 gives an overview of porcelain, paper clay and composite material.

o Chapter 3 accounts for the methods used in this study.

o Chapter 4 describes some additional tests and results that are not included in the
four appended papers.

o Chapter 5 presents the results and conclusions of the thesis.

o Chapter 6 presents the contributions of this research to the field of ceramic art and
design.

o Chapter 7 outlines further research and recommendations.

o Chapter 8 gives a summary of the thesis in Swedish.

o Paper I characterises paper-composite porcelain in its fired state by XRD and
SEM.

o Paper II traces the characteristics of paper-composite porcelain in its green state.

o Paper I1I describes the artistic applicability and technical properties of paper-com-
posite porcelain in practice.

o Paper IV discusses a perspective on knowledge in ceramic art, craft and design
through examples of porcelain manufacture and paper-composite porcelain.

1.6. Background and research questions for the
separate four papers

This section serves to explain the background and main issues addressed in the sepa-
rate four papers.
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PAPER I.

The paper-composite porcelain clearly behaved differently from the traditional porce-
lain, and it appeared as if not all of the paper was burnt away. If some of the inorganic
compounds from the paper had remained then it might have influenced the paper
combined porcelain body. The first paper thus addresses the following initial ques-
tions:

o Isitlikely that the paper is not burnt away, but rather that the material has changed

from one form into another?
o What has happened to the structure during firing?
o Does the result change any of the original characteristics of the porcelain body?

These questions guided the investigations of my hypothesis, which was that inorganic
compounds in the paper are not burnt out during firing.
In this study, the interaction between paper filler, paper fibre and the porcelain clay

body in its fired state were investigated using

o X-ray diffraction (XRD) and

o Scanning electron microscopy (SEM) techniques.
A micro-structural investigation was conducted to determine whether the addition of
the selected waste paper would change the physical characteristics, microstructure and
chemical properties of the paper-composite porcelain in the fired state.

PAPER II.

The results obtained by SEM and presented in the Paper I, indicated that a fibrous
structure was created in the paper-composite porcelain body in its fired state. The
calcite from the recycled papers melted with the kaolinite during the firing process
and transformed to anorthite identified in the microstructure of the paper-composite
porcelain in the fired state. The XRD showed that the only major crystalline com-
pounds present in the fired paper-composite porcelain bodies were mullite, a-quartz,
anorthite and amorphous materials, despite the differences in the types of paper in
the bodies. Anorthite is a material that is used in the construction of fibrous brid-
ges and tunnels. The structures of fired paper-composite porcelain bodies had special
fibre binders covered with anorthite, which changed the composition of the body. The
development of anorthite in the fired paper-composite porcelain was caused by cal-
cium carbonate from the waste paper, which increased the degree of heterogeneity in
the formation of a porcelain body. The fibrous structures displayed strongly binding,
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interlocking fibres and fibrous bridging. These normally provide a supporting struc-
ture for ceramic objects. However, the microstructure and chemical compounds of the
body in its green state had not yet been investigated, nor had the influences of different
production methods and the paper fibre content of the body been studied. The second
paper deals with these questions.

The studies outlined in the second paper had the following aims:

o To test samples produced by two different production methods, the free-hand
press casting and the slip casting method.

o To characterise the material properties of paper-composite porcelain in its green
(unfired) state through XRD, SEM and quantitative studies carried out to meas-
ure and analyse the properties of the porcelain and paper-composite porcelain:
shrinkage, weight-loss, porosity, absorption, density and strength by using the in-
ternational ceramic material standard methods.

« To investigate the role of paper fibre and its influence on the technical properties
of the paper-composite porcelain in its green state by conducting qualitative stud-
ies to compare differences arising from different casting body recipes, production
methods and firing temperatures, as well as to compare these results to those ob-
tained in the quantitative studies.

PAPER III.

Through the studies described in the first and second papers, much of my initial re-
search questions and my original hypothesis were answered. However, new questions
were raised, not only by me but also in inquiries from many people through my home
page, at exhibitions and in response to the published papers. I had a home page which
contained a research presentation under the title “Recycling of paper in porcelain” from
2001 until March 2006 (www.hdk.gu.se/forskning/kim) which was widely read by ce-
ramicists, scientists, researchers in paper recycling and students. In 2001, a conference
proceeding (Jeoung-Ah, 2001) was published in both printed and electronic form. In
2002, I presented the application models in a solo exhibition (Appendix I) at a craft
gallery, Sintra, in Gothenburg in Sweden. The exhibition and public articles in a news-
paper (Appendix II), a design magazine (Appendix III) and electronic articles by the
newspaper and the gallery (Appendix IV and V) on the exhibition quickly spread news
of the work to other ceramicists and the Scandinavian public. In 2004 and 2005, two
papers (Papers I and IT in this thesis) were published by a journal in electronic form via
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the Elsevier Science Direct. These two papers were published in printed form in 2004
and 2006 by the Journal of the European Ceramic Society (Jeoung-Ah, 2004 and 2006).
Some studio potters were concerned with the practical problems using this material
in the slip casting method in their studios, while others requested more information
about the fired properties of the material. Among many inquiries, some selected ques-
tions are accounted for in Appendix (Appendix VI).

These led to the investigations outlined in the third paper. This paper explores the
workability of the paper-composite porcelain in relation to different amounts of paper
fibre, fragility/handling problems in the green and fired states and the behaviour of the
materials during the casting process. The aims were as follows:
« To strengthen the artistic applications of this material, especially in the production
of functional wares.
« To identify useful information through practical experiments.
« To investigate the material properties of paper-composite porcelain in its fired state
and relate these to the results from the second paper, in order to provide a more
complete overview of this material.

PAPER IV.

The investigations described in the fourth paper were started after the publication of
my Licentiate thesis (Kim, 2004). The background to this study came from my practi-
cal experiences and inquiries from other people through the years. I began studying
ceramic art in 1978 in Korea and opened my own studio in 1984, continuing until 1986.
Between 1987-1991 in Korea and 1992-1993 in Sweden, I shared a studio with other
ceramicists. From 1983, I also worked as a journalist in Korea, and from 1996 as a free-
lancer reporter in the field of ceramic art and design in Scandinavian countries. All
those years of professional experience gave me numerous opportunities to meet many
ceramicists in many countries (selected articles from 1996-2006 are listed in Appen-
dix VII). Most of the technical difficulties that were encountered in practice became
problems to which we, the studio potters, were not particularly eager to seek solutions
through more complicated tests. I believe this is partly due to a lack of knowledge
about how to conduct such tests. Many of us kept our own clay and glaze recipes a se-
cret, even though we knew that we could help each other more if we shared our recipes
and experiences. As a reporter, getting a proper answer about materials and technical
questions could be quite problematic in interviews. Among the e-mail inquiries from
other people, and personal discussions with ceramicists, researchers and colleagues, I

10
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have also found a lack of understanding of why it is necessary to combine technical
and artistic methods and what this could contribute to the field of ceramic art.

This led me to questions about the importance of conducting interdisciplinary
research as well as about methods by which this explicit study could contribute
to the field of ceramics, for which individual know-how has traditionally been an
important part of knowledge.

Therefore this study focused on the relation between tacit and explicit knowl-
edge by using historical examples to illustrate the importance of developing both
forms of knowledge in the field of ceramics field in parallel.

The aim of this study was to establish the importance of balanced knowledge in
practice and in research within the field of ceramic art, craft and design.

11
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CHAPTER 2

Literature Review

This chapter gives an overview of pottery, porcelain history and practice, paper clay,
composite material, tacit and explicit knowledge in pottery and its importance in the
field of ceramic art and design. The aim is to outline the field and context which this
thesis relates to. In order to avoid repetition, some parts which are more thoroughly
reported in the separate papers are only briefly mentioned in this chapter.

2.1. Pottery

Pottery first appeared around 15000-10000 B.C. during the Neolithic age in the form
of clay figurines, which were used for magical or religious purposes. Later, practical
and functional needs were probably most in the minds of the makers when produc-
ing necessary goods which are characteristic of the settled life (Cooper, 1981; Morly-
Fletcher, 1987; Rado, 1969). Nowadays, pottery is not only functional but is also of
artistic value.

Pots not only reflect technological development at particular times but
they are often beautiful objects in their own right, over and above the
demands of function. Changes in style and type of pottery occurred in

13
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response to social, economic and technical demands, and for this reason
pottery is closely integrated with the development of different civiliza-
tions from the earliest times to the present day. (Cooper, 1981, p. 7)

The recipes for clay bodies have developed through the passage of time, depending on
their uses in different techniques, with different characters and values. The clay bod-
ies used in pottery by ceramicists are divided in three broad categories: earthenware,
stoneware and porcelain, depending on properties, firing temperatures, etc. Among
the pottery clay bodies, porcelain generally has the highest firing temperature, highest
density and strength, and the lowest porosity (see additional information in Papers
I-IV).

2.2. Historical overview of porcelain

Porcelains are vitreous ceramic whiteware that are currently used extensively in ce-
ramic art, decorative ware, tableware, sanitary ware, electrical insulators and dental
prosthetics. Composed primarily of kaolin, feldspar and quartz, porcelains are heat-
treated to form a mixture of glass and crystalline phases (William and Udayan, 1998).
Porcelain was discovered in China during the Hou-Han Dynasty (A.D. 25-220). It was
gradually refined over many years into the hard-paste porcelain that developed during
the Tang Dynasty (A.D. 618-906) (Lane, 1980). According to an extensive study about
the Chinese porcelain and technology by Kerr and Wood (2004), the world’s first high
temperature hard-paste porcelains (hard-paste porcelain is also called true porcelain)
were made in Hopei province in China in the 6th century. The hard-paste porcelain
called Hsing ware had a firing temperature of about 1360°C. An essential ingredient for
the body of these high-fired porcelains was the plastic white-burning clay ‘petuntse’
Kaolin became the main source of porcelain since 1004. The finding made Jingdezhen,
in the southern china, world famous as an imperial porcelain kiln. The name kaolin
comes from a village “Kao-Ling (it means, high hill in Chinese)” near Jingdezhen in
China, where the clay was first found by an unknown Chinese potter. It has been used
to produce the highest quality kaolin for the Jingdezhen porcelain. The name survived
in English as kaolin, or china clay. According to Gray (1952), Chinese porcelain was
introduced to the Western parts of the world in A.D. 851 through a document entitled
“The story of China and India” written by Sulieman, an Arab traveller. The porcelain
was introduced in Europe in 1295 by Marco Polo, who was also the first to apply the
name porcelain (Rado, 1969). In 1298, Marco Polo wrote a book entitled “Travels’ in
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which he described porcelain and porcelain-making in China. This first report intro-
duced Chinese porcelain to Europe. However, according to Kerr and Wood (2004), pri-
or to the 16th century, porcelain products had only reached Western Europe in small
numbers, and individual items were highly prized. At the time when physical Chinese
porcelain objects and Marco Polo’s book appeared in Europe, the European society
was ready to appreciate porcelain. A massive amount of porcelain was imported into
Europe through the East India Company at the beginning of the 1600s, much of it
from China. The arrival of Chinese porcelain in Europe heralded a major artistic revo-
lution and stimulated the search for porcelain recipes and ingredients (Lane, 1980). It
fascinated the Europeans and became highly valuable as collectible items for the aris-
tocracy. However, Europeans did not have enough knowledge to produce the unique
quality of porcelain, and the imported Chinese porcelain was so expensive that only
those in high society could afford it. Towards the end of the seventeenth century, royal
and aristocratic collectors began to arrange special rooms, called “porcelain cabinets”
to display their porcelain. It was no wonder that the enormous European market for
porcelain encouraged efforts to discover the secret of how to make it. At the beginning
of the sixteenth century, a Venetian glass worker, Leonardo Peringer, tried make por-
celain with frosted glass which was whitened by addition of tin oxide. In 1568, the first
proto-porcelain, called Medici porcelain, was made in Europe. At the turn of the eight-
eenth century the secret of how to make true porcelain was still a mystery in Europe,
until Bottger discovered white and translucent European porcelain bodies in Meissen
on the 15th of January 1708 (Hlavac, 1983). This was more than 1,000 years after the first
hard-paste porcelain appearance in north China in 575 (Kerr and Wood, 2004). This
serious research and dedication to study established the European porcelain and china
industry as the foundation for the production of porcelain. This successful research
also became the basis of ceramic industrial product design in Europe.

The long tradition, advanced technology, well-trained labour and demands from
society, including the understanding of the people and the economic and political
influences contributed strongly to the discovery of porcelain. The conditions for por-
celain manufacture in Europe were different from those in China, as its cultural base
was different and Europe did not have the same raw materials or technology as China.
For this reason, Europeans needed to develop forms of porcelain that were different
from those which were being produced in the regions where it originated. European
porcelain compounds contain more silica and alumina which give the porcelain body
amore translucent quality than ordinary Chinese porcelain. This is why Europeans are
more concerned with translucency. The other important factor in categorising por-
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celain material is the type of kaolin used. China and Korea have two types of kaolin,
a pink type (secondary kaolin) and a white type (primary kaolin). In Europe, only
the white type or a similar material is present, therefore Europeans prefer the colour
of their porcelain to be white. Kerr and Wood (2004) reported that chemical analy-
sis of Jingdezhen (Ching-te-chen by Kerr and Wood) kaolin show rather high iron
contents compared with European kaolin, and occasionally high alkali (K,O + Na,O)
levels from residual mica and feldspar. Kaolin is used in different ways in China and
Korea, depending on the type of porcelain that is produced. White kaolin is used to
produce Chinese Celadon and white porcelain. Pink kaolin is used for glazes, Korean
Celadon colour-glazed porcelain and black crystal-glazed porcelain. Porcelain also
found common ground among the wealthy, and was produced for the royal and aris-
tocratic members of society in China, Korea and Western countries. The irony is that
the porcelain makers belonged to the lowest class in their society. Society and culture
changed the upper classes’ perception of porcelain items, from products for ordinary
people to desirable objects to be produced especially for them. This continued until
the twentieth century, when porcelain industries began to build mass production sys-
tems. European porcelain developed throughout history and the historical porcelain
documentation became one of the most important bases of modern European ce-
ramic material research. Today, clay manufacturers throughout the world produce a
variety of porcelain products.

In spite of its unique properties of hardness and high density, the lack of plas-
ticity and heavy weight of porcelain traditionally give limited artistic options in the
development of porcelain products. The problems of traditional porcelain bodies are
described in Paper III.

2.3. General overview of paper clay

Clay has been used in combination with natural fibres to make unfired bricks as build-
ing material since the beginning of the Neolithic period, 10,000 years ago. Adobe is one
of the examples, a primary building material of mixed clay and straw that is sun-dried
or fired at a low temperature. On the northern coast of Peru, the Moche pyramids, dat-
ing from A.D. 100-700, provide visible evidence of adobe (Peterson, 1995). Traditional
adobe mixtures also encompass a sun-dried mixture of clay, sand and fibre as unfired
clay used in primary construction (Griffith, 1998). This can be seen in Africa, Oceania,
Melanesia, Indonesia, Far East, parts of Central and Eastern Asia, South-western part
of the USA, Mexico and Central and South America. The most common use of adobe
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is to mix it with straw, bamboo, paper and/or other fibres to prevent shrinkage cracks
(Hornbostel, 1991). Traditional Korean and Chinese sun-dried and unfired bricks were
inexpensive architectural material with which the local people could build houses. The
unique advantages of this material are its low cost and its high dry strength; the porous
quality of these bricks absorb the moisture and protect the interior of the houses from
hot, dry or cold weather (Hamilton, 1978).

In the ceramic art field, “individuals have added a variety of tempers to clay bodies to
improve working qualities and dry strength. In the 1960s, a number of ceramic artists
worked slip into fibre-glass cloth and draped the slip-laden material over a variety of
forms to create thin veils of clay. In the 1970s and ‘8os, nylon fibre was added to allow
artists to develop thin but tough clay sculptures” (Baker, 1998, p. 46). In the 1970s, the
artist Rauschenberg mixed adobe clay with seeds, powdered gum and paper pulp to get
dry strength for artistic purposes (Lightwood, 2000). In the 1970s and 1980s, nylon fi-
bre was added to allow artists to develop thin but tough clay sculptures (Lowell, 1998).
In the 1990s, cellulose fibre was added to get a translucent effect (Kéhkonen, 1993),
and paper pulp was added to increase its dry strength and to achieve a lightweight
clay body. Paper clay was introduced to the field of ceramic art by several potters and
material chemists in the 1990s (e.g. Baker, 1998; Gault, 1993a and 1993b; Hay, 1996;
Juvonen, 1995; Peterson, 1995; Soong and Ling, 1995). Peterson (1995) described an
adobe body with added paper to increase its workability; fibre could be embedded to
strengthen the ancient sun-dried earth bricks and to adobe bodies to enhance their
artistic qualities. Juvonen (1995) has tested clay with different fibre additives to pro-
duce a large bowl as an artistic model. The merits and problems of paper-composite
porcelain are more thoroughly described in Paper III.

2.4. Composite material

The term “Composite material” implies a combination of two or more materials dif-
fering in form or composition to achieve a particular function (Composite, 1987) One
of the important properties of the composite material is that it can obtain the value
of a given physical property which is not obtainable by either of the combined com-
ponents on their own (Chou, 1993). As the term indicates, a composite material is one
which is different from common homogeneous materials. The composite material ob-
tained is instead heterogeneous.
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The earliest evidence of ceramic composites was sun-dried brick such as adobe, which
mixed clay and straw. In the 1900s, composite products were associated with inorganic
materials that included clay, and organic materials that included cellulose products.
Ceramic products were mainly derived from clay. Ceramic materials used alone are
brittle and hence produce fragile components which could easily be broken. However,
they can resist cracking if they contain fibres (Kelly, 1994). The natural fibre-based
ceramic composites are mostly mixed clay with other additives as a binder (Richer-
son, 1992) to control the shrinkage, improve the green strength (Onoda, 1976) and to
provide better handling while forming the shape of the product (Delmonte, 1989). The
bonding between fibres and matrix is created during the manufacturing phase of the
composite material. This has a fundamental influence on the mechanical properties of
the composite material (Gay, 2002).

2.5. Knowledge in pottery

According to Polanyi (1983), tacit knowledge includes all experiential knowledge. Ex-
plicit knowledge or scientific knowledge is related to the theoretical understanding and
to scientific principles, so it has the characteristic of being fully codified. The codifica-
tion refers to knowledge which has an explicit form and is related to scientific results
of basic research and innovative activity composed of facts, information, principles
and practical understanding of science. This explicit knowledge is the opposite of tacit
knowledge, which is a personal property of knowledge. Tacit knowledge is linked to the
abilities that individuals possess based on elements of knowledge that were acquired
through practical experience. Thus, craft skills, routines and workmanships stem from
tacit knowledge, particularly in the field of ceramic art/craft/design. Knowledge in pot-
tery has traditionally been deeply rooted in tacit knowledge, which has existed in the
form of art and craft long before scientists like Polanyi identified it. The ability to work
with ceramic materials includes knowledge of the properties of the clay raw materi-
als, techniques and the nature of the tools. This knowledge may be acquired through
tacit observation and practice or systematically, through various forms of explicit in-
struction. Rowley (1997) stated that skill involves an understanding of materials and an
ability to work with them to create something. It is not necessary that all practitioners
should be able to describe their knowledge explicitly. However, as Shortland and Gre-
gory (2002) also mentioned, there are many economic and social benefits to be gained
from wider scientific knowledge. As Fraser (1986) stated, the faults that arise in clay
ware are by no means surprising, given the variable nature of the raw materials and
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the numerous stages involved before the final product is completed. Thus, many
problems encountered in the making of ceramic objects are involved in a complex
procedure, which in many cases can be solved explicitly. This would reduce the
trial and error, make more effective use of time and increase production. A more
detailed account of tacit and explicit knowledge in pottery is given in Paper IV.
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Research methods

This chapter describes the methods used in this research. It gives an introduction to,
and brief descriptions of each technique in order to provide basic knowledge to the
ceramic artists and researchers in this field. The descriptions are therefore rather more
general than technical. Detailed descriptions of the experimental materials and proce-
dures are given in the appended papers (Papers I, IT and III).

3.1. Interdisciplinary methods

This research used an interdisciplinary method to scientifically investigate the material
characteristics and properties of the paper-composite porcelain in combination with
artistic experiments. It was necessary to apply scientific methods to the study in order
to obtain deeper knowledge of the technical topics under investigation. This required
the development of a method that crosses disciplinary boundaries.

Friedman (2003) described design research, approaches, theory and method.

Design involves solving problems, creating something new, or transforming
less desirable situations to preferred situations. To do this, designers must
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know how things work and why. Understanding how things work and why
requires us to analyse and explain. This is the purpose of theory (p. 507).

One model of the design field represents six general domains. These do-
mains are (1) natural sciences, (2) humanities and liberal arts, (3) social
and behavioural sciences, (4) human professions and services, (5) crea-
tive and applied arts, and (6) technology and engineering. Design may
involve any or all of these domains, in differing aspects and proportions.
These depend on the nature of the project at hand or the problem to be
solved. With this as a background, we are prepared to examine how and

why (p. 508).

Ceramicists in every day practice work with various minerals, chemicals and small or
big machines, manually handling materials, techniques and equipment that require
combined knowledge from different fields. Thus, academic research in our field re-
quires a combination of methods from different fields of research to form an interdis-
ciplinary approach.

Bunnell (1998) submitted her Ph.D. thesis on CD-ROM, without a printed format.
In her thesis, she examined the integration of new technology into ceramic designer-
maker practice. She has pioneered new practice based research methodologies and
demonstrated how electronic media can be used to communicate craft based research.
A study on the monitoring and control of specialist ceramic kiln atmospheres and
missions by Malin (1993) thoroughly explored a technical approach. In his study, Ma-
lin used scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS) experiments as the main tools of investigation, in combination with the produc-
tion of artistic models. An experimental work by Dawes (1999) on the manufacturing
processes of Hellenistic and Roman glass illustrates a combination of theory, model ap-
plication and scientific study, which concentrates almost entirely on the chemical and
structural analysis of ancient glass. The water-based ceramic transfer printing research
by Petrie (1999) focuses on on-glaze screen-printed transfers of decorating industrial
ceramics. His research focuses on three aspects which are practice, literature studies
and examples of transfer printed ceramics, by using technical experimental methods
and testing models. This was done in cooperation with another scientist who was re-
sponsible for the technical part of work. Kerr and Wood (2004) conducted an in-depth
study of Chinese porcelain using an approach that combines history, archaeology and
chemistry. All of the above studies are important as forerunners of this research, as
they began to transcend the traditional boundaries of ceramic art/craft/design to de-

22



RESEARCH METHODS

velop research that combined other sciences or research fields.

In my research, I combined SEM, X-ray diffraction (XRD) and various physical
properties tests, as well as experimental methods used in the fields of material sci-
ence, inorganic chemistry and micro-physics, together with artistic experiments. I was
involved in or carried out all technical experiments and tests in this research in order
to make direct observations and conduct the analysis. The reason for choosing to be
personally involved in the technical experiments was that I had seen researchers who
had been unable to explain or give accurate answers when asked about parts of their
experiments, the results of which had been ordered from laboratories.

The technical experiments in this research were selected since my initial research
questions and major aims required material research into the micro-structure and
analysis of the mineral compositions of paper-composite porcelain. It has therefore
been important to establish an approach which was relevant to the nature of the ques-
tions and aims as well as to develop a suitable methodology for research within this
field. For this reason the study was conducted through a combination of technical and
artistic experiments. The technical experiments were carried out in different laborato-
ries where the chosen equipment was accessible. However, all specimens were prepared
in a studio environment to be representative of the production in a ceramicist’s artistic
practice. The artistic experiments were carried out as usual ceramic art studio work.
The procedures, experience of practical handling and direct effects are described, and
the results discussed.

3.2. Technical experimental methods

Scanning electron microscopy (SEM) is a powerful tool which can be used to look at
the microstructure of porcelain products. It was used in conjunction with X-ray dif-
fraction (XRD) and the physical properties tests. The aim of the technical experiment
in this study was to obtain a better understanding of paper-composite porcelain, to
identify the mineral compounds and relationships in the crystal structure and to study
the properties of this material. These methods have been used by many other ceramic
researchers, such as Richerson (1992), Hamers (2004) and Rado (1969). Kingery (with
Vandiver, 1986; and 1993) used the same methods when he investigated the internal
structure and visual effects of porcelain art pieces.

The technical experimental methods were used to analyse the material characters,
structures and properties of the following materials used in the study: porcelain raw
materials, waste papers, porcelain and paper-composite porcelain both in green and
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in fired state. XRD and SEM were used to perform the qualitative tests. Both XRD and
SEM are common tools used in non-destructive tests to examine ceramic materials.
The physical properties were characterised according to the international standard test
methods (ASTM). In the physical properties tests, qualitative studies concerned differ-
ent casting body recipes, production methods and firing temperatures. Furthermore,
quantitative studies, in destructive tests, were carried out to measure and analyse the
properties of the porcelain and paper-composite porcelain: shrinkage, weight-loss, po-
rosity, absorption, density, strength and deformation (Jeoung-Ah, 2004 and 2006).

3.2.1. X-ray diffraction (XRD)

XRD was used to qualitatively determine the crystalline phases of the materials used
in this study: kaolin, feldspar, quartz, copy/print waste paper (CP), other mixed waste
papers (HP), mother porcelain (M) and paper-composite porcelain bodies (MCP 1, 2,
3 and MHP 1, 2, 3) both in green and fired states. The X-ray intensities were recorded
using a computer system and the commercial software Diffract AT. Crystalline phases
were identified by comparison with standard reference patterns from the Powder Dif-
fraction File PDF-2 database sets 1—52, maintained by the International Centre for Dif-
fraction Data (ICDD) (Jeoung-Ah, 2004 and 2006).

XRD is a routine technique used for the identification of minerals in ceramic sam-
ples and is therefore a standard experimental tool for analysing crystal structures. It
can also be used to determine the crystalline structure of a new material, or the known
structure of a common material. It is often used in chemical identification. A beam
of X-rays of known wavelength strikes a sample and is diffracted at different angles,
depending on the structure of the material. The output is a diffraction pattern show-
ing a series of peaks. Each pure mineral or compound has a specific X-ray diffraction
pattern which is called a “fingerprint”. A diffractometer gives compounds or minerals
names by matching against a database or, as in this case, against the Powder Diffrac-
tion File (PDF) (Langer, 2002).

Since every crystalline material gives a unique X-ray diffraction pattern, the study
of diffraction patterns from unknown phases offers a powerful means of qualitative
identification (Glusker et. al, 1994). The XRD method has historically contributed
more than any other diffraction method to the understanding and determination of
the composition of ceramic samples. There are a few other techniques that can be
used to characterise the ceramic compound. However, compared to these, the XRD
has several merits, which are: it is non-destructive, less expensive than other methods
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and needs only small amounts of samples (around o.5g as a powdered sample or small
solid). Furthermore, it has a simple sample preparation method, is convenient and
may be used in the laboratory. Its diffraction patterns are also easy to interpret.

A qualitative analysis is a convenient method of identifying the mineral com-
pounds in mixtures of more than three compounds, such as multi-complex ceramic
materials (e.g. porcelain and paper-composite porcelain). Qualitative analysis involves
matching the diffraction pattern from the unknown material with patterns from a sin-
gle-phase reference material. The PDF is a collection of single-phase XRD patterns.
For the qualitative analysis of ceramic materials, PDF uses many thousands of patterns
(about 400,000 structures are identified) which have been recorded and published in
the ICDD.

A quantitative analysis is used for a two-component mixture, comparing one com-
ponent to another. The problem with quantitative analysis by X-ray is that it is sensitive
to preferential orientation of crystals. It was therefore almost impossible to apply this
analysis to the study of porcelain and paper-composite porcelain, since both materi-
als have multi-complex compounds. Furthermore, it is a time consuming analysis; in
general, the quantitative analysis of a new phase system requires a minimum of a few
days and often up to a week of set-up time.

3.2.2. Scanning electron microscopy (SEM)

The microstructures of the materials which were used in this study were observed by
using SEM. This technique was used to reveal their microstructures and to observe
topographical contrast in the secondary electron imaging (SEI) mode. The specimens
were coated with gold using an electron beam evaporation system.

The SEM is used to create images of objects such as minerals and ceramic samples
and is often used in combination with the XRD to identify and characterise minerals.
It is especially useful for examining the surface details of ceramics. The SEM provides
an image of the surface and allows images to be viewed at a magnification of up to
100,000 times that of an optical light microscope. The SEM can provide both high
magnification and good image depth at the same time, so that sharp images of very
fine details are produced. Unlike an ordinary microscope, the SEM uses a beam of
electrons instead of light to view a specimen. However, an electronic charge builds
up on the surface of non-conductors and repels the electrons. For this reason, a fine
conductive coating of gold or carbon must be applied to ceramics so that they can be
examined. The coated specimen is placed in a vacuum so that the electron beam can
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move without interference. The electrons are generated from a thin tungsten wire in a
“gun” of the SEM. Electricity is passed through the wire and then focused by magnets
onto the specimen. When the electrons from the gun strike the surface coating of gold,
electrons are reflected from the specimen to a detector and transmitted to a television
screen, where an image is viewed and photographed. The SEM is especially useful for
inspections of the microstructure of ceramic materials on which the irregular surface
also can reveal information about the nature of the mechanism of the material (Shack-
elford, 2000).

3.2.3. Characterisation of physical properties

The physical properties of a material determine how it can be used. When ceramic art-
ists set about planning an art object, one of our first decisions is which material to use.
We usually seek a material that has certain properties and characteristics that are suit-
able for the planned object. Therefore, ceramicists need to understand the properties
of the used materials. This understanding enables us to move more directly towards
our goal when creating an item, and to experiment with factors that really are less
predictable.

In this study, qualitative and quantitative analyses were conducted to measure and
evaluate the properties of the porcelain and paper-composite porcelain. The physical
properties were characterised according to the international standard test methods
with respect to linear drying shrinkage (according to ASTM C326), and weight-loss
(ASTM C373). An Instron universal testing machine was used to determine mechani-
cal strength in a three-point bend mode, which was tested according to ASTM C689.
In the physical properties tests, qualitative studies concerned different casting body
recipes, production methods and firing temperatures. Furthermore, quantitative stud-
ies were carried out in the form of destructive tests to measure and analyse the proper-
ties of the porcelain and paper-composite porcelain: shrinkage, weight-loss, porosity,
absorption, density, strength and deformation. Detailed test methods are described in
the appended Papers II and II1.

3.3. Artistic experiment for practical application
purposes

In accordance with the research questions (see Section 1.2) and hypothesis (Section
1.3), the physical properties tests in technical experiments were carried out before per-

26



RESEARCH METHODS

forming the artistic experiments in order to study the characteristics and properties
of paper-composite porcelain. This enabled me to plan the procedure of the practi-
cal work. From 2001 to 2006, open discussions about my research have taken place
through my research home page. This has brought me a wider range of feedback from
other parts of the world. The choice of specific models in the artistic experiment is
partly related to such inquiries from colleagues and other ceramists. SEM and XRD
experiments were carried out in parallel with artistic modelling, which helped me to
figure out what I experienced and observed during the artistic experiment procedure.
Before writing the reflection on artistic practice, all models were shown in public at
a solo exhibition in 2002 to collect public reactions, opinions and comments. This
proved helpful in the latter stages, when describing and reflecting on the artistic ex-
periment segment of the work. The public solo exhibition was necessary in order to
make this research accessible. It was also important that the actual pieces produced
were the ones which were presented, as photographic images do not fully exhibit the
subtle visual and tactile qualities apparent in the actual objects. Details of all practi-
cal methods used and images of most of the ceramic artwork models are presented in
Paper III. (A more detailed background of this study is given in Section 1.6 and ad-
ditional pictures in Appendices I-VI).

There have been previous examples of combining technical study with the produc-
tion of artistic model works in ceramic art and design research. A study on ceramics
with viscose silica clothing by Kéhkonen (1993) describes the addition of cellulose
fibre to obtain a translucent effect in ceramics. Juvonen (1995) reports using paper
fibre as a substitute in ceramic clays. Juvonen has tested clay with paper fibre additives
of 2-20% in weight percentages and fired at 1100-1250°C and produced large bowls
as artistic models. Hortling and Siren (1993) studied the effect of Finnish earthenware
clay and calcium oxide on the colour changes in stoneware glazes using laboratory
experimental methods and demonstrating a few models. All of those previous studies
used direct observations to describe the ceramic artwork models.

In this research, the purpose and methods of the artistic experiments were as follows:
« To understand the underlying factors and test the artistic applicability of paper-
composite porcelain in ceramic art and design practice, in comparison to tradi-
tional porcelain.
« To understand the workability of paper-composite porcelain with different amounts
of paper fibre, the fragility/handling problems in the green and fired states and the
behaviour of the materials during the entire process.
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« To provide practical information on firing at a high temperature of 1300°C.

« To highlight the artistic applicability of this material with a 50-90% paper fibre
volume (as 6.8-39.8% in weight).

« To develop and use a new method of slip preparation for paper-composite porce-
lain.

« To use only waste paper throughout the course of the study.

The following artistic qualities were observed in this study:
o The surface and texture of the final paper-composite porcelain product.
« The possibility of casting products with fine lines and complex shapes with sharp
angles.
o The colour and translucency of the paper-composite porcelain, both body and
glaze, especially effects related to extra calcium carbonate and extra anorthite in
the fired state.

In this study, the artistic application produced prototype tableware. The models were

primarily designed to test the applicability of the paper-composite porcelain clay body.
The details of the procedures are described in Paper III.
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Additional tests and
results

Some additional tests were carried out which were not directly related to the main
focus of each paper and were therefore not included in the separate papers. Although
they were only performed out of personal curiosity, some of the results are reported
and analysed here for readers who may derive some benefit from them.

The leading questions for these additional tests where:
o How do the properties of paper-composite porcelain with CP differ from those of
paper-composite porcelain with HP and from M?
o How does paper-composite porcelain withstand higher firing temperature com-
pared to M?
» How does extra CaCO, from waste paper affect paper-composite porcelain, in
comparison to ordinary porcelain?

The answers to these questions contribute to a deeper understanding of the paper-
composite porcelain as an artistic material.
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4.1. MHP properties fired at 1300°C

CP was selected for the artistic experiment because the paper quality of CP was the
same as that of HP, which is a mix of various waste papers (MultiCopy produced from
Papyrus StoraEnso. See Papers I and II for a more detailed description of the papers).
However, there were differences in the physical properties of MHP in the fired state in

comparison to M and MCP in fired state.

Fired apparent porosity by volume (%)
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Table 1. Linear shrinkage, weight-loss, porosity, absorption, density and strength of M, MCP, and MHP slip
bodies fired at 1300°C (compare to Table 5 in Paper III)

From the above test results, the following remarks can be made:
o All MHP bodies have less wet to dry shrinkage than M or MCP bodies.
o MHP 1 and MHP 2 bodies have less total shrinkage than M or MCP bodies.

o MHP 3 has higher total shrinkage than M, however it has less than MCP 3 which

has same amount of CP.
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o All MHP bodies have higher weight loss than M, but less than MCP bodies.

o MHP 1 absorption became o as M while MHP 3 has the highest absorption of all
studied bodies.

o MHP 1 has the highest density among all MCP/MHP bodies and near to M, while
MHP 3 has the lowest density.

« All MCP/MHP bodies have higher green strength than M.

o Green strength of MHP 3 is the highest among all studied bodies and it is nearly
twice as high as that of M.

o The fired strength of MHP 1 is the highest among MCP/MHP bodies while MHP
3 has the lowest fired strength.

Slip 950°C | 1000°C [ 1050°C [ 1100°C | 1150°C | 1200°C | 1250°C | 1300°C
bodies

M 0 0.8 0.8 0.8 1.3 2.0 4.8 7.3
MCP 1 0 0 0 0 0.7 1.7 4.0 6.0
MCP 2 0 0 0 0.1 1.7 2.2 4.5 6.5
MCP 3 0 0 0.2 0.5 3.2 3.2 6.0 6.7
MHP 1 0 0 0 0 0.3 2.0 3.2 3.8
MHP 2 0 0 0 0.5 1.2 2.5 3.7 4.8
MHP 3 0 0 0.5 0.8 1.8 3.0 4.0 5.7

Table 2. Degree of deformation (average/mm) of M, MCP, and MHP slip bodies in fired states (compare to
Table 5 in Paper IIT)

From the above results, the following statements can be made:

o It is clear that paper-composite porcelain bodies undergo a sudden structural
transformation in the interval 1100-1200°C, and again between 1200-1250°C (see
Section 6.2 of Paper III for more details).

« Paper-composite porcelain bodies have firing temperature that are about 50-150°C
higher than M (see Section 6.2 of Paper III).

o All MHP bodies have less deformation than M or MCP bodies at 1250°C and
1300°C.

4.2. The fired state above 1300°C

In the artistic experiments, the gloss firing temperature was selected at 1300°C because
studio potters rarely use firing temperatures above 1300°C. However, I was curious
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about the physical properties above 1300°C, since hard-paste porcelain can be fired at
higher temperatures than 1300°C. The following result show the degree of deforma-
tion of M, MCP and MHP bodies at a firing temperatures of 1350°C. Table 3, the results
for bodies fired at 1350°C have been inserted into Table 2 to show the changes.

Slip 950°C | 1000°C | 1050°C | 1100°C | 1150°C | 1200°C | 1250°C | 1300°C | 1350°C
bodies

M 0 0.8 0.8 0.8 1.3 2.0 4.8 7.3 7.5
MCP1 |0 0 0 0 0.7 1.7 4.0 6.0 6.0
MCP2 |0 0 0 0.1 1.7 2.2 4.5 6.5 6.5
MCP3 |0 0 0.2 0.5 3.2 3.2 6.0 6.7 7.0
MHP1 |0 0 0 0 0.3 2.0 3.2 3.8 4.5
MHP2 |0 0 0 0.5 1.2 2.5 3.7 4.8 5.0
MHP3 |0 0 0.5 0.8 1.8 3.0 4.0 5.7 6.2

Table 3. Degree of deformation (average/mm) of M, MCP, and MHP slip bodies in fired states (compare to
Table 2 in 4.1)

From these results, the following statements can be made:

o« MCP and MHP bodies have lower deformation than M above 1300°C.

o There are no changes in the degree of deformation for MCP 1 and MCP 2 when
the firing temperature is increased from 1300°C to 1350°C.

o The biggest difference is between MHP 1 (4.5 mm) and M (7.5 mm) at 1350°C.

o Deformation of all MCP and MHP bodies occurs between 1050°C and 1150°C,
but at 1000°C for M, which suggests that the MCP and MHP bodies can withstand
firing temperatures that are 50-150°C higher than M, although MCP 2 and 3, and
MHP 2 and 3 show a higher degree of deformation in the intervals 1150-1250°C
and 1150-1200°C respectively.

4.3. Effects of extra CaCO3 in the fired state

In the artistic experiment, it was clearly shown that extra calcium carbonate (CaCO,)
from the paper and extra anorthite in the fired state directly influenced the visual
characteristics of the paper-composite porcelain in both body and glaze (see Sections
5.3 and 6.2 of Paper III). However, to discover the effect that extra CaCO, from waste
paper have on paper-composite porcelain, I wanted to compare them with the effect of
adding extra CaCO, minerals to M. The differences between the two body types were
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studied through a deformation test. For better accuracy, I chose to recalculate the MCP
composition to three comparable MCa (M porcelain combined with extra CaCO,)
bodies (MCa1, 2, and 3).

CP has 20% CaCO, in weight in its composition (see Section 2.1 of Paper I). MCP
bodies were prepared with three different paper ratios: 6.8%, 14.6% and 39.8% in
weight. Recalculating 20% CaCO, in weight from each MCP paper ratio indicated
that 1.36%, 2.92% and 7.96% more CaCO, should be added to each body respectively.
Danish CaCO, was used as extra CaCO, for the MCa bodies. The formulations of M,
MCP and MCa bodies are shown in Table 4.

M MCP 1 MCP 2 MCP 3 MCal MCa?2 MCa3
Kaolin 50 46.60 42.70 30.10 49.32 48.54 46.02
Feldspar 25 23.30 21.35 15.05 24.66 24.27 23.01
Quartz 25 23.30 21.35 15.05 24.66 24.27 23.01
CP 6.80 14.60 39.80
(CaCO3 (1.36) (2.92) (7.96)
in CP)
Extra 1.36 2.92 7.96
CaCo,

Table 4. M, MCP and MCa body formulations (wt.%)

Slip 950°C | 1000°C | 1050°C | 1100°C | 1150°C | 1200°C | 1250°C | 1300°C | 1350°C
bodies

M 0 0.8 0.8 0.8 1.3 2.0 4.8 7.3 7.5
MCP1 (O 0 0 0 0.7 1.7 4.0 6.0 6.0
MCP2 |0 0 0 0.1 1.7 2.2 4.5 6.5 6.5
MCP3 |0 0 0.2 0.5 3.2 3.2 6.0 6.7 7.0
MCa 1l 0.5 0.8 1.0 1.3 1.8 3.5 7.3 13.3 X
MCa2 |0.7 0.8 1.3 1.5 1.8 4.0 7.8 14.0 X
MCa3 |0.8 1.0 1.3 1.5 1.8 4.0 9.0 17.0 X

Table 5. Degree of deformation (average/mm) of M, MCP, and MCa bodies in fired states (compare to Table
3in 4.2)

The results are as follows:
o All MCa bodies started to deform from as early as 950°C. Compared to any of the
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MCa bodies, MCP 1 had a 200°C higher resistance against deformation.

o At 1000°C, the degree of deformation of the MCa bodies and the M body were
similar.

o At 1300°C, MCa 3 deformation was nearly three times larger than that of MCP 1.

o At 1350°C, all MCa bodies were collapsed. MCa 3 looked like melted frozen glass
while MCa 1 and 2 had stuck to the kiln shelf.

From these results the following has clearly been proved.

o The material characteristics, physical properties and visual effects of paper-com-
posite porcelain are not only influenced by the extra CaCO, from CP which
changes to anorthite in the fired state, but also by the paper fibre in the structure,
which influences the body.

« In MCa bodies with extra CaCO, but without paper fibre, CaCO, works as a strong
flux, increasing deformation and decreasing the firing temperature in comparison
to M.

« MCP bodies with extra CaCO, from the added paper fibre and with anorthite in
fired state have higher firing resistances and higher firing temperatures than M.
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Results and Conclusions

This chapter presents the results from both the technical and artistic experiments, as
well as the conclusions of the thesis. In order to avoid repetition, the results presented
in the four separate papers are only presented as a short summary in this chapter.

The initial research questions (see Section 1.2) were:
o What are the fibrous forms that are seen at the surface of fired paper-composite
porcelain?
o Why is that these fibres do not appear to burn away?
What happened to the structure of paper-composite porcelain during firing?
o Did the adding of paper change any of the original characteristics of the porcelain
body?

My hypothesis was (see Section 1.3):
o Minerals in added paper are not burnt away during the firing process and may
therefore influence the body characteristics when paper is used as an additive in

the production of paper-composite porcelain.
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The main aim of this research project was to obtain a better understanding of paper-
composite porcelain and its workability in ceramic art and design practice (see Section
1.4). The following sub aims were therefore outlined:
« To characterise paper-composite porcelain (Papers I and II)
« To investigate its properties (Papers II and III)
« To investigate the feasibility of using this material for practical ceramic art and
design purposes (Paper III)
o To contribute to the development of explicit knowledge within the field of ceramic
art and design (Paper I, IL, IIT and IV).

The following findings and conclusions can be presented.

o From the SEM examinations we can see that a fibrous structure is present in the
paper-composite porcelain body in both its green and fired states. The calcite from
the recycled papers melted with the kaolinite during the firing process and trans-
formed to anorthite. This was identified in the microstructure of the paper-com-
posite porcelain in the fired state. The XRD showed that the only major crystalline
phases present in the fired paper-composite porcelain bodies were mullite, a-
quartz, anorthite and amorphous materials, despite the presence of different types
of paper in the bodies. The development of anorthite in the fired paper-composite
porcelain is caused by calcium carbonate from the waste paper, which increases
the degree of heterogeneity in the formation of a porcelain body. The conclusion
is thus that the fibres seen at the surface of fired paper-composite porcelain are
transformed residues from the paper. The paper does not burn away completely
since the calcite in the paper melts during firing and is transformed to anorthite
(Paper I).

o The structures of fired paper-composite porcelain bodies had special fibre binders
covered with anorthite. This is a material which is involved in the construction of
fibrous bridges and tunnels and which therefore changes the body composition.
The fibrous structures displayed binding, interlocking fibres and fibrous bridging.
The conclusion is thus that the residual mineral calcite and paper fibre which are
transformed into anorthite during firing form a supporting complex structure of
interlocking fibres and fibrous bridging, changing the body composition in the
process (Paper I).

« The microstructure of paper-composite porcelain bodies showed different body
structures compared to the ordinary porcelain bodies. The changed body compo-
sition has a fundamental influence on the technical properties of the paper-com-
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posite porcelain in both the green and fired states. The conclusion is thus that the
added paper in paper-composite porcelain changes the original characteristics of
the porcelain body. Paper-composite porcelain has a higher green strength, lower
shrinkage, lower degree of deformation and wider firing range than traditional
porcelain at firing temperatures of 1300°C and 1350°C (Papers [, II and III).

« A higher paper fibre content in a slip cast body resulted in a lighter weight, higher
porosity and absorption, lower density and lower strength in the fired state. A
higher fibre content improved the green strength; however the effect was the op-
posite in the fired state (see Paper II).

o The free-hand press casting method resulted in a lower shrinkage ratio and a
higher green strength than the samples which were produced by the slip casting
method. The conclusion is that factors influencing the technical properties of pa-
per-composite porcelain are not only caused by the paper fibre itself, but also the
amount of paper fibre in the body composition, the type of paper fibre added and
the production method (see Papers II and III).

o There was less cracking, warping, bending and deformation of the paper-compos-
ite porcelain than of the M body. The strong fibre bonding structure supported the
plastic stage during the casting process, especially in the case of the complicated
shapes. The results showed that the behaviour of paper-composite porcelain var-
ied according to the paper fibre content of the clay body. It was most convenient
to use the paper-composite porcelain bodies with the lowest paper content in the
casting process, as this produced the finest surface and texture in the final product.
However, even the final paper-composite porcelain product with the highest paper
fibre content produced fine lines and sharp angles. The paper-composite porcelain
thus showed a high potential for artistic utility and could be used to expand the
field of ceramic art and design, a field which can benefit from the characteristics
of this material (see Paper III).

 No difference in whiteness was observed between the M and MCP bodies, how-
ever MCP bodies had a more silky lustre when compared to M. In glazed MCP
bodies, the glaze showed a deeper and more translucent effect than M (see Section
5.3 in Paper III).

o Interdisciplinary research methods were applied in this study to understand the
structure and behaviour of the material. The combination of artistic and scientific
studies enabled the application of personal experience of practical craftwork, thus
maintaining the artistic perspective, while the scientific perspective reduced the
requirement for trial and error in practice. This method enabled me to understand
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the materials in use, predict how it would react and explain the characteristics to
others. Ceramic material research needs to be linked to actual ceramic art and
design practice in order to promote a relevant, fundamental knowledge of mate-
rials. Ceramic practitioners would therefore be able to more accurately select the
optimal material for the particular purpose of their practical work (Paper IV).



CHAPTER 6

Contributions of this
research to the field of
ceramic art and design

This research made the following contributions to the field of ceramic art and design.
o Characterisation of microstructure. The studies revealed that a fibrous structure
was created in the paper-composite porcelain body in both its green and fired
states. The microstructure of paper-composite porcelain bodies was different from
that of ordinary porcelain bodies. The structures of fired paper-composite porce-
lain bodies had special fibre binders covered with anorthite. This is a material that
is involved in the construction of fibrous bridges and tunnels and which changes
the composition of the porcelain body. The fibrous structures displayed strongly
binding, interlocking fibres and fibrous bridging, forming a support structure for
the ceramic objects.
o New information on the residual minerals in paper-composite porcelain bodies:
In stark opposition to the common belief that the paper is burnt away and leaves a
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porous structure in the fired state of the paper clay body (Gault, 1993b; Juvonen,
1995: Stevens, 2002), this research found that mineral compounds in the added
paper are transformed during firing and make an essential contribution to the
special properties of the paper-composite porcelain. The calcite from the recy-
cled papers melted with the kaolinite during the firing process and transformed
to anorthite, which was identified in the microstructure of the paper-composite
porcelain in the fired state.

Waste paper was used to produce the studied paper-composite porcelain. Thus
ethical and economic concerns were both addressed, since waste paper is an addi-
tive that can easily be obtained, and at little or no cost. The use of paper-composite
porcelain can therefore contribute to the reduction of waste and help to turn ce-
ramic work into an even more sustainable product (see Papers I, IT and III).

o Comparison of effects of different production methods on physical properties: The
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free-hand press casting method resulted in a lower shrinkage ratio and a higher
green strength than were obtained in the samples which were produced by the slip
casting method (see Paper II).

New slip preparation of paper-composite porcelain: The excess water was recycled
as additional water when mixed with porcelain powders and paper pulps (see Pa-
pers I, IT and IIT). No ready-made paper pulp was used. All of the excess water was
recycled so as not to lose any minerals or chemical compounds from the paper.
Thus, this clay body preparation method clearly differs from others used for paper
clay making (Gault, 1992 and 1993; Goldgate, 2001; Juvonen, 1995), in which the
excess water is discarded. The artistic experiments also proved that is was possible
to slip cast fine lines and sharp angles with paper-composite porcelain, even when
using the slip with the highest paper-fibre content.

The highest amounts of paper fibre were mixed: In this research, the paper-fibre
contents were 50%, 70% and 90% in volume (as 6.8%, 14.6% and 39.8% in weight)
which are the highest amounts of paper fibre previously reported. Prior to this, the
highest ratios reported were the 50% paper pulp by volume tested by Gault (1993),
Goldate (2001) and Lightwood (2000) tested 50% paper pulp in volume and the
20% in weight tested by Juvonen (1995) (see Papers I, II and III).

All raw materials used in this study were produced within European countries.
This could be beneficial to European ceramicists (see Papers I, IT and III).
Detailed physical properties from test results both in green and fired states are
reported (see Papers IT and III).

The biscuit firing temperature of paper-composite porcelain was identified as be-
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ing 50-150°C higher than for M bodies (see Section 4.2).

Higher firing temperatures were tested. It is assumed that paper-composite bodies
can be fired up to at least 1500°C since its mother recipe, a hard-paste porcelain
clay body, can normally be fired up to 1450°C. Tests of the physical properties and
deformation tests indicate that paper-composite bodies have an even higher firing
temperature, roughly 50-150°C higher than the M body (see Section 6.2 of Paper
I10).

The effects of extra calcium carbonate and anorthite were identified. In the fired
state, the extra calcium carbonate has a directly observable influence on the visual
characteristics of the paper-composite porcelain, in both body and glaze (see Sec-
tions 5.3 and 6.2 in Paper III).

The role of paper fibre in providing reinforcement in the initial stages of form-
ing and fabricating clay composites was identified and explained. The relation
between extra minerals and paper fibre in paper-composite porcelain in the fired
state was discovered. It was demonstrated that the material characteristics, physi-
cal properties and visual effects of paper-composite porcelain are not only influ-
enced by the extra CaCO, from CP which changes into anorthite in the fired state,
but also that paper fibre influences the structure of the porcelain body. In MCa
bodies with extra CaCO, and without paper fibre, CaCO, works as a strong flux,
causing higher deformation than seen in the M body and lowering the firing tem-
perature; MCP bodies with extra CaCO, from paper fibre and anorthite in the
fired state have higher firing resistance and higher firing temperature than the M
body (see Section 4.3, Papers I, II and III).

An interdisciplinary methodology for practice-based research was applied to this
research with the aim of contributing to the development of an explicit knowledge
base within the field of ceramic art and design.
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Further research and
recommendations

o One of the priorities among my interests many for further study one to investigate
whether the paper fibres are carbonised in the microstructure of paper-composite
porcelain bodies or whether they remain in their original form. One of my initial
hypotheses was that the fibres are perhaps carbonised. However, due to the una-
vailability of the relevant technical instruments it was not studied in this research.
Carbon fibre composites are of major interest as a multifunctional material, espe-
cially for construction uses (Chen and Chung, 1996; Chung, 2000) in the nano-
composite field. Further investigation of the microstructure and properties may
open opportunities for the development of paper-composite porcelain for many
other purposes.

o The transformation of calcium carbonate and anorthite in the microstructure of
paper-composite porcelain, and how these influence the aesthetic appearance of
the final product is another aspect which could be the subject of future research.
In the fired state, these compounds directly influence the characteristics of the
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paper-composite porcelain, i.e., both the body and the glazed form (see Sections
5.3 and 6.2 of Paper III). A deeper investigation of the degree of whiteness and
translucency of paper-composite porcelain in comparison to porcelain would
benefit both industry and art ceramicists. The use of quantitative methods such
as a visual assessment on a match scale would give a more accurate description of
the aesthetic qualities.

It would be useful for porcelain industry and studio potters using high-fired por-
celain if a more thorough investigation of the physical properties of paper-com-
posite porcelain above 1350°C were conducted to establish its exact biscuit and
gloss firing temperatures and changes in strength, etc. Hard-paste porcelain is a
body that has been fired at high temperature. The results of this research indi-
cated that paper-composite porcelain can be fired at higher temperatures than its
mother porcelain.

Paper-composite porcelain and the knowledge of it ought to be used as a base
upon which to develop alternative designs, i.e., sustainable eco-design products
and architectural material which would benefit both society and researchers in

the future.
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Svensk sammanfattning

Denna avhandling omfattar atta kapitel, som redogor for forskningsprojektet i sin hel-
het, samt fyra separata artiklar, varav de tva forsta dr publicerade och de tva senare
inskickade for publicering.

Papperskompositporslin dr pappersblandad lera som kombinerar vilken som helst
slags porslinslera med papper. Papper blandas vanligen med lera for att forbattra lag
hallfasthet och plasticitet - tvd av de storsta praktiska problemen med porslinslera.
Problemen med det traditionella porslinet dr allmint kinda. Trots sin unika hardhet
och hoga densitet har porslinet tydliga konstnarliga begransningar som material. De
allvarligaste problemen beror av porslinsmassans ldga plasticitet, hoga vikt, skorhet i
gront tillstdnd, hoga deformationsgrad och korta temperaturintervall {6r branning.
Tidigare provade inblandningar i porslinsmassan forbittrar dess grona styrka och
plasticitet, men har andra nackdelar, som t ex att det reducerar transparens och vithet,
eller forstarker andra negativa beteenden, t ex genom att 6ka krympningen och ten-
densen till skevning/férvrangning under torkning och brinning.
Papperskompositporslin har en tydligt positiv effekt for porslinsmassans grona sty-
rka, men &r ett relativt nytt och outforskat material, och de fa studier som genomforts
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ger fragmentariska inblickar. Forutom att det saknas kunskap om materialets tekniska
egenskaper och sammansittning, har praktiska konstnirliga problem ocksé identifi-
erats i tidigare studier. Papperskompositporslin sigs vara svart att fa skarpa kanter,
komplexa former och fina ytor med, vara svar att gjuta och ha tendens att fastna i
gipsformen vid gjutning - sérskilt nar andelen inblandat papper ér hog.

Trots ett utbrett intresse inom keramikkonsten for att anvinda papperskomposit-
porslin har dess egenskaper dnnu ej beskrivits. Syftet med detta forskningsarbete har
varit att forstd den konstnarliga anvandbarheten hos papperskompositporslin och fa
tillforlitlig kunskap om materialets egenskaper.

Praktiska konstnarliga experiment kombineras i detta forskningsarbete med lab-
oratorieexperiment som anviands inom materialvetenskaperna. De konstnérliga ex-
perimenten undersoker hanterlighet och anvandbarhet hos papperskompositporslin
med olika volymprocent iblandat papper (50, 70 och 90 %) i gjutning av formmissigt
olika modeller. De tekniska studierna undersoker kvalitativt materialegenskaper och
mikrostruktur med hjélp av rontgendiffraktionsmitning och svepelektronmikroskop.
Kvalitativa test av fysiska egenskaper anvindes for att undersoka betydelsen av olika
recept for gjutmassan, olika produktionsmetoder och olika temperaturer vid brin-
ning. I kvantitativa studier, i enlighet med internationell standard test (ASTM) me-
toder, mittes och analyserades egenskaperna hos papperskompositporslin med olika
volymprocent iblandat papper, och hos moderporslinet.

De konstnirliga experimenten omfattar utveckling av en fungerande gjutmetod
dir overskottsvattnet ateranvinds. Processen och erfarenheterna frin arbetet med
olika andelar pappersinblandning redogors for i alla vésentliga detaljer, frén bered-
ningen av pappersmassan till den slutliga branningen, inrdknat observationer av yta
och textur hos de slutliga produkterna. Gjutningen av modeller f6r olika delar i en
matservis visade att sprickbildning, skevning, buktning och deformation var betydligt
mindre hos papperskompositporslinet 4n hos moderporslinet, och skarpa vinklar lik-
som fina linjer och ytor erholls ocksda med den hogsta volymprocenten iblandat pap-
per (90 %). Vitheten hos slutprodukten var, jimfort med moderporslinet, densamma,
men papperskompositporslinet hade en mer silkig lyster och, nir det glaserats, storre
genomskinlighet.

Fibriga strukturer identifierades hos papperskompositporslin i badde gront och
brint tillstdnd. Kalkspat, fran papperstillsatserna i det dtervunna av pappert, smalter
med kaolinit under branningen och omvandlas till fiberaktig anortit som observerats
i mikrostrukturen hos det branda papperskompositporslinet. Pappersfiberns nirvaro,
liksom papperstypen och volymen tillsatt papper bevisas vara viktiga faktorer for den
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forbittrade grona hallfastheten hos papperskompositporslin, som i jaimforelse med
moderporslinet har hogre gron hallfasthet, ligre krympning, ligre deformationsgrad
och storre temperaturintervall for branning.

Papperskompositporslin visade sig inte bara ha kvalitéer som loser de ursprungliga
problemen med traditionellt porslin. Den hir utvecklade metoden for gjutning visar
ocksd att de identifierade problemen med papperskompositporslin dr mojliga att 16sa,
och med sina speciella egenskaper har materialet stor potential f6r utveckling inom en
konstnirlig kontext.

Resultaten ger oss ny kunskap om papperskompositporslin genom att identifiera
pappersfiberns forstirkande roll och materialets uppférande i den normala konst- och
konsthantverksproduktionens olika stadier, och férmedlar dessutom en praktiskt pro-
vad och dokumenterad metod for gjutning med upp till 9o volymprocent iblandat
papper, vilket tillsammans tydliggor papperskompositporslinets potential som konst-
nérligt material.

Translation: Cecilia Higgstrom
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