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Abstract

In the first quarter of the 19" Century the factory established at Nantgarw created some of the
finest quality porcelain in the world, rivalling that of Sevres, but beset by economic
difficulties resulting from extraordinarily high kiln losses approaching 90%, the production
which started in 1817 (ceased by 1820) produced the finest translucency ever achieved in
Georgian porcelains. An opportunity has arisen to analyse rare Nantgarw porcelain shards
excavated archaeologically from the Nantgarw China Works site. Two types of compositions,
bone china and silica-rich pastes are identified by Raman and SEM-EDXS analyse,
confirming some ancient studies. The spectral data from “sagged” silica-rich shards are
interpreted to reveal potential explanations of the manufacturing fault which significantly
contributed to the demise of the ceramics factory. Finally, the pigments and glaze used in

Nantgarw porcelain decoration have been analysed and identified for the first time.
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1. Introduction

The output from the Welsh porcelain factory at Nantgarw (ca. 1817-1820) was much in
demand by a discerning clientele and patrons who held its superb translucency and decoration
in the highest esteem (1,2,3,4,5): an example of the highest quality porcelain from Nantgarw
is shown in Figure 1, which illustrates its superb translucency and applied enamelled floral
decoration. Unfortunately, the appallingly high kiln losses of up to 90% experienced at
Nantgarw was not commercially viable and resulted in the demise of the factory by 1820.
Auctions of the residual stock decorated locally by Thomas Pardoe from 1821-1823 saw
porcelain manufacture cease forever in South Wales, but for a short time the porcelains from
Nantgarw held a supremacy over all others in Regency Britain and rivalled imports from the
long-established prime Sevres porcelain manufactory in France. Today, collectors still desire
the china products of Nantgarw and they command premium prices at auction for their
quality and rarity. A background to the establishment of the factory, which was the brain-
child of the enigmatic William Billingsley and his kiln manager and his son-in-law, Samuel
Walker, involves the geographical sourcing of their raw materials, which had necessarily to
be of the very highest quality, the preparation of the body composites and problems
associated with the manufacture and distribution of the finished products in an era before the
essential railway and road networks generated by the Industrial Revolution in the United
Kingdom became operational (6,7,8). A survey of the problems facing the start-up venture at
Nantgarw by William Billingsley, Samuel Walker and their financier, William Weston
Young, and the overcoming of these difficulties is beyond the scope of this paper but a

holistic appreciation has been given in the latest text to emerge on the Nantgarw factory (4).

The importation of vast quantities of Chinese hard paste porcelain into Europe in the 16",
17" and 18" Centuries created an almost insatiable desire for this new material which saw the

establishment of a competitive European market through the formation of porcelain



manufactories (for a list of the important contributors in this time frame, see Edwards (9)):
after a few trials in the manufacture of porcelain, especially at Rouen and St. Cloud in France
towards the end of the 17" Century (10,11,12,13,14,15,16), the first creditable commercial
production of hard-paste porcelain occurred at Meissen in 1708, where Ehrenfriede Walther
von Tschirnhaus and Johann Bottger, with the support of Augustus, Elector of Saxony, made
a type of porcelain (15,17) which was, however, chemically and compositionally unlike its
Chinese analogue, known thereafter as “true” porcelain (12,15,16,17). Analytical chemical
science was still then in its infancy and it was only in 1725 when Father Francois Xavier
d’Entrecolles, a Jesuit missionary in Jingdezhen, China, discovered the secrets of Chinese
porcelain composition and manufacture which he transmitted to his superiors in France (18)
that European factories could commence a serious and competitive porcelain production. R.-
A. Ferchault de Réaumur published the first analytical studies of porcelain from 1716 to 1729
(19). The role of kaolin, or China clay, was not appreciated initially and in the interim a soft
paste porcelain variety was manufactured in Europe which was compositionally different
from the Chinese hard paste variety but rather linked to Iznik fritware (14,20), but this was
much admired for its ability to take a good enamelling decoration. The discovery of localised
deposits of China clay in Saxony (17), in France (16) and in Cornwall in the 1730s and 1740s
(4,9,10) further encouraged the growth of porcelain manufacture and the establishment of
factories which produced soft paste (kaolin free, adding a frit to weld quartz grains) and then
hard paste (i.e. using kaolin) porcelains (9). The quest for better translucency of the china
depended very much upon two aspects: conformity and quality control of the raw materials
used in the porcelain paste and artefact production and a much stricter control of the kiln
design and hence of the homogeneity of the firing temperatures. To achieve the former, novel
additives were empirically adopted in the porcelain mixtures before firing, and for the latter,

greater attention was applied to the kilns and their operation to reduce wastage upon firing.



At this stage, the complex solid state reactions that occurred in the porcelain paste mixtures at
high temperatures in the kilns were not understood chemically and improvements to the
ceramic products depended on empirical changes being made in composition and firing:
Simeon Shaw (9) was probably the first to attempt to describe porcelain manufacture from a
scientific approach and earlier records of changes in body composition are clearly practical

but empirical, such as those noted by Dillwyn (21) at Swansea between 1815 and 1817.

Hitherto, the analyses of porcelains have invariably involved the complete or partial
destruction of specimens to engage firstly with wet chemical analytical methods and, more
recently, the removal of small samples for elemental analytical instrumentation procedures to
be undertaken (22). A major advantage of Raman spectroscopy and SEM/EDXS for the
analysis of ceramic shards excavated archaeologically at the abandoned Nantgarw China
works site is the ability to interrogate the porcelain body to get information in a non-invasive
way on the elemental and molecular composition of the body and its associated glaze with
any residual pigment used in decoration (12). The Raman analyse can be performed on-site
where rare artefacts are conserved in secure room (14,15,20). This is the first time that
Raman spectral data have been reported for Nantgarw porcelains and their interpretation
along with supporting SEM/EDXS measurements has provided much novel information
about the processes utilised some 200 years ago when this factory was at the pinnacle of its
production. Raman spectroscopy has previously been used successfully to interrogate
European and Chinese porcelains and faience, including a Rockingham porcelain table-top

dating from 1835-1840 (23) and early European ceramics (12-16,24-28).

Previous analytical work

The first detailed chemical analysis of Nantgarw porcelain was carried out by Eccles and
Rackham (29) in 1922, who analysed two specimens of porcelain from the Victoria and
Albert Museum Collection. One of the Nantgarw pieces analysed was especially significant
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historically in that it was part of the Duncombe service which had been decorated at
Nantgarw by William Billingsley and presented to Edmund Edwards, the landlord of the site
occupied by the Nantgarw China Works in lieu of rent. The service eventually passed through
one of Edwards’ daughters by marriage to the Rev. Duncombe of Llandaff, whence it
acquired its name. Both of these fine museum specimens were seriously damaged for the
destructive sampling required by the wet chemical techniques used in the analyses. An
apparently earlier analysis of a specimen of Nantgarw porcelain from the Lady Charlotte
Schreiber collection in the Victoria & Albert Museum, South Kensington, London, was
claimed by Sir Arthur Church (30) but no chemical compositional data were provided in

support of the analysis.

It was in the 1990s when scanning electron microscopy instrumental techniques were first
applied to the analysis of Nantgarw porcelains, commencing in 1991 with the work of Tite
and Bimson (31) and followed by that of Owen et al. (32,33) later in the decade. Tite and
Bimson analysed three Nantgarw shards from the British Museum collection and Owen et al.
fifteen Nantgarw shards and one damaged plate from a collection. A summary of the results
achieved in these analyses is given in Table 1; it should be noted that both the wet chemical
analyses and the scanning electron microscopy / EDXS data all provide elemental
information from the porcelain bodies which must then be related to the components that
were used in the porcelain manufacture which are all compromised and changed chemically
by the firing process undertaken at temperatures of up to 1400 °C in the kilns. This is not a
straightforward task as the conversion of some raw material components such as bone ash,
kaolin, steatite and flints into complex chemical entities occurs upon heating. Whereas Lewis
Dillwyn made detailed notes as a chemist of his empirical trials in the attempted perfection
and improvement of his porcelain at Swansea during a two years period from 1815-1817

(21), no such recipes were available for William Billingsley and William Weston Young’s



operation at Nantgarw, although after the death of William Billingsley it appears that Samuel
Walker, his kiln manager, did seemingly reveal the secret Nantgarw recipe to John Taylor
who published it in his book The Complete Practical Potter in 1847 (34). This recipe for the

porcelain body for Nantgarw porcelain as described in the literature is given below:

26 Ibs bone ash, 14 Ibs of Lynn sand and 2 Ibs potash were mixed with water then made into
bricks and fired in a biscuit kiln. Then the 42 Ibs of cooled frit was ground with 20 Ibs of

china clay and made into the paste for firing.

Raman spectroscopy combined with SEM/EDXS elemental analyses is here used to
characterise several specimens Nantgarw porcelain using shards from archaeological

excavation of the factory site to provide answers to the following questions:

o What elements are present in fired Nantgarw china and are these compatible with the
suggestions made for the raw materials used?

o Is there evidence for a single body composition or that of several bodies for the
narrow datelines of production?

o Does the composition of a sagged Nantgarw shard indicate the source of the
production problem?

o What mineral pigments were used for the decoration of Nantgarw porcelain?

In the light of the previous analytical work which was necessarily destructive to the
specimens involved and which was accomplished using mainly shards from factory waste
dumps, there is obviously a pressing need for the application of a non-destructive analytical
technique which can be utilised on perfect, finished porcelain articles to identify their
porcelain bodies through the applied glaze. Raman spectroscopy could address this
requirement and was, therefore, used here to characterise Nantgarw porcelain using shards to

verify that the presence of the glaze on the finished specimen does not compromise the



recording of the spectral data of the underlying body. If the studies of the shards cited here
prove satisfactory the next stage would be the Raman spectroscopic interrogation of perfect

and rare Nantgarw porcelain specimens.

2. Experimental
2.1.Specimens

The following specimens, glazed or not (Figure 2), were supplied by the Nantgarw China
Works Museum Trust for comparative analytical purposes: comprising a group of shards,
glazed and unglazed, excavated from a waste porcelain dump at the Nantgarw China Works
site in the 1990s. Several of these exhibited characteristics of the finished Nantgarw china,
such as edge mouldings and applied bead decoration (Samples NG1, NG2, NG3 and NG5).
One example (NG4) is typical of the so-called “sagged” china, which had warped and
distorted significantly at high temperatures in the kiln, so rendering the piece unfit for sale.
Three of these, described as NG8 and NG9 (two pieces), are decorated with pigment and
shard Nart200 replica is a special comparator from a modern process of re-creation of the
antique Nantgarw porcelain from a supposed recipe and emulating experiments which were
carried out in the late 19" Century to reproduce this porcelain. The importance of the
correlation between waste dump shards and perfect surviving porcelain specimens for the

interpretation of the spectral data will become apparent later.

2.2. Raman instrumentation

Raman spectroscopic analyses were carried out using a high sensitivity LABRAM Infinity
Dilor spectrometer equipped with a 532nm JDS-Uniphase YAG laser and a HORIBA Jobin-
Yvon Peltier cooled CCD to get a global view of the different Raman spectral signatures. The

laser power is about 5 mW at the sample. Backscattering measurements are made with



Olympus standard and Long Working Distance x 50 and x 100 objectives. About 10 different
spots were analysed for each shard specimen to achieve a representative survey (recording
time: 2 to 10 min per spectrum, typically). Complementary measurements have been made
with an HR800 HORIBA Jobin-Yvon spectrometer equipped with similar CCD detector but
using a blue laser line (488 nm, Coherent Innova 90C Ar" ion laser) using variable
microscope objectives (x10, x50 and X100 Olympus LMPlan). Both green and blue
excitations are well suited for examination of porcelain. Blue laser clean better the porcelain
surface and help to get a good spectrum of glaze. It was found advantageous to cut the shards
with a diamond saw (Minitom, Struers) and to further break the shard with pliers to have a
fresh fracture, observed with a BX51 Olympus Microscope, for the Raman analyses.
Polishing liquid residues and pollution from the burial environment can generate a strong
fluorescence which is detrimental to Raman analyses; therefore, the shards were thoroughly
washed with water before and after the cutting. However, most of the fluorescence observed
on laser excitation of the shards arises from the biological film which has developed during
their burial in the soil. A few mW/pum? green or blue laser illumination is usually sufficient to
clean the surface from this biological film, hence decreasing or eliminating (most of) the
fluorescence background. Data interpretation was accomplished through comparison with
literature values for key molecular mineral components in the porcelain paste
(12,13,14,23,35,36), such as wollastonite, calcium phosphate, quartz, feldspar, anatase, etc..
Accumulated spectral wavenumber and intensity data were not smoothed artificially to
remove noise or any emission radiation background and comparisons were effected using
spectral stackplots to facilitate the observation of key features and their presence or absence

in the spectra of related specimens.

2.3. Elemental composition



Elemental composition of the shards was obtained using a JEOL 5410LV SEM-EDXS
spectrometer with an acceleration voltage of 20 kV. In order to limit detrimental charge
effects, the sample was partially wrapped with a carbon-rich tape having a window for the
area to be analyzed. The charge evacuation is not as good as with the application of a
conducting coating (C or Au-Pd) but the samples are better preserved. Furthermore, due to
the difficulty of recognizing specific coloured areas on SEM images, the window helps to
correlate Raman and SEM-EDXS measurements. EDXS spectra were recorded using a x 400
magnification in order to measure the composition on a submicronic area, similar to that
probed by Raman microspectrometry using a x10 objective. It is important to note that,
unlike coloured glass, coloured pigment enamels are heterogeneous at the scale of a few
microns. Consequently, the mean composition as determined, for example by X-ray
fluorescence and other techniques probing a large volume (mm?), reflect only the mean
composition of the specimen. Quantitative elemental analysis (oxide wt%) was achieved
using the ZAF calculation method as implemented in the Iridium Ultra software. The validity
of the measurements was monitored by applying the same procedure to certified glass-
reference samples: "Corning Museum B, C and D" and American "National Bureau of
Standard (NBS 620)" and the error is estimated to be less than 10% for most of the measured
elements. It should be noted that boron cannot be measured in these experiments.

Transparency was evaluated by illuminating the backside with an optic fibre lighting.

3. Results

3.1. Body analysis
Fig. 3 shows representative spectra recorded on the different shards. Two different signatures
are observed, ones characteristics of soft-paste with peak characteristic of wollastonite and

calcium phosphate, see further and another with strong quartz signature only, as observed for
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hard-paste and some fritwares (12,13,14,15), respectively, are observed: indeed for the NG 6
shard we observe porcelain spectral signature with an intense signature of alpha-quartz
(SiO,), (a strong peak at ~462 cm™ and others weaker at 122, 190, 257, 355, 637, 803 and
1150 cm™ (note the wavenumber are downshifted due to the compressive effect of the other
phases as usually observed)(12,36) plus additional broad bands at ~ 490 and 1025 to 1080
cm, characteristic of a silico-aluminate glassy phase (24-26) as that observed in hard paste
porcelain (12,15). We don’t observe mullite signature (refractory mullite is the acicular
aluminosicate that forms the nest of needle above 1250°C required to retain the liquid phase
and preserve the shape of hard paste porcelain at the top high temperature firing and hence to
get a high transparency (37). Mullite phase is hardly detected by Raman scattering due to its

very ionic character of Al-O bonds.

For all other shards the typical signature of a soft-paste porcelain with a strong narrow peaks
of pseudowollastonite (CaSiOs, ~970, 1080 and 410 cm™) is obvious. Additionally, in most
spectra the signature of calcium phosphate (Cas(PO.),) is observed (main peak at ~960 cm™)
(Table 2), that is characteristic of bone china (23). Traces of (compressed) quartz are also
detected in NG1, NG2, NG3 and NG7 that indicates a significant content of glassy matrix:
indeed the mean thermal expansion of glassy aluminosilicate is much lower than that of
quartz, which induces compression of the quartz grain on cooling. A large amount of glassy
phase and a rather perfect sintering (low porosity) are required to obtain the translucency
(Fig. 4). The broad peaks characteristics of the glassy phase are observed at ~450 to 485 and
1080 to 1090 cm™, the variation indicating different compositions. The main peaks of
wollastonite and calcium phosphate are rather close in wavenumber but can be clearly
discriminated in NG1, NG4 and NG5. Bands merge more or less into a single peak for NG2,

NG3 and NG7, indicating a lower degree of crystallinity and hence a lower temperature of
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firing (their translucency is lower, Fig. 4). The best splitting is observed for the Nart200

modern sample; it indicates a higher degree of crystallinity.

Compositions measured by SEM-EDXS are consistent with the Raman spectra (Table 2 and
Figure 5). The NG6 composition is richer in silica (80%) and free of phosphorus oxide; the
CaO content is also very low; K,0O and Na,O are measured close to 1.2 and 2.6 %. Alumina
content is low (~12.6 %) that is more typical of a fritware than a true hard paste porcelain
according usual classification (38). The other compositions are similar, except NG4 which is
intermediate (~70 % SiO,, Fig. 5d). The MgO content is high, 3.1 wt%. NG2, NG3, NG5,
and NG8 (as well as for the replica Nart200) show a high P,Os content (15 to 20 wt %) and
medium CaO content (10 to 15 % wt). The NG1, NG4 and NG7 shards show a medium P,Os
content (4 to 8 wt %, Fig. 5d) and a low CaO content (4 to 10 wt %). The NG2, NG3 and
NGB8 samples are very similar. The NG2, NG8 and Nart200 specimens exhibit the highest
content of phosphorus (18-19 wt %). The carbon doublet (ca. 1350-1600 cm™) is detected in
NG3 and NG5 bodies, indicating that firing has taken place under a reducing atmosphere
under conditions required to obtain a white paste in the presence of traces of iron oxide (~0.4
% for NG3 and NG4, 0.3 % or less for the other, traces only for NG1, Table 2), which can be

attributed to the impurities of the fine sand used in the mixture.

NG6 and NG4 porcelains have a low amount of flux (P,0s+CaO+K,0+Na,0+PbO = 4.1 %
and 10.9 %, respectively) compared with the other specimens (NG2, NG3, NG5, NG8 and
Nart200) which have totals ranging between 21 and 40.1 %. The quality of the sintering is
however good (see the translucency in Fig. 4) that indicates that some flux — not measured —
has been added, certainly borax (B element not detected by SEM-EDS); addition of bismuth
is also possible. Note that these elements are highly volatile and the liquid phase formed can

be eliminated during the firing, after they had contributed to the densification. Intermediate

11



values are measured for the NG1 and NG7 specimens (21 and 16.3 %, respectively). Three

groups of porcelain body can hence be identified from the shards:

o The special case of NG6: no phosphorus present and a low flux content measured.

o Specimens NG1, NG4 and NG7 have a low phosphorus content and a low lime
content.

o Specimens NG2/NG3, NG5, NG8 and Nart200 have a high phosphorus content.

SEM images show a good sintering of the fired body (Fig. 4). Because of the sagging seen in
NG4 caused by overfiring, a large extension of the amorphous phase is observed for the
fracture (large smoothed area). Circular pores are observed in many samples (see e.g. for
NG5; note the translucency make visible the moulded leave decor by back lighting, Fig. 4) in
agreement with a significant amount of liquid phase formed during the sintering step. At high
magnification, small crystals can be observed in the amorphous phase, for example in NGL1.

A very particular microstructure is observed for NG6 silica-rich shard.

3.2. Glaze analysis

Fig. 6 shows the representative spectra obtained of the glaze found on the NG2, NG6 and
NG?7 specimens. Compositions are given in Table 3. The NG6 glaze shows in some places
the signature of diopside (nominal composition MgSiO3) with its characteristic doublet at 660
and 1015 cm™ (14) in agreement with the detection of a significant level of magnesium in the
body (3.1 wt %, Table 2) and in the glaze (1.1 wt %, Table 3). The spectra of the NG2 and
NG7 specimen glaze show the signature of Cas(PO.), with the strong ~960 cm™ peak. The
signatures of the glassy (alumino-)silicate (broad band of SiO, bending modes at ~450-460
cm™ and stretching band at ~1000 cm™ with a shoulder at ~1155 cm™) are similar for both the

NG2 and NG7 glazes, supported by their similar flux content (Table 3: 10.5 to 13 wt %). The
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intensity of the ~1150 cm™ component is higher in the NG6 glaze, in agreement with the

higher silica content (Table 3) and expected higher firing temperature.

A well-defined calcium phosphate signature is measured in several places for the NG8 glaze
(Fig. 6) although no phosphorus was detected by analysing the glaze surface by SEM/EDXS
(Table 3). The high content of phosphorus in the body explains this observation since the
body-glaze reaction in the firing kiln leads to a precipitation of calcium phosphate and the
larger volume of matter probed by Raman scattering includes the area at the body glaze
interphase where calcium phosphate forms. A weak feature is observed at 1400 cm™, which

can tentatively be attributed to the addition of boron, element not detectable by SEM-EDS.

Quartz is observed in the NG9 glaze (458 cm™, Fig. 6, the lower wavenumber indicating a
compressive stress applied by the glaze matrix). Additional peaks at 515 cm™ and 990 cm™
are assigned to undissolved feldspar grains and precipitated wollastonite, due to the Ca-rich

body coming into contact with a Ca-poor glaze (Tables 2 & 3).

3.3. Enamel analyses

Figure 6 compares the Raman signatures recorded on the coloured enamels in samples NG8
and NGO. The blue enamel shows the strong ~824 cm™peak with a 785 cm™ shoulder
characteristic of Nag4Ko1CagsPbs(AsO4); lacunar apatite (39) which is usually observed for
European 18™ century blue enamels made with arsenic-rich cobalt (14) and for some Chinese
porcelains (40,41). Both cobalt and arsenic are detected by SEM-EDXS (Table 3). The
carbon doublet is also observed. The SiO, stretching band has peaks at 985 and 1020 cm™, in
agreement with a mixed lead-alkali glass (42,43). The maroon enamel shows the very
characteristic and strong signature of haematite (220-285 cm™ doublet (24-36)) plus the

amorphous carbon doublet. The green enamel shows the typical signature of Naples Yellow,
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formulated as PbSn,Sh,.x.,M,07.4, pyrochlore (M= Si, Fe ...), with a strong 135 cm™ peak;
the peak at 452 cm™, stronger than that at 505 cm™ indicates a Sn-rich pyrochlore (44-48).
Both Sn and Sb are below the detection limit of our SEM-EDXS analysis. A carbon doublet
is also observed here, which indicates that carbon black could have been added as a pigment

darkening agent.

As expected, gold is detected in Cassius purple enamel (Table 3). Accordingly a strong
fluorescence is observed (Fig. 7) as usual (49). Additionally, in the low wavenumber range
the strong intensity of the Lamb modes of Au° nanoparticles increases the Rayleigh wing
(50) and led to a very strong carbon doublet (surface resonance enhancement effect). The
observation of the carbon doublet for all coloured enamels is consistent with the use of a
viscous organic medium or glue to facilitate the adhesion of the enamel precursor onto the
already glazed porcelain which is necessitated on account of the absence of porosity of the
underlying glaze. A strong band at 1017 cm™ is characteristic of the A; stretching mode with
associated (F) asymmetric components at 1110, 1124 and 1157 cm™ triplet and a bending
asymmetric triplet at 607, 626 and 675 cm™ and symmetric doublet at 415 and 497 cm™,
assignable to unreacted CaSQO, (51). This is consistent with the use of gypsum (or alabaster)

as raw material.

4. Interpretation of Results and Comparison with Previous Work

Although SEM/EDXS is useful for the identification of microdomains and elemental
distribution in fired ceramics, it must be appreciated that the elemental information obtained
from the submicron region interrogation of specimens is naturally of a heterogeneous nature
when compared with bulk analyses, such as those obtained from wet chemical analyses

exemplified by Eccles & Rackham (29). Also, for the SEM analyses of the porcelain body
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freshly fractured shards were required to avoid problems with the surface glaze whereas the
Raman spectral data could be also acquired through the transparent glaze and these were
found to be identical with those obtained from the glaze-free porcelain body. This result is
important for the future Raman spectroscopic interrogation of perfect and glazed porcelain
specimens without invasive sampling procedures being contemplated. However the
comparison of the data recorded by different teams (Fig. 5) led to the same feature. Several
important conclusions can be drawn from the analyses of Nantgarw porcelain shards

undertaken in the current work:

o SEM/EDXS data relevant to body oxide composition obtained from the eight antique
shards, NG1-NG8, in Table 2 clearly indicate that the Nantgarw porcelain body is composed
significantly of silica, alumina, calcium oxide, and phosphate, with minor components of
potash, soda, magnesia and haematite giving a total of ~100%. It is to be noted that there is
an absence of lead oxide, unlike other porcelains of the 18™ and 19" Centuries such as
Chelsea which utilised powdered flint glass as an additive to improve the translucency of the
fired porcelain body. The presence of the major and minor components is correlated with the
mixture of starting materials comprising fine river sand, lime (and/or gypsum), potash, flints,
china clay and calcined, and ground bone ash (52). Although flints and sand both contain
silica, and china clay (made of kaolin) contains magnesia, alumina and silica only, the only
source of phosphorus is calcined bone ash, so the phosphate component is a good measure
directly of the percentage of bone ash employed in the raw materials paste. However, as has
been pointed out in earlier analytical work on porcelains (4,9,53,54) it is by no means a
simple exercise to relate the phosphorus % age determined from the SEM/EDXS
determinations to the quantitative percentage of the bone ash component used as raw material
in the recipes. The formulation of calcined bone ash, which is chemically calcium phosphate,

is dependent upon its sourcing and upon the conditions under which its calcination has taken
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place (4,9,53). Furthermore, different analysts gave expressed the elemental phosphorus
content determined form their analyses as phosphorus pentoxide (29), phosphoric acid (31)
and phosphate (32,33) and these all contain very different amounts of phosphorus per mole or
molecular ion. A reasoned attempt to introduce correlation between these different entities
has been accomplished by Edwards (4,9) and the earlier data on phosphorus in Table 1 has all
been reduced to phosphorus pentoxide to effect a proper comparison to be made of these
important data.

o The analytical data presented in the current study in Table 2 are derived from the
SEM/EDXS experimental elemental determinations expressed as the appropriate oxides; the
values are subject to the individual experimental errors and also to inherent variations such as
the local heterogeneity of micro domains and their incompatibility with the mean
composition. As highlighted in an earlier assessment (9) the compositional errors afforded by
inaccuracies in formulating the recipes, especially variance in the raw materials and the
precision of weighing out the individual components also compound the batch to batch
variation expected for individual compositional variability. It can be estimated, therefore, that
the sum of errors such as these can amount to less than 10 % of an average composition for
the body paste mix. Nevertheless, examination of the data in Table 2 and Figure 5 reveals that
of the seven ancient shards (NG1-NG3, NG5-NG8) NG6 stands alone in having a
significantly higher silica content and NG4 have intermediate composition, with lower
alumina and lime and a higher magnesia; the most significant variation between NG6 and the
other shards is the extremely low and almost negligible phosphorus content, which means
that it is devoid of a bone ash component. The two types of compositions, bone china and
silica-rich paste are obvious from the comparison of previous analyses (Figure 5, Table 1),
even this point was not highlighted. Historically, there is much evidence that William

Billingsley regarded the bone ash component as a vital component of Nantgarw porcelain
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(53,54) and he undertook his preparation of the calcined bones and their grinding with the
utmost care and deliberation (2,4,8,9). Hence, we should consider the presence of this
particular shard as a whiteness of the many experiences made of at Nantgarw to obtain high
translucent porcelain.

o Two other shards seem to possess unusually high silica component percentages,
namely NG4 and NG7: NG4 is an example of sagged porcelain — items which have lost their
integrity of shape in the firing process usually attributed to their reaching excessively high
temperatures, termed “overfiring” or having an excess of flux. NG6 and NG7 also have an
unusual low translucency when viewed in transmitted light as can be seen in Figure 4.
Nantgarw has always been considered to be a soft paste porcelain china but shard NG6
clearly establishes this body as closer to a hard paste classification --- resembling the Chinese
porcelain, which contained petuntse, a steatitic soapstone, and kaolin but no bone ash. The
Raman spectrum of shard NG6 also confirms the absence of a phosphatic component in the
960-980 cm™ region.

o The shard Nart200 from a modern recreation of Nantgarw porcelain using the recipe
discussed earlier seems to match that of the original china both in its Raman spectrum and in
its elemental oxide compositions: this china shows a texture and a translucency
indistinguishable from the original (see on Fig. 4 comparison with NG8 and NG9) and this
indicates that the assumed Nantgarw recipe reproduced in Taylor’s book (34) is very close

indeed to the correct one.

The presence of the “rogue” shard NG6 (NG 4 has an intermediate character between NG6
and ‘standard’ composition) in those excavated from the waste dump requires explanation.
The high quality of translucency, good mechanical strength (experimented with the time

required to saw a small piece with a diamond wheel) whatever the high silica content and the
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low content of flux (after firing) is strange. Several possibilities can be invoked for its

presence there:

That Billingsley and Walker did in fact attempt to create a new Nantgarw body
perhaps to address the high kiln losses experienced in the firing of their paste and
by testing addition of borax: a large part of the flux volatilized during the firing
leading to a silica-rich body. It is interesting to note that the microstructure of
intermediate NG4 sample exhibit a microstructure typical of a glassy phase (Fig.
4) although that of NG6 appears very different. Unfortunately we were not able to
detect boron. However, such a drastic step-change from soft paste to bone-free
‘hard’ paste porcelain would be empirically difficult — in contrast the measured
and gradual changes in composition to strengthen his soft paste porcelain
instituted by Dillwyn at Swansea in the two years from 1815-1817 and recounted
in his work book preserved in the Victoria and Albert Museum (21) would negate
the effectiveness of this approach. We can conclude, therefore, that Nantgarw
porcelain factory succeeds to fabricate just one body during its production run
from 1817 until its closure in late 1819 / early 1820.

Recent research (9) has identified the possibility of incorporating broken shards
from other factories, termed “grog” in the industry, which could be ground up and
mixed into a new paste for re-firing in the kilns. Unless these shards were
carefully selected, it is a real possibility that significant quantities of hard paste
porcelain composite would find its way into a new formulation in admixture with
the expected soft paste recipe (It is important to keep in mind that excavated
shards are from waste deposit and hence more representative of the tentative and
failure than of regular production). Such a procedure would certainly explain the

two shard outliers NG4 and NG7, both of which can be seen to be significantly
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lower that the remaining shards in lime and phosphorus whilst still having a
higher level in silica. Such porcelains could well be re-classified as “hybrid”
soft/hard paste in the notation of Eccles and Rackham (29) and similar artefacts
appear in his data (Fig. 5).

A third, but perhaps less likely, scenario would be that following the cessation of
porcelain production at Nantgarw by early 1820 the abandoned site was
reoccupied some years later and ceramic production re-started: the technical
difficulties in undertaking this course would be immense as the original workforce
would have been dispersed and the kilns become derelict. However, it is recorded
that a descendant of Thomas Pardoe, who decorated the remaining stock of white
porcelain remaining at Nantgarw from 1820 until he died in 1823, made a ceramic
clay pipes there from about 1835 until they fell out of fashion in the 1880s with
the advent of machine-rolled cigarettes. It is unlikely, therefore, that a hard paste
shard such as NG6 could have arisen from ceramic clay pipe production. The
occurrence of such a rogue shard is not unique in Nantgarw china analysis since
Victor Owen et alia (32) did note a similar event during their determinations in
the late 1990s with shards stored in the British Museum from earlier excavations
at the factory site: Owen’s data for his shard N4 was remarkably similar to those
obtained here — 80.3% SiO,, 9.1 % Al,O3, 0.6% CaO and 0.5% P,0s. Later work
by Owen & Morrison (33) on a different set of Nantgarw shards delivered similar
analytical data for shards N25 and N34, giving 80.7and 78.0%, 9.0 and 6.6%, 0.5
and 0.6%, and 0.5 and 0%, respectively, for SiO,,Al,O3, CaO and P,0s. Such
patterns cannot be fortuitous and further studies need to be carried out
comprehensively to seek an answer as to how such “hard paste” porcelain came to

be located in the Nantgarw waste dump.
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A simple calculation from the advertised Nantgarw recipe indicates that some 43 % of the
raw materials was comprised of calcined bone ash: it can be estimated (4,9) that the average
percentage of phosphorus pentoxide quoted from our analyses here (using shards NG2 , NG3,
NG5, NG8), namely 18.5 %, equates to approximately 44% calcined bone ash — not only in
excellent agreement with the figure used in the recipe but also with that obtained from the

analytical determination of the modern recreation shard, Nart200.
5. Conclusion

This present study confirms that phosphate-free porcelain prepared at the Nantgarw factory,
considered as rogue pieces in a previous series of analyses, can be found among shards
excavated at the place of the ancient factory kilns. Furthermore, the identification of such
porcelain can be made either by elemental analysis (SEM-EDS) or in a non-invasive way by
the identification of the phases by Raman microspectrometry. Thus, future studies works on
rare objects assigned to the Nantgarw factory may be possible safely for the objects and in
their place of storage with a mobile Raman set-up. The observation of various levels of the
P,0s/SiO; ratio, between 0.3 and 0.45 for ‘standard’ Nantgarw bone China, free of
phosphorus (but with 3 wt % MgO), but also of some other shards with a ratio between 0.05
and 0.15 demonstrates that research to prepare other types of porcelain bodies had probably
been made. It was not possible to detect the mullite signature by Raman scattering and the P-
free body seems more related to a fritware than hard-paste porcelain. The glaze deposited on
the P-free/poor body appears, however, to be similar to those of the standard shards.
Transmission Electronic Microscopy is required to classify the material. In addition it is
confirmed that the modern replica Nantgarw porcelain body fits perfectly with the standard

antique Nantgarw composition.
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Figure Captions

Figure 1. Nantgarw porcelain spill vase, ca. 1817-1819, London-decorated with sprays of
garden flowers and richly gilded, photographed in transmitted light to illustrate the superb
characteristic translucency. Private collection.

Figure 2. Group of porcelain shards excavated from the waste dump at the Nantgarw
porcelain manufactory.

Figure 3. Raman spectra of porcelain shards: body; bottom, left, Nart200 replica (green laser
excitation).

Figure 4: Left, representative SEM photos of the body fracture and right comparison of the
body translucency.

Figure 5. Comparison of relative silica, alumina and flux content measured by
Eccles&Rackham (29), Tite&Bimson (31) and Owen et al. (32,33) (a), in this work (b) for
the body of Nantgarw production and excavated shards, respectively; c) glazes and enamels;
d) comparison of the phosphate content expressed as P,0s.

Figure 6. Raman spectra of colourless glaze for NG2, NG6, and NG7 porcelain shards: (blue
laser excitation)

Figure 7. Raman spectra of coloured glaze for NG8 and NG9 porcelain shards: glaze,
overglaze enamels and gilded areas (blue laser excitation)

Tables
Table 1. Previous analytical works.
Table 2. Body compositions

Table 3: Glaze/enamel compositions
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Table 1: Analytical data for Nantgarw porcelain (data expressed in % ages)

Analyst Specimen Si0, AlLO; P,0s CaO MgO Fe;O; K,CO; Na;COs; PbO SO, Equiv. BA/%
Eccles&Rackham(1922)  "NG21 46.0 17.0 13.9 197 2.7 0.4 35
‘NG22/Duncombe 389 181  17.1 225 2.6 0.1 40
Tite&Bimson(1991) NG14/1 438 125 174 225 06 25 0.8
NG18/4 450 133 164 212 05 04 = 22 1.0
NG18/7 446 133 164 219 07 02 22 0.7
Owen et al. (1998) NG8 435 127 176 233 04 02 23 0.4
NG/N2 70.8 8.9 75 99 02 02 23 0.2
NG/N4 80.3 9.1 05 06 11 01 56 18
Owen& Morrison (1999)  N11 457 138 154 214 05 0.2 1.7 05 0.7
N12 461 140 150 210 05 0.2 18 05 0.8
N13 437 127 171 229 04 0.2 24 04 0.2

N14 424 134 174 237 04 0.2 1.9 0.4 0.2



Analyst Specimen Si0; ALO; P,0s° CaO MgO Fe,O3 K,COs; Na;CO; PbO SO, Equiv. BA/%

N23 39.0 133 191 255 04 0.2 2.0 0.4 0.1
N24 411 133 1738 243 04 0.2 2.3 0.5 0.1
"N37 455 121 163 218 04 0.2 2.9 0.6 0.1
N25 80.7 9.0 0.5 05 22 01 5.4 1.5 0.1
N43 805 93 0.4 04 22 01 5.4 1.5 0.2
N44 80.3 9.3 0.5 06 18 02 5.5 1.5 0.1
N34 78.0 6.6 06 1.0 12.2 1.6

Notes:

1. Of the nineteen specimens of Nantgarw porcelain analysed and cited in this table only three, indicated by a ~, are from finished and
decorated pieces, all from Museum collections.

2. Data expressed variously as HsPO, (Eccles & Rackham), P,Os (Tite & Bimson ; Owen & Morrison) and PO, (Owen et al.) in original
reports : all have been converted to P,Os figures to facilitate comparison using conversion factors described in the text.

3. Separate analyses of the glaze on the silicious sherds N25, N43 and N44 and of the specimen N37 (finished porcelain) give % PbO
compositions as 15.4, 14.7 ,14.4 and 22.6 %, respectively, with an average SiO, content of 63.9 +/- 6.0% and Al,O3; of 7.5% +/- 1.5%.

4. The Nantgarw porcelain body contains no PbO, confirming that flint/lead glass cullet was not a component in the porcelain body

manufacture.



Table 2: Body compositions (local: ~50x50 pm?; error ~+- 10%).

Oxide/Sample | NG1 NG2 NG3 NG4 NG5 NG6 NG7 NG8 Nart200
Sio, 58.1 49.1 53.5 68.1 44.0 80.1 65.5 47.5 46.9
Al,O; 19.5 16.7 16.6 20.5 14.8 12.6 17.6 17.1 16.5
Cao 10.5 12.1 10.7 4.1 17.6 0.3 6.4 12.8 15.2
P,05 8.5 18.5 16.6 4.0 19.8 <0.1 7.7 19.3 18.1
K,0 2.6 1.4 1.4 1.9 1.9 1.2 0.6 1.3 0.9
Na,0 0.1 1.5 0.6 0.9 0.8 2.6 1.6 1.2 0.8
MgO <0.01 0.5 0.2 0.1 0.9 3.1 - 0.5 -
Fe,03 -<0.01 0.2 0.4 0.4 0.2 0.1 <0.1 0.3 0.3
PbO - - - - - - - - 0.8
Total 99.3 100 100 100 100 100.1 99.5 100 99.5
Phases BW BW BW BW BW Q BW BW
(Traces) cpP CcP CP CP CP CcP CcpP
(Q) Q F (Q) F.(Q)
Total Flux 21.7 335 29.3 10.9 40.1 4.1 16.3 34.6 35

BW: CaSiOs B wollastonite ; CP : Cas(PO,), whitlockite ; Q : SiO, a quartz; F: feldspar; C: carbon




Table 3: Glaze/enamel compositions (local:

~50x50 um?; error ~+- 10%)

Sample NG2 | NG6 | NG7 | NG9 NG8
Oxide maroon | green | purple | blue | gilding | no | purple | gilding | no
Sio, 76.7 | 84.5 | 75.7 | 67.5 77.6 86.6 86.0 | 32.5 70.4 33.2 66.9
Al,03 9.7 9.6 13.5 | 8.8 12.3 3.4 45 | 4.8 16.8 4.8 18.7
CaO 90 |02 |63 |3 0.8 0.6 09 | 038 1.1 6.4 5.1
P,05 <0.1 | - 0.2 | 04 - - - - - - -
K,O 1.2 1.1 1.8 | 2 0.6 1.2 1.2 0.7 1.2 1.9 1.5
Na,0 23 |22 10 | 1.9 4.1 3.3 4.8 | - 3.5 0.9 3.8
MgO 03 |11 - 2.2 3.7 1.3 1.0 | - 0.8 0.5 2.1
Fe,0; 0.2 | 0.5 0.3 | 13.2 0.2 0.3 01 |11 1.4 0.7 0.3
PbO 0.5 | 0.8 1.2 | 0.7 0.2 1.1 02 |- 3.3 3.5 1.6
CoO - - - - - - 0.8 | - - - -
SnO - - - 0.2 - 1.7 - - - - -
Au - - - - - 0.2 - 60.1 1.5 48.1 -
MnO, - - - - - 0.1 - - - - -
CuO - - - - 0.3 - - - - - -
As,05 - - - - - - 05 |- - - -
Total 99.9 | 100 | 100 | 99.9 99.8 | 99.8 100 | 100 100 100 100
Total Flux | 13 43 |105| 8 6.2 6.2 5.6 9.1 12
Phases cp D cp H Py cP A C Q aW
(Raman) C C Q C F C

F

BW : CaSiO; B wollastonite ; CP : Cas(PO,), whitlockite ; Q : SiO, o quartz; F: feldspar; D : MgSiOs

diopside ; Py: pyrochlore; H: hematite; A: Pb-As apatite; -: not measured or not detected






