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EUREKA Project

PROJECT TITLE: BLACK GLOSS -“DEVELOPMENT OF THE TECHNOLOGY FOR
CONTEMPORARY REPRODUCTION OF ANCIENT ATTIC POTTERY ARTIFACTS”

DELIVERABLES TITLE: Modern scientific methods for the study of ancient manufacturing
processes and new techniques for producing technologically authentic reproductions.

a) Application of modern scientific methods and techniques in order to recover the ancient

manufacturing process and control the production quality
b) Production of technologically authentic reproduction

A)BLACK GLOSS: ANALYSES

NON DESTRUCTIVE MEASUREMENTS ON POTTERY

PHYSICAL ANALYSES

Non destructive characterization of artefacts in the cultural tradition fields is one of the most
innovative and promising approaches for the knowledge of the constituting material and of their
internal structure. Also, the use of portable apparatus is essential to avoid that the artefacts are taken

away from the conservation sites.

Progress has been done in several applications, especially in the analysis of painting pigments as

well as in the evidence of the internal structure of the artefacts.



It is well known that one of the most efficient mechanisms for elemental analysis is the excitation
of atoms (ionisation of K, L, M shells) by means of an appropriate incident beam and the detection of the

emitted fluorescent X-rays.

The incident beam can be constituted by:

1. X-rays: XRF (X-ray Fluorescence);
2. Charged particles: PIXE (Particle Induced X-RayEmission).

The method 1 makes use of X-ray tubes or of radioactive X emitter sources. At LNS a new portable
XRF apparatus has been realized that allows to obtain very stabilized beams (Romano et al. 2004). The
method 2 makes use of particle accelerators or radioactive alpha sources. At LNS a portable PIXE that
employs a alpha source has been realized. The thickness of the analysed layer depends on the

incident beam energy and on the X-ray line of the element under the investigation.

For example, in the XRF case (for which the absorption is exponential) the effective analytical depth is
about 200 pum (defined as the thickness for which the emitted X-ray are 70% of the asymptotic value) for
incident X-rays of20 keV on a silicate matrix and detected X-rays K-linesfrom medium elements. We
considered the Rb, Sr, Y, Zr and Nb as the trace-elements useful (Hall, Maeda and Hudson 2002;
Francaviglia 1984; Crisci et al. 1994) to characterize litic and ceramics materials by means of the XRF

method.

In the case of PIXE (for which the absorption is characterized by a definite range) the effective
analysed layer is about 10 mm for 5 MeV alpha particles and light elements detection. We must note also
that the ionisation cross-section is a decreasing function of the mass number for PIXE analysis whereas it

is an increasing function for XRF. So, the two methods are complementary.

In the following we refer to near surface analysis the one performed with the XRF method and to thin

surface analysis the PIXE one.

The LNS-IBAM instruments and methods above described have been widely applied in the

Archaeological field. Obsidian provenance studies have been carried out



Greek pottery has been the object of several analysis with satisfactory results. Pigments in ceramics have

been characterized.

We now discuss the main subject of the present work i.e. the testing our n.d. analytical methods on
pottery. The present work has been carried on concerns 500 fragments, mostly of known typologies
and belonging to various excavations in the Catania area. The scientific program is to obtain a data

base to be used for future n.d. analysis of doubtful cases.

We opted a new system developed at LNS which allows the control of stability both in energy and

intensity (Romano et al. 2004) has been used.

We have performed n.d. measurement of Rb, Sr, Y, Zr,and Nb trace elements on the ceramic surface

(near surface data) using the above system.

The applied voltage was V= 45 kV and the current I=0.5 mA. The detector for the analysis was a ORTEC
Si (Li) 80 mm?2 surface, cooled with liquid nitrogen. The energy resolution was 180 eV at 5.9 keV. The

stabilisation detector was a AMPTEK Si - PIN detector 25 mm?2 of surface with 250 eV energy

resolution and Peltier cooled.

Absolute values of the concentrations have been obtained by a method based on the use of
numerous certified standards and a multiparametric statistical treatment of the data Table below

shows the final results.

Sample Rb Sr Y Zr Nb ppm
R41 103 216 20 361 14
R475 99 197 27 308 27
R42 167 174 27 258 15

R62 122 117 25 210 15



The n.d. XRF data have been processed by a statistical multivariate program of cluster analysis

assuming as independent variable the absolute concentrations of Rb, Sr, Y, Zr and Nb.

We recall here that the main scope of the present work is to check the validity of the non destructive
method here presented by comparing the nd. results with those obtained with destructive

techniques.

Firstly we have checked the homogeneity of the fine ceramic sherds to verify the absence of surface
effects. For this reason, a small quantity of the sample material has been powdered and the powder
pressed on a cylindrical container of 30 mm diameter and 5 mm high. In Fig below the X-ray spectrum
taken on the powdered sample is shown and compared to the one taken non destructively on the surface

of the same analysed fragment. As it can be seen the data are very similar.



R41 - Sherd

Comparison between spectra obtained from non destructive and destructive measurements. Trace

elements are well evidenced and well coincident



OPTICAL ANALYSES

Thin sections of R122 fragment




The samples resulted to be, in fact, very similar to each other. They display a micaceous - carbonatic
fabric, very fine-grained. The main mineralogical components present both in the skeleton that in
the degreasing are quartz, mica (muscovite and biotite), k-feldspar and plagioclase. Iron and titanium

oxides are also present. The lithic fraction is constituted principally by fragments of volcanic rocks.

The samples are very similar to each other but quite different from the above ones. The
mineralogical components of the skeleton and the degreasing are almost the same of the previous
samples but the texture is quite different. The matrix is micaceous and medium-size grains, brown dark
colour. Also in this case some fragments of volcanic rock have been evidenced, but in a smaller

amount than the previous samples.

The R122 sample is different from the above described two groups. The matrix is very dark brown,
micaceous and very small-size grain. Some fragments of metamorphic rocks and some ARFs

(Argillous Rock Fragments) are present.

In conclusion, also by the petrographical analysis, three groups of samples have been evidenced.



R41 - Sherd

R41 . Powder

2000 1

sample [S04 | ¢ |k20 [cag [Ti203 | FeQ |
R |nd [nd [ 4 [16 ] 18 [ 35
R42 |nd |03 [47 [84 [ 02 [ 30
R72 | 60 [nd [29 [132] 12 | 27
R122 [nd |nd |45 [50 [ 05 | 87
R475 | 13 |03 [ 28 [ 14 [ nd [ 110

Result of micro-optical polarised analyses



EIDOMATIC ANALYSES OF IMAGE (A) - EXAMPLE OF DATA SURVEY



ANOTHER ELABORATION - MAGNIFICATION OF ISOFORMS

10



11

13 Sareenthunter #184pg (11 EEEE A untite 003 (1 1) LR R

count f sine o vl e

Irkeristy Range Selechon Eoat
Custeri Flange (3507 65535)
Delete
Marizal
R ——r—
Aadoenntic Daek Obgacts

¥ Measue Obyects Total Count: %5
v Apply Fites Ranges Ir Range: 5
v Accumiste Count ¥ Display Obyects

Numerical eidomatic elaboration of image (A). Numerical count analyse, size, area, linear dimension.



12

A)BLACK GLOSS: SEM ANALYSES

The microchemistry of the black gloss decoration layer on black- and red-figured Attic vases (6th
to 4th century BC) has been studied by means of selected-area x-ray photoelectron spectroscopy (XPS)

and scanning electron microscopy/energy-dispersive spectroscopy (SEM/EDS).

METHOD
The samples were selected in order to avoid the study of materials that have been exposed to

weathering or to fire, which would have caused alterations in the structure of the black gloss.

The ceramic surfaces were first gently cleaned by mechanical scraping with a glass-fibre brush and

cleaned with compress dryed air with little jets.

The samples have been therefore set in a chemical gel-drier for 24 to eliminate environmental humidity

harmful for the SEM.

Then the samples was examinated via SEM/EDS using both secondary and backscattered electrons as
well as x-rays. One black- figured shred has been studied also by means of selected area XPS depth
profiling on the black area. The selected-area XPS and x-ray-induced Auger electron spectroscopy
(XAES) study was carried out onan Escalab Mk II spectrometer using Mg Kiiz radiation as an

excitation source hv =1253:6 eV.

The Si Ki23 L2z and Al Kiz3123 Auger peaks were excited by the Bremsstrahlung continuum

above the characteristic Mg K; radiation.

The hemispherical electron analyser was operated in fixed analyser transmission mode by selecting
a constant pass energy of 20 eV throughout all measurements. Under these conditions, the full width at
half-maximum (FWHM) of the Ag 3ds,, line recorded from argon-ion-cleaned Ag was 1.0 eV. Binding
energies (BES) were referenced to the Fermi level of the analyser and confidence in the linearity of the BE
scale was based upon setting the position of Au 4f 7/, Cu Lz M4s Mss and Cu 2p 32 peaks at 84.0, 334.9
and 932.7 eV, respectively.
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The of the analysis area was 1 Bm in diameter. The XPS quantitative analysis and element atomic
ratios were deter- mined for each sample in terms of the most intense core- level peak areas after
smoothing and subtraction of the x-ray satellite structure and ‘S’ type integral background profile,
corrected for sensitivity factors whose validity has been demonstrated already in another works. Argon

ion sputtering was performed using a rastering argon ion gun.
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The secondary and backscattered electron images for the surface of the black gloss are shown with EDS
spectra for the surface and for the brighter areas of the black layer (information depth 1 Em). The

chemical compositions obtained via quantitative EDS for the ceramic body and the black gloss surface are
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reported in table below. The latter data show the difference in chemical composition for the black gloss

and the red area (i.e. the ceramic body), which are constituted by illitic and calcareous clay, respectively.

The electron micrographs shown in Fig. A indicate that the Attic black gloss is a smooth impermeable
layer entirely free of voids, with no visible clay structure. This absence of porosity in the black gloss
reflects the very small grain size of the raw materials and the degree of vitrification of the illitic clay. As
expected, the results for the black gloss are quite similar to those for illite (layered forms of

micaceous clay minerals) and kaolinite (layered forms).

Furthermore, we note that modified Auger parameters for Si and Al for the red area are slightly different

from the black gloss, even though its variation for silicon is within the XPS uncertainty.

Furthermore, the micrographs and the EDS spectra reported in Fig. A show the presence of a high
concentration of small iron-enriched particles, whose shape varies from irregular to apparently rounded,
typically <1 Bm in diameter. These particles, which appear bright when observed using the backscattered

electrons, are distributed uniformly over the black gloss.

The analyses have suggested that the colouring of the Attic black gloss is due to the iron particles, even

though they are identified differently via x-ray diffraction (XRD) as:

wustite (Fe 1.4 0)
magnetite Fez04

hercynite FeOAl;03

It is worth noting that the latter two species have been found in the samples under study by means of
XRD. With this consideration, the use of XPS for gaining further insight into the microchemical nature of
the black gloss and its outermost layer is particularly effective. In Fig. B, an XPS elemental concentration-

depth profile for the outermost layer of the black gloss is shown.
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The Al and Si elemental concentration-depth profiles for the black gloss surface indicate that Al is slightly
enriched on the external surface of the presumably glassy film with respect to its amount obtained via
EDS.

We note also that the amount of Si increases progressively towards the interior of the surface, reaching an
Al/Si atomic ratio equal to unity and an A1203=Si02 weight percentage ratio of 0.85 circa, which is higher
than the value of ~0.6 measured via EDS with an information depth of ~1 pum. On the contrary, the Fe
atomic percentage is ~5% for the as-received surface followed by an increase to a content of ~11% after

prolonged sputtering.
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Figure B. Elemental concentration depth profiles for the outermost layer of the black gloss obtained via

XPS depth profiling.

The analysed area is ~1 Bm in diameter and the etching rate of argon ion sputtering is 4.8 nm h-! for SizN4

reference material under the same experimental sputtering conditions.
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The elemental concentration depth profiles for potassium and titanium have not been reported in order to

clarify the results but their contents are <1 - 2%.

At this depth, the Al/Fe atomic ratio is equal to unity with an Al,03=FeO wt.% ratio of ~0.7, which is lower
with respect to the EDS value (~1.6). Furthermore, we point out that the atomic percentage of carbon was

~60% for the as-received surface, which dropped down to ~30% after prolonged exposure to argon ions.

These latter results suggest that the black gloss surface is enriched in iron whose content increases as a
function of depth and that the external region of the black gloss comprises an aluminium silicate with a

very small amount of nitrogen and calcium.
Furthermore, the outermost layer is Al enriched with respect to the bulk of the black gloss.

The chemical difference between the red area and the black gloss shown by the data reported in Table

below is also indicated by the modified @EAuger parameters for silicon and aluminium.

Information of particular value in characterizing the surface film on the black gloss can be obtained by
lineshape analysis of the XPS spectra for iron and carbon. In Figs C and D are reported the core-level Fe
2p 352 Fe 2p 12 and C 1s photoemission signals for the surface of the black gloss in the as-received
state and after 11 h of argon ion sputtering (spectra (a) and (b), respectively). From the BEs and line shape
analysis of these spectra, the iron oxidation state can be assigned to a mixture of Fe;C and Fe;C oxides, as

in magnetite, spectra (a) of Fig. C.

This finding indicates the presence of a mixture of Fe(Il) and Fe(IIl) oxides, both of which contribute to
the Fe 2p3/; signal with their two overlapping components, and therefore that reduction of the FesC
valence state to Fe,C has taken place. Owing to the complexity of the Fe 2p spectrum, no quantification
was attempted as to the partitioning of the Fe(II) and Fe(Ill) species. However, the lineshape of the Fe
2p3,2 signals of spectra (a) in Fig. C indicates that the main component could be attributed to the Fe(II)
oxidation state. By comparing spectra (a) and (b) of Fig. C3, a noticeable difference in the iron oxidation

state is observed.

Indeed, in the latter spectrum the presence of metal iron is disclosed, thus demonstrating the occurrence
of the Fe2C to Fe0 reduction into the black gloss during firing of the Attic ceramics. Concerning the XPS

study of argon-ionsputtered Fe Oy surfaces, it is worth noting that elsewhere
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the reported XPS results gave evidence for the following reduction of ferric oxide to Fe 1.0 under argon

ion sputtering:

Art
Fe,O; —— Fe_,O

where x is in the range 0.05- 0.10. On the contrary, the effects of ion bombardment on Fe;O3 or
FeO to Fe0 have been never observed via XPS. Therefore, an iron oxide phase can be differentiated
easily from iron metal by XPS following sputtering because argon ion bombardment of iron oxides
causes no reduction of oxides to metal, whereas the identification of a specific iron oxide phase
becomes difficult. With these considerations in mind, it is possible to state that metal iron is present

in the black gloss and that it is surely formed during the reducing stage of the firing process.

Fe, .0 | tFe0,

2.0x10°
2.0x10° 4

1.6x10° 4

au,)

= 1.5%x10° 4

1.8x10"

intensity

1.8x10° a

1.6x10° T T T T T T T 1
704 708 712 716 T20 724 728 732

binding energy (eV)

3x10° 4

o

Fe

u.)

u
w
>
g
L=]

1

2x10° 4

intensity (a

3x10" A b

I ] I 1 L I I ]
704 708 712 716 720 724 728 732
binding energy (eV)




19

Fig C - XPS spectra in the energy region of Fe 2p3=2 Fe 2p1=2 for the surface of the black gloss in the

as-received state (a) and after 11 h of argon ion sputtering (b).
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Fig D - XPS spectra in the energy region of C 1s for the surface of the black gloss in the as-received state

(a) and after11 h of argon ion sputtering (b).
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Another interesting piece of chemical evidence is disclosed by lineshape analysis of the Cls spectra
shown. The XPS spectra reported in figure D show that the chemical bonding of carbon on the black
surface is characterized by the presence of a main component centred at 284.5 eV along with a
small component on the high-binding-energy side centred at ~286.2 eV, thus showing the coexistence of
different carbon chemical bonds that are ascribable to the presence of C - C and C - H and CO32- chemical
bondings, respectively. Indeed, the occurrence of the former species is indicated by the component
peaked at 284.5 eV, whereas the presence of the other compounds is indicated by the high-binding-energy
components in the range ~ 285.9 - 286.5 eV.

The chemical nature of carbon changes appreciably with depth, and the C 1s spectrum discloses the
presence of C - C bonds at ~284.5 eV and of carbide chemical bonding in the low- binding-energy

region that we assign to Fe - C.

On the base of the above-reported results, it is possible to conclude that:

(1) Free Fe(lll) oxide is present as individual granules in the porous illite clay used for producing the

black gloss.

(2) During the first firing stage carried out under an oxidizing atmosphere, the ceramic body and the

deco-rated areas are fired at ~800 C° and iron remains as FesC oxide.

(3) During the second stage of the Attic vase firing, i.e.the reducing firing under carbon monoxide, a
number of subsidiary processes take place that involve solid- state reactions and diffusion processes.
Indeed, the carbon monoxide flows through the micropores of the illite clay and reacts with iron

oxides to form aboundary layer structure around the individual grains.

On the base of the above-reported results, it is possible to conclude that:

Free Fe(Ill) oxide is present as individual granules in the porous illite clay used for producing the black

gloss.
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During the first firing stage carried out under an oxidizing atmosphere, the ceramic body and the dec
rated areas are fired at ~800 C°and iron remains as Fe3C oxide.

During the second firing stage of the Attic vase, i.e. the reducing atmosphere under carbon monoxide, a
number of subsidiary processes take place that involve solid-state reactions and diffusion processes.
Indeed, the carbon monoxide flows through the micropores of the illite clay and reacts with iron
oxides to form a boundary layer structure around the individual grains constituted by discrete layers
of single phases with Fe3C, Fe;C, FeO and iron carbide. These grains are finely dispersed in a
vitreous Al - K and Fe-enriched silicate where also C - C carbon is present.

On the basis of the above-reported results, and according to the Bau -Glaessner diagram, it is possible to
state that the atmosphere of the second firing stage is highly reducing, with the maximum CO; content
being 10 vol.%, and that the temperature reached was ~950 C° for a very short time. Owing also to
the presence of Fe,C ions, at this temperature the formation of a vitreous liquid film takes place and

it segregates on the surface of iron particles that have reacted with carbon monoxide.

During the third firing stage, carried out at a lower temperature under an oxidizing atmosphere in
the ceramic body not coated by the decoration layer, the iron that has suffered the reduction process can

change its valence state again to the red Fes;C oxide.

On the contrary, the vitrified decoration layer protect the reduced iron species against oxidation

and therefore the gloss remains in the black reduced state.

Therefore, the results of the samples show that the Attic black gloss is obtained from an illitic clay,
enriched in iron oxide particles, that is applied on the vase body and fired in an oxidizing - reducing -

oxidizing cycle at a top temperature of ~950 C°.

Furthermore, the results disclose the presence in the black gloss of iron grains with a complex
structure, constituted by discrete areas of single phases with Fe3Y, Fe2Y and Fe® These particles are
resulted finely dispersed in a vitreous Al - K and Fe-enriched silicate where also Fe - C and C - C

carbon atoms are present.

The relieved information about the raw materials therefore shows that the most important phase of the

production of Attic vases is the firing process technology.



SEM/EDS MICROANALYSES RESULTS

Compositions are expressed as weight per cent (wt.%) of oxides
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Attic black glass of thickness ~10-15 pm, analysed areas 800

MgO AlZ 03 Sinz K20 Cal

Ceramic body
72 454 1765 5353 367 815
73 438 1766 5366 389 793
T4 4.80 1755 53.28 368 8§55
37 453 1882 5289 287 763
38 504 19.39 50.51 2.85 118

Black gloss

T2-117 177 2604 451 548 010
72107 187 2688 46.66 568 0.14
72-106 160 2652 4585 555 0.5

72105 203 577 46,48 552 020

TiDz

083
068
(80
077
0.712

600 and -10
Naz D FeOf
093 305
nar a02
063 8.84
1.01 1026
200 10.38
188 16.60
128 16.30
087 17.20
146 16.50

AlZ 03 502

033
033
0.33
037
0.38

0.57
0:58
058
0.55

Concentrations of major and minor elements obtained via EDS analysis from polished cross-sections of ceramic body and of
6 um, respectively

Al203Fe0

155
1.9
198
193
187

157
165
1.54
1.56
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A)BLACK GLOSS:CHEMICAL ANALYSES

CHEMICAL-MINERALOGICAL INVESTIGATIONS ON GREY CERAMICS COMING FROM CENTRAL PUGLIA

In this job the results of the chemical analyses of ancient fragments of ceramics are introduced and it will
mine - logics, effect on sixteen samples of pasta grey ceramics. Purpose of the search has been that to

furnish information on the mineralogical and chemical characteristics of the select fragments for the
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analyses. The study is a excellent example of method to research on ancient objects to relieve main

chemical characteristics.

The definition of the chemical and mineralogical composition of the fragments has allowed besides: to
compare them with the samples analyzed in the preceding studies; to effect hypothesis regarding the
productive techniques (composition of the used clay and temperature of cooking); finally to individualize
differences and chemical-mineralogical analogies among the studied fragments, in the attempt to identify
the deposits of origin of the used first subject. But naturally only analysis founded on an ampler sample
and therefore more representative can give definitive answers; this search therefore it is inserted in a

program of analysis that must be completes in expectancy necessarily from other studies.

They have been select for this search eight fragments coming from the excavations effected in 1991/92,
on the summit of the hill of Botromagno (Gravina in Puglia - Bari). Same analyses have been submitted to
also eight fragments coming from the excavations of Mountain 1976/83 Sannace, with the purpose to get

data of similar ceramics comparison for forms and techniques, but of other origin.

The fragments have been selected in how much representative of the physical characteristics of the clay

and the varnish of the pasta grey ceramics of the two centers.

CERAMIC ANCIENT FRAGMENTS

The pasta grey ceramics is a ceramic type constituted by forms in grey clay with surfaces covered by one
varnish" of varying color from the grey one to the present black in southern Italy especially in contexts

dated between the II and the The century a.C.

(Garden 1980; PRAG 1992). Ceramics in grey clay has been found in numerous centers of the
Mediterranean coast generically dated by the III century a.C however. to age augustea (MOREL 1981;
PRAG 1992).

The pasta particularly grey ceramics is a production of southern Italy that begins to appear in
archaeological contexts at the end of the III century a.C. and is rarely attested after the The century a.C.
You characterizes for the grey color of the clay, but it has varying technical characteristics, both as it

regards the color that the treatment of the surfaces (Garden 1978). To the light of the recent studies B
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and by now clear that it clearly distinguishes him from the bell C of Lamboglia (1952) to which had been
assimilated in past, with that it has only in common the color of the clay and, in some cases of the
surfaces (PELAGATTI 1970; Garden 1978; Red 1989). Currently can be supposed that the bell C,

classified by Lamboglia both one of the so many ceramics productions in grey clay of this period

In this case, the select fragments for the analyses originate from two installations delta central Puglia:

Botromagno and Mountain Sannace.

The first installation is set on the hill of Botromagno (SMALL 1992) (Fig. 1); such hill had the possibility to
easily be connected to the other centers put in the Pit Bradanica or in its immediate proximities, and it
was found on the rout of the street Appia (VINSON 1972). Besides Botromagno is connected from a
natural walkway of easy access, that it crosses the center of the Murges, to Altamura and awry Sannace
(SMALL 1992). The area is rich of clayey layers ("Clays of Gravina"), belonging to the formation of the
Clays Subappennine (AZZAROLI et. to the. 1968).

The second installation places in an ample and fertile lowland, to the center of theMurge, on a relief set to
5 northe est Km of the actual inhabited area of Joy of the Hill (BA) (Fig. 1). The hill is characterized by
steep slopes, hardly accessible to exclusion of that southern. Wide clayey deposits don't appear on the
surface in the immediate proximities of Mountain Sannace and the nearest clays they are mails to west
and southwest, to the borders of the Pit Bradanica; also in this case I am "Clays of Gravina", belonging to

the formation of the Clays Subappennine (AZZAROLI et. to the. 1968a).

The Clays of Gravina belong to the succession terrigena pleistocenica of the basin lucano, that is an unity
paleogeografica of the Pit Bradanica (Fig. 2), inclusive among the chain west appenninica and the
Murges east pugliesi. From the mineralogical point of view, the clays of this areathey belong to one family
rather homogeneous of clays very thin granulometric, characterized from abundant mineral clayey, good
presence of carbonate and smaller quantity of quartz and feldspate. The mineral clayey are constituted

by illite (prevailing), smectite, chlorite and caolinite (Of the anna-laviano1986).

The choice of the samples has been effected in base to the macroscopic characteristics of the you mix and
of the varnish, to verify even if a real correspondence exists between these and the chemical and

mineralogical composition of the fragments.

The first eight select fragments for the analyses originate from the 1991/92 excavations effected in the

denominated area “Fund Lucatuorto”, sets on the summit of the hill of Botromagno (Gravina in Puglia-
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Bari). The results of the excavations are not yet you edit. The samples originate from two stratigraphical
unities characterized by a notable concentration of archaeological material, fragmentary (in the US 147),
but also entire (in the US 163). The first stratigraphical unity (US 163) is constituted by a layer of
ground covered by the collapse of a structure; the second (US 147) is constituted by the filling of a pit,

immediately sets below the agricultural ground.

The other eight fragments originate instead from the excavations effected by the Archaeological
Superintendence of Puglia between 1976 and 1983 on the hill of Mountain Sannace (Joy in the Hill-Bari).
The fragments originate from different layers but all dated within the first halves the The century a.C.
The samples coming from Botromagno belong to open forms generally dated among halves the Il and the
III century a.C. The most diffused form between the considered fragments and the dish in plain tub or
almost plain with low vertical or fanfold edge downward; besides they are present careened cups or with
grooved edge. The clay is of grey color and generally compact and homogeneous. The varnish and very

dark and uniform in the fragments 2, 4 and 7; grey brown irregularly distributed in the
fragments 1 and 3; grey brown uniformly distributed in the fragments 5, 6 and 8.

As it regards the samples coming from Mountain Sannace, also in this case they belong to open forms
dated between the Il and the The century a.C. The forms more represented are the dishes to vertical and
horizontal edge and the cups to concave profile. The clay is of grey color, generally compact and
homogeneous. The varnish is uniformly grey brown (fragments 9,10,15Jo irregularly distributed

(fragments 11, 12,13, 14, 16).

CHEMICAL AND MINERALOGICAL ANALYSES

We have been effected on the samples analysis is chemical is mineralogical.

As it regards the procedure of analysis, a based itinerary has been followed on three principal phases: in
the first phase have been determined first the mineralogical characteristics and petrographic of the
fragments, to get information related to the composition of the mixes and to the productives trials; [then

the chemical characteristics are been individualized for having given on the material of departure. In the
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second phase have been considered the mineralogical and chemical data you edit on the clays of the zone.
In the third phase, the data, gotten by the fragments, comparison have been set to with those published

on the local clays.

The instrumentation and the used methodologies are the followings: mineralogical analyses have been
effected through observation to the mineralogy microscope and diffrattometric of X rays (XRD) to
determine the crystalline phases of the mineral presents in the clay; Tea chemical analysis has been

conducted with fluorescence of X rays (XRF) on the most greater elements.

The results of the analyses are brought and I discussed holding it always foresees the origin of the
fragments: sample. 1-4, from the US 163 from Botromagno; samples. 5-8, from the US 147 from

Botromagno; samples. 9-16, from Mountain Sannace.

A)BALCK GLOSS: MINERALOGY OBSERVATION BY MICROSCOPE

To the mineralogy microscope, the first four fragments of Botromagno show in section thin similar
characteristics. The matrix is elegant, dark and homogeneous in the samples 2 and 4, very elegant, dark
and partially homogeneous in the samples 1 and 3. The granules are partially isorientates especially in
proximity of the surfaces. vacuolis of small dimensions are probably present also caused by the
transformation of the carbonate. Gives the fineness of the I mix, it is possible to recognize only small
crystals of quartz, feldspates and calcite. As it regards the varnish, when it is visible, it clearly constitutes
a layer individuabile with the same mineralogical characteristics of the I mix, but still more elegant and

more dark color on the external edge.

The following fragments of Botromagno have in section thin characteristics similar to the precedents.
The matrix is elegant, dark and homogeneous in the samples 7 and 8, very elegant, dark and partially
homogeneous in the samples 5 and 6. The granules are for the more iso-orientates, especially in
proximity of the surfaces. Vacuolis of small dimensions are probably present also caused by the
transformation of the carbonate. Gives the fineness of the I mix, it is possible to recognize small crystals

of quartz, feldspates and calcite, sometimes secondary. As it regards the varnish, when it is visible, it
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clearly constitutes a layer individuable with the same mineralogical characteristics of the clay of the body

vascular, but very more end and more dark color on the external edge.

The fragments of Mountain Sannaces have in section thin characteristics similar to those of Botromagno.
Also in this case, the matrix is elegant, dark and homogeneous in some samples (nn. 9-10-11-12-13-16),
very elegant, dark and partially homogeneous in all the others. The granules are for the more
isorientates, especially in proximity of the surfaces. Vacuolis of small dimensions are probably present
also caused by the transformation of the carbonate. Gives the fineness of the I mix, it is possible to
recognize only small crystals of quartz, feldspates and calcite, sometimes secondary. As it regards the
varnish, when it is visible, it clearly constitutes a layer visible with the same mineralogical characteristics

of the I mix, but very more end and more dark color on the external edge.

From the point of view granulometric, is interesting to notice that all the fragments are constituted by
elegant material, fruit certainly of an accurate selection and workmanship of the first subject. [265] The
fragments, that relatively introduce a granulometric of the visible creeps less end, shows also a greater
homogeneity of the same; contrarily those that also introduce thinner creeps are more heterogeneous in
the dimensions of the same. To this intention the use of a clay could be hypothesized with the same
mineralogical characteristics, but with different granulometric or the addition to the subject before base

of another clay type.

As it regards the treatment of the surfaces, the most greater part of the fragments introduce granules
isorientate or partially isorientate in the most superficial parts: the surfaces are probably been equalized
carefully for favouring the adherence of the varnish. The clean demarcation between body and varnish,
makes to suppose that this last was applied after the complete finishing of the product, immediately
before the cooking. The so-called one "varnish" show the same mineralogical characteristics of the clay
that it constitutes the vascular bodies, the one - that differences find him in the granulometric (the
varnish is constituted by material very more end) and in the color (the varnish is slightly darker on the
external edge). The mineralogical composition of the varnish is not visible because of the thin
granulometric, but is already said that the answer of the varnish to the light polarise of the mineralogy
microscope, both to cross nicols, and to parallel nicols, it is similar to that of the you mix clayey that

constitute the same vascular bodies.

The preceding studies, effected on varnish black ceramics of classical and Hellenistic epoch and on

varnish red ceramics of Roman epoch, has shown that the so-called one "varnish" it was in reality
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constituted by clay illitic with the same characteristics of the clay used for the vascular body with an
enrichment of iron oxides (TITE et to the. 1982; Jones 1986; NOBLE 1988). To the light than has been
said and on the base of the observations to the microscope, he can reasonably suppose that the grey-
brown varnish that covers the surfaces of the pasta grey ceramics is constituted by very elegant clay,
carefully settled, with the same chemical and mineralogical characteristics of the clay used for the

vascular body.

A)BLACK GLOSS: ANALYSIS BY DIFFRACTOMETRIC OF X RAYS

Analysis has been effected using a diffractometer for dusts Philips, with radiations CuKa filtered on Ni. To
the samples the external part has been removed, preventively to avoid that the mineralogical

composition of the varnishes influenced somehow the results.

The fragments 1 and 3 are constituted by less compact clay in comparison to that used for the fragments
2 and 4, besides these last ones have covered from black varnish, shining and uniform, while the varnish
of the fragments 1 and 3 are of brown grey color opaque and apparently diluted. From the mineralogical
point of view the four samples introduce some apparent differences, but in the gross they constitute a
homogeneous group. Analyzing the results of the analyses (Tab. 1), is possible see that the samples 1 and
3 show a scarce presence of mineral clayey; very abundant quartz constantly; more discreet quantity of
feldspates and pirossenes diopsidic. While in the samples 2 and 4 are recorded: greater presence of
mineral clayey; very abundant quartz constantly; scarce quantity of feldspates; absence of pirossenes but

good presence of calcite.

The present clays in the zone have a composition of base constituted from abundant mineral clayey
(illite, smectite, caolinite and chlorite), middle-tall quantity of quartz and feldspates; better presence of

carbonate; if in the mineralogical composition of the samples these percentages are not respected, it
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necessarily is not due to a different origin of the manufactured articles, but to the transformations that
the first subject has suffered during the productive trial: elimination of the carbonate in excess, that could
jeopardize the good estate of the mix, during the workmanship; while during the cooking,
dehydrossilation and collapse of the mineral clayey (chlorite and caolinite between 450° and 750 °Cs;

smectite among 750° and

850 °Cs; illite after 950 °Cs, RICE 1987); transformation of the carbonate in Ca0 and CO2 between 600°
and 900°-1000 °Cs (RICE 1987;TOHNSON ets. to the. 1988); formation of new mineral (e.g. gehlenite and
pirossenes diopsidics to 850 °Cs, MAGGETTI 1981).

Made this premise, it clearly results that the differences found among the samples, to mineralogical level,
they are caused by the different temperatures of cooking to which the manufactured articles have been
submitted: the samples 1 and 3, for the presence of the pirossenes diopsidic, has certainly overcome the
850 °Cs of temperature; besides her almost total disappearance of the carbonate and the scarce presence
of illite make to suppose that the temperature of cooking has been of around 950°/1000 °Cs. While as it
regards the samples 2 and 4, in the first case the temperature of cooking and established between the
750° and the 850 °C, for the absence of the smectite (what for the note it turns him into this interval) and
for the absence of mineral of neoformation to 850 °Cs; in the second case the presence of the smectite
makes to imply a temperature of cooking around the 750 °Cs. The least compact aspect than the clay of
the fragments 1 and 3 are also determined by the almost complete transformation of the carbonate, that

have left small cracks and vacuoles to their place.

To macroscopic level the fragments 5-6-8 don't introduce evident differences in the structuring of the
you mix and in the type of used varnish, except the n° 7 that he/she introduces a darker varnish. From

the mineralogical point of view (Tab. 1) the fragments

5-6-7-8 introduce scarce mineral clayey, quartz constantly abundant, discreet or good quantity of
feldspates, varying presence of diopsidic pirossenes, scarce presence day carbonate (unless in the
sample7). In comparison to the others, the samples 7 and 8 have in anymore a varying quantity of

gehlenite, that differentiates them from the samples 5 and 6.

As it regards the temperature of cooking, all the samples have certainly overcome the 850 °Cs has
probably been old also the temperature of 950 °Cs, as he/she is deduced by the almost total

disappearance of the primary carbonate and by the little remarkable presence of illite; in every case has



31

not been old the temperature of 1050 °C, in as for this temperature it happens the transformation of the
gehlenite. A discourse apart it deserves the sample 7: also in this case, for the motives above statements,
a superior temperature to the 850 °Cs but the good quantity of present calcite has been reached in the
fragment, it would make to suppose that this temperature has not been old of very, or could be
hypothesized that this calcite was not that it originally foresees in I mix him, but has been absorbed from
the fragment during the burial, as it sometimes happens. In this case, the observation of the thin section

of the fragment, to the mineralogy microscope, it allows to welcome the second hypothesis.

The fragments 9-10-11-12-13-14-15-16 introduce variations in the type of [ mix and in the varnishes, to
macroscopic level. From the mineralogical point of view (Tab. 1) all the samples are constituted from
scarce mineral clayey; abundant presence of quartz; better quantity of feldspates; discreetly you
introduce the diopsidic pirossenes; scarce quantity of carbonate (unless in the sample9). In the samples

9-10-11-12 -13-14-16 are present besides varying quantity of gehlenite.

As it regards the temperature of cooking, all the fragments have overcome the 850 °Cs, gives the
presence of diopside and gehlenite; the scarce presence of carbonate and illite makes to suppose that has
been old also the temperature of 950 °Cs. The sample 9 as 7, introduce a good quantity of calcite; also in
this case can be hypothesized or that has not been old of very the temperature of 850 °Cs, therefore the
calcite is not transformed completely, or that you deal with secondary calcite, absorbed by the fragment
during the burial, as it confirms the observation to the mineralogy microscope of the section thin

correspondent.

As can be noticed by the chart resumed (Tab. 1), all the samples can be divided in three groups: the first
group is constituted by the fragments 2 and 4 that they introduce good quantities of mineral clayey and
calcite and any mineral of neo- formation to 850 °Cs (gehlenite and diopsidic pirossenes); the according
to group is constituted by the samples 1-3-5-6-15, in which pirossenes are present diopsidic but not
gehlenite; in the third group, samples 7-8-9-10-11-12-13-14-16, are represented both the mineral ones

of neoformation to 850 °C (gehlenite and diopside).

It is already said that the mineralogical differences that find him between the samples of the first group

and all the other are apparent, in how much determined by different temperature of cooking.

The element that differentiates the according to group from the bystander is the presence or less than

gehlenite, mineral of neoformation to 850 °C. In this case it is not possible to speak of differences to the
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temperature of cooking, in how much the presence of diopsidici pirossenes points out that in all the
fragments they have been old the 850 °C, but alone m some fragments is formed the gehlenite. In some
experiments effected in precedence on some ceramic types, among which sealed earth and grey ceramics
of the Ill-the century a.C., is been able to notice that the presence and the absence of gehlenite are

determined by some factors:

* the gehlenite only develops him in clay of superior granulometric to the 2pum

e the gehlenite is formed during the cooking, but it decomposes in the period of burial in secondary
products, above all calcite

* the gehlenite is formed during the cooking, but it turns him into anorthite if the temperature of cooking

overcomes the 1100 °C

As it regards the first point, there is not anything that in this case can sustain the contrary one, in fact the
structure of the mixes some pasta grey ceramics it is visibly very compact and homogeneous, and it is
very probable whether to get such an elegant product was effected before a selection and thickening of
the subject, as on the other hand they confirm the observations effected to the mineralogy microscope on
the thin sections of the same samples. Difficult to accept the second motivation, in how much the
presence or the absence of gehlenite has been found in fragments coming from the same stratigraphical
unity, that had had the same formalities of burial, and in every case correspondence is not recorded
between the absence of gehlenite and the presence of secondary calcite. Also the third point is not
applicable in this case, in fact if the fragments had overcome the 1100 °Cs, the diffractogrammes would
not also have recorded scarce presence of the mineral clayey and, sometimes, of the calcite, and also the
feldspates and the diopsidic pirossenes would not so clearly have been legible. In conclusion, the only
sustainable hypothesis in this case is that the fragments, where gehelenite it is absent, is constituted from

material a lot end, inferior to the 2um.

In conclusion we can be affirmed that the analyzed fragments can be distinguished in two groups in base
to the temperature of cooking: you fragment that have been submitted to inclusive temperatures
between the 750° and 850 °Cs around (2-4); fragments that have generally been cooked to inclusive
temperatures between the 950° and 1050 °Cs around (all the others). The first group is clearly
characterized to macroscopic level for the type of thicker and darker varnish. Inside the according to
group, a further distinction can be effected among pasta ceramics grey end and pasta very elegant grey

ceramics, with granulometries <2pum.
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Also in this case, in some fragments, the formation of gehlenite is inhibited from the extreme fineness of
the clay. Besides the same shops produced also a type of grey ceramics that possesses similar

mineralogical composition to that found in the fragments of Botromagno and Mountain Sannace:

 quartz + diopsidic pirossenes + feldspate + illite;

* quartz + diopsidic pirossenes + gehlenite + feldspate

A)BLACK GLOSS: CHEMICAL ANALYSES BY X RAYS (XRF METHOD)

Every fragment has been submitted to chemical analysis of the most greater elements, through
fluorescence of X rays (XRF), using a spectrometer Philips PW1480/10 with radiations of Cr for the
correction of the effects of matrix. To the samples the external part has been removed, preventively to

avoid that the chemical composition of the varnishes influenced somehow the results.

The first four analyzed fragments show among them meaningful differences; in fact he can easily notice
that the samples 1 and 3 nearly have concentrations of elements identical among them, but clearly

different from those of the samples 2 and 4, above all as it regards the content of SiO2 Al203 and MgO.

The following samples show among them some differences, even if less evident in comparison to the
preceding group. The sample 7 for the contained young person of SiO and / or, and her. greater presence
of CaO seems to have a chemical behaviour similar to the samples 2 and 4, contrarily the samples 6 and 8,
also with some variations, they seem assimilable to the samples 1 and 3. An anomalous behaviour has the
sample5, in fact it has very different values to those of the samples 2 and 4, at the same time a greater
content of Si02 and a quantity of AL,O3 and inferior CaO it is slightly recorded to that some fragments 1-
3-6-8.
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In the samples of Sannace it strikes the uniformity, nearly absolute, of the fragments, in consideration
also of the fact that the same fragments originate from wise man and different layers, besides they show
variations both to macroscopic level, in the type of varnish, both from the point of view granulometric
and mineralogical. The only element that slightly introduces different values is the sample 9, where
however the tall content of CaO could be determined by the presence of the in relief secondary calcite in

the observation of the analysis of the section thin correspondent.

The contained young person of Al;03, and of SiO: in the fragments 2, 4 and 7 could point out a young
person presence of mineral clayey, sustained by a more remarkable presence of carbonate. Besides in the
samples 2 and 4 a content of MgO notices him that doesn't find comparison of it in the other fragments, of
it in the chemical composition of the clays of Puglia and Basilicata. Could be supposed that the
magnesium in excess can have been absorbed from the fragment during the period of burial, but to the
actual state of the searches it is difficult to show this hypothesis, in consideration also of the fact that the
fragments have suffered the same formalities of burial of the samples 1 and 3, where the quantity of
magnesium is in the norm. cannot be affirmed that the presence of MgO is to connect to an abundance of
mineral clayey as the relative percentage of Al,O3 (also it imputable to the mineral clayey) it is inferior to
the average. A more reasonable hypothesis could be the presence in the subject before a particular
concentration of dolomite (CaMg(COs):), in consideration also of the more accented presence of CaO in
fact the dolomite is constantly a present carbonate in the clays deposits subappennine and characterizes

particular levels of the Murges.
In all the samples they are present remarkable quantities of Fe;0s.

The clays in Puglia and in Basilicata, constitute ample deposits and they is for the belonging to the

formation of the Clays Subappennine



Campp. $10, TO, ALO, Fe,0, MgO Ca0 Na, O K,0
1 2704 091 1870 798 243 4321 078 237
2 2380 073 1432 R97 492 1221 07O 235
3 5758 03 1810 731 248 10.06 081 245
p 5452 074 1441 882 670 1145 066 267
Campp. SIO, TIO, ALO, FeO, MO Ca0O N, OK.0
] 5039 087 17.70 732 AT1 830 033 248
& 35653 050 18.13 .89 288 1058 0.7T8 AL
;) 5506 D21 1511 443 259 1612 D58 290
] 520 092 1902 782 287 200 045 248
Campp. SI0, TO, ALO, F&,0, MgO Ca0 Nu, O K0
$  ST.I3 073 1490 660 224 1524 0.0 236
10 5752 085 1946 722 292 895 0.9 LM
11 5753 089 1776 789 267 10.15 0.74 243
12 5738 093 18457 316 Z3 2002 047 243
13 5724 092 1BAT 410 286 933 O0.T1 235
14 56.3d 092 1549 196 135 1013 043 241
15 57.04 092 1845 808 247 958 068 237
16 5553 093 1ES0 222 3400 S424 0.65 253

Tab. 2 - resulted of the chemical analyses of the fragments 1-4.

Tab. 3 - fragments 5-8.

Tab. 4 - fragments 9-16.
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The light variations of some values can easily be justified: the most greater presence of AL;03, in the

fragments it is due to the selection of material with a greater percentage of mineral clayey, for the same

motive they are present inferior quantities of CaO, besides it needs to consider that during the
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workmanship of the material they came partly eliminated the carbonate in excess (above all calcareous

fragments and fossil, constantly present in the Clays Subappennine). As it regards the

values of Fe;0s3 their greater presence in the fragments could have been caused by the selection of rich

material of mineral clayey and therefore of amorphous iron oxides, always abundant in the thin clays.

The correspondence is clear among the chemical composition of the Clays Subappennine of the basin
lucano and the fragments in matter, he is able therefore easily to suppose that these fragments belong to
a type ceramic product in this area. Is been able to notice besides that the chemical composition of the
fragments is absolutely homogeneous in the fragments coming from Mountain Sannace, while it is having

some variations in the fragments coming from Botromagno.

To this point chemical analysis has been effected with the same instrumentation and methodology on
two fragments of I mix clear coarse of clear local origin, found together with the fragments 1-2-3-4 of

Botromagno

Therefore we can be hypothesized that with every probability the fragments 2 and 4, derive from a
local production individuable in the center same place on the hill of Botromagno or in the immediate

proximities.

In conclusion the Physical- Chemical analyses can relieve the nature of the ceramics, the way of

production and the origin of the samples on to the territory.
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Tab. 5 - chemical composition of some clays of the basin lucano

Sample Si0; TiO: Al;0; Fe;03 Ca0 MgO Na:0 K0
Gravina 60.0 0.6 13.9 5.3 14.0 2.6 1.0 2.6
Irsina 60.2 0.6 14.0 4.6 15.0 2.6 1.0 2.1
Timmari 54.8 0.8 16.6 6.9 14.0 3.4 0.9 2.6
Montescaglioso | 52.3 0.7 13.9 5.0 21.0 3.8 1.0 2.3
Bordo Mar Ptc  53.3 1.0 13.5 5.9 19.0 4.3 10.6 2.3
Slump 1 53.31 0.62 15.95 6.73 18.60 1.49 0.73 2.57
Slump 2 53.80 0.73 14347 6.22 18.35 3.13 0.70 2.58

GENERAL CONCLUSIONS ON THE SEVERAL ANALYSES DATA

After having analyzed the granulometric composition, mineralogical and chemistry of some fragments in

pasta grey ceramics, is possible to draw some conclusions.

The observation of the thin sections to the mineralogy microscope has allowed to notice that all the
analyzed samples are constituted by elegant or very elegant clay. This datum finds confirmation in the
mineralogical analysis, in fact, in some samples, has not been found after the 850 °C formation of
gehlenite, mineral that is formed to this temperature in the clay with fraction superior granulometrica to
the 2um. The mineralogical composition of the fragments makes to believe that the ceramic forms of
affiliation have been cooked to very elevated temperatures, that reach in the most greater part of the
cases the 950°-1000 °C. The surfaces of the fragments have covered from a layer that he/she introduces

the same characteristics of the you mix, but granulometric phat, very more end and more dark color
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especially in the most external part. can be concluded therefore that with every probability the so-called
one "varnish" is constituted by the same clay used for the body of the vase, submitted to a process of
more accurate refinement and enriched with greater quantities of iron mixtures or carbonaceous. The
same procedures that have been found, in the preceding studies, in the production of the classical and

Hellenistic black varnish and the red varnish of Roman epoch.

The results of the chemical analyses confirm that the used first subject is substantially that available in
the whole area of the Pit Bradanica. But some specimen are possible: all the fragments of Mountain
Sannace and the fragments nn. 1-3-6-8 of Botromagno, have some so urgent comparisons in the chemical
and mineralogical composition, that is difficult to think to a different origin or to a different productive
standard. The fragments nn. 2 and 4 (but probably also 7) of Botromagnos possess a chemical
composition very similar to that of two fragments (of mix clear) of clear local production, so it is possible
to hypothesize one production of theirs on the spot, in consideration also that the temperature of
recorded cooking in these fragments (not superior to the 850 °Cs around) could also be reached in a
handicraft manufacture. Some differences, in comparison to the preceding samples, they find him in the
chemical composition of the fragment n° 5 of Botromagno, but treating himself/herself/itself of an an

only sample statistically is not relievable. In conclusion two groups can be defined:
- The group: fragments 1-3-6-8 of Botromagno and all the fragments of Mountain Sannace;
- [l group: fragments 2-4 (77) of Botromagno.

In the case of the first group he could easily define an only origin, currently not identifiable with
certainty. The according to group is relatively constituted by fragments of cheaper quality, produced in

the same center set on the hill of Botromagno or in his/her immediate proximities

To the light than has been said, can be hypothesized in this case the existence in regional circle of a
productive center of pasta ceramics grey end or very elegant with varnish of grey-brown color. Besides
the presence of a local manufacture to Botromagno of pasta grey ceramics of young person quality

notices him with very dark varnish and uniform.
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B)BLACK GLOSS: PRODUCTION OF OLD GLAZED POTTERY BY LASER
ENGRAVING, CUTTERING, AND DRILLING:EXACTED MEASURES AND
SHAPE FORMS COPIED BY ANCIENT OBJECTS

PRINCIPAL TYPES OF LASER

LASERS SOLID STATE
Mostly The known laser is that to ruby. The crystal of ruby formed by Al203 and drug addict with Cr203

brings the crystal to send forth characteristic red light.

The laser to ruby during the diseccitation (to three levels) it sends forth red light on lines between 692

and 694.3 nm.

The ruby for his/her peculiarities crystallographic can be used both as source that as resonator. This type

of laser, being to three levels quantic, it needs an intense photopumping with lamps to the Xenon.

The power in exit in continuous way industrially is not usable treating himself/herself/itself of some
Watts, but in way impulsatos are reached the 20 kWs, and a great deal over (MW) in way Q-switching or

locking with impulses d around 1 fs.

LASERS ND-YAG

It is the most diffused even if expensive laser to the solid state. The crystal, Y3Al15012 spiced with

Neodimio Nd3+ constitutes a system quantic to 4 levels that it sends forth in the infrared near

The pumping is always fotonic with lamp to the Krypton. The crystal has a very elevated thermal K for
which can be used in continuous up to powers of 700W or to tall frequencies. In regime impulsed for 10
kHerz can send forth powers up to 1013 W; commercial derivation Nd-Glass, less expensive but usable in

regime alone impulsed to low frequencies.
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LASERS BY CENTRI OF COLOR

They use active centers (ions and-replaced) of crystals of alkaline halogenures The in partnership

impurities to the crystal form a system to 4 levels.

It is a laser of small power used for measures spectrographic and in search, but it has the disadvantage to
send forth well temperatures solo equal to those of the liquid nitrogen because of the crystalline system in
game. The type to base of F2+ allows to send forth in the visible one to temperature environment, but it is

still experimental.

LASER GAS
lasers He

It is highly an economic laser; the mean asset is the neon with pumping to discharge. For small powers of
some W it results very efficient even if from the theoretical point of view it is very complex since sees
multitransizioni among helium that plays again with precise orbital levels of the neon. It sends forth in the

green, in the red and to the infrared one according to the tuning of the resonator.
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LASERS GAS OF CO2

This laser represents the typology most important among all in the systems for the industrial applications,
since it allows to get continuous bundles of elevated power with conversions among the tallest possible

(40%). The mean asset is a mixture of gas with CO2. It sends forth on wavelength of 10.6 and to 9.6 kHerz

The laser sources to COZ, for industrial employments, can be divided in two principal families: "Blade"
for powers from 100 to 1000 W and “Compact” among 800 and 3000W.
The sources "Blade”, in technical slang "you seed-seal”, officially notes as "SEMISEALED", they are
endowed with catalysts to recycle that handles to recombine, inside the gas "active mean", CO and 02 so
that to restore the necessary quantity of CO2. All of this allows to associate the elevated characteristics of
electric output and the quality of the bundle of the laser to slow flow to the practicality of management of

a source "seed-sealed.”

For the lasers to CO2 it is important the vibrational state of the CO2 in comparison to the mixture (N2, He).
In fact the CO2 for his/her molecular structure (hybridization sp) it results to plane 0=C=0, and its

vibrational state can be symmetrical, type bending, or asymmetrical:

The molecular translations, vibration and rotation, are the principal forms of “storage” energetic of
interchange among the molecules. In the symmetrical state (0=C=0), the oxygens wave every against the
other, in the bending the C waves on the axle Z and in the asymmetrical state the oxygens oscillate against
the atom of carbon. Every type of vibration is quantized and characterized by 3 integers (levels quantic)
that they describe every the level of excitement of the type of vibration. Just the asymmetrical state
produced by the collisions interests the radiant phenomenon during the passage in the symmetrical state

that is that of equilibrium.

Numerous other types of laser as those exist to besides dye, to semiconductor, FEL, to Argon, to ecimeres,

that still maintains nevertheless a narrow band of applications but however not yet to industrial levels.
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ACTUAL APPLICATIONS OF THE LASER

Currently the lasers are used for jobs of cut, of incision, of welding among different leagues, of ceramic
sintherized and special superficial treatments as tempre of thin film in the typified steels, , clear

fotodeposition surfaces, non linear optics.

In all the laser applications, the fundamental parameter of trial is the density of power of threshold
(W/cm2) necessary for the primer of the job, cut, drilling.... In many lasers the increase of power is gotten
to loss of the quality of the bundle, or of the possibility to focus the bundle on a smaller area. The use of
the excitement to tall frequency and low tensions relatively they allow the operation impulsed of the laser
source to tall frequency of repetition (in the range 1-10 kHerz). This possibility constitutes by itself an
advantage in how much tall frequencies of repetition allow the fast control of the power systems
numerically programmed or checked to half feedback. Besides a regime impulsato allows in anymore a

redoubt heat affected zones (HAZ), for a typical process of perforation or cut of different materials for

instance moderate steel.

Such an opportunity is of particular interest when he works with material to low thermal threshold since
it is possible to avoid the fusion or the scorch of the areas partially touched by the bundle-material
interaction. Under has shown a photo to the microscope of the hole gotten with a laser CO2-RF. To get
such a result the power during the impulse has to be around the 400 W while the middle power below the

40 W.

The duration of the impulse has to be equal to around 100 kHerz
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LASERCUTTING oN VARIOUS MATERIALS

MATERIAL NOT METALLIC
Material not metallic they are endowed with good characteristics of absorption of the infrared bright

energy typical of the laser CO2Zs and they are generally besides bad conductors of heat and introduces low

temperatures of vaporization.

MATERIAL GLASSY
The quartz up to thickness of 10 mms is clearly easily cutterable with the laser with superior speed in

comparison to the half mechanics. The glass introduces elevated levels of microcrevices instead and
therefore and less proper for this type of cut to exception of the borosilicates in non elevated thickness,
with operation source pulsed. Nevertheless, in the glassy materials, close to the cut also always
introducing himself/herself/itself “clean” it not only appears to the edges microcrevices and “facets” but

also cordoli of fusion re-solidification that they require further workmanships of grindes and in mitten.

LASERCUTTING ON MATERIAL STONE MATERIALS

Also for the stony material the efficiency of the laser cut not only depends from the typology of the laser
and from the formality of operation, in continuous or pulse, but also from the riflettanza of the radiated
material, from the opacity to the electromagnetic waves, from the thermal K of the material, from the
characteristic colour, and in last analysis from the composition of the molecular structure of the material.
The interaction among laser and material bundle happens in different way to second that the substance
submitted to laser irraggiamento is amorphous or crystalline and from the degree of physical-chemical
isotropismo A homogeneous structure, compote of an only substance, all of the same phase, (i.e. crystal), it
allows clean incisions, instead material a lot of anisotropic owed to aggregations of different mixtures or
same mixtures in been different (mix of amorphous and crystalline zones) it will extend to have answered

different to the laser. Particularly, if the material is strongly anisotropic for composition (es. different
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crystals admitted by a matrix common cementante) every crystal holds a really point of fusion, a proper
vibrational coefficient, an index of reflection, a characteristic thermal K, etc. In this case the laser bundle
will bring an invariant power on different mixtures that don't cooperate in the process of vaporization in
the focal center of irraggiamento. In other words, some crystals will have the tendency to vaporize others
to sublime. The first ones allow the formation of rivulets of fusion that to the edges of the passage of the
laser bundle they will easily extend to risolidificare forming cords or drops of “fusion.” Strong differences
of the thermal K of management provoke different tensionamenti around the radiated zone, since there is
no rapid dissipation and uniform (cubic dissipation) in the mass of the material, allowing the create him of
warmer zones and colder zones e/o the to also produce of cords of fusion in cases of sudden sublimation

of the material.

Besides, the laser bundle, being a radiation, it brings energy and quantity of motion that it creates one
“pressure of radiation” that it is similar to that provoked by a gas on the walls of a container. For the order
of greatness of the energies brought in the united one of time from a laser bundle able to sublime the
radiated material, can be calculated in a first approximation, from the relativistic equations “energy-
mass” you generalize, a certain quantity of motion in time slices of the order of the fses. The crystal
therefore, absorbing “doses” of quantity of motion in brief times, it will extend to enter vibration of
resonance that can create tensions in the same crystalline network. You considers besides that the crystal
is not a “perfect reflector” of the radiations (generalized equations), for which the quantity of motion to
every laser impulse can have different vettorializzazione increasing the solicitations. The phenomenon
can subsequently be besides amplified if the material introduces very different crystals for mechanical

ownership and opticses.

Other important observation on the solicitations in the radiated crystals, derives also from the fact that
the intense wave electromagnetic door a moment in the crystals; in fact in a crystalline solid the molecules
are mainly already directed by the “local fields” of the network, or they have a low rotational degree.
When they are invested by an electromagnetic wave it comes to create him a double polarization in the

wave that has the tendency to rotate the molecules in the sense of the opposite polarity.

These phenomenons are added to the solicitations previously quoted, especially in the crystals “to non

neutral position.”
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The case of stone material such as the granites, highly belong to the category of the rocks anisotrope and
with crystals stop and lowmoldering, to different thermal management, to tall percentage of quartz and

feldspates

It is an intrusive lava Rock to tall content of silice, SiO2 over 70%. They are present besides alkaline

feldspates (KAISi308, NaAlSi308) biotite and traces of apatite, zircon, magnetite and titanite.

The Granodiorites, similar of aspect to the granites, mainly distinguishes him for the smaller percentage of
quartz and from the plagioclases that it results the most diffused feldspates biotite it is among the mineral

communes to these rocks the most fragile but also that to smaller reflect capability and low melding.

The marble, is a calcareous rock produced by thermal metamorfismo with crystalline structure. is
constituted by crystals of calcite CaCO3 n H20 of dimensions among 0,1 and 0,5 um accompanied by
impurities what quartz, ferric oxides, manganese and magnesium, graphite. The veins are constituted
mainly from “striped silicati.” In conclusion, greater they are the veins and more dark color is the color of
the marble, greater it is its anisotropicita, due to the presence of different mineral in comparison to the

matrix calcitic.

The sandstones originate from the calcareous argillitic cements, or railway, of deposits of primary rocks,
as at all, quartz. These rocks introduce smaller anisotropia and greater dimensional uniformity of the
crystals in comparison to the granites, but I am a little you use for decorations since difficult to bring to
polish. These rocks also introduce nevertheless mineral very different for thermal management, (you are
thought about the crumb). Besides, the ample variety show percentage of cements can give very different

answers to the laser bundle for reflect capability, temperature of fusion, etc.

The travertinis are calcareous rocks of origin “chemistry” very you use in housebuilding for the lower part
cost and the easy handling; nevertheless they don't maintain for a long time the polish and they are of
easy usury metoclimatica. The elegant weaving of the rock and the most homogeneous composition,

(“sweet rock”) could be useful to the use of the lasercutting.
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ACTUAL SEARCHES IN THE LASER SECTOR ON

STONE MATERIALS
For a long time ('86), in Russia (Ex-USSR), the effect of a lasercutting has been tried (and the behavior of

the rock made a will on-line to the X rays) on marble and on granite with positive results. Particularly in
the cut of the marble is observed that the marble quickly decomposes him to Ca0O, and to remove the
calcite that is formed, to the laser has been in partnership an atomizer of water that removes so the

calcite in the form of hydroxide. The speed of cut results of around 2,5-3 m/hs through laser of power.

The actual tendency of the use of the lasers on the stone sector is polishing and/or architectural

restorations whit cutting and re-engraving of smoother figures time expended of.

In this case a power employs him between the lasercutting and the laser-engraving is necessary. The
employed mechanism is that of the ablation checked through laser fitly impulsed that removes few
microns of substance for impulse. In this case the different composition of the mineral oxides formed by
the degrade some stone, they are selectively exploited for the clering. The organic deposits and the
exposed oxides, are in fact of dark colour more and more and to smaller reflect capability of the material
stone, absorbing so greater doses of energy that bring them to the laminar vaporization (ablation of thin

layer).
Particularly two trials can be distinguished possible of laser-material interaction:

In the ablative phase is represented by the superficial micro-explosion (wave of bump), while in B there is
the sudden superficial vaporization. Under certain aspects the impulse along it is best since curtains to
vaporize without creating mechanical solicitations, nevertheless it provokes around in the of the zone
radiated notable thermal solicitations. In B can take place fusion-resolidification in the edges and

neighboring gangs.

The final result doesn't only depend on the radiated energy but also of the number of laser impulses and
from their duration. Among the various lasers that Nd-YAG, it is perhaps that mostly experimented for the
cleaning for her “chromatic selectivity” of this type of laser that sends forth around the infrared near I

don't complete for his/her manageability and practicality-

The issue generally oscillates between 2 nsec and 200 ms.
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SPECIFIC TESTS OF LASERCUTTING ED LASER-ENGRAVING ON STONE

LASERCUTTING

Preliminary tests of lasercutting have been effected with a laser of power of 3 kWs to CO2 to fast flow with
mobile optics on the axle Z, to the purpose to glimpse the perspectives of a laser cut on marble and
granite, measuring the physical behaviors of the material to the laser and the optimal formalities of the
irraggiamento. To the purpose, tests have been effected on different samples of marble (different of
coloration), and on samples of granite to very common characterization (type “Granulated of Baveno”)

trying to set the best typology of cut.
The used car is to fixed arm with system of relative handlings.

The system is constituted by a CAD that it creates the sketch of cut and from a CAM joined to the system of

movement to numerical control of the plan of job.

Besides a special software checks the power (galvanometric scanning) and the typology of pulsated issue

or continuous.

WHITE AND GREY MARBLE
The cut of marmette of 20mm of thickness 25x25 of surface introduce him problematic for both the clear

or grey samples if effected in continuous way, provoking tensions and consequent gangs.

has been therefore select a system of issue pulsated by 0.2 to 0.3 ms that require nevertheless of

numerous passages to reach a passing cut.

The problem of the overheating subsists according to the surface of the outline of cut. In fact, the cut of
“sketches” small or very small it induces uniformity of heat that to end execution if not statements to
strong thermal starts are cooled in way uniform. The marmetta is found in a precarious condition instead

since around the laser cut the temperature is attested around 90-110 °Cs, while, because of the thermal K
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of the marble, already to few centimeters from the cut the temperature wanders to that environment

provoking tensions.

Besides, despite the accuracy of the car, the software doesn't is not result very fit since it doesn't operate
in continued way but to every change of direction of the cut, there is an instant of break even if brief. Also
in simple sketches as a circle, the stain to every passage has one “zero” vectorial, for then to restart. In
these points, even if the issue happens in pulsated way, you equally it is an increase of temperature, that

nevertheless for the marble it results acceptable.

The cut, also with different passages it is very rapid: a cut shaped of an object of around 300 mms of
perimeter with a thickness of 20mm can be cut in about 2 minutes, while for a right passing cut of 100mm,

always on thickness of 20mm, around 60 passages have been being needed for 1s or a 1 minute.
The cut introduces him clean easily rifinibile.

During the cut it is probably assisted to the formation of a cloud of dust of oxides of kick.

GRANITE
The laser cut of the granite introduces numerous consequential problems from the strong anisotropismo

connected to the presence of many mineral bassofondenti and with thermal K very diversified, in

comparison to the mineral presents in the marble.

During the cut, in pulsated regime or no, to tall or it mediates power of irraggiamento, introduces
numerous phenomenons of neighboring fusion to the furrow produced by the laser, with consequent
risolidificazione to glassy drop. In different cases it is also assisted to a shattering generalized of the cut
outline, index of strong tensionamenti. Nevertheless, in some cuts, the outlines introduced phenomenons
of fusion accompanied by shattering, with formation of glassy beads subsequently collassanti for cooling
and therefore with notable dissipation of thermal energy. These cases are index that also the solicitations

“vibrational” they participate in the I degrade crystalline of the radiated granite.
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LASER-ENGRAVING

As it regards the laser-engraving effected through operations CAD/CAM with laser stain to 200 W with
mobile galvanometric optics the granite introduces the same phenomenon that produce him during the
lasercutting. The marble introduces a low solicitation instead also producing precise very complex
sketches in times that wander on 5-60 seconds on tiles of 25x25 cms. In all the cases handled marble from
the laser introduces white even if of dark nature; this is index of an alteration of the crystals, and that the
impurities that give the dark colour are the first ones to reach the temperatures of ablation or

sublimation. The visual examination denotes a light aspect “scratched” of the radiated zone.

A example of fine laser engraving on marble 5x5x0.5 cm (contrast color with chine) Engraving deep 0.6-

0.1mm on fines .
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To parity of time and power in fact where clear veins there are, to the microscopic examination with
tangential illumination a little depth of engraving is noticed. The zone radiated introduces white, elegantly
grainy and not remove with normal means or washings. The edges of engraving are introduced extremely
clean, not friable. To greater times of irraggiamento through multiple and cross passages of the laser can
also be reached greater depths of incision extending to a true laserdrilling, without nevertheless to alter

the edge of the sketch with gangs or remeltings.

In the following chart the data of the tests are brought effected on different samples of marble and granite.

Sample w Speed Focal (“) | Diameter |DstUg/ |Gas Ass. |N°
m)/min nozzle Dst fire passages | LASER
mm

1 2700 |10.000 10 2 1/0 Air -5 1 Cw

2 2700 |10 10 2 1/0 Air-5 70 1000 Hz
0.2 ms

3 1000 |10 10 2 1/0 Air-5 50 1000 Hz
0.3 ms

4 890 |10 5 4 1/0 Air-5 60 1000 Hz
0.2 ms

5 890 |10 5 4 1/0 Air-5 70

6 890 |10 5 4 1/0 Air-5 >200

7 2700 |10 5 1 1/0 Air-5 1
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Sample A.: White marble 20 mms thickness
SampleB: Grey marble 20 mms thickness

SampleC: granite 20 mms thickness

It seems opportune to remember that the lasers to CO: set type “Dual-Focus”, could be notably
interesting for the material lapideo. In fact, with such lasers he reduces notably the focal error (always
present in special way on cars to industrial use), reducing him/it scattering of the ray, the gas of
assistance he reduces (in our case compressed air), he increases the speed of cut and it reduces her/it to
him “cinder” sotto superficiale (es. oxides.). Besides increasing the speed of cut decreases the time of

irraggiamento and therefore the thermal and vibrational tensions of the crystals themselves.

USABLE MODEL CURRENTLY FOR THE STONE SECTOR

The usable cars currently in the sector lapideos for lasercutting and engraving are as that under you bring
that they are equipments of tall precision. Particularly the Line CUTLITE Repent S.r.l. I model PLN on

which different tests have been effected.
The nominal Power goes a great deal from 500 to 1000 W with peak greater

The type of laser is CW-PW and the useful dimesionis of cut they are from 2600x1500 mms to 3000
x1500mms

The speed of advancement wanders around 15.000 mm/1s
The electric power of peak goes from 18 to 27 kWs
The consumption of gas of assistance wanders from 40 to 50 Nl/hs

The weight wanders around 6500 Kgs with an encumbrance of 4850 x3000xes 2250 mms for both the
models from 500 and 1000 W.
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The laser system "PL" is foreseen instead with a standard work area of 2000x1000 mms. profits, of
1250x2250 mms. or with an optional format in "feet" of 4'x8' (1250x2500 around) specific for measures

USA.

MODELS FOR LASER-ENGRAVING OR LASERDRILLING

I model Ghibli: Produced OT-LAS

Laser power in Watt 100 or 200

Useful area of imprinting mm mod. 20/40 from 200X200 to 400X400 mods 20 200x200
mod. 25/50 from 250X250 to 500X500 mods 40 400X400

mod. 30/60 from 300X300 to 600X600 mods 60 600X600

Optional manual Plan to double position (mm) only for 500X500 500x1000

Dim. of encumbrance without plain optional (mm) 2335x780x1855
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Dim. of encumbrance with plain double manual (mm) 2335x1300x1855
Weight (kg) 350
Power supply Volt 230

Electric power kW 3 or 6

For jobs more sent you and of greater incision he passes to powers of 500 W with the model Way, OT-LAS.

The plan of job of useful imprinting goes from 300x300 to 1000x1000 mms and with plain optional up to
1000x2000mm with powers from 3 to 9 kWs.

You considers besides that it is possible to associate to the car custom flatcars within determined values of
dimensions.

Characteristics

Laser

Cco2

Wavelength

10,6 ums

Polarization

Linear

Quality of the fascioTEMO0O0 - TEM01 Multimodo
Maximum frequency of impulso1000 Hz

Least duration of the impulso200 ps
Temperature of the system of cooling

20 -22°C

Temperature environment of operation



54

5°C-35°C
Furnished accessories Shutter, diode of aim, indicative of power, control's microprocessor, unity of

cooling for Blade 100 and 200

Accessories Chiller [ express, components and opticses for the movimentazione of the laser bundle

Model Strike Product OT-LAS

The model STRAIK is available with power laser 100 Watts, 200 Watts and 500 Watts and single area of
imprinting single variable from 400 Xs 400 mms in 800X 800 mms or wider areas up to 1600X2400 mms

using an automated plan in the aces "X" and "Y

The model STRAIK 40/80 (100 Watts, 200 Watts or 500 Watts) it has the possibility to effect entirely
imprintings on single area in way analogous to how much it happens in the model WAY (without plain for
composed imprintings), but in more, in comparison to this last it possesses the movimentazione along the
axle "X", longitudinal of the car, for imprintings up to 1600X800 mms. In the case in which is had to
perform imprintings of sketches aventi greater dimensions of 800X800 mms (or greater of 400X400 mms

if contemporarily the line of writing were in demand young person of that really of the field 800x800
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mms) it is possible to perform composed imprintings, likewise to how much it happens along the axle "Y"
with the model WAY. A software of management imprinting completely devoted it handles to rejoin

among them the parts of the sketches interrupted in correspondence of the change of position of the plan.

MODEL GOAL 100/200/500 WATTS: PRODUCED OT-LAS

The model GOAL is available with power laser 100 Watts, 200 Watts and 500 Watts and single area of
single imprinting 1600 Xs 1600 mms or area of imprinting composed with automatic advancement along
the axle "Y" crossbeam; an automated plan of this type could for instance be employed for imprintings on

cloth with advancement of the roll.

GOAL allows to mark with a wide line of writing around 1.5 mms and to realize workmanships, in the first
case single, in way analogous to how much it happens with the model GHIBLI or WAY (without plain), in

the second case composed only along the axle "Y" as it happens in the case of WAY or STRAIK with plain.

PROBLEM LIST ON THE USE OF THE LASERS: ENVIRONMENTAL AND ENERGETIC
ASPECTS

To the energetic consumption in base to the power of the bundle in exit, almost all considering the low
output common to the lasers, (that to CO2 is in absolute among the tallest with 40% around of output), it
is had to keep in mind of the energetic consumption of the safety systems of the resonator and the optics.
For obvious physical motives it is not possible to make himself/herself/themselves that the bundle goes
out everything of the resonant hollow, (otherwise it would stop him the chain reaction of excitement) the
formed energy in the form of heat from the outgoing oscillating electromagnetic waves not and from the

system of pumping it has to very quickly be dissipated for cooling through heat changers.
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For the lasers of power from 800 W to 3 kWs or for those of “deep-engraving” or for cut (laser to CO2) a
turbo - recycle is adopted through turbine inside the various sections of discharge every of which it has a

proper feeder, (laser to fast flow).

For laser “Blade”, from 1000 W an electric application can be calculated of around 7.5 kVAs. And for one

from 500 W 5.4 kVAs. (apparent power in c.a. d.d.p 380V).

For the lasers devoted to the engraving I am nevertheless enough, for varied material, powers in exit of

200W that they ask for slow flows of cooling with smaller consumptions voters.

The operational middle cost wanders on the L. 520/h for the Blade Semisealed. The consumption of gas

wanders on 5N1/h/100W lasers.

For the sealed lasers the general operational middle cost is of around L.700+500/h of regeneration for
powers up to 500W. (Gives indicative as from Deplian). Nevertheless the cost must be calculates on the

real installed powers.
Other important aspect they are the vapors and the nanopolveris that have to be dejected.

In this case the laser car has a special high-power aspirator (generally coaxial to the fixed or mobile optic
arm) that it has to introduce inhales him in a line of cyclones/filter (es. active carbons) to stop the elegant
dust and therefore to pass in a filter to bubbling with active solution (container chemical traps) to stop the

vapors low-condesable and the nano polveris.
Particularly can be foreseen:
¢ filters for smokes of thermal cut (ossitaglio - plasma - Laser).

¢ you filter sleeves antiparticles, filters cartridges, autocleaning realized in polyester, polipropilene,

Nomex®, Ryton®, Teflon®;

For the production of dusts or vapors it is owed us to concern to the law 203/1988 and to the DM
12/07/90 as it regards the production of dusts of quartz expressed as silice. It it is necessary to measure

the class of issue of the inorganic particles in the form of poor or vapor.



Class

the flow of equal or superior mass to 10 g/hs 1 mg/m3

Class

the flow of equal or superior mass to 50 g/hs 5 mg/m3s

Class

the flow of equal or superior mass to 0.3 g/hs 30 mg/m3s

Class

the flow of equal or superior mass to 2 g/hs 250 mg/m3s

Class

the flow of equal or superior mass to 5 g/hs 500 mg/m3s

Or if under form primarily of particulate.

CLASS THE

If the flow of equal or superior mass to 1 g/h 0.2 mg/ms 3

CLASS I

If the flow of equal or superior mass to 5 g/hs 1 mg/m 3

CLASS 111

If the flow of equal or superior mass to 25 g/hs 5 mg/ms 3

Where: flow of mass: mass of polluting substance sent forth for unity of time in g/h

Particularly the dust of quartz belongs to the Class 1.
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VSe
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The sublimation through laser-radiate of superficial additive substances eventually dates to the rocks are

not in appreciable quantity in the maximum part of the cases, to the goals of law.

As it regards the safety, besides the particularly important systems of filtration in the lasercutting
lapideos, have to be takings all the anticipated precautions for generating of tall potential, in kind if the

carter of the resonator is periodically opened for possible external cleanings.

In the laser of greater interest or those to CO2 the necessary gases as rising they are besides the CO2
inactive gas as N2, in pressure cylinders that will have to adequately be protected according to the actual

normative.
They don't subsist, dangers of radiation dangerous, operating in the gang of the visible and infrared one.

Possible hits of light to the eyes have to avoid him with suitable D.P.I as glasses protective dark color and

barriers.

The interested zone to the laser bundle doesn't have to allow the accidental passage of operators; besides
during the lighting of the bundle it airs him of job (focal zone) it doesn't have not to even allow the contact

with anatomical parts (es. hands).

It is finally had to remember not to stop for a long time close to the headings of the in operation

resonators, especially if opened the carter of protection, for the possible one “electromagnetic smog.”
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LASER SAFETY NORMS AND USER ABEARANCE

The principal norms of reference are: technical norms CEI-EN 60825-1 of 9/95 and to the Guides for the
user 1989 1284 Gs and 1990 1381 Gs always of the CEI.

Definitions
The optic radiation dangers are classified on a staircase to 5 values: 1, 2, 3A, 3B and 4, with index of

increasing dangerousness; 1 are sure, 4 mean very dangerous. To the lasers or you systematize laser
situated in the classes 3A, 3B or 4, seen their potential danger, must be apply particular precautions;
must have discouraged, therefore, the use of powerful cars whereas is possible to use systems of inferior

class.

. Assistance: execution of the procedures and the regulations that show up in the instructions of the
builder for the assistance, that can influence a whatever aspect of the performances of the instrument; it

doesn't include the maintenance and the operation: as principle is effected by the personnel of the firm.

. I stop to intrinsic safety or Interblock: 1 stop that in case of breakdown of one single component of
his mechanical or electric strength or it maintains the system under safety conditions (ie. deactivation of

the laser bundle).

. Classification of the laser: the 5 classes point out, in increasing order the degree of dangerousness
of the laser systems, in operation of which must be adopt opportune precautions. The classification of the
laser bundle must have effected from the builder (also see him Rising prototype), on the base of the LEAs

and opportune corrective parameters (Norms quoted CEI).

. Manager of Structure: Manager of Department, Institute or intercollegiate Center; he has to take

care of and to verify the application of the legislation on the safety within his/her own Structure.

. EMP, Permitted Maximum Exposure: it represents the maximum level of radiation to which the eye
or the skin can be exposed without suffering damage to brief or long-term. It is function of the wavelength,

of the duration of the exposure, of the modulation and of the stricken organ; is defined by specific charts.
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. LEA, Level Accessible Issue: maximum level of issue permission in a particular class; the evaluation

of the level of issue of the system, compared to the LEA, it allows the classification of the laser system.

. Maintenance: execution of the regulations or the procedures specified in the instructions for the
user, furnished by the builder with the laser instrument, that must be perform from the user to assure
the anticipated performances of the instrument. It doesn't include the operation and the assistance (also
see him precautions for the maintenance). The maintenance that involves exposure to the laser bundle or

the bypass of the interblocks, can expressly be effected only by cleared personnel.

. Competent physician: subject endowed with the competences and appointee from the university of

the medical overseeing of the personnel statement to specific risks.

. Laser operator: person that has received suitable formation and information around the
consequential risks from the laser and the procedures to adopt to the goals of the safety and that it knows
the operational parameters of control and of risk of the laser that uses. He is cleared at the Manager of the
Structure, according to the suggestion of the Person responsible, and is submitted where to medical visit

anticipated.

. Accessible laser radiation: laser radiation to which the eye or the skin can be exposed during the
normal use of the system. The accessible laser radiation can be often inferior to the maximum potential
exit of the laser one thanks to the presence of wraps, the use of filters or other devices that limits the

issued power.

. Responsible of Laboratory: person that coordinates or it directs the activities of search or didactics
that develop him in a specific laboratory of search; him in how much provost directly answers some
application of the operational norms on the laser safety and is kept to ask for of it the observance. In the

text is denominated Responsible.

. Responsible of the Service of Prevention and Protection: person that has been entrusted to the
senses of the art. 4 of the D.Lgs 626/94; near the university in Pavia it is identified in the Person

responsible of the Division Hygiene and Safety.
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. TSL, Technical Laser Safety: person that possesses the necessary knowledges to appraise and to
check the risks caused by the lasers and it has the responsibility of supervision on the control of these

risks

The Person responsible predisposes, of concert with the Manager, the measures of prevention and

protection, and particularly:

. it preventively verifies the dangers, it reduces the use of the lasers and the number of the

operators to the least necessary statements

. it predisposes the specific procedures and the individual devices of prevention and protection,

also on the base of the indications furnished by the TSL

. it exposes the safety poster and it handles the anticipated signalling

. it delimits and it signals the checked areas, inclusive those temporary and it controls the access of
it

. it arrests the bundle at the end of the zone of job, it also delimits the journey of it with the use of fit

screenings and it avoids that the bundle interests doors, windows or places of passage

. it predisposes so that the journey of the bundle is not to the height of the eyes of the operators and

it handles the devices of individual protection (glasses, etc.)

. it avoids reflections, currency and it prevents the to verify him of those accidental
. it avoids the free diffusion of bundles of class 4 and their interaction with inflammable substances
. it verifies that the electric connections and the mass to earth of the metallic parts potentially in

tension is correctly predisposed

. it verifies the presence of possible collateral risks (gas in pressure, cryogenics, collateral
radiations, etc.), it predisposes for a suitable protection from the same and it avoids the production of

harmful gas, smokes or particulates that is not adequately inhaled.

The operator observes the rule and all the specific dispositions imparted by the Manager e/o from the

Person responsible (art. 5 D.Lg 626/94), and particularly:
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. he/she wears the glasses or the masks specific for the source in use and it preserves them with
care
. it doesn't observe the laser bundle through fibres optics or systems of harvest (telescopes,

microscopes etc.) without express authorization of the Person responsible, neither it directly observes
never the bundle even if he/she wears the protective glasses it avoids with care the reflections not

checked and accidental (he/she doesn't wear clocks, etc)

it verifies that all the anticipated safety conditions are all correctly predisposed before sending the bundle
in an area that is not under its direct vision cannot remove neither to modify, without authorization of
the Person responsible, the devices of protection and interblock and cannot complete manoeuvres that
are not of his/her competence or that can jeopardize the safety it tells the Person responsible or the
Manager, of the devices of prevention and protection that don't work or they are damaged, as well as of
possible dangers of which comes to knowledge; at the same time it has to suspend the use of the laser and
to eliminate possible immediate dangers. Only to the operators specifically authorized by the Person
responsible it is permitted to effect interventions of maintenance, understood ivi the alignment of the
bundle that involves the opening of the wrap; said interventions are forbidden to the students not
graduates in case of accident, it handles to contain its consequences and it immediately tells the Person
responsible or the Manager of the Structure, which activate the Person responsible of the Division
Hygiene and Safety at the right moment, the T.S.L. and, where necessary, the competent Physician. The
maintenance of systems to fibres optics for data transmission can adequately be effected only by educated

personnel on the risks and on the procedures and authorized by the Manager.

When it is not in use the laser must be disables so that to prevent a non cleared use; the cleanings of the

places can be effected laser solo extinguished.

Checked area: during the operation e/o the maintenance for laser of class 3B or 4 can be created an area
checked temporary, whose entered it is limited to the only authorized people. It has to be suitable from
special poster of warning. It has to include the possibility of wrong accidental aim of the laser bundle. The

zone to the outside of the area checked temporary has to be of class 1 (sure).
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Attenuator or terminator of the bundle: to avoid that the present personnel is unintentionally exposed to
laser radiation of class 3B or 4 or that accidental reflexes are created, is had to finish the bundle on an

attenuator or terminator to the exit of the useful zone of job.

Classification: for all the laser systems it owes the class to be known. The classification is certified from
the builder or from the Person responsible if it deals with source prototype. If the laser is modified the

Person responsible it has to take care of the refiling of the system.

[ command to key: the lasers of class 3B or 4 must have equipped with commands to key. The keys must

have removed when the laser is not in operation with the purpose to avoid a non cleared use.

Connector of block to distance: the lasers of class 4 and if of the case also those of class 3B must be furnish
of safety interblock (panic botton) easily accessible from the operator's posting. Label: every laser must be
provides of opportune nameplates that bring the class and the signalling of the openings from which the

radiation emerges.

Fitness to the duty: the operators that use in laser continuous form of the classes 3B and 4 have to be fit in
such opinion duty of the competent physician; that it is also gotten through oculist examinations, that are
effected on indication of the competent physician, to the senses of the D.Lgs 626/94 and of the D.Lgs
242/96.

Indicative of issue: externally sets to the laboratory: during the activation, the lighting or the operation of
laser systems of class 3B or 4 must be use bright signals of warning, or eventually acoustic, with automatic
device of lighting. For prototypes realized in the cleared laboratories signals of warning records or bright

signals they are admitted manoeuvre by the experimenter (also see him rising prototype).

Safety interblocks: where wraps of protection are inserted for avoiding the access to radiation of class 3B
or 4 safety interblocks they are necessary that they extinguish the radiation in case of opening of the
wrap. They can be disarmed only for particular demands of maintenance and after express authorization
of the Person responsible, which is kept to verify their correct reactivation at the end of the same

maintenance.

Norms operational specifications: for the lasers of class 3B or 4 the Person responsible predisposes the
safety general operational norms (paragraph 1), the specific precautions for the laboratory and exposes

her near the laser installation; to them the operators are had to concern.
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Opticses of observation: all the opticses of harvest (how slow, telescopes, microscopes, endoscopes etc.)
finalized to the observation with laser or you systematize laser they have to incorporate safety opportune
devices (how interblocks, filters, attenuatori) to automatic insertion, to maintain the laser radiation
through the optics of harvest to safety level and where possible of the appropriate EMP, for all the
conditions of operation and maintenance. Different conditions have to preventively be cleared from the

TSL.

Positioning of the commands: the commands must be position so that when the regulations are effected
there is no danger of superior exposure to the LEAs of the Classes 1 or 2. Precautions of base on the
bundle: for the classes 2, 3A, 3B and 4 not to directly observe the bundle and to predispose particular
cautions for the non visible light; for the classes 3A, 3B and 4 not to observe the bundle through optic
tools; for the classes 3B and 4 to avoid the direct exposure of the eye; class 4 to avoid the exposure of the

eyes and the skin to the direct or diffused radiation and to use caution to avoid possible fires.

Precautions for the visitors: visitors' access in laboratories of laser of class 3B or 4 are subordinate to the
permission and the supervision of the Person responsible; they must be accompanies at a qualified

operator that is responsible of their safety.

The operations of maintenance, reparation and change if performed from personal afferente to the
structure, can be effected only by qualified operators for the specific assignment and authorized by the
Person responsible. Such operations are forbidden however for the students. It belongs to the activity of
maintenance the alignment of the bundle that involves the opening of the wrap and the joining of fiber

optics for the data transmission.

Protecting ocular: the glasses are a device of individual protection (Dpi) and they have to be to norm Us.

The ocular protector has to be select keeping in mind of the specific followings:
to.

* wavelengths of job of the laser system
e energetic exposure or irradiation

permitted maximum exposure
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e optic density of the ocular protector to the length of issue of the laser

eand values of the energetic exposure or irradiation for which are damaged.
*necessity to use slow proofreaders

eventilation

edegradation or temporary or permanent change of the absorbent means

esolidity of the materials (resistance to the bumps)

The operator has to always use them and with care; he has to always avoid and however the exposure of
the eye to the direct bundle or reflected specularmente, also when he wears the glasses, in how much their
degree of protection could be limited from the necessity to have a suitable vision of the laboratory and,
therefore, the sunglasses would be able not to bring in class 1 the observed laser system. Reflection to
speculate: must be avoid specular reflections (exposure equivalent directed to the bundle) for the
instruments of class 34, 3B and 4. To set attention to avoid the accidental reflections, and particularly to
use tools that don't have specular surfaces and not to wear clocks bracelets that can cause reflections. For
the lasers of class 4 must be avoid also the diffused reflections. Collateral risks: the Person responsible has
to predispose all the measures of guardianship towards the possible connected collateral risks to the use

of the lasers:

egas from the laser systems as bromine, chlorine, fluorine, sour cianidric, used etc in the gases
laser, or coming from reactions with the laser bundle.

egas or vapours or liquid cryogenic

eultraviolet radiation from flash-lamps or from pipes to discharge of laser CW, particularly when
they are used pipes or mirrors that transmit the UV (quartz); the electronic pipes of the laser
circuits with greater anodic tensions of 5kV can send forth X rays and for them they are had to
adopt procedures of protection to arrange with the Division Hygiene and Safety.

evisible or infrared radiation from flash-lamps, from rising of pumping and from radiation of
return from the target, can be of an enough radiance to create potential danger and electric
dangers: many lasers make use of tall tensions (> 1kV). The lasers to impulses are particularly
dangerous for the energy stored in the benches of condensers. You recommends to potentially

put to earth all the metallic parts in tension, I understood the benches of job fire and
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combustion for the interaction of the bundle with inflammable substances. Issue of
incandescent particles in the mechanical workmanships

erisks: explosions in the bench of condensers or in the systems of optic pumping for the lasers of
power. Explosive reactions of reagents in the chemical lasers or of other gases used in the
laboratory.

*Trajectory of the bundle: the bundle doesn't have to interest doors, windows, corridors and
postings of job; the bundle has to be confined from fit barriers. Its height has to be such not to

be interested the height of the eyes of the operator in the real posting of job.
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EUREKA Project

PROJECT TITLE: APPTRAC -“HIGH QUALITY FAST TRADITIONAL CLAY-
BASED CERAMICS PRODUCTION”

1)DELIVERABLES TITLE: -Advanced manufacturing techniques for high quality fast traditional
clay-based ceramic production

a) Revied of the suitable CAD techniques for capturing shape
b) Computer-based techniques for making precision ceramic parts

A) CERAMIC PRODUCTION

REPRUDUCTION AND PRODUCTION BY 3-D IMAGE ANALYSES - CoMBINING 3D
TECHNOLOGIES FOR CULTURAL HERITAGE AND ANCIENT OBJECT INTERPRETATION AND
ENTERTAINMENT

INTRODUCTION

In recent years, high-resolution recording of heritage sites and cultural artifacts (as-built reality) has
stimulated a lot of research in computer graphics and vision, and also in photogrammetry. If the only
purpose is the generation of photo-realistic images for visualization, then purely image-based rendering
techniques offer a general solution. However, if the goal is to analyze the works, to preserve and share

arecord of their geometry and appearance (digital surrogate), then explicit shape information must be
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acquired. A 3D model contains a wealth of information that can be analyzed and enhanced. Sites that
must be closed for conservation reasons can still be studied and visited. Virtual restoration can be used
to improve the understanding of a site (legibility of textual and pictorial information) without turning
to interventions often traumatic for the original copy. Elements that were added in a site over the years
can be removed and the digital 3D model of that site can then be viewed in the correct historical context.
Multimedia CDROMs about the history associated to a particular historical or archaeological site,
can use spatial information instead of the usual 2D images that are flat and don't show the three-
dimensionality of that site or environment. The core of the approach presented here is based upon
high-resolution photo- realistic texture mapping onto 3D models generated from range images.
Spatial sampling and range measurement uncertainty considerations are addressed by giving the results
of a number of tests on different range cameras. In choosing the proper resolution, one has to consider
the intended application of the work. This application might be visualization in a virtual reality theater
for the general public. In this case, the visual acuity (1 arc-min) of the average viewer must taken into
account2. In other cases, 3D documentation aimed at an expert might requires detail levels that go
beyond current technology. Here, one must study carefully commercial offerings and compare systems

in order to achieve the best possible results within physical, practical and costs limits.

The two sites presented here are aimed at the general public and to a certain degree to the expert. To
achieve these goals, the integration of both photogrammetric and CAD modeling was used to complement
the approach presented above. It is shown that three-dimensional modeling from range imaging is an
effective way to present the spatial information about sites. The first site is the Byzantine Crypt known
as the Crypt of Santa Cristina (see Figure 1), which is located in Carpignano (LE), Italy. Results on a

CDROM, a DVD, virtual 3-D theatre, holograms and video animations have been prepared for this project.
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Figure 1. Byzantine Crypt, a) two outside entrances, b) interior located underground.

The second site is Temple C of Selinunte, Sicily. For the acquisition of 3D information, both laser scanning
and digital photographs using a calibrated camera were used. Three-dimensional modeling was
performed using two different 3D laser scanners, photogrammetry and CAD. At the moment the museum
room (Figure 2a) containing artifacts from the site in Selinunte was modeled using a mixture of the
above-mentioned technologies and later this year, work will start on building a CAD reconstruction from

historical information of temple C of the Acropolis of Selinunte (Figure

2b).

Figure 2. Selinunte project, a) Museum room dedicated to Selinunte, b) Temple C as of 2003 AD.

The third example presented pertains to the modeling of a bronze sculpture known as the Zeus of
Ugento, Italy (now part of the collection at the museum of Taranto, Italy). The sculpture measures about
71.5 cm (height) x 45 cm (hand-to-hand) x 18 cm (back-to-torso). The surface around the head is

characterized by fine incisions and decorations. The estimated period is the 6th century BC
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(Figure 3). A high-resolution 3D model (without color) was acquired with a high-resolution laser

scanner in order to target the expert user.

Figure 3. Zeus of Ugento, bronze sculpture 6th BC, Museum of Taranto, Italy, a) height is about 71.5

cm, b) close-up of face.

FUSION OF 3D INFORMATION FOR SITE AND OBJECT MODELING - CAD DEVELOP

When describing and explaining the history of a heritage site or an artifact, the use of spatial
information becomes very important in order to facilitate an understanding of that particular site. One

can resort to hand drawn or computer generated isometric views, CAD models based on more of less
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reality and 3D models built from reality. The source of information includes among other things
drawing/paintings, papers/digital photographs, or laser scanner data. Some of these provide dimensions

directly but others need indirect ways to get scale and/or dimensions.

In many cases, one has to model complex environments. These are composed of several objects with
various characteristics and it is essential to combine data from different sensors and information
from different sources. There is no single approach that works for all types of environment and at
the same time is fully automated and satisfies the requirements of every application. A general
approach combines models created from multiple images, single images, range sensors, known shapes,
CAD drawings, existing maps, survey data, and GPS data. A survey of the literature on multi-sensor data
fusion can generate a long list of papers and books describing the theory and the different applications
where data fusion is critical. We will say that it is known that multi-sensor data fusion techniques
combine data from multiple sensors and related information from associated databases, to
achieve improved accuracies and more specific inferences than could be achieved by the use of a
single sensor alone. An example of this approach is the integration of laser scanning and close-range
photogrammetry from a multi-sensor and information fusion point of view. Beraldin presents the key
features of different laser scanner technologies and photogrammetry-based systems that should be
considered in order to realize the benefits expected in a multi-sensor platform. Some examples are given
to illustrate the techniques. In particular, two categories of applications are presented by the
author, i.e., information augmentation and uncertainty management. Information augmentation refers
to a situation where each sensor provides a unique piece of information to an application and fusion
extends, for example, the system's spatial/temporal coverage. The work on the Byzantine Crypt and
Selinunte are examples based on this approach. Uncertainty management is a very important and a
critical part of multi-sensor data fusion techniques. It covers situations where different sensors measure
the same object/site from different locations or times or even users. In order to deliver the best
description of the object/site (lowest uncertainty), one must manage the uncertainties link to the
sensing devices, the environment and a priori information (e.g. a particular user). The modeling of the
bronze sculpture uses this approach. The objectives of the data fusion are to minimize the impact of
those uncertainties and to get the most out of the multi-sensor platform. In other words, one must justify

the increased cost and complexity of a multi-sensor solution.
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VIRTUALIZED BYZANTINE CRYPT AS EXAMPLE

Modeling techniques used for the Carpiniana project

We opted to represent the Byzantine Crypt of Santa Cristina (Carpiniana project) using both
photogrammetric techniques for the outside (using ShapeCapture software), and, for the inside dense
3D laser scanner information combined with high-resolution color images. Irregularly shaded walls
covered with a number of fairly well preserved frescoes made us decide to model the inside with a laser
scanner. During the course of history, a Baroque altar was added (1775 AD) along with three pillars that
replaced one that collapsed. These elements can all be removed in the 3D model so the site could be
viewed in the correct historical context. Many aspects of sensing and modeling must be understood

before starting such a large project. The typical processing pipeline used for

3D modeling includes geometric modeling and appearance modeling. Here, we summarize what was
done for the Byzantine Crypt. The detailed technical aspects of the project are described in Beraldin et al.

. Other virtual heritage projects describe the different steps used for 3D modeling and visualization .

GEOMETRIC MODELING

A model is a digital representation of an object or a site on which one can perform operations.
Acquiring dense 3D data of surfaces has been a hot topic of research in the last 20 years. Though not as
mature as photography, 3D imaging is seeing new applications emerging every year. Numerous
commercial systems are available to measure dense 3D data. The Byzantine Crypt is relatively large
(16.5 m by 10 m by 2.5 m) and we wanted to model it with a fairly high spatial resolution. For these
kinds of environments, there are not a lot of range cameras on the market that could provide us with the
desired level of spatial resolution and low measurement uncertainty. In fact, this range of distances

represents the transition between optical triangulation and time of flight technologies.
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Figure 4. Complete 3D model of the Byzantine Crypt, a) view from outside shown with

synthetic shading, b) floor plan generated from an orthographic view of the 3D model

In order to create a dense 3D model of the Byzantine Crypt, a MENSI SOISIC-2000 scanner was used. This
triangulation-based laser scanner can acquire 3D images at a minimal distance of 0.8 m and at up to 10
m. The range uncertainty on a cooperative surface at 2.5 m is about 0.4 mm (1 sigma) and the data rate is
100-3D points per second. To make the scanning time manageable, it was decided to use a sampling step
on the mesh of 5 mm (spatial resolution of the model mesh). The range uncertainty after pair-wise 3D
image alignment gave about 0.8 mm (1 sigma) at a distance of 2.5 m. Figure 4a presents the complete
3D model (without color information) that would appear if one could see through the ground. From this
model, a floor plan was created (Figure 4b). A number of models with different levels of complexity were
created from the original data using the Polyworks Modeler software from Innovmetric. At the highest
quality, the spatial resolution on the wall is about 5 mm and on the ceiling and floor, 15 mm. As

mentioned earlier, the range uncertainty is about 0.8 mm.

Realistic estimate of the time to acquire the range images, build a 3D model and the determination of the
required quality of model is very critical for such a project. For this site, with an average scan time on the
walls of 80 minutes per 3D image, a total of 92 hours were spent in the Crypt. During that time, fifty 3D
images were acquired for the Crypt along with thirty 3D images for the altar. The 3D model was created

over a period of one month. The acquisition of the texture took 3 days and the actual mapping was done
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in 4 days. Figure 5 summarizes the time allocation for the scanning of the site. A large amount of time
was dedicated to the actual scans. The second largest slice of time was dedicated to finding the next best
view (manually measuring an area on the wall, moving the equipment, pre-scanning an area in order to
control the data). Most scanners operate at a rate of 1000 or more 3D samples per second and hence any

improvement will come from the reduction of the time to required for finding the next best view.

Appearance (Color Texture)

Appearance modeling includes methods like Image Perspective Techniques (IPT) and Reflectance
Modeling (RM). The true appearance of an object is the result of the interaction of light with material.
The knowledge of such information is important in order to reproduce hypothetical lighting conditions
under varying observation points. For this project, texture mapping using IPT was chosen (with
TexCapture software). With current CCD and CMOS technology, access to high quality texture images
for IPT is now within reach of everyone. Though the Mensi provides 2D images from its internal video
camera, the resolution and color quality is not acceptable for our application. So a lens-interchangeable
SLR-type 6-MegaPixel digital camera was used for the texture acquisition. Proper texturing of the 3D
model requires special lighting fixtures in order to control illumination. Good uniformity of the
illumination is essential in order to ease the virtual restoration tasks and improve the visual quality of

a textured model.

CDROM AND VIDEO ANIMATION: CARPINIANA

We are currently working with 3 models: one 4.6 million-polygonal un-textured model (10 mm
resolution) of the complete Crypt, a 12.8 million-polygon fully textured model (5 mm resolution) of one
half of the Crypt (contains the two apses), and, a lighter textured model with 0.4 million polygons.
These different models were further transformed into orthophotos, isometric cross- sections and
smaller 3D models in order to navigate through the information on the CDROM. All of these
representations are aimed at showing the three-dimensionality of the site that is not visible in a typical
visit to the site. A movie called "Carpiniana" showing a fly through of the Byzantine Crypt was also

prepared. Snapshots of the CDROM and Video animation are shown on Figure 6 and Figure 7
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respectively. When the animation was realized, i.e. year 2002, the computing power was not sufficient to
deal with the high-resolution model. The software 3D studio Max helped create the animation. For
Carpiniana, the model contained 400 000 faces, 1/5 of the maximum texture resolution, 13 lights,
5000 frames ata 720X576 resolution. Today, the full resolution (shape & texture) could be used along

with a more complex lighting arrangement.

| IrBSCOES e AT

SIBA Coordination - University of Lecce

o the crvpt | lecation | history | site | frescons | victualisntion | movie Tarshive [exit
f

Virtual mpresen_l:atiun of the Crypt of Santa Cristina in Carpignanac Salentino | the-crypt | location | histary | site | frescoes | victualizstion | movis | erchive | exit

a) b)

Figure 6. Some screen snapshots for the CDROM CARPINIANA: a) entrance page, b) use of

orthophotos generated from 3D model to navigate through the frescoes.

The presentation of the Byzantine Crypt is now available through a virtual reality theatre (with "il teatro
virtuale" software) that can display the full resolution model and allows for a real-time navigation
inside the Crypt for further study. A few large format holograms (1.8 m x 0.85 m) were also produced

from the digital 3D model
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Figure 7. Still images taken from the movie included on the DVD: a) view of crypt without texture, b) view

of main pillar with texture.
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TEMPLE C OF SELINUNTE (6th century BC)

The project that started in 2003 is divided into two broad steps, the first step saw the modeling of the
frieze of temple C of Selinunte using 3D laser scanning and the second step will see the reconstruction
of temple C of the Acropolis of Selinunte using photogrammetry and CAD tools. The 3D model will be
based on historical information available at the University of Lecce and at the "Museo Archeologico
Regionale" of Palermo, Sicily. The first step saw the scanning and modeling of 3 Metopes from the

temple. These are located in the regional museum of archaeology of Palermo, Italy.

PRACTICAL CONSIDERATIONS WHEN USING A 3D SCANNER

A visit to the museum and to the site allowed the team to plan the activities. One of the main
concern was to determine the required spatial resolution and the technical difficulties the team might
encounter. Figure 8a shows the aspect of the stone in the triglyph area. The spatial resolution depends
on the level of details desired by the project but also by the equipment available and practicality of
the choice. The spatial resolution picked for merging the 3D images together determines the size of
the smallest triangle on the mesh (Figure below). Other issues can come from the hidden surfaces hard to
reach areas and vibrations induced when scaffoldings are used. Both scaffoldings and a mirror placed in

the path of the laser beam were used to reach some of those 3D surfaces (below).

Figure above. Practical considerations when using a 3D scanner, a) aspect of the stone in the triglyph
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area, b) the spatial resolution picked for merging the 3D images together determines the size of the

smallest triangle on the mesh, c) use of a mirror to reach hidden 3D surfaces.

Resolution tests were performed using the three lenses supplied with the Minolta 900. Figure 9 shows
the results of those tests. Each lens allows to set the size (resolution) and measurement uncertainty
within the 3D volume accessible by the laser scanner. Figure 9a gives the results when the wide-angle
lens is used. This lens allows for a large field of view at the expense of a low spatial resolution and high
measurement uncertainty. The medium lens (Figure 9b) provides a good compromise between those
factors as compare to the lens tele (Figure 9¢) which has a field of view that would have required more
than 200 3D images as was the case for the lens medium. The mesh resolution for the medium volume

lens is about 0.5 mm and the field of view varies as of function of distance. It is included between 154

mm x 205 mm at close range and 300 mm x 400 mm at the maximum usable range.

Figure 9. Resolution tests on the Metope Medusa using the Minolta 900, a) wide volume lens, b)

medium volume lens (the one that was picked), c) small volume lens.

Perseo and Medusa Metope

Figure 10 shows the results of the modeling of a Metope known as "Perseo and Medusa". Both 3D laser
scanning and texture mapping were used to create this model in a manner similar to the project

Carpiniana described earlier. The same technique was applied on the other two Metopes associated to
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temple C. The average size of the three Metopes is 1m x 1m x 0.4m and the number of 3D images

required to cover most of the surface is in the order or 175-200 images (depends on the Metope).

a) b)

Figure 10. Model of the Metope "Perseo and Medusa", a) texture-mapped 3D model, b) shaded view of

the same 3D model.

ELEMENTS FROM THE FRIEZE OF TEMPLE C

The 3D model of the frieze from Temple C including the three Metopes is shown on Figure 11. We
continued the laser scanning work using both the Minolta and Mensi laser scanners on different sections
inside the museum room. The first scanner was used to acquire details in the order of 0.5 mm (see
Figure 9b) and the second scanner (Mensi SOISIC-2000) captured details in the range of 2-10 mm. The
rest of the 3D model of the room was created using photogrammetry-based modeling techniques
and some simple CAD modeling. The 3D model of the frieze generated by laser scanning was registered
to the frieze created by photogrammetry-based 3D modeling. A rendering of the complete museum
room dedicated to Selinunte is shown on Figure 12. Later this year, the work described above will be

integrated with the virtual reconstruction of Temple C.
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Figure 11. Three-dimensional model of a section of the frieze of Temple C of Selinunte, a) texture-

mapped 3D model, b) wire-mesh of 3D model showing the levels of details.

Earlier this year, a video animation was realized. The software 3D Studio Max helped create the
3Danimation. The model used for this animation contains 5 million faces, the maximum texture
resolution available, 64 lights, and 6700 frames at a resolution of 720 x 576. This represents an important
improvement in terms of resolution compared to the animation Carpiniana that was realized two years

ago.

Museum room in Palermo

The first part of this project started with the modeling of the frieze of temple C of Selinunte using 3D laser
scanning. Later, the second step will see the reconstruction of temple C of the Acropolis of Selinunte
using photogrammetry and CAD tools. While at the museum, it was decided to model the room where
the artifacts from different temples from Selinunte are exposed. A rendering of the virtualized room

that measures about 21 m x 8.1 m is shown on Figure 12. In order to achieve a high degree of realism
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and accuracy, 3D laser scanning, photogrammetry, CAD and texture processing were used. The
quality of the textures was realized using high quality flash lamps, a MacBeth chart and Photoshop. The
gray scale available of that chart was used to correct the gamma of the camera and the different levels

of illumination. A five-point correction method was used.

a) b)

Figure 12.Virtualized Museum room, a) Rendering of the complete 3D model of the museum room

dedicated to Selinunte, b) wire-mesh showing the multi-resolution 3D model.

The study stated with the creation of a high-resolution 3D model of the bronze sculpture. Bronze, which
is used frequently for sculptures, presents a number of challenges to the 3D photographer. The material
is fairly specular even if the sculpture is more than 2500 years old! The surface is dark looking but when
a light source is shone on it, both diffuse and specular components appear. Dark surface mean that the
signal-to-noise ratio drops and hence the measurement uncertainty goes up. At a specular reflection, the
range camera goes in quasi saturation and sometimes in full saturation. When in quasi-saturation, the
range data looks good but in reality the uncertainty increase enough to render the model of lesser
quality. It was decided to use a laser scanner to model the sculpture as opposed to using a fringe

projection system.

The spatial resolution depends on the quality of laser (tight focusing) used in the scanner. A number
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of tests were conducted to determine the best system to measure the surface of this bronze

sculpture. Figure 13 shows the results obtained from the two contenders picked for the

work. Figure 13a show a photograph of a portion of the face. Figure 13b and c present a shaded view of

the partial model of the head for systems Minolta 900-tele lens and ShapeGrabber SG-102.

Figure 13. Resolution tests on the sculpture of Zeus. a) photograph, b) shaded view created from 3D
data acquired with a Minolta 900 (tele lens) scanner, c) shaded view created from 3D data acquired

with a ShapeGrabber SG-102 scanner head.

Below, close-ups show the level of spatial resolution and uncertainty levels for both systems (Figure
14b and c). After a number of tests, it was decide to use the ShapeGrabber SG-102 system to model the
sculpture. That system could have been used on the Metope but it was considered a bit cumbersome to use

on scaffoldings.
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Figure 14. Close-ups, a) a photograph near the left side of the beard area, b) shaded view created
from the 3D data acquired with a Minolta 900 (tele-lens) scanner, c) shaded view created from the 3D

data acquired with a ShapeGrabber SG-102 scanner head mounted on a translation stage.



Figure 15. Final 3D model of Zeus of Ugento showed using synthetic shadings (color information has

been removed to reveal the surface details), a) frontal view, b) view from the back.

The final model was prepared with about 175 3D images with an average mesh resolution of 0.2 mm.
Figure 15 shows two views of the model using synthetic shading. The color has not been acquired for
this application. The results of this work will be integrated with historical information already

available on this beautiful work of art.

84



85

CONCLUSION

The potential of modeling as-built reality in heritage opens-up applications such as 3D
documentation, virtual restoration or as an input to virtualized reality tours. As demonstrated with a
Byzantine Crypt, a high degree of realism can be attained by those techniques and the context in which
the artifacts were discovered or were used can be recreated. Real world acquisition and modeling is
now possible. Technological advances are such that difficulties are more of a logistical nature than
technological per se. Models of large objects, structures and environments are possible but as
demonstrated here require the combination of a number of techniques. More research work is required

to speed up the process of acquisition and modeling. These steps still require a larger amount of time.

The problem we addressed in this paper is the use of 3D modeling to enhance the understanding of a
heritage site that needs to be preserved and shown to more people in order to raise awareness and
understanding of the Byzantine and the Greek cultures present in southern Italy. A CDROM, a DVD, a
virtual 3D theatre, a number of holograms and two video animations were created to fulfill these hopes.
The work on the re-building of temple C of Selinunte is currently underway and will benefit from the

experience gained during the work of the Byzantine Crypt of Santa Cristina.

B)APPTRAC: CAD MODELING SYSTEM

Software for 3D scanning actually comprises several software
modules of very different types. Considering the whole process from data collection to final product, a
rough distinction may be made as follows:

Software for scanner control,

software for point cloud treatment,
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software for fitting of primitives to the point cloud,
software for the creation of complex surface models,

software for texture and image mapping,

software for data and project management

The quality of these software modules will have a considerable

influence on the quality of the final 3D model and on the time needed to achieve this result. Thus, a
smoothly performing software product is a basic requirement for the acceptance of

3D scanning

Whereas the performance of some scanners is really im pressive, the software supplied with these
instruments is often disappointing. No company has yet a satisfying set of software modules to
offer with its hardware. Since some of the modules needed (e. g. for surface modeling) are rather complex,
the software development departments of the producers are too small to handle this demanding job.
On the other hand, common powerful CAD and 3D modeling software packages are available on the
market, lacking the ability to handle the large amounts of points encountered in scanning projects,
however. Apart from this, some small companies have decided to produce stand-alone software for the
treatment of 3D scanner data. From a commercial point of view, it seems to be superfluous to develop the
same modules at many places, con- sidering the relatively small number of Presently, a user looking for
fast and high quality data processing is obliged to switch between several software products
during data processing. For certain tasks, it may even be necessary to develop own modules. Considering
the growing market on one side and the economical constraints on the other, it may be expected that
a certain consolidation and concentration may occur in the near future, hopefully leading to better
software solutions (and support), thus promoting the acceptance of 3D scanning as a method for 3D

modeling.

A very simple solution for a fixed scanner without motorized axes would be the use of a fixed window
with a pre-set resolu- tion. In this case, the only control element would be a start button, and the only
purpose of the scanning software would be the computation of 3D coordinates from the measured
elements and the storage of those in a pre-described file and format.

For a more sophisticated approach, especially for instruments with axes, it should be possible to

chose from a range of possible resolutions and to select one or more individual scan windows.
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The scanning process can be organized much more intelligently, however.

Among possible improvements are

FTWARE FOR SCANNER CONTROL

Scan window and scan resolution

A very simple solution for a fixed scanner without motorized axes would be the use of a fixed window
with a pre-set resolu- tion. In this case, the only control element would be a start button, and the
only purpose of the scanning software would be the computation of 3D coordinates from the measured

elements and the storage of those in a pre-described file and format.

For a more sophisticated approach, especially for instruments with axes, it should be possible to

chose from a range of possible resolutions and to select one or more individual scan windows.

The scanning process can be organized much more intelligently, however.
Among possible improvements are - a choice of different possibilities of window definitions

(digital input, using the laser beam itself, or using a framing function in a camera image), -‘moving’
windows that can follow long bent structures (e.g. pipes), automatic or semi-automatic adjustment of
scan resolution for the registration targets detected in object space, - automatic adjustment of scan
resolution in order to achieve (near) constant grid sizes on surfaces at different distances from the

scanner, or depending on object definition (low resolution in smooth areas, high resolution at edges).

On-site visualization and registration

During the scanning process on site it is highly desirable to have reliable information about the progress
and the completeness of the scan. Since this matter can get totally out of hand when complex 3D
structures with many hidden areas are surveyed, a tool to register several point clouds should be available

as well as a point cloud viewer and at least a simple tool to create arough surface mesh.
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The provision of these features on the computer controlling the scanning process is not really a technical
problem since they are part of the processing software anyhow. Often, the processing software is needed
at the home office for a previous project during a scanning campaign, however. Therefore, the
licensing policy should provide those tools on both, the scanning and the office computer, even though

only one license is bought.

SOFTWARE FOR POINT CLOUD TREATMENT

Visualization

As a first processing tool, a viewer for the presentation of point clouds should be available, allowing
spatial rotation and panning as well as zooming in and out. Since very large numbers of points may
have to be handled, the performance of this tool should be optimized which includes point thinning
(in the viewer only). Attribute dependent color coding (depending on observation point, distance, or

reflectivity values) can support this first interpretation of the data.

This tool, too, should be available without any extra license fee since it is needed in many cases by the

clients to have a first possibility to review the scanning results.

Data cleaning in single point clouds

Since the single point measurements of a scanner are not individually supervised, there are several
reasons for possible point recordings that do not represent the selected object surface. Among
these are- reflections from objects in the background, reflections originating in the space between
scanner and object (trees and other objects in the foreground, moving persons or traffic, atmospheric
effects such as dust or rain), partial reflection only of the laser spot at edges, - multiple reflections of the
beam, - range differences originating from systematic range errors caused by different reflectivity of

the surface elements, erroneous points caused by very bright objects (lights).
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Most of these wrong points can be eliminated best before several point clouds are registered. The
elimination process has to be done interactively since no automatic method can foresee all possible
constellations. Intelligent software features canassist in this process, however, and speed up this

annoying editing process.

Points in the fore- and background can easily be eliminated by the introduction of range limits (digitally
or with the aid of graphical tools). Wrong points originating from multiple re- flections can usually

by caught with this method, too.

More difficult to detect are wrong points at edges. Depending on the percentage of the laser spot
reflected at the edge, the resulting offset may be large or very small. Since the effect is systematic
(e.g. for triangulation scanners the wrong point can always be found on the extension of the beam from
scanner to edge, Boehler et. al., 2001), the software should search for such candidates, highlight them, and

leave it to the operator to keepor delete them.

Some tests indicate that certain scanners show range deviations depending on the reflectivity of the
surface material. It should be examined if these errors can be modeled accurately enough to make an

automatic correction process possible.

In addition to the gross errors described in the previous section, the scanning results will show a certain

noise due to the limited accuracy of the measured elements. If the object part is known to be smooth, the

application of a low pass or median filter can improve the situation considerably. It should be noted,
however, that filtering will influence all object parts in the same way. If the object consists of smooth parts
as well as of edges, filtering may not be advisable at this point of the Data filtering and point thinning

process.

Point thinning can have a similar effect as filtering if those points having large deviations from an
intermediate surface are preferably deleted. If several scans were taken from different observation

stations, it may be advisable to wait with point thinning until all measurements are combined in the
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registration process (see below).

Registration
Registration is needed for two different purposes:

Combination of several point clouds taken from different observation points or- referencing the object

in a global coordinate system.

Tie and control points which are recognizable in the point cloud are needed to accomplish this task.
These points may just be features of the object (e. g. corners) or special targets (spheres, flat targets
with high reflectivity) at carefully chosen locations. In the case of global coordinates, these targets have
to be sur- veyed by geodetic methods (tacheometric polar surveys or sections) or close range
photogrammetry (bundle adjustment). In any case, a sufficient number of known points (three, better
four) in a point cloud will yield better results than just stitching the clouds together with tie points. On the
other hand, if overlapis large enough, many surface points are available to give enoughgeometrical
strength to a solution using surface conditions only. In any case, it should be considered that error
propagation may be unfavorable for long objects and inner or outer closed surfaces consisting of many

single scans.

Since objects, conditions and accuracy demands may differ very much from case to case, an ideal
registration software should allow both, registration by special targets and by overlapping point

clouds (or a combination of both). Rigid least squares adjustment should be available for either task.

Data cleaning in registered point clouds

Some wrong points may have survived the previous cleaning process (3.2) or can definitively be
interpreted as errors after registration only. Those have to be eliminated now, at this stage of the

process.
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Point thinning after registration

Due to overlapping areas where points are abundant, but also due to different distances from the
scanner and different angles between the laser beam and the surface normal, point density will be
differing to a great extent within the object. A good point thinning software should not only consider an
even point distribution with respect to the surface, but should also select those points for deletion
which have poorer accuracy due to poor incidence angles or due to larger distances from the scanner

(which is of special importance in the case triangulation scanners).

Another condition for point thinning is based on the fact thatless points are needed on smooth
surface regions than in the neighborhood of edges. This condition may be introduced at this stage of the
process or — especially in the case of a subsequent creation of a triangular mesh - at a later processing

stage.

Simple plots derived from point clouds

Usually, point clouds are not sufficient as a final documentation result They might be considered as a
means of archiving the geometry of an object, however, much in the same way as photogrammetric
images can be archived for later processing. If this is planned, the point cloud data should be evaluated
careful- ly and standards should be demanded, defining if and how the procedures mentioned above

(cleaning, filtering, registration, thinning) have to be applied before the data are archived.

If cross-sections are required, those can be derived from the point clouds by selecting a thin layer of
points near the plane where the section is needed. The generation of lines connecting the points can be
accomplished in 2D if an appropriate tool is supplied with the scanning software or after importing

the selected points into a CAD program.
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SOFTWARE FOR FITTING OF PRIMITIVES

If the scanned object consists of parts of geometric primitives (such as planes, cylinders, cones,
spheres, ..) or its geometry shall be reduced to such a simple representation, theseprimitives
must be fitted to the point clouds belonging to the respective object parts. CAD programs, which
actually should provide appropriate tools, are presently not able to handle the large numbers of single
points supplied by 3D scanners. Possibly, it should not be too difficult for the developers to
improve the performance of these software products to the new requirements arising from the 3D

scanning techniques.

Fitting software solutions supplied for 3D scans differ consider- ably as far as performance is concerned. If
there is a foreknown collection of primitives (e. g in the case of an arrangement of pipes with
standard diameters in an industrial environment), automatic fitting methods are available which
need only little manual input and editing. This applies also to much more complicated structures (such as
flanges, pumps, and steel girders) if certain types (only) are to be present as parts of the whole

object. Some software products even supply links to respective 3D CAD catalogues. If primitives with

different parameters have to be expected, the software must provide means to manually pre-select those
parts of the point cloud which belong to a primitive to be fitted. Since this selection has to be
accomplished in three dimensions on a two-dimensional screen, it is important that this task can easily be

handled and that it is tolerant against points included erroneously into the pre-selection.

In cultural heritage documentation, primitives are usually not sufficient for the representation of
the objects encountered. Classical architecture could be treated this way, but 3D scanning does not really

seem to best method for its documentation.



93

SOFTWARE FOR THE CREATION OF COMPLEX SURFACE MODELS

Polygonal Meshing

2%,D versus 3D. Polygonal meshing is a standard method to achieve a geometric description of an
irregular surface. The method is well known to surveyors and photogrammetris its from topographic
applications. It has to be realized, however, that for topography 2%:D solutions are sufficient, i. e. the
whole geometry can be described attaching height values (vertical distances from a reference plane)
to 2D vertices defined in this plane. This method, included in some 3D scanning software as only mesh-
ing alternative, can only be used for modeling 24D objects such as half reliefs. True 3D polygonal
meshing, on the other hand, must be applicable for closed objects, like statues, and allow the modeling of
hollow and open object structures (such as the in- side and the handle of a jug). Since this is a rather
complicated process, it is not surprising that the solutions offered presently leave much to be desired.
Computing time can be excessive and the geometry of the results does not always represent the

wealth of information contained in the original point cloud.

Point thinning. Point thinning has already been discussed in sections 3.3 and 3.6 of this article. There,
the thinning procedure served to eliminate excess points originating from high point density due to
overlapping scan areas or short object distances from the scanner. Since these thinning conditions are
based on the scanning geometry (see above), it seems advisable to run this process prior to meshing.
Nevertheless, all thinning operation steps can be combined into one procedure executed immediately
prior to the mesh triangulation process. It should be noted, however, that the conditions for point
thinning in 3D modeling are different: It is economical to leave a dense point pattern near curvatures and
edges whereas only few points are needed in smooth areas of the same object. This is
contradictory to the algorithms of some 3D meshing programs which demand an even point pattern over

the whole object.

Operation and performance. In theory, the whole triangulation process for meshing should run
automatically after the user introduces a parameter defining in one way or another the resolution the 3D
object to create. In reality, many software products demand much interaction by the operator, e. g.
because of the requirement to define sequentially partial areas of the object where a local 2%D meshing

has to be performed. Often, unreasonable triangles are created or holes are left in the mesh although
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enough points were available in the region. Edges. If the scan resolution was high enough, the
software should detect edges by itself, making sure that points close to edges are not deleted and
that the sides of the mesh triangles do not run across an edge. Since edges are not always perfectly

defined, user should have the opportunity to define edges where these conditions have to be enforced.

Editing. Some problems originating from the scanning process (such as wrong points, noisy data, or
concealed areas) as well as problems arising from the mesh triangulation (holes, unreason- able
triangles) make it necessary to edit the triangular mesh. Procedures to detect problematic areas as
well as intelligent editing tools should be provided in order to come to a satis- factory result within

a reasonable amount of time.

Expenditure. Several software products are available for 3D polygonal meshing. Their flexibility and
performances vary considerably. The generation of an acceptable result (i. e.including editing)
may be accomplished in 10% of the time with one product as compared to another one, whereas

other products again may not be able to solve the problem at all.

NURBS

When NURBS modeling of a surface is chosen, the parameters of spline type curves are used to describe
the surface instead of discrete mesh points. This can reduce data storage space con- siderably. Also,
when the surface is known to be smooth, the use of NURBS modeling can remove the noise
resulting from scanning. NURBS modeling is supplied with some software packages for 3D
modeling and even with some packages developed for handling 3D scanner data. It seems to be
very useful for relatively small technical parts (e.g. a car fender) but there is a limit presently to the

number of points resp. curves it can handle in the case of large, complex objects.

Texture and image mappingTexture mapping. It is the texture only that makes any visualization of
surfaces possible. The most simple case, a white textu- re, may give the object an appearance like
alabaster. This applies only, however, if one or more light sources are defined for a virtual

illumination.
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Also, the reflectivity properties (relation between direct and diffuse reflection) of the materials have to
be defined, which will result in a rougher or glossier surface appearance. More complex textures
and more sophisticated illumination procedures may be supplied with the scanning software, Stand-
alone 3D modeling software may be used as well - if it can handle the large and complex objects

that are common in cultural heritage.

Image mapping from scanner data. Image information may be provided by the scanning process. In
the case of ranging scanners, an attribute representing the strength of the returned signal may be
available. If normalized (considering the effects of different range and different incident angles), this
value can be used to create a gray tone image of the object. The cameras of triangulation scanners can
supply a similar information or even record an image of the whole field of view. In most cases, these

simple devices do not supply images of the high quality desired for a documentation task, however.

Image mapping from separate cameras. For high image quality, especially for color images, it is
advisable to use separate cameras (digital or film) to produce the images for mapping. Camera
locations close to the scanner locations facilitate the mapping process. Orientation parameters
(location, rotations), approximate values at least, should also be recorded on site. lllumination should be

as uniform as possible (which is easy to demand but hard to achieve).

Image projection and mosaicking. The images have to be re- projected onto the object. Although
software is available for placing images on the object using identical points “without involving any
photogrammetry”, the result may be achieved faster (and with a better geometric quality anyhow) if
photogram- metric techniques (calibrated cameras, orientation parameters from bundle adjustments)
are used. As compared to mosaics for topographic applications, the process for true 3D objects is by far
more complicated. This may involve, for example, a new process for every small surface element to
decide (based on the incidence angle) from which of the available images the information has to be

taken

Radiometric corrections regarding brightness, contrast and color balance may also be very difficult to
apply since illumination conditions during image acquisition will never meet the pre-condition of
being the same on every surface element of the object. There is no need to add, that image mapping is

a very troublesome procedure and that there remains a large list of wishes for the software
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developers to be met (This leads again to the question if the necessary professional and economical
resources can be supplied by the scanner producers, by small companies specializing in this field,

or by the large software houses involved in CAD and 3D modeling.

SOFTWARE FOR DATA AND PROJECT MANAGEMENT

Data tracking and quality control

Many processing steps may be necessary to come from a set of point clouds and additional data such as
surveying results or images to a final 3D representation. During these steps, observations are
altered, adjusted, or deleted. Records should be kept documenting all actions applied during the
project. Wherever adjustment processes are involved, statistical values, such as standard deviations and
residuals, should be supplied. Graphical tools to visualize the differences between the original point

cloud and the final model are of special importance for a final quality assessment.

Data import and export

Scan data. Every processing software should be able to import measurements taken by various
scanners. This is an obvious condition for stand-alone software products. If software from scanner
manufacturers is used, there might be a demand, too, to use it for other scanners, especially when data
from different types of scanners (e. g. providing different resolutions) has to be integrated. The Cartesian
coordinates of scanned points are not sufficient as a data interface since they do not contain
information about the distance and the direction from where a point was scanned. This information

may be important in subsequent operations such as cleaning, thinning meshing and image mapping.

CAD and 3D modeling software. Since results have to be exported to CAD and 3D modeling
software for further processing and/or storage, it is necessary to have export tools available which
are suitable for the most common systems. Often, scanning results have to be compared against
existing data models. This would also call for appropriate import tools if the comparison is to take place

using the scanning software.
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AVAILABLE SOFTWARE PRODUCTS

As shown above, “3D scanning software” actually means an extensive collection of modules for very
different purposes. Some are specific to a certain scanner, some to 3D scanning in general, some are tools
that are needed for any kind of 3D modeling. Presently, all producers of 3D scanners supply a
selection of modules . None can be as complete and satisfactory. Since the demand is obvious and the

market is growing, some stand-alone software products for 3D scanning are available, too (see below).

[t seems to be inevitable, however, that a certain consolidation will take place since the market is growing
indeed, but not large enough for two dozen of competitors. Large CAD and 3D modeling software
houses may also compete in this market if they succeed to upgrade the performance of their products

for the import and handling of large numbers of points.

Producer Type

3D Veritas 3D-Veritas
InnovMetric Software Polyworks Modeler
INUS Technology RapidForm 2001
metrologic group Metrolog I1
octocom AG OctoCAD

Raindrop Geomagic Geomagic Studio
SDRC Imageware Surfacer
Z+F UK Ltd Light Form Modeller

Overview of 3D scanning software supplied indepen- dent of scanner producers. More software is

supplied by scanner producers.
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CONCLUSIONS

As compared to industrial applications, cultural heritage applications of 3D scanning often involve more
complex objects. This results in more complex processing which in return makes more complex software
products necessary. 3D scanning will become an accepted alternative to other metric recording
techniques only, if adequate software is made available in the future. On the other hand, this will result in

a 3D documentation quality and comprehensiveness that could not be envisaged a decade ago.
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B)APPTRAC: SOLID MODELING SYSTEM

A solid modeling system, often called a solid modeler, is a computer program that provides facilities for
storing and manipulating data structures that represent the geometry of individual objects or
assemblies. These representations can be created either by a human through a graphic user interface
(GUI), or specified by software applications via an application programming interface (API). In a typical
interactive application, a user selects and manipulates modeling primitives (parameterized instances
of simple geometric shapes, such as a cylinder or a line) and invokes modeling operations that combine

or transform these primitives into more elaborate representations.

A modeler’s GUI generates 3D graphic feedback to a user by immediately displaying selected
portions of the objects being designed. In addition, it provides facilities for selecting and for
graphically editing the displayed entities. Users of modern modelers can describe objects in
terms of features, which are higher-level entities meaningful for their applications, can use
dimensions and other constraints to help in sizing and positioning geometric entities, and can also
parameterize the objects so as

to create object families.

The choice of representations used by the modeler determines its domain (i.e., which objects can be
modeled), and has a strong impact on the complexity and performance of the algorithms that create or
process the representations. A modeler may support several distinct representation schemes.
Consistency between representations in different schemes is typically enforced by representation

conversion algorithms.

Application programs invoked by the users analyze the models and generate information on the
object’s properties (e.g., its moments of inertia, or its deflection under load, calculated by finite
element methods), or on processes needed by life-cycle activities such as manufacture, assembly
or inspection. In a modern engineering environment, these applications should run concurrently

with the design process, to help assess the consequences of design decisions, and provide guidance to
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the designers. The architecture of a typical solid modeler is illustrated figure below..

High-level
parameterized &
Archival
API commands
- . ﬁ Algorithmic i Datab )
: atabase
L. User | . PP 1cg_1o B Evaluation .
PI answers
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representations H| ei’,‘;gggt%e

A high-level parameterized representation of the design steps and of the model’s features and
constraints may be

created interactively by the user through a design interface (GUI) or by an application through a
programming interface (API).

This constructive representation may be archived for future editing and reuse and may be
automatically converted into one or several derived representations, which explicitly list the faces

of the solid’s boundary or the 3D cells covered by the solid. The derived representations are
suitable for providing realtime graphic feedback to the designer and directly support application
queries. They may also be exported to other applications or CAD systems by converting them to a

standard file format

Mathematical foundations

The modeling process is the result of a sequence of abstractions and approximations (idealization,

surface approximation, and digitization) presented in this section.
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IDEALIZATION

First the physical shape is abstracted into a perfect and homogeneous 3D point set, ignoring
internal structures and boundary imperfections. (Modeling of non-homogeneous objects will be

discussed briefly later in this article.)

Mathematically, a solid is a subset of 3D Euclidean space. Precise definitions were developed in the mid
1970’s at the University

of Rochester’s Production Automation Project (PAP) and have guided the development of data
structures and algorithms that support high-level design operations and guarantee that valid
representations of solids are produced. R-sets, which are bounded, regular, semi-algebraic sets, were
proposed as mathematical models for physical solids [Requicha80]. A set is bounded if it has finite
extent, i.e, if it can be enclosed by a ball of a finite radius. A regular set is homogeneously three-
dimensional, and therefore has no dangling faces or edges. Mathematically, a set is regular if it equals
the topological closure of its interior. A semi-algebraic set is the result of combining through set
operations (union, difference, intersection and complement) a finite number of half- spaces, each
defined by an algebraic inequality of the form {(x,y,z) | f(x,y,z)@0}, where f is a polynomial. Note that
this definition does not preclude sets that are bounded by free-form parametric patches, although
implicitizing (i.e., converting them) into semi- algebraic form is computationally hard and produces
inequalities of very high degree. (Semi-algebraic sets also play an important role in robotics, constraint

satisfaction, and theorem proving.) More precise definitions for these topological terms may be found.

Some modelers cater only to r-sets that are manifolds. A manifold model has a boundary whose edges are
shared by precisely two faces, and whose vertices are adjacent to a set of faces that forms a single cone
with apex at the vertex. Unfortunately, the domain of manifold r-sets is not closed under some of the
fundamental modeling operations. For example, the union of the two L-shaped manifold solids in Figure
below is a non-manifold solid. Hence, users of such restricted systems must carefully avoid creating non-

manifold shapes.



102

SURFACE APPROXIMATION

In a second idealization stage, the boundary of the shape is approximated by a relatively small number
of faces, each face being a subset of a surface of a type supported by the modeling system. Much of the
variation between solid modeling technologies stems from the different choices of the primitive
surfaces they support. These surfaces essentially determine the geometric domain of a system, i.e., the

objects that can be modeled exactly.

On one hand, planar face primitives, i.e., triangles or more general polygons, provide a poor
approximation of the real shape, unless used in large quantities to define fine tessellations of
highly curved geometries. Although algorithms for dealing with individual triangles are simple and
relatively robust, compact data structures for representing very large numbers of triangles and

efficient algorithms for processing or rendering them are complex to develop and to maintain.

On the other hand, a single parametric free-form surface patch [Farin90] which may be smoothly
stitched with other patches in a Non-Uniform Rational B-spline Surface (NURBS), may provide a better
fit to the desired geometry than a thousand triangles. However, detecting and computing
intersections of such free-form surfaces involves elaborate mathematical techniques and
algorithms that are significantly slower and less reliable than their counterparts for triangular

geometries.
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Natural quadric surfaces (plane, cylinder, cone, sphere) offer an attractive compromise, because
they provide mathematically exact representations for the majority of faces found in manufactured
objects, and lead to closed form expressions.

The choice of the geometric domain of a modeler may affect the accuracy of the analysis results. For
example, a cylindrical pin may freely rotate in a cylindrical hole of a slightly larger radius, if both
surfaces are modeled using natural quadrics. Using faceted approximations for the pin and the hole

may lead to the wrong conclusion that the pin cannot rotate or doesn’t even fit.

DIGITIZATION

In a third approximation stage, the numeric parameters that define the precise shape and
position of the surfaces and their intersections are rounded to the nearest value representable in the
digital format selected by the developer of the system. The most common formats are floating point
and integer or rational [Ralston83]. Floating point representations cover a wider range of values, but
their worst case round-off error grows with the distance to the origin. Integer numbers, when
scaled and offset properly by a judicious choice of units and of the origin, provide a much denser and
uniform coverage of a desired modeling range, and hence lead to lower and better-controlled
round-off errors. In practice, floating point numbers are favored because they do not require prior
knowledge of the range and can be used in a uniform way to represent the parameters of the model
and

the results of intermediate calculations. However, floating point calculations generate and
propagate round-off errors. The

developers of a modeling system must ensure that these round-off errors do not lead to logical errors,
to software crashes, or to wrong design decisions. Exact arithmetic packages do not suffer from
round-off problems, but are significantly slower and usually only effective for polyhedral

geometries (see discussions in [Banerjee96, Agrawal94]).
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REPRESENTATIONS

This section reviews the most common schemes for representing 3D objects: boundary
representations, constructive solid geometry, and spatial decompositions. Their extensions beyond the

domain of solid models are also briefly discussed.

BOUNDARY REPRESENTATIONS

A physical object, modeled mathematically by an r-set, is unambiguously defined by its
boundary. Therefore, a solid may be represented by a set of non-overlapping faces, whose union
approximates the solid’s boundary. Such a scheme is called a boundary representation, or BRep
for short. Unfortunately, an arbitrary set of faces does not necessarily correspond to the
boundary of a solid. In fact, invalid BReps created by designers or by incorrect algorithms that

implemented higher-level modeling operations plagued the early versions of many solid modelers.

DATA STRUCTURES

Although a simple enumeration of a solid’s faces suffices to unambiguously define the solid,
most boundary representation schemes store additional information to accelerate the traversal and
processing of the boundary and combine the description of adjacent faces in order to eliminate the
redundant descriptions of their common vertices. These data structures often capture the incidence
relations between a face and its bounding edges and vertices, and between an edge and its bounding
vertices. Many data structures have been studied to achieve desired compromises between (1) the
domain (or coverage) of the modeler, (2) the simplicity ,regularity, and compactness of the data

structure, and (3) the complexity and efficiency of the algorithms that process the representation.

As an example, we describe with the help of Figure 3 a simple data structure for manifold polyhedral
objects. It is a simplified version of the winged-edge representation introduced in [Baumgart72]. The

vertices of the object are stored in a table with the associated coordinates. Edges are represented by
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references to vertices and to adjacent edges. Note that this data structure defines

the geometry of the edges and of the loops which bound the faces, but does not explicitly
capture the relations between the different loops of the same face. For example, the face on the
right of Figure below has an outer loop that encloses a smaller, triangular, inner loop of edges.
Some boundary representations have separate nodes for faces, and store explicitly the face and loop
relationships. Alternatively, faces with holes may be converted into simply-connected faces by

introducing artificial “bridge” edges that each merge two loops of a face.

Edge E points to its starting and ending vertices V1 and V2. The order of vertex-references defines an
orientation for the edge (arrow). The node that corresponds to E also contains references to edges E1
and E2. E1 is the next edge around V1 for the face on the right of E, and E2 is the next edge around V2
for the face on the left of E. The terms “next edge”, “on the left”, and “on the right” are unambiguously
defined by considering the outward- pointing normals to the faces and the orientation of E. The bridge
edge which links the outer loop of the right face with its inner loop is indicated by the double line

segment through the face.
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The faces in a BRep of a curved object may be represented as parametric patches, which are the images of
a unit square or of a

triangle by a polynomial mapping from a 2D parameter space into the 3D modeling space.
Alternatively, a face may be represented as a trimmed surface by a reference to the supporting
surface on which it lies, and by its boundary in that surface. The supporting surface may itself be a
larger parametric patch or an implicit surface. The boundary is usually represented by a set

of edges, which may be arranged into loops.

The edges of a solid typically lie on the intersection curves between two surfaces, and sometimes on
singular curves of a single surface. A simple edge, such as a line segment or a circular arc, may be
represented by its type, parameters, and position in space. More complex edges are often
approximated by piecewise-polynomial parametric curves, either in 3D, or in the 2D parameter space
of the host surface. The latter case leads to redundant representations because each edge typically
belongs to two surfaces. Redundant representations may conflict due to numeric round-off errors, and
cause “cracks” in the boundary. Exact, closed-form parametric representations for the intersection of
natural quadric surfaces were first derived in the late 1970s at the University of Rochester for the
PADL-2 modeler [Brown82]. The intersections of these edges with implicit polynomial surfaces
can be computed efficiently by substituting the parametric expressions, (x(t),y(t),z(t)), of a point
on the curve into the implicit polynomial equation for the surface, f(x,y,2)=0 and solving for t using

an efficient numeric polynomial root finder.

Edge loops may be insufficient to define a face unambiguously. For example, a circular edge on
a spherical surface is the boundary of two complementary faces. These may be distinguished by
storing information about which points in the neighborhood of the edge belong to the face. This
neighborhood information can be encoded efficiently, as a single-bit “left” or “right” attribute, in terms

of the orientation of the surface normal and the orientation of the curve.

DOMAIN EXTENSIONS FOR BREPS

Many contemporary applications of solid modeling require dealing with non-regular sets (such as
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lower-dimensional regions of contacts between solids), or with non-homogeneous point sets (such
as composite-material aircraft parts and semi-conductor circuits consisting of adjacent regions with
different material properties). Such objects cannot be represented in a traditional solid modeler.
Several boundary representation schemes have been proposed for domains that extend beyond solids
[Rossignac92b]. For example, Weiler's radial-edge structure was centered around entities that
represent face-edge and edge-vertex incidence relations to explicitly capture how faces are
ordered around an edge [Weiler87]. Schemes that extend beyond solids are best analyzed in
terms of a decomposition of space into cells of various dimensions (volumes, faces, edges, points) and
in terms of their support for selecting arbitrary combinations of such cells. For example, the Selective
Geometric Complex (SGC), developed by Rossignac and O’Connor [Rossignac89b], provides a
general representation for non-regular point sets, which combine isolated points, edges, faces, and
volumes with internal structures and cracks (isolated faces, edges, or vertices removed from the
interior of the volume). An SGC model is based on a subdivision of Euclidean space into cells of various
dimensions that are disjoint, open, connected sub-manifolds and are “compatible” with all the
solids, faces, edges, and vertices of the primitive shapes and with all their intersections. (Two sets
are compatible if they are disjoint or equal, or if one is included in the other.) Each cell is represented
by its supporting manifold (curve, surface, or volume) and by the list of its bounding cells. Techniques
independent of the dimension of the space have been proposed for computing such subdivisions, for
selecting and marking sets of cells that correspond to a given description (such as a regularized
Boolean operation between two previously selected sets), and for simplifying the representation
through the removal or the merging of cells with identical markings. The SGC representation is capable
of modeling sets with internal structures, or sets of sets. These combine mutually disjoint regions,
where each region is

the union of all the cells with identical markings. Each region may correspond to a mixed-dimensional

(i.e. non regularized) set.

CONSTRUCTIVE SOLID GEOMETRY

Constructive representations capture a construction process which defines the solid by a sequence of
operations that instantiate or combine modeling primitives or the results of previous constructions. They

often capture the user’s design intent in a high- level representation that may be easily edited and
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parameterized. The primitives can derive from a 3D laser scanning after software elaboration.

Laser scanning of ancient basaltic object
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Particular of laser shape beam contours construction for GSG

CSG REPRESENTATIONS

Constructive Solid Geometry (CSG) is the most popular constructive representation. Its primitives
are parameterized solids, which may be simple shapes (such as cylinders, cones, blocks) or more
complex features suitable for a particular application domain (such as slots or counter-bored
holes). The primitives may be instantiated multiple times (possibly with different parameter
values, positions, and orientations) and grouped hierarchically. Primitive instances and groups
may be transformed through rigid body motions (which combine rotations and translations) or

scaling.
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The transformed instances may be combined through regularized Boolean operations: union,
intersection, and difference. These regularized operations perform the corresponding set theoretic
Boolean operations, and then transform the result into an r-set by applying the topological interior
operation followed by the topological closure. They always return valid (although possibly
empty) solids. Although other Boolean operations may be offered, these three are convenient and
sufficient, because amongst the 16 different Boolean combinations of two sets, A and B, 8 are
unbounded, 3 are trivial, and only 5 are useful for solid modeling: the union A+B, the intersection
AB, the differences A-B and B-A, and the symmetric difference, (A-B)+(B-A), as shown in Figure

below.
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Figure below illustrates how a simple syntax may be used to specify a solid in CSG. Parsing such a
syntax, yields a rooted graph, whose leaves represent primitive instances and whose internal nodes
represent transformations or Boolean operations that produce solids. The root represents the solid

corresponding to the CSG graph.

CSG representations are concise, always valid in the r-set modeling domain, and easily parameterized
and edited. Many solid modeling algorithms work directly on CSG representations through a divide-
and-conquer strategy, where results computed on the leaves are transformed and combined up the
tree according to the operations associated with the intermediate nodes. However, CSG
representations do not explicitly carry any information on the connectivity or even the existence of the
corresponding solid. These topological questions are best addressed through some form of

boundary evaluation, where a whole or partial BRep is derived algorithmically from the CSG model.
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Translate(1,0, 1)

B D
|Rotate(z_-90) | |B10ck(1._1._1) |

Block(2.1.4)

The instances A, B, and E are shown (left) superimposed on the same reference grid. The solid S was
specified by the following sequence of commands: A=Block(2,1,4);

B=Rotated(A,Z-axis,-90)

C=A+B

D=Block(1,1,1);

E=Translated(D,1,0,1); S=C-E;

The corresponding CSG graph (right) has 2 leaf primitives, 2 transformation nodes, and 2 regularized

Boolean operation nodes.

A Boolean operation always returns a solid whose boundary is a subset of the union of the boundaries

of the arguments. Several transformations and operations that create new surfaces have been
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considered for extending the capabilities of CSG systems. However, many of these operations are
difficult or impossible to integrate in the divide-and-conquer paradigm for CSG and in some CSG-to-
boundary conversion algorithms, because simple calculations, such as point-containment, may

not be easily obtained by combining the results of similar calculations on CSG primitives

Simple non-linear transformations may twist an object by applying to each point in space a 2D rotation
around the z-axis with an angle that is a function of the z-coordinate [Barr84]. or may bend an object
by interpreting the Cartesian x and y coordinates of a user-defined local coordinate system as the
radius and angle in a cylindrical coordinate system. More complex free-form deformations have

been proposed in [Sedeberg86].

The Minkowski sum A+B of two solids A and B is the result of sweeping one solid over the other.
Mathematically, it is defined
by {a+b, ac A, beB}.

where point a+b corresponds to the translation of point a by the vector from the origin to point b.

Kaul and Rossignac used linear Minkowski combinations

C(t)=(1-t)ALtB

to construct parameterized shapes that smoothly interpolate any two polyhedra A and B. They further
expanded this approach to the weighted Minkowski averages of a larger number of polyhedra
[Rossignac94]. The user selects the shapes and orientations of the argument polyhedra. The modeling
system computes the parameterized shape and animates its evolution in real time as the user
explores the range of values of the interpolation parameters (weights). For example, one may
animate a solid morph which corresponds to a Bezier curve in the space of polyhedra. Such
tools are important for the interactive exploration of new shapes in design, for the simulation

of some manufacturing processes, and for the creation of animations.

Minkowski sums also play a crucial role in robotics for collision avoidance [Latombe91], and in
accessibility and visibility analysis [Spyridi90, Spyridi94] Requicha used Minkowski operations to
define the mathematical meaning of tolerance specifications [Requicha83] Minkowski sums or
differences with a ball define growing and shrinking operations on solids. For instance, when B is a

ball of radius r, A-B is a solid defined as the union of A with all points at a distance less or equal to r
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from A. The Minkowki difference, is the regularized difference between A and the set of points at a
distance less than or equal to r from the complement of A. Combinations of growing and shrinking
operations on solids were used by Rossignac and Requicha [Rossignac86] to produce constant radius
fillets and blends (see Figure below for a 2D illustration). These operations always produce valid
solids, and may be combined with Boolean operations to limit their “blending” or “filleting” effect to

the desired sets of edges.

CSG EXTENSIONS TO NON-REGULARIZED SETS

Extensions of the Boolean operations to non-regularized solids, to r-sets with internal structures, and
to sets of dimension larger than three are important for many applications. A constructive model for
creating sets of sets from higher-level input, and for querying the existence and nature of
intersections or adjacency relations between regions was developed by Rossignac and Requicha
in their Constructive Non-Regularized Geometry (CNRG) model [Rossignac91]. Users or applications
can instantiate primitives and specify how they should be combined to create a hyperset that is the
union of mutually disjoint regions. CNRG regions correspond to expressions involving non-
regularized Boolean and topological operations on primitive regions. Rossignac’s Structured
Topological Complexes (STC) add to the CNRG representation the capability of creating and
interrogating simultaneously several decompositions of the three-dimensional space [Rossignac97].

For example, the same space may be decomposed into volume and surface features important to
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manufacturing, into design features and their intersections, into functional components, or into finite
elements for analysis. These decompositions are compatible, in that a cell belongs to a unique set in
each decomposition. The user or the application program can manipulate primitive regions and their
intersections in

a uniform manner, independently of the representation or approximation of these entities in a

particular modeler.

SPATIAL DECOMPOSITION APPROXIMATIONS OF SOLIDS

Solids may be represented either exactly or approximately by a variety of space decomposition schemes.
The entire 3D space, or just the set that corresponds to the solid, is partitioned into non-overlapping 3D

regions called cells.

Spatial decomposition schemes may differ in the restrictions they impose on cells. These may
be polyhedral or bounded by curved surfaces. Cells are usually connected. Furthermore, many
decomposition schemes do not support cells with holes or handles Cells may be further restricted

to be convey, or even to be tetrahedra, or axis-aligned rectangular blocks, or regularly- spaced cubes.

REGULAR DECOMPOSITIONS

Regular decompositions approximate solids by stacks of constant-thickness slices, by prismatic columns
of square cross-sections and parallel axes, or by regularly-spaced arrangements of cubes, which may also
be organized into a hierarchical structure, called

an octree [Samet90]. Conceptually, an octree may be constructed from a non-hierarchical
decomposition by replacing 2x2x2 arrangements of neighboring cubes that are all in the solid or all in
its complement by a single cell representing their union. This process is repeated recursively so as to
reduce the total number of cells needed to represent the solid. Although the error allowed

by these discretized representations may be significant, especially when their resolution is limited by
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storage concerns, they are

popular, because their simplicity is well-suited to parallel algorithms and hardware support.

BOUNDARY SPACE PARTITION TREES

Among irregularly-spaced arrangements of cells, the Boundary Space Partition tree (BSP), introduced
at the University of North Carolina at Chapel Hill [Naylor90] is one of the most interesting. A BSP
recursively splits space into a binary tree, whose leaves correspond to convex polyhedra. A selection of
these leaf-cells defines the desired solid. BSP trees were designed originally to speed up hidden-
surface elimination in graphics. Although the z-buffer hardware available today on most graphics
systems

[Rossignac86b] makes BSP trees obsolete for conventional hardware-assisted rendering, BSP trees are
still important for low-end

software graphics systems (such as video-games), as an auxiliary data structure for computing shadows
and other properties, and

as an efficient modeling tool for supporting certain fundamental queries on solids. A BSP
representation of a polyhedral solid may be obtained by selecting a face of the solid and using its
supporting plane to split the solid into two parts. The face is encoded as the root of the BSP tree
and the process is repeated to construct its two children nodes, as the BSP trees for the two parts of the

solid.

ALGORITHMS AND APPLICATIONS

Algorithms for constructing representations of solids, for converting between them, or for
processing these representations in various applications build upon a few fundamental
procedures that implement geometric queries and constructions. In the following sub-sections we
describe some of these fundamental procedures, and then discuss briefly their use in application
algorithms and efficiency issues. Our goal is to provide a high-level overview of typical
computations involved in solid modeling. We neither attempt to present the most efficient

algorithms nor the (many) details required for their successful implementation.
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FUNDAMENTAL QUERIES AND OPERATIONS

The most fundamental query is point membership, which tests whether a point is contained in
a given set or not. Point membership classification may be generalized to sets of points such as
curves or surface patches. This generalization, called set membership classification, is useful for
many applications. Other important algorithms deal with Boolean operations, representation
conversion, and intersections. Algorithms and representations are closely intertwined. We
illustrate their interdependency by discussing a few algorithms that compute the same

mathematical functions (or properties) but operate on different representations.

POINT MEMBERSHIP CLASSIFICATION FOR BREPS

The most popular technique for point membership classification (PMC) with respect to solids
represented by their boundaries is

ray-casting. Construct a half-line L starting from the candidate point X to infinity and then
count the parity of the number of times L crosses a face of S. Even parity of the number of line/face
intersections implies that X lies outside of the solid. Odd parity implies that X lies inside. (A point on a
face is by definition on S.) The treatment of special cases when L hits an edge or a vertex

or when it is tangent to one of the supporting surfaces may be avoided by randomly choosing candidate

lines L until one is foun d that does not run into any singular situation.

For polyhedral models, each face F of S is checked against L as follows. First compute the intersection I of
L with the plane P supporting F. (I is always an isolated point since L was chosen not to be tangent to any
of the supporting planes.) Then perform the PMC of I against F in the two-dimensional space of plane P. If
[ lies in F, then the parity bit is toggled for the PMC of X

against S, and the next face of S is considered. (The parity bit is initially set to 0 indicating that X is out of

S if no intersection of L with a face is discovered.)

To test whether I lies in F, cast a half-line R in P from I in a random direction that avoids the vertices of F

and that is not parallel
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to any edges of F. Then count the parity of the number of intersections of R with the edges of F.

The complexity of this process grows with the number of faces in S. Consider for example the case of a
simple sphere S crudely approximated with 288 flat faces with a 15 degree angle between two adjacent
rectangular faces. Point membership classification against S requires 282 line-plane intersection
calculations in 3D, and over a thousand line-line intersection calculations in 2D. Auxiliary data
structures that accelerate PMC [Hoffmann89, Horn89] may help when the associated

construction costs are amortized over a large number of candidate points.

PMC against BRep models involving a larger number of curved surfaces is typically performed
using a variation of the ray- casting approach outlined above, which requires intersecting half-
lines with surfaces in 3D, and intersecting lines with face- bounding curves in the 2D parametric

spaces of the curved surfaces.

Although many subtleties were left out, this discussion shows that even the most basic computations in a

solid modeler are not trivial.

POINT MEMBERSHIP CLASSIFICATION FOR CSG

Divide and conquer is the natural design paradigm for CSG algorithms. The standard point membership
classification algorithm for CSG representations traverses the CSG tree by recursive descent. When the

recursion reaches the primitives, the point to be classified is tested against them.

Point/primitive classification is simple if the primitives are defined in a natural position (e.g.
when the primitive’s axes are aligned with the principal axes) and then transformed through a rigid
body motion. Classifying the point against the transformed primitive is done by applying the inverse of
the transformation to the point, and classifying the result against the primitive in its original position.
When the primitive is defined by an algebraic or analytical inequality (for example, a sphere is defined

by a second degree inequality), it suffices to substitute the point’s coordinates into the inequality and
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evaluate its sign. More complex primitives may involve intersections of sets defined by inequalities, or

more general point containment tests.

Once point/primitive classification results are known, they are combined through the original Boolean
expression that defines the CSG graph. Special processing based on neighborhood combinations
may be necessary for points that lie on boundaries of several primitives [Requicha85]. A point’s
neighborhood is the intersection of the solid with a small ball around the point. If the neighborhood is
full, the point lies inside the solid, if it is empty, the point lies outside, otherwise, the point is on the
boundary of

the solid. The complexity involved in computing and testing the neighborhood depends on the nature,

number, and orientation of the surfaces involved.

When the primitive faces that contain the point are subsets of a single surface, the neighborhood may
be represented by two bits, each indicating whether there is material on the corresponding side of the
surface. Combining neighborhoods according to the regularized Boolean operations amounts to
combining these bits with the corresponding logical operations (OR for regularized union, AND for
regularized intersection, NOT AND for regularized difference). The initial values of these neighborhood
bits for surface points are obtained from the face orientation for each primitive whose boundary
contains the point. If the two bits are set,

the point is inside. If the two bits are off, the point is outside. If the bits differ, the points lies on a face of

the solid. Figure below illustrates these cases in a 2D example.
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The solid S (bottom right) was defined in CSG by S=(A+B)-C. Points 1-4 may be evaluated using a 2-bit
neighborhood. The neighborhoods of point 1 with respect to the primitives A, B and C are 01, 00, and
01, if we assign the first bit to the left side of the vertical line through the point and the second bit to the
right side of that line. Combining each bit through the logical expression “(01 OR 00) AND NOT 01”
yields 00 and thus point 1 lies out of S. The primitive neighborhoods for points 2 are 01, 00, and 00 and
their combination yields 01. Indeed point 2 lies on S. The primitive neighborhoods for point 3 are 10,
01, and 00, and their combination is 11, making point 3 an interior point of S. The primitive
neighborhoods for point 4 are 00, 01, and 10 (assigning the first bit to the side above the horizontal line
and the second bit to the side below the line). Their logical combination yields 01, and hence the point
lies on S. Evaluating the neighborhood of point 5 requires considering four sectors defined by the
horizontal and vertical lines passing through the point. Assigning one bit to each of these sectors in
clockwise order starting from the upper-right sector yields for 0011, 0100, 1001 for the three
primitives and 0110 for S. Consequently, point 5 lies on S When the primitive faces containing point P

lie on two or more supporting surfaces that intersect at a common curve passing through P, a curve
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neighborhood is used to classify P. A sufficiently small disk around P in the plane orthogonal to the
curve is divided by the supporting surfaces into sectors, analogous to those in a pie chart. Each sector is
classified against the primi tives, and its classifications are simple logical values which may be
combined according to the Boolean expression. If all sectors are full, the points lies in the solid. If all
sectors are empty, the point is out. Otherwise the point lies on the solid. The most delicate computation
in this process is the segmentation of the curve neighborhood, because it involves computing a
circular order of surfaces around their common edge. The process may be numerically unreliable and

mathematically challenging, if the surfaces are non-planar and are not simple quadrics

CURVE MEMBERSHIP CLASSIFICATION

The notion of membership classification can be generalized as follows. Given a solid S and a candidate set
X, set membership classification partitions X into three subsets: Xi, the subset X in the interior of S, Xb, the
subset of X on the boundary of S, and Xo, the subset of X in the interior of the complement of S [Tilove80].
Membership classification for curves and surfaces with respect to solids is used in many geometric

algorithms.

A simple two-step strategy can be used to classify a line or curve X with respect to a solid S
represented either by a BRep or CSG. (There are other, more efficient approaches to curve/solid
classification.) In the first step, the curve is segmented into subsets that have uniform
classification with respect to S. Then, the classification for each segment is determined, for example by
classifying its mid point using the PMC algorithms discussed earlier. Which PMC algorithm to use
depends on whether the solid is represented by a BRep or CSG. The first step also depends on the
solid’s representation. If the solid is given by a BRep, we compute the isolated intersection points of
X with all the faces, edges, and vertices of S and represent them in terms of the corresponding
parameter values of some parameterization of X. (Cases where X is contained in a surface that supports

a face of S or overlaps with a curve that supports an edge of S need not be processed.)

Sorting these parameter values defines segments of X that have uniform classification with respect to S.

(The classification of X can only change at the computed intersection points.)



121

If the solid is represented in CSG, in the first step we intersect the curve with the faces, edges and vertices
of all the primitives, and sort the parameter values of the intersection points to create the initial

segmentation.

BOOLEAN OPERATIONS

Consider a solid S defined by a regularized Boolean operation on two argument solids A and B,
both defined in CSG. The boundary of S may be computed by subdividing the boundaries of A and B
at their intersection and by discarding the appropriate portions. For example, if S=A+B, we discard
the portions of the boundary of A inside B and vice versa. This process is called boundary merging..
If the boundaries of A and B are not available, they may be derived recursively through an
incremental boundary evaluation by merging boundaries up the tree, starting at the primitives. The
BRep of S can also be obtained directly from its CSG by a non incremental boundary evaluation,

process.

We describe briefly a non-incremental boundary evaluation algorithm, to illustrate the issues.
Typically, faces of CSG solids are represented in terms of their supporting surface and their bounding
edges. To compute the edges of a CSG solid S, we apply the generate and test paradigm. First, compute
the intersection curves between all pairs of surfaces that support primitive faces. Then partition these
curves into subsets that are in the interior of §, in its complement, or on its boundary by using
curve/solid membership classification algorithms. Segments with a curve neighborhood that is neither
empty nor full form the edges of the solid. The details of this process are illustrated in
[Banerjee96] for CSG models composed of polyhedral primitives. First a tentative set of lines if
generated as the intersection of each possible pair of non-parallel planes taken from the set P of planes
that support the faces of the primitives of the CSG definition of S. Each line L is classified against S as
follows. First, separate the planes of P into three sets: C, the planes containing L; I, the planes
intersecting L at a single point, and O the planes disjoint from L. Then use the intersections with planes
of I to split L into segments. Split the neighborhood of L into sectors defined by

the planes of C. The classification of each sector for each segment may be represented by a

single bit. Because S and its primitives are finite, the classification of any given sector of a semi-
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infinite segments of L with respect to the primitives and nodes of the CSG tree of S is readily known
and may be stored by associating a bit with each node. Moving from one sector to an adjacent sector in
the same segment or in an adjacent segment corresponds to the traversal of a single supporting plane,
and therefore alters the classification bit of a single primitives or of several primitives that have
faces supported by this plane. Changing this classification bit and updating the CSG tree may or may
not alter the classification bit of S. By traversing all these sectors from neighbor to neighbor and by
storing the associated classification bits with the sectors, we compute the neighbourhood of each
segment. Edges with full or empty neighborhood are discarded. Edges with identical neighborhoods are

merged.

By keeping track of the association between curves and surfaces, and between vertices and segments, a
full BRep may be inferred form the result of the curve classification process. Edges are chained
into loops which are used to trim the solid’s faces. The representation of the loops may be
simplified by merging adjacent curve segments, when no more than two segments share a vertex.
Alternatively, the faces of CSG solids may be represented as the intersection between a
supporting surface and a 3D trimming volume, whose CSG expression may be easily derived from the

CSG of the entire solid [Rossignac96].

Other algorithms for boundary evaluation and merging typically use also the generate and test
paradigm, but may be articulated around vertices, edges or faces (see [Mantyla86] for an example
and [Requicha85] for further references). Boolean operation algorithms are among the most
complex in solid modeling. They also are among the most difficult to implement reliably, in the

presence of round-off errors.

REPRESENTATION CONVERSION

Boundary evaluation is an important example of representation conversion, from CSG to BRep.
The inverse process of computing semi-algebraic expressions for solids represented by their
boundary is also very important, because it provides algorithms for maintaining consistency in
multi-representation systems. When a BRep is edited, the modifications must be reflected on the

associated CSG. The 2D case is fairly well understood [Shapiro91]. Algorithms for converting
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incomplete polyhedral boundary representations into a BSP tree have been proposed in
[Murali97]. These algorithms are very useful for disambiguating models represented by incomplete

boundaries where faces-face adjacency may have been perturbed by numeric approximation.

Other representation conversion algorithms are useful as well. For example, point membership
classification for points on aregular grid can be used to construct a spatial enumeration approximation
for a solid, which in turn facilitates the computation of the solid’s mass and moments of inertia [Lee82].
Conversion from CSG or BRep to octree format is even more useful for mass- property calculations, and

can be done also through membership classification algorithms.

As another example, conversion into a cell decomposition in which all the cells are “slices”
perpendicular to a given direction is needed to drive rapid prototyping machines. It can be
accomplished by classifying a set of parallel planes with respect to a solid. The portions of the planes

inside the solid are the desired slices.

CURVE AND SURFACE INTERSECTIONS

The curve/solid classification algorithms discussed earlier are an example of computations that
require intersecting a curve with surfaces of composite or primitive solids. Boolean operation
algorithms also need to intersect surfaces with other surfaces. Curve and surface intersections arise in

many other geometric algorithms.

Suppose that we are given a curve with parametric equations x=x(u), y=y(u), z=z(u), plus an
algebraic surface with implicit equation f(x,y,z)=0. Curve/surface intersection amounts to solving for

the roots of the system of four equations: x=x(u), y=y(u), z=z(u), and f(x,y,z)=0.
This can be done by substituting the parametric equations in the implicit equation to obtain g(u)=f(x(u),
y(u), z(u))=0 and solving this equation for u. Except in very simple cases the solution can only be found

numerically.

This simple example shows that intersection problems essentially consist of root finding. Much is known
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about this area, but the problem of designing algorithms that are both robust and efficient is still largely
open. For surveys and representative research

see [Patrikalakis93, Krishnan97].

APPLICATIONS

Applications that involve analysis of models are relatively well developed. Algorithms are available for
generating displays of solids in many styles and degrees of realism, for kinematic simulation, for
the evaluation of mass properties, high level of reproductions, for collision detection in static
environments, and so on.

On the other hand, problems such as design and planning, which involve synthesis, are much less
understood. We speculate that the difficulties arise because synthesis algorithms must reason about

space, which is notoriously hard to do computationally.

Nevertheless, applications such as feature recognition for machining planning [Vandenbrande93, Han97]
dimensional inspection planning [Spyridi90, Spyridi94] and robot path planning [Latombe91] are

getting close to industrial usability.

Most of these application algorithms use extensively the fundamental queries and constructions
described above. For example, mass property calculation for CSG solids typically involves either
line/solid classification or CSG to octree conversion. And feature recognition and accessibility analysis

for inspection planning require Boolean operation capabilities.

A growing number of solid modeling applications focus not on the design of the geometry of the
individual components, but on their exploitation for the interactive design and inspection of
manufacturing processes (assembly plans, NC cutter path generation) and of spatial
arrangements (manufacturing cell layout, accessibility to control instruments in aircrafts, or

urban planing.
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EFFICIENCY ENHANCEMENTS

Set membership classification and CSG to BRep conversion algorithms perform a very large
amount of computation when compared to their output sizes. Many of these algorithms are based on
the generate-and-test paradigm, and spend much of their time generating, testing, and rejecting.
Performance-enhancement methods play a crucial role in eliminating a large fraction of unnecessary
tests. In essence, these methods ensure that entities are compared only when there is a good chance
that they may interact.

Two of the widely used efficiency-enhancement techniques are plane sweep algorithms from
computational geometry (which generalize the earlier scan line algorithms developed in computer
graphics), and grid-based spatial directories. A plane sweep algorithm maintains a list of active entities
that can potentially interact, and updates the list incrementally, as the plane advances

in its sweep of the whole space. Only active entities need to be compared. A spatial directory decomposes
the space into cells

(either of constant size or arranged hierarchically) and associates with each cell the entities that

intersect it. Only those entities associated with the same cell are compared and processed.

PARAMETERS, CONSTRAINTS AND FEATURES

Regardless of the representation scheme used, building and editing a model for a complicated solid is
non-trivial. Finding the size and position parameters that are needed to ensure that geometric entities
are in desired relationships often is quite difficult. And

so is ensuring that such relationships are preserved when an object is edited. In addition, the
primitives provided by the representation methods discussed earlier tend to be relatively low level,
and not directly connected with the application domain. The representational facilities discussed in the

following subsections address these problems.
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PARAMETRIC MODELS

The size and position parameters used to instantiate the primitives needed to represent an
object provide a natural parameterization for the object. However, there is no guarantee that a
change of parameter values will produce an object that is valid and consistent with the designer’s
intent. The first of these problems can be solved easily by using a CSG-based parameterization,
which ensures that an instance of a parametric solid model is always valid. The second
problem is more pernicious. Some of the design constraints may be expressed by substituting
the parameters of the primitives or of the transformations by symbolic parameter expressions.
This approach was first demonstrated in the 1970’s with the PADL-2 solid modeling system
[Brown82], and is now in widespread use. In addition to symbolic expressions, Rossignac proposed to
link CSG parameters to procedures specified by the user in terms of geometric constraints
[Rossignac86b]. Each constraint corresponds to a transformation that brings the host surface of a
primitive face into a specified relationship with the host surface of a primitive not affected by the
transformation. These approaches rely on the user for producing and sorting a sequence of
steps that evaluate symbolic expressions or that compute transformations to achieve the desired
effects [Rossignac88b]. The user’s actions are akin

to the writing of a macro that takes some input parameters and produces the desired solid. The macro
defines a family of solids,

also called a “parametric solid model”. The user is responsible for designing the correct macro, ensuring
that executing such a sequence for reasonable values of the input parameters produces a solid that
meets the designer’s intent. This is not always easy

to achieve, because the required symbolic expressions may be hard to find, and a transformation

may violate a previously- achieved constraint.

VARIATIONAL GEOMETRY

In contrast, the variational geometry approach does not require the user to define an order for
constraint-achieving operations, nor even to define all the constraints. A user can specify
symbolic expressions that define relations between two or more parameters. In addition, the

system infers automatically bi-directional constraints from all singular situations (such as parallelism,
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orthogonality or tangency) that are detected on a nominal model. A constraint solver adjusts the model
to meet all the constraints simultaneously. This process may involve numeric iterations to solve
the corresponding system of simultaneous, nonlinear equations. Because the constraints, such as
edge dimensions or angles between faces, are typically expressed in terms of boundary entities,
and because it is difficult to relate these to the input parameters of a CSG model, variational
geometry is typically used in conjunction with a parameterized boundary representation. The
variational geometry approach is popular for 2D drafting and for designing solids that are extruded
from 2D contours, but its application to more general 3D shapes still suffe rs from several drawbacks.
Performance problems are due to the large number of nonlinear equations in many variables that
must

be solved simultaneously. A small change in one parameter may lead the iterative techniques to converge
to a local minimum that

is significantly different from the previous configuration, and surprise or confuse the user. In an over-
constrained situation, a user will have trouble deciding which constraints to relax for the system
to converge to a solution. Finally, users may create invalid boundary representations, because no
practical techniques exist for computing the bounds on parameter values for which

the model remains valid.

FEATURES

Features provide a higher level and domain-targeted vocabulary for specifying shape-creating
operations, and for identifying the model’s elements from which the parameters of symbolic expressions

or manufacturing plans are to be derived.

Models may be constructed by a sequence of operations that create additive or subtractive
volumetric features. The nature of these features may vary widely with the application domain.

Volumetric features may be viewed as higher-level parameterized

primitives that are relevant to a specific domain. For example, dove-tail slots, profiled pins, blends, or
chamfered holes are useful features for machined parts. Their creation sequence and parameters
can be captured in a CSG representation with union and difference operations, and feature leaves.

However, the geometry of a feature created by one operation may be partially or totally obliterated by



128

a subsequent operation [Rossignac90]. Consequently, these design features cannot be used directly for
analysis or other computations without a verification step, or conversion into a standard (i.e.,, non

feature-based) model.

A feature-based representation can be converted into a BRep via a general purpose CSG-to-
Boundary conversion. However, many systems provide the user with immediate feedback based
on direct modification of the boundary. This is fast, but not without danger. When tweaking the
parameters of one feature, the faces that bound the feature may intersect faces of other features
in unanticipated ways. Also, if the volume of an additive feature overlaps the volume of a subtractive
feature, precedence information is needed to decide whether to keep or remove the intersection of the
two features. This amount to using a CSG-like structure for evaluating the boundary of the resulting

solid.

Because feature faces may be altered, split into several connected components, or even
destroyed by the creation of other features, it is important to provide mechanisms for connecting
the feature entities with the corresponding faces of the resulting solid. Furthermore, the user or an
automatic feature-extraction process may identify collections of faces or volumes in the solid or

in its complement as features that are important for further design activities or for downstream
applications, but that do not correspond to a single feature creation operation. For example, adding
two ribs to a solid may create a slot feature, which is a more appropriate abstraction for
manufacturing process planning than the ribs. Techniques developed by Requicha and his
students at the University of Southern California address issues of automatic feature conversion

and dependencies between converted and original features [Vandenbrande93, Han97].

In essence, the input (or design) features are converted either manually or automatically into
other, application-dependent features. The challenge is to capture the results of these conversions in a
form that persists when the parameters of the model are changed. Otherwise, all user interactions or
annotations with the converted features are lost and must be re-entered manually after each
parameter modification or engineering change to the geometry of the model. The difficulty of
this challenge may be illustrated by considering two versions, S and S’, of the same CSG model,
although with different parameter values. Which face

F’ of S’ corresponds to a given face F of S? Because the boundary of a CSG solid is a subset of the
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boundaries of its primitives, F

may be associated with the faces of CSG primitives whose intersection with F is two dimensional and F’
may be recovered as

the contributions to S’ of the corresponding primitive faces, given the CSG parameters for S’. This
approach suffers from three difficulties: (1) there may be several primitive faces in S that overlap with
F, (2) some of these faces may not be responsible for contributing F, and (3) F may only be one
connected component of the contribution of a set of primitive faces in the CSG model

of S. The first two difficulties have been addressed by Rossignac using an extension of the active zone
[Rossignac89] invented by

Rossignac and Voelcker, which provides a simple CSG expression for the region of space where
the boundary of a CSG primitive contributes to the boundary of the solid. The third difficulty may be
addressed by using Boolean or topological filters to distinguish one connected component of the
boundary of a solid from another. Except for limited situations, no automatic technique is

currently available for deriving such filters.

USER INTERFACES

A solid modeler’s user interface defines the skills required to use the modeler and has a major impact
on the users’ effectiveness. Early solid modeling systems were reserved to CAD experts in the
aerospace and automotive industries and were focused on providing designers with powerful and
robust design operations and analysis. Although much progress is still needed on these fronts,
considerable research and development efforts have been recently re-focused on improving the ease-
of-use for non-experts and the productivity of expert designers. Indeed, labor is the dominant cost of
solid modeling and many professionals involved inthe design cycle are not CAD experts. Furthermore,
new easy-to-use “light-weight” solid modelers are making inroads in non- traditional areas (such as
electronic components or entertainment) where accessibility to non-specialists and rapid design cycles

are more important than precision.

Very often a complex 3D database created by designers would be of considerable value to
others employees, customers, or suppliers, who do not have the skills necessary to use a

complex solid modeler. To fulfill this need, many vendors are now offering intuitive 3D
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browsers that support the review and annotation of 3D models of complex assemblies of solids.
These browsers support communication in product data management activities, help illustrate
maintenance manuals, or provide interactive virtual-reality experiences for marketing, styling, or
ergonomic analysis. In fact, we expect that future solid modelers will be architected from
interchangeable design and analysis components controlled from such a browser. The remainder of
this section discusses performance and ease-of-use issues related to interactions with highly complex

models.

GRAPHICS

Solid modelers may be rendered in different styles. Photo-realistic images of complex scenes require
extensive computation and
are typically used at the final illustration stage of finished models. Simpler shaded images are

generally used to support interactive manipulation during design and analysis.

TRIANGULATION

Solid models are typically approximated by triangles (or sometimes convex polyhedra) before
rendering, because graphics libraries and hardware graphics accelerators have been tuned to
render such simple shape-primitives very fast. Arbitrary polyhedral faces must be decomposed into
triangles. Curved surfaces must be approximated by triangular tesselations, which may automatically
adapt their resolution so as to guarantee the desired accuracy. Triangulating trimmed surfaces
requires combining

the 3D surface tessellation with the triangulation of the face representation in the 2D parameter
space of the surface. The

implementation of such triangulations must ensure that the triangulations of any two adjacent faces
do not generate gaps, which would arise if the two triangulations were to produce different piecewise

linear approximation of the common edge of the two faces.
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GRAPHICS ACCELERATION AND COMPRESSION

Simple scenes in 3D video-games may only need a few hundred textured polygons, but solid models
used for mechanical CAD, scientific, geo-science, and medical applications involve scenes with
millions of faces, sometimes grouped to form the boundaries of polyhedral solids of widely varying
complexity. The successful exploitation of such large volumes of scientific and engineering 3D data
hinges on users’ ability to access the data through phone lines or network connections and to
manipulate significant portions of these 3D models interactively on the screen for scientific
discovery, teaching, collaborative design, or engineering analysis. Currently available high-end
graphics hardware is often insufficient to render the models at sufficient frame rates to support direct
manipulation and interactive camera control.

The complexity (triangle count) of industrial and sometimes even entertainment models
significantly exceeds what can be rendered on a mid-range or low-end workstation at interactive
rates (15 frames per second or more). Software techniques, which eliminate unnecessary or
unessential rendering steps, lead to dramatic performance improvements and hence reduce
hardware costs for graphics. Many of these techniques require not only complex algorithmic pre-
processing. Furthermore, it is often necessary to trade the accuracy of the images for performance
during interactive view manipulation. The following are examples of such techniques.

Triangles are often ordered to form long triangle strips which reduce by 3 the number of times the same
vertex is processed by the graphics library. Each new triangle is defined by combining the next vertex of
the strip with the previous two vertices.

Triangles may be grouped by orientation and entire groups of back-facing triangles may be
readily rejected without further considerations. Objects or triangles that do not intersect the viewing
frustum or are hidden behind large occluding objects may also be quickly identified and need not be
processed for rendering.

The remaining (potentially visible) triangles may still be too numerous. Solids that are far from the
viewer (i.e. whose projection on the screen is small) may be rendered using “impostors” which
resemble the original solid but have significantly fewer triangles. Numerous simplification
algorithms have been developed for producing series of approximating models with decreasing
levels-of-detail (LOD). The simplest and most efficient approach clusters vertices by comparing
their truncated coordinates and eliminates triangles with more than one vertex in the same cluster

[Rossignac93]. Many slower and more complicated, although more effective simplification
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techniques have been proposed. For example, the edges of a triangulated boundary may be
collapsed in an order which introduces the least amount of error [Ronfard96], until the desired triangle
count or the maximum allowable error have been reached. Collapsing an edge also collapses the two

triangles incident upon the edge.

In many industrial applications, complex 3D models approximated by millions of triangles, must be
archived, downloaded using limited bandwidth connections, and finally transmitted to the
rendering subsystem at each frame (or stored on the graphics board’s limited local memory).
Representing each triangle by the floating point coordinates of its three vertices requires 26 bytes,

to which one must often add rendering attributes, such as texture coordinates or vertex normals for
smooth shading. This count

may be reduced by more than a factor of two if one were to use triangle strips. Separating the
description of the vertex locations from the description of the triangle-vertex incidence eliminates
the need to store or send the same vertex twice, but requires storing for each triangle, the
references to its supporting vertices. In its non-compressed form, each one of these references may
involve a number of bits equal to the log of the total number of vertices.

A lossy compression to the vertex coordinates, which combines vertex quantization and entropy coding,
reduces by three or more

the number of bits that represent the location of the vertices [Deering95]. Triangle-vertex incidence
relations may be encoded with less than 2 bits per triangle [Taubin96]. An alternative, which does not
require random access to all the vertices, generalizes the notion of triangle strips to a stack-buffer of 16
vertices [Deering95]. Although this approach requires on average about 13 bits per triangle to store the
triangle-vertex incidence and requires sending about 15% of the vertices more than once, it is

particularly effective for interfacing to a graphics subsystem with limited on-board memory.

3D INPUT

The human-machine communication during the design activity involves mostly the selection and
entry of commands and parameter values and increasingly the direct manipulation of the model on
the screen to control the position of the camera or of a particular group of solids in an assembly.
Although this manipulation of 3D positions was traditionally performed with a 2D mouse, new

techniques are being explored for using two-hand interfaces [Zeleznik97] or immersive virtual reality
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environments. A natural alternative uses pen-and-tablet 2D input and generates solid 3D models
from drawings [Grimstead95]. These approaches have to deal with a lack of information that implies

ambiguity.

CONCLUSIONS

Solid modeling technology has significantly outgrown its original scope of computer-aided mechanical
design and manufacturing automation. It plays an important role in may domains including
medical imaging and therapy planning, architecture and construction, animation and digital video-

production for entertainment and advertising recovery heritages, and reproductions

The recent maturity of the solid modeling theory and technology has fostered an explosion in the field’s
scientific literature and in the deployment of commercial solid modelers. The dominant cost of
embracing the solid modeling technology within an industrial sector has shifted over the years from
hardware, to software, to labor. Today, industrial strength solid modeling tools are supported on
inexpensive personal computers, software price ceased being an issue, and the progress of user-friendly
graphics interfaces has considerably reduced training costs. As the theoretical understanding of solid
modeling and efficient algorithms for the fundamental operations have begun to percolate towards

commercial systems, research efforts are focused on making non- expert users more productive.

The modeling task is labor intensive. For instance, the design of a new aircraft engine requires 200
person years. Although the solid modeling activity is only a small part of this cost, much of the current
research attempts to make designers more effective, by supporting higher-level design automation and
reusability. Significant progress was recently achieved on data compatibility between different solid
modelers and on the support of constraints and features encapsulated into “smart” objects that adapt

their shape and dimensions to the context in which they are used.

The exploitation of the resulting models has been so far primarily restricted to designers.
Spreading the access to a larger population will reduce the cost of downstream applications

(such as manufacturing, documentation, and marketing) and will improve communication through
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out the enterprise, its suppliers, and its customers. Progress is still inhibited by the network
bandwidth for accessing highly complex assembly models, by the limited graphics performance of
personal computers, and by unnatural 3D manipulation interfaces. Recent progress on these fronts are

reviewed in [Rossignac97b].

Total automation of a wide range of applications--an original motivation of solid modeling--has proven

harder than originally expected, especially when automatic synthesis or planning is required.

Current trends point away from closed end-user modelers and towards flexible object-oriented
libraries supporting a broader range of geometric computations. Access to these libraries may be

provided from easy-to-use 3D browsers.

Intersection curves and to low degree polynomial solutions for the computation of the points where 3
surfaces intersect. However, these surfaces cannot model precisely the numerous fillets and blends
found in most manufactured parts They also cannot model sculptured or free-form surfaces that
appear in many objects, especially those that must satisfy esthetic requirements, such as ancient
object, cars, etc. Therefore optimal goals of reproductions and modesl is obtained utilising 3D laser
scanner and solid input modelling software where laser primitives are the inputs for modeller 3D CAD

software.
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EUREKA Project

e PROJECT TITLE: YALOMATA — “DEVELOPING TOXICITY FREE GLAZES
FOR CERAMICS”

1)DELIVERABLE TITLE: Study on comply of Italian SMEs and PMEs ceramic enterprise to the UE directive
84/500

a) Analytical methods
b) Limits of Pb, Cd leaching of ceramic glazes

c) Labelling

A)YALOMATA: LEACHING AND DISSOLUTION FROM CERAMICS
METHODS OF HEAVY METALS ANALYSES

FLAME ATOMIC ABSORPTION SPECTROMETRIC METHOD

DETERMINATION OF LEAD AND CADMIUM EXTRACTED FROM CERAMIC FOODW
ARE

The following method describes therefore procedures for using flame atomic absorption
spectrometry (AAS) to quantitatively determine lead and cadmium extracted by acetic acid at
room temperature fromthe food-contact surface of foodware. The method is applicable to food-
contact surfaces of silicate-based materials (earthenware, glazed ceramicware, decorated
ceramicware, decoratedglass, and lead crystal glass) and is capable of determining lead

concentrations greater than approximately 1.0 pg/ mL and cadmium concentrations greater than
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approximately 0.1 pg/mL. This method also describes contamination control procedures which
ensure that leachsolutions are not contaminated and are suitable for subsequent analysis by
graphite furnace AAS if lead and cadmium concentrations are too low to be determined by flame

AAS (are less than 1.0 and 0.1 pg/ mL, respectively.)

Lead and cadmium are extracted from the food-contact surface of test vessels by filling them with
4% acetic acid to within 6-7 mm (1/ 4") of overflowing and leaching them for 24 h at 20- 24° C (68-
75° F). Lead and cadmium are determined by flame AAS using instrumental background
correction. Concentrations in leach solutions are calculated by using a calibration curve and linear

least squares regression.

Method blank—a contamination-free laboratory beaker or dish that is analyzed by the entire

method including preparation, leaching, and solution analysis.

Leach solution—solution obtained by leaching a test vessel or method blank with 4% acetic acid for

24 h.

Test solution—solution aspirated into the flame for analysis. Test solutions are prepared by diluting
leach solutions with known amounts of 4% acetic acid. Test solutions also include portions of

undiluted leach, check, and independent check solutions aspirated into the flame.

Dilution factor (DF)—factor by which concentration in test solution is multiplied to obtain
concentration in original leach solution. For test solutions prepared by mixing measured portions of

leach solutions and diluent, DF = (V1+V2)/ V1 where V1 and V2 are volumes of leach

solution and diluent in test solution, respectively. For test solutions prepared in volumetric flasks,
DF =V2/ V1 where V1 and V2 are volumes of leach solution in volumetric flask and total volume of

test solutions (volume of volumetric flask), respectively.

Calibration solutions—4% acetic acid solutions containing known amounts of lead or cadmium

which are used to calibrate the instrument.
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Check solutions—4% acetic acid solutions containing known amounts of lead or cadmium which are
analyzed in the same time period and subjected to the same analytical conditions and calibration
curve as sample solutions. Check solutions are analyzed to verify that carry-over did not occur and
the instrument was operating correctly during the time period in which sample solutions were
analyzed. Portions of calibration solutions analyzed as unknown test solutions (as opposed to

analysis for calibrating the instrument) are used for this purpose.

Independent check solution—4% acetic acid solution containing a known amount of lead or
cadmium which is from a starting material that is different from the starting material used to
prepare calibration solutions. Starting materials with different lot numbers are acceptable, but
starting materials from different manufacturers are preferable. The independent check solution is

analyzed to verify that calibration solutions have been prepared correctly.

Independent check solutions must be used to verify calibrations until such time that a reference

material certified for lead and cadmium leaching becomes available.

Fortified leach solution—a portion of leach solution to which a known amount of lead or cadmium is
added. Fortified leach solutions are analyzed to calculate percent recovery. Stock, intermediate, and

calibration solutions are used to fortify leach solutions.

Characteristic concentration (c0)—concentration (ug/ mL) of lead or cadmium that produces

instrument response (peak area) of 0.0044 absorbance. Characteristic concentration is a

measure of instrument sensitivity and is a function of instrument and nebulizer design and
operating conditions. Characteristic concentration is calculated from the response of a solution that
gives instrument response in the middle of the working range (i.e., approximately 0.100 or 0.200
Abs) or from the slope of the calibration curve. Characteristic concentration is compared to

manufacturer specifications to verify that the instrument is optimized.

Working range—range of instrument response that may be described as a linear function of
concentration. The linear region of flame AAS measurements is generally 0.050 to 0.350-0.400 Abs.
The range of linear response depends on the element and operating conditions and must be verified

by analyzing calibration solutions each time the instrument is used.
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Sample concentration limit (SCL)—a low concentration (pug/ mL) that can be reliably measured in
leach solutions. In this method, the sample concentration limit is the concentration of lead or
cadmium that produces 0.050 Abs. The value 0.050 Abs is chosen to establish the limit of the
method for two reasons; 0.050 Abs is 10 times greater than the maximum response (0.005 Abs)
typically expected from periodic, repeated analysis of a contamination-free, 0 pg/ mL solution and
thus guarantees that concentrations in sample solutions are significantly (10 times) greater than
those in a true blank; and percent relative standard deviation of instrument response (relative

variability due to instrument precision) is

better for 0.050 Abs than for lower values. The sample concentration limit depends on the
characteristic concentration of the instrument; the numerical value of the limit increases as

characteristic concentration increases.

Sample mass limit (SML)—a low mass (ug) of extractable lead or cadmium that can be reliably
measured by this method. The sample mass limit is the product of the concentration limit times the

volume of leach solutions.

Gravimetric dilution—practice of quantitatively preparing dilute solutions from more concentrated
ones by combining known weights of diluent and solution of known concentration. Gravimetric
dilution using contamination-free, disposable plasticware is recommended whenever possible

because glass volumetric flasks require time-consuming, acid-

cleaning procedures to eliminate contamination. Gravimetric dilution may be used when densities
and major components of the diluent and concentrated solution are the same (i.e., both solutions
contain 4% acetic acid). Volumetric flasks must be used when the densities are different (i.e., as
when diluent contains 4% acetic acid and stock standards contain 2% nitric acid). Gravimetric

dilution is accomplished as follows: Weigh necessary amount (=1.0000 g) of

solution with known concentration to nearest 0.0001 g in a tared, plastic container. Add 4% acetic
acid so that weight of final solution provides required concentration. Calculate concentration in final

solution as:

C2=C1xW1/W2
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where
C2 = concentration in diluted (final) solution, pg/ mL C1 = concentration in initial solution, pg/ mL
W1 = weight of initial solution, g

W?2 = weight of final solution, g

Interferences

Nonspecific absorption and scattering of light due to concomitant species in leach solutions may
produce erroneously high results. Instrumental background correction must be used to compensate

for this interference.

Contamination from laboratory glassware, supplies, and environmental particulate matter (dust)
may cause erroneously high results for solutions that require subsequent analysis by graphite
furnace AAS. Contamination must therefore be minimized by keeping work areas and labware

scrupulously clean, using plastic labware whenever possible, using acid-cleaning

procedures when glass labware is required, and protecting samples and supplies from dust.

METHOD
Atomic Absorption spectrometer—equipped with light sources (hollow cathode orelectrodeless

discharge lamps) specific for lead and cadmium and instrumental backgroundcorrection. To
determine lead, use wavelength 283.3 nm for solutions containing high concentrations and 217.0
nm for those containing either low or high concentrations. Use 228.8nm for cadmium analyses.
Record instrument response as absorbance (Abs).Gas supply for flame—breathing quality air and

welding or atomic absorption grade acetylene

Adjustable macro- and micropipettes
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Manually operated pipets with disposable, colorless, plastic tips and with capacity ranging from 10
uL to 10 mL are acceptable. Motorized pipetscapable of automatic dilution are preferred. Plastic
labware—Use plastic or Teflon labware (graduated cylinders, beakers, stirrers,containers, pipet
tips, autosampler cups) for all procedures except preparation of calibrationsolutions and diluting
leach solutions with high concentrations. Disposable labware that doesnot need pre-cleaning is
preferred. When pre-cleaning is necessary to eliminate contamination, rinse plastic labware with
10% (1+9) nitric acid followed by rinsing with copious quantities of reagent water. Air-dry the ware

in a dust-free environment.

Glassware—Use volumetric flasks dedicated for use with only this method to prepare
calibrationsolutions and test solutions. Do not use glassware used for other laboratory operations
becausepotential for contamination is too great. Do not use glass pipets. Wash glassware with warm
tapwater and laboratory detergent followed by soaking over with 10% (1+9) nitric acid and
rinsingwith copious quantities of reagent water. Air-dry in dust-free environment. Dedicated
glasswaremay be reused after rinsing with copious quantities of reagent water and repeating the

acid-cleaning procedure.

Polyethylene bags, self-sealing—Cover or wrap labware with new plastic bags of suitable size to

prevent contamination from dust during drying and storage.

Clean-air canopy—Laminar flow canopy equipped with high-efficiency particulate filters is
recommended because it makes contamination control easier and analyses faster. Contamination
can be controlled, however, without using a clean-air canopy if care is taken to prevent

contamination from dust

Reagents

Reagent grade chemicals may be used provided that they are of sufficiently high purity to permit
their use without lessening the accuracy of the determination. The high sensitivity of graphite

furnace AAS may require regents of higher purity than reagent grade.
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Reagent water—Ultrapure, deionized, resistance 218 megohm-cm.

Detergent solution for cleaning samples (0.02%, by volume)—Mix 1 mL detergent with 5 L tap
water. Use nonacidic, liquid detergent designed for washing household dishes by hand. Do not use
chemicals or detergents designed for cleaning labware because such detergents may damage the

ware.
Acetic acid (4% by volume)

Mix 1 volume glacial acetic acid with 24 volumes reagent water. Prepare a quantity sufficient for

leaching samples and preparing calibration and check solutions.

Stock lead and cadmium solutions

Use 1000 or 10,000 pg/mL single-element stock solutions in 2-10% nitric acid prepared specifically
for spectrometric analysis. Do not use solutions containing hydrochloric, sulfuric, or phosphoric
acid. Multi-element solutions may be used to prepare independent check solutions. Commercially

prepared stock solutions are recommended.

Intermediate lead and cadmium solutions

Transfer by pipet 21000 pL stock solution to acid-cleaned volumetric flask and dilute to 2100.0 mL

with 49% acetic acid.

Calibration and independent check solutions

Prepare calibration solutions that produce responses of 0.000 Abs (0 pg/mL) and approximately
(¥20%) 0.050, 0.100, 0.200, and 0.350-0.400 Abs. Prepare an independent check solution that
produces approximately 0.300 Abs. Preparation of a calibration solution that produces

approximately 0.300 Abs is optional.
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Prepare calibration solutions that produce responses of 0.000 Abs (0 pg/mL) and approximately
(¥20%) 0.050, 0.100, 0.200, and 0.350-0.400 Abs. Prepare an independent check solution that
produces approximately 0.300 Abs. Preparation of a calibration solution that produces

approximately 0.300 Abs is optional.

Sample Preparation and Leaching

Wash method blank and test vessels for 30 s by immersing in 0.02% detergent solution (<40° C)and
rubbing gently with soft cloth. Rinse with tap water (<40° C) followed by copious quantities of
reagent water. Air-dry in dust-free environment. Fill method blank and test vessels with 4% acetic
acid to within 6-7 mm (1/4") of the edge ofthe vessel measured along the surface. Record volume of
extractant for each vessel.l mmediately cover vessels to minimize evaporation. Use opaque material
or place vessel in dark ocation to prevent photo-oxidation of insoluble cadmium sulfide to soluble

cadmium sulfate.

Leach vessels for 24 h at 22+2° C.

At 24 h, visually observe level of leach solutions. If evaporative losses have occurred, add 4%acetic
acid to within 6-7 mm of the edge of vessel. Proceed immediately to next step. Gently stir leach
solutions with plastic device and transfer by pipet to plastic container. Do not pour. For best results,
analyze within 1 day. Leach solutions with no precipitate may be held longer if stored in clean

containers with tightly sealed caps. Store in total darkness until analysis.

Precipitated matter, if present, may be removed from leach solutions by filtering with PTFE filters in
natural (not colored) polypropylene housings attached to polypropylene syringes. Acid-clean filters

and syringes with 4% acetic acid immediately before use.
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Instrument Optimization

Optimize spectrometer settings and nebulizer controls for each element so that characteristic
concentration of lead and cadmium is *20% of manufacturer specifications, precision of
10measurements is <5% (preferably <2%) relative standard deviation. Use a calibration solution
that produces approximately 0.100 or 0.200 Abs for the optimization process.10.Screening of Leach
Solutions and Preparation of Test Solutions To prevent cross-contamination of bulk leach solutions
by the nebulizer uptake tube, transfer a portion of leach solution to a 15 mL plastic container for
flame AAS procedures. This contamination control precaution is essential if graphite furnace AAS
procedures will be used for subsequent analysis of leach solutions that contain concentrations that
are too low for measurement by flame AAS. Complete screening, calibration, and analysis
procedures for lead first. Then repeat these procedures for cadmium. Hold test solutions in tightly
sealed containers. Discard test solutions which have been held in unsealed containers for longer

than15-20 min.

Screening

Screen leach solutions as follows. Analyze undiluted and diluted (with 4% acetic acid) leach
solutions until a test solution which produces instrument response in the working range (0.050to
0.350-0.400 Abs) is found. Use this response and the dilution factor to calculate approximate
concentration in each sub-sample leach solution. If undiluted leach solutions produce instrument
response <0.050 Abs or have lead or cadmium concentrations <1.0 or <0.1 ug/mlL, respectively, do
not complete the analyses using flame AAS. Instead, use graphite furnace AAS procedures in EAM
Method 4.2 to analyze the remainder of the bulk leach solutions. Do not skip the screening step
because it serves 2 purposes; (a) it determines appropriate dilutions for test solutions for the final
analytical run and (b) it determines appropriate fortification levels. Do not report results of
screening because the instrument (a) is not properly calibrated and (b)requires 20-30 min warm-up

after igniting the flame.
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Preparation of Fortified Leach and Test Solutions

For each sample, prepare 1 fortified leach solution and appropriate test solutions to check
forrecovery and dilution error (test solutions a, b, and c). Use leach solution from the sub-

samplewhich produced the highest concentration of lead or cadmium found by screening.

Prepare the fortified leach solution by adding a known amount of lead or cadmium to aportion
(preferably =5 mL) of the leach solution. Fortify the leach solution so that theconcentration added
by fortification is approximately 90-110% of the concentration due totest vessel. If concentration in
the leach solution is <2 times the sample concentration limit, fortify the leach solution so that the

concentration added is approximately equal to 2 timesthe sample concentration limit.

Prepare 2 test solutions (a and b) from portions of unfortified leach solution by diluting with 4%
acetic acid so that the test solutions produce 0.050 A-s to 0.350-0.400 A-s and so that instrument
response of test solution a is approximately half that of test solution b; i.e., test solution a produces

0.100 A-s and test solution b produces 0.200 A-s. For leach solutions that

produce <2 times the sample concentration limit, place 2 undiluted portions (DF=1) in 2 different

auto sampler cups for analysis.

Prepare 1 test solution (c) from the fortified leach solution. If concentration added by fortification is
approximately 90-110% of the concentration due to test vessel, dilute with 4% acetic acid so that
test solution ¢ produces an instrument response approximately equal to that of test solution b.
Dilution factors of test solution ¢ and test solution a will be equal if these fortification recovery
instructions are followed. If concentration added by fortification is equal to approximately 2 times
the sample concentration limit, dilute fortified leach solution so that the dilution factor of the test

solution cis 2.
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» See examples below for of preparation of test solutions a, b, and c. Instrument responses, dilution
factors, and sample concentration limits in the examples are applicable to instruments for which

lead sensitivity (m0) is 10 pg.

Preparation of Remaining Test Solutions

For each of the 5 sub-sample leach solutions which were not used to check for matrix interference,
prepare 2 test solutions (test solutions d and e, f and g, ... ] and m) to check for precision of the
dilution process and absence of contamination in autosampler cups. Dilute leach solutions with
4% acetic acid so that the test solutions produce 0.050 to 0.350-0.400 A-s. Dilution factors of the 2
test solutions from the same sub-sample leach solution may be equal but the 2 test solutions must

be prepared independently of each other and analyzed from 2 different autosampler cups.

Calibration

The analytical sequence which demonstrates that the instrument operated properly during the
time leach solutions were analyzed is given in this Calibration section and the following section on
Analysis of Check and Test Solutions. Do not vary the sequence. An example of the sequence is

shown in Table below.

Calibrate the instrument by analyzing calibration solutions that produce responses of 0.000 A-s (0
ng/mL) and approximately (20%) 0.050, 0.100, 0.200, and 0.350-0.400 A-s. Analysis of a

calibration solution which produces approximately 0.300 A-s is optional.
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Anal-
ysis | Test solution DF" | Purpose of analysis

1 0.000 A-s (0 ng/mL) calibration solution 1 | calibrate instrument & check for
contamination in reagents

2 0.050 A-s calibration solution 1 | calibrate instrument

3 0.100 A-s calibration solution 1 calibrate instrument

4 0.200 A-s calibration solution 1 calibrate instrument

H 0.300 A-s calibration solution (optional) 1 | calibrate instrument

3] 0.350-0.400 A-s calibration solution 1 | calibrate instrument

7 independent check solution 1 verify calibration solutions

8 0 ng/mL check solution {optional) 1 | document absence of carry-over

9 method blank solution 1 document absence of
contamination

10 | sub 1 (test solution a, example 1) 50 | analyze leach solution

11 | sub 1 (test solution b, example 1) 25 | check analysis of leach solution

12 | sub 1 (test solution ¢, example 1) 50 | check % recovery from leach
solution

13 | sub 2 (test solution d) 50 | analyze leach solution

14 | sub 2 (test solution &) 25 | check analysis of leach solution

15 | sub 3 (test solution # 10 | analyze leach solution

16 | 0.200 A-s check solution (optional) 1 | check calibration/instrument
performarnce

17 | 0 ng/mL check solution (optional) 1 | check carry-over

18 | sub 3 (test solution g) 10 | check analysis of leach solution

19 | sub 4 (test solution A) 5 | analyze leach solution

20 | sub 4 (test solution #) 5 | check analysis of leach solution

21 | sub b (test solution ) 4 | analyze leach solution

22 | sub 5 (test solution k) 4 | check analysis of leach solution

23 | sub 6 (test solution A 2 | analyze leach solution

24 | sub 6 (test solution m) 2 check analysis of leach solution

25 | 0.200 A-s check solution 1 | check calibration/instrument
performance

26 | 0.000 A-s (0 ng/mL) check solution 1 | document absence of carry-over

Analytical Sequence

Evaluate calibration

curve. If errors in preparation of calibration solutions, deviations from linearity, or contamination

are observed, correctly prepare new solutions and repeat calibration with new solutions.
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Use least squares regression to calculate slope (m) and intercept (b) of the linear equation
(y=mx+b) that best fits data from calibration solutions. Do not force equation through zero; use
instrument response obtained from 0 ng/mL calibration solution. Instrument software may be
used if it satisfies requirements of this section. Proceed immediately to analysis of check and test

solutions-

Analysis of Check and Test Solutions

Verify the calibration and absence of carry-over and contamination by analyzing independent
check solution and method blank leach solution. The dilution factor of the method blank must
equal 1. Absence of carry-over may also be demonstrated by analyzing a 0 ng/mL check solution
in addition to, but not as a substitute for, the method blank leach solution. If carry-over is
indicated (if instrument response of method blank or 0 ng/mL check solution is >0.005 A-s),
eliminate it by re-optimizing furnace program, re-calibrate instrument and analyze test solutions.
If concentration found in independent check solution does not agree with the actual concentration
within approximately 5% relative difference, calibration or independent solutions, or both, have
been prepared incorrectly. Determine source of error, prepare new solutions correctly, re-
calibrate instrument and analyze test solutions. If contamination is found in method blank leach
solution (if instrument response of method blank is greater than approximately 0.005 A-s),
eliminate source of contamination, obtain 6 additional sub-samples, and repeat analysis
beginning with sample preparation. Check for matrix interference by analyzing test solutions a, b,
and c. Calculate concentrations in unfortified and fortified leach solutions. If leach solution
concentrations calculated from test solutions a and b agree within approximately @}5% relative
difference and % recovery is acceptable (is approximately 90-110% recovery), interference is absent.
If interference is indicated, eliminate the problem, re-calibrate instrument and re-analyze test

solutions.

Analyze test solutions d through m. Calculate leach solution concentrations from results of single
test solutions. If leach solution concentrations calculated from results of test solutions from the
same sub-sample agree within approximately 5% relative difference, test solutions have been
diluted with acceptable precision and contamination is absent from autosampler cups. If

concentrations do not agree, carefully prepare and analyze new test solutions.
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After all test solutions have been successfully analyzed, verify absence of carry-over and reverify
calibration by analyzing check solutions that produce 0.000 and approximately 0.100 (or 0.200-
0.300) A-s. Calibration and absence of carry-over may be verified periodically during the time test
solutions are analyzed in addition to, but not as a substitute for, verification at the end of the
analytical sequence. If carry-over is indicated (if instrument response of 0 ng/mL check solution is
>0.005 A-s) or calibration is no longer valid (if concentration found in check solution does not
agree within approximately @}5% relative difference), discard all results obtained after last
acceptable calibration and carry-over check. Eliminate source of error, recalibrate instrument, and

analyze remaining test solution.

A) YALOMATA: ASTM TESTS FOR LEAD EXTRACTED FROM GLAZED
SURFACES

ASTM C738 - 94 (REAPPROVED 1999)

STANDARD TEST METHOD FOR LEAD AND CADMIUM EXTRACTED FROM GLAZED CERAMIC
SURFACES

1. Scope

1.1 This test method covers the precise determination of lead and cadmium extracted by acetic
acid from glazed ceramic surfaces. The procedure of extraction may be expected to accelerate the
release of lead from the glaze and to serve, therefore, as a severe test that is unlikely to be matched
under the actual conditions of usage of such ceramic ware. This test method is specific for lead and

cadmium.

1.2 The values stated in SI (metric) units are to be regarded as the standard. The values given in

parentheses are for information only.
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1.3 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appropriate safety and health practices and

determine the applicability of regulatory limitations prior to use

2. Summary of Test Method

2.1 Lead and cadmium are extracted from the test article by leaching with 4 % acetic acid for 24 h at

20 to 24°C (68 to 75°F) and are measured by flame atomic absorption spectroscopy.

3. Interferences

3.1 There are no interferences when instrumental background correction and light sources specific for

lead and cadmium are used.
4. Apparatus

4.1 Atomic Absorption Spectrometer equipped with light sources (hollow cathode or electrodeless
discharge lamps) specific for lead and cadmium, instrumental background correction, and a 4-in. ( I
02-mm) single slot or Boling burner head. Digital concentration readout may be used. Use air-
acetylene flame, instrumental background correction, and operating conditions recommended by
instrument manufacturer. Using these conditions, characteristic concentration (concentration that
gives 0.0044 absorbance) should be approximately (+20 %) 0.2 and 0.45 ppm for Pb measured at 217.0
and 283.3 nm, respectively. Characteristic concentration should be approximately (+20 %) 0.02 ppm

for Cd.
NOTE 1: 1 ppm =1 pg/mL.

4.2 Lead Lamp, set at 283.3 or 217.0 nm. 4.3 Cadmium Lamp, set at 228.8

nm.

4.4 Glassware of chemically resistant borosilicate glass, to make reagents and solutions. Clean by

rinsing with dilute nitric acid (10 % by volume) followed by copious quantities of water.
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Reagents

Purity of Reagents—Reagent grade chemicals shall be used in all tests. Unless otherwise indicated, it is
intended that all reagents shall conform to the specifications of the Committee on Analytical Reagents of
the American Chemical Society, where such specifications are available.2 Other grades may be used

provided it is first ascertained that the reagent is of sufficiently
high purity to permit its use without lessening the accuracy of the determination.

5.2 Purity of Water—Unless otherwise indicated, references to water shall be understood to mean

distilled water.
5.3 Acetic Acid (4 % by Volume)—Mix 1 volume of glacial acetic acid with 24 volumes of water.

5.4 Detergent Wash—Use detergent designed for washing household dishes by hand. Mix with

lukewarm tap water according to product instructions.

5.5 Lead Nitrate Solution (1000-ppm Pb)—Dissolve 1.598 g of lead nitrate (Pb(NO3)2) in 4 % acetic
acid and dilute to I L with 4 % acetic acid. Commercially available standard lead solutions may also be

used.

5.6 Hydrochloric Acid (1% by weight)—Mix | volume of concentrated hydrochloric acid (HCl, sp gr 1.19)

with 37 volumes of water.

5.7 Cadmium Solution (1000-ppm Cd)—Dissolve 0.9273 g of anhydrous cadmium sulfate in approximately
250 mL of 1 % HC1 (see 5.6) and dilute to 500 mL with 1% HCI. Commercially available standard

cadmium solutions may also be used.
6. Procedure

NOTE 2: Take a method control through entire procedure. Use a laboratory beaker with

dimensions similar to ware being tested.

6.1 Preparation of Sample—Take, at random, six identical units and the method control vessel and clean
with detergent wash. Then rinse with tap water followed by distilled water. Dry, and fill each unit with
4 % acetic acid to within approximately 6 to 7 mm (A in.) of overflowing. (Distance shall be measured along

the surface of the item tested, not in the vertical direction.) Record the volume of acid required for each



151

unit in the sample (Note 3). Cover each unit with fully opaque glass plate (so that extraction is carried
out in total darkness) o prevent evaporation of solution, avoiding contact between cover and surface of
leaching solution. (If opaque glass is not available, cover glass with aluminum foil or other material

to prevent exposure to light.) Let stand for 24 h at room temperature (20 to 24°C (68 to 75°F)).

NOTE 3: If the sample unit is extremely shallow, or if it has an irregular brim, the analyst should be
aware of evaporation of leaching solution. If such a loss is anticipated, record the headspace upon
filling the vessel to 6 to 7 mm (/ in.) of the brim. Adjust to the same headspace with 4 % acetic acid

after the 24-h leaching. Stir the solution and proceed with the determination.
6.2 Preparation of Standards:

6.2.1 Lead Standards—Dilute lead nitrate solution (see 5.5) with acetic acid (see 5.3) to obtain

working standards having final concentrations of 0.0-, 1-, 2-, 3-, 5-, and 10-ppm Pb.

6.2.2 Cadmium Standards—Dilute cadmium stock solution (see 5.7) with acetic acid (5.3) to obtain

working standards having final concentrations of 0.0-, 0.1-, 0.2-, 0.3-, 0.5-, and 1.0-ppm Cd.

6.3 Determination of Lead by Atomic Absorption—Stir the leaching solution and remove a portion by
pipetting into a clean flask. Use lead lamp (4.2) and concomitantly measure absorbance of lead
working standards (6.2.1) and leach solutions. Dilute with 4 % acetic acid if leach solutions contain
over 10-ppm Pb. Concentrate leach solutions containing less than l-ppm Pb by accurately
transferring a minimum of 50.0 mL of solution to a 250-mL beaker and evaporating almost to dryness
on a steam bath. Add 1 mL of HC 1, then evaporate to dryness. Dissolve the residue in 4 % acetic acid
by adding exactly 0.1 volume of solution taken for concentration, cover with watch glass, and swirl
to complete dissolution. Calculate lead concentration (ppm Pb) of leach solution by comparison to

standard curve.

6.4 Determination of Cadmium by Atomic Absorption— Proceed as in 6.3 using the cadmium lamp (4.3)
and standards (6.2.2). Dilute with 4 % acetic acid if leach solutions contain over | ppm Cd. Concentrate

leach solutions containing less than 0.1-ppm Cd as in 6.3.
7. Report

7.1 Report the type of units tested, the volume of acid used, and the lead and cadmium leached in parts

per million for each unit tested.
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8. Precision and Bias

8.1 Precision—In an analysis of variance study from eight laboratories, the standard deviation
between laboratories was 0.06 mg/L for lead and 0.007 mg/L for cadmium. The within laboratory
precision had a standard deviation of 0.04 mg/L for lead and 0.004 mg/L for cadmium. The standard
deviation for interaction between laboratories and samples is 0.06 mg/L for lead and 0.0 10 mg/L for
cadmium. Reproducibility is defined as the square root of the sum of the three component variances. The

reproducibility was 0.10 mg/L for lead and 0.0 13 mg/L for cadmium.

8.2 Bias—The bias of this test method is further limited by the ability to obtain representative samples
of the statistical universe being sampled. An analysis of large populations (100 to 500) has shown
that the lead and cadmium release data conformed to a Pearson III distribution with a coefficient

of variation between 30 and 140 %, typically 60 %.

A) YALOMATA: ISO STANDARD 6486: CERAMIC WARE, GLASS-
CERAMIC WARE, AND GLASS DINNERWARE IN CONTACT WITH
FOOD -- RELEASE OF LEAD AND CADMIUM PART 1: METHOD

INTRODUCTION

Lead and cadmium release from ceramic and glass ware surfaces is an issue which requires effective
means of control to ensure the protection of the population against possible hazards arising from the
use of improperly formulated and/or processed ceramic, glass-ceramic, and glass dinnerware used
for the preparation, serving and storage of food and beverages. As a secondary consideration, different
requirements from country to country for the control of the release of toxic materials from the surfaces
of ceramic ware present non-tariff barriers to international trade in these commodities. Accordingly,
there is a need to maintain internationally accepted methods of testing ware for lead and cadmium

release, and to define permissible limits for the release of these toxic heavy metals.
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The limits for lead and cadmium release specified in this standard are not intended to be regarded as the
maximum amount of these metals to which exposure can be considered safe. They are levels which are

consistent with good manufacturing practice in the respective industries, harmonize

regulatory levels in principal world markets, and reflect a general objective of reducing overall exposure to

these metals.

Scope

This part of ISO 6486 specifies a test method for the release of lead and cadmium from ceramic ware,
glass-ceramic ware, and glass dinnerware intended to be used in contact with food, but excluding

porcelain enamel articles.

This part of ISO 6486 is applicable to ceramic ware, glass-ceramic ware, and glass dinnerware which
is intended to be used for the preparation, cooking, serving and storage of food and beverages,

excluding articles used in food manufacturing industries or those in which food is sold.
3 Definitions
For the purpose of this part of ISO 6486, the following definitions apply.

atomic absorption spectrometry (AAS): spectroanalytical method for qualitative determination

and quantitative evaluation of element

concentrations. The technique determines these concentrations by measuring the atomic absorption of

free atoms.

atomic absorption: absorption of electromagnetic radiation by free atoms in the gas phase. A line

spectrum is obtained which is specific for the absorbing atoms.

bracketing technique: Analytical method consisting of bracketing the measured absorption or

machine reading of the sample between two measurements made on calibration solutions of

neighboring concentrations within the optimum working range.
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calibration function: Function relating atomic absorption instrument readings, either in absorption
or in other machine units, to the concentration of lead or cadmium which generated the instrument

reading.

ceramic ware: Ceramic articles which are intended to be used in contact with foodstuffs, for

example foodware made of china, porcelain and earthenware, whether glazed or not.

cooking ware: Foodware, specifically intended to be heated in the course of preparation of food and

drinks by conventional thermal methods and by microwaves.

dinnerware: Articles specially intended for the serving of food on the table, including plates, dishes
and salad bowls, but excluding volumetric ware typically used for beverages, such as goblets and

decanters.

direct method of determination: Analytical method consisting of inserting the measured absorption or

machine reading into the calibration function and deducing the concentration of the analyte.

drinking rim: 20 mm wide section of the external surface of a drinking vessel, measured downwards

from the upper edge along the wall of the vessel.

extraction solution: acetic acid, 4% (V/V), recovered after the extraction test and which is analyzed for

lead and cadmium concentration.

flame atomic absorption spectrometry (FAAS): Atomic absorption spectrometry that uses a flame

to create free atoms of the analyte in the gas phase.

flatware: Ceramic or glass ware having an internal depth not exceeding 25 mm, measured from the

lowest point to the horizontal plane passing through the point of overflow.

foodware: Articles which are intended to be used for the preparation, cooking, serving and storage of

food or drinks.

glass ceramic: Inorganic material produced by the complete fusion of raw materials at high temperatures
into a homogeneous liquid which is then cooled to a rigid condition and temperature treated in

such a way as to produce a mostly micro crystalline body.
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glass: Inorganic material produced by the complete fusion of raw materials at high temperature
into a homogeneous liquid which is then cooled to a rigid condition, essentially without crystallization.
The material may be clear, colored, or opaque, depending on the level of coloring and opacifying agents

used.

hollowware: Ceramic ware having an internal depth greater than 25 mm, measured from the lowest
point to the horizontal plane passing through the point of overflow. Hollowware is subdivided into

three categories based on volume:

. small: hollowware with a capacity of less than 1,1 litres.
. large: hollowware with a capacity of 1,1 litres or greater;
. storage: hollowware with a capacity of 3,0 litres or greater; cups and mugs: small ceramic

hollowware commonly used for consumption of beverages, for example, coffee or tea at elevated
temperature. Note: cups and mugs are vessels of approximately 240 ml capacity with a handle. Cups

typically have curved sides whereas mugs have cylindrical sides.

optimum working range: Range of concentrations of an analyte over which the relationship between

absorption and concentration is practically linear.

reference surface area: The area that is intended to come into contact with foodstuffs in normal use.

test solution: The solvent used in the test to extract lead and cadmium from the article. Acetic acid,

4% (V/V)

vitreous enameled ware: Metallic articles coated with a vitreous inorganic coating bonded by fusion at

temperatures above 500° C.
4 Principle

Silicate surfaces are placed in contact with 4 % (V/V) acetic acid solution for 24 h at (22 + 2)oC to

extract lead and/or cadmium, if present, from the surfaces of the articles or test specimens.

The amounts of extracted lead and cadmium are determined by flame atomic absorption

spectrometry (FAAS). In routine tests other equivalent analysis methods may be used.
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5 Reagents and Materials 5.1 Reagents

All reagents shall be of recognized analytical grade. Distilled water or water of equivalent purity

(grade 3 water complying with the requirements of ISO 3696) shall be used throughout.

Acetic acid, (CH3COOH), glacial, p = 1.05 g/ml.

Acetic acid test solution, 4% (V/V) solution. Add 40 ml of acetic acid (5.1.1) to distilled water, and

dilute to 1 litre. This solution shall be freshly prepared for use. Proportionately greater quantities may

be prepared.

Lead stock solution Prepare analytical stock solutions containing 1000 + 1 mg of lead per litre in
the test solution (5.1.2). Alternatively, an appropriate commercially available standardized lead

AAS solutions may be used.

Cadmium stock solution Prepare analytical stock solutions containing 1000 + 1 mg of cadmium per

litre in the test solution (5.1.2). Alternatively,

an appropriate commercially available standardized cadmium AAS solution may be used.

Lead standard solution Dilute the lead stock solutions ten-fold with test solution (5.1.2) to produce a lead

standard solution which is 100 mg/1 Pb, or 0,1 g of lead per litre.

Cadmium standard solution Dilute the cadmium stock solutions 100- fold with test solution (5.1.2) to

produce a cadmium standard solution which is 10 mg/1 Cd, or 0,01 g of cadmium per litre.

Notes:

Standard solutions may be kept in suitable, aged, tightly closed containers (i.e. polyethylene) for four
weeks without loss of quality. New containers may be aged by filling with standard solution and

allowing to stand for 24 h. The aging solution is discarded.

Use one-mark glass pipettes or precision piston pipettes with a fixed stroke, typically 1000 pl and
500 jil, and appropriate volumetric glassware (e.g. 500 ml to 2000 ml) to prepare proper calibration
solutions by dilution of the standard stock solutions (5.1.5 and 5.1.6) with test solution (5.1.2). Keep

the solutions in suitable and aged containers. Renew these solutions every four weeks.
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5.2 Materials and Supplies

5.2.1 Paraffin wax, with a high melting point.

5.2.2 Washing agent, commercially available non-acidic manual dishwashing detergent in

dilution recommended by manufacturer.

523 Silicone sealant, capable of forming a ribbon of sealant

approximately 6 mm in diameter. This sealant shall not leach acetic acid, cadmium or lead to the test

solution (5.1.2).
6 Apparatus
6.1 Atomic absorption spectrometer,

Atomic absorption spectrometer equipped with light sources [hollow cathode or electrodeless

discharge lamps] specific for lead and cadmium,

instrumental background correction, and a single slot [approximately 100 mm] or Boling burner
head. Digital concentration readout may be used. Use air-acetylene flame and operating conditions
recommended by the instrument manufacturer. Using these conditions, characteristic
concentration [concentration that gives 0.0044 absorbance] should be approximately [+20%] 0.2
mg/l for Pb measured at 217.0 nm. Characteristic concentration should be approximately [+20%] 0.02
mg/1 for Cd measured at 228.8 nm. Note: Where appropriate, a wavelength of 283,3 nm may be used

for the analytical confirmation of lead.
6.2 Accessories
Assorted glassware as required, made of borosilicate glass as specified in ISO 3585.

Burette of capacity 25 ml, graduated in divisions of 0,05 ml, complying with ISO 385-2, class B or

better.

Covers for the articles under test, e.g. plates, watch-glasses, Petri dishes of various sizes. Covers must be

opaque if a darkroom is not available.
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One-mark pipettes of capacities 10 ml and 100 ml, complying with ISO 648, class B or better. Other

sizes as required.

One-mark volumetric flasks of capacities 100 ml and 1000 ml, complying with ISO 1042, class B or

better. Other sizes as required.

Precision piston pipettes with a fixed stroke, typically 1000 pl and 500 pl. Straight edge and depth gage

calibrated in millimeters.
7 Sampling
7.1 Priority

When selecting samples from a mixed lot of foodware, articles having the highest surface area/volume
ratio within each category should be given preference. Articles that are highly colored or decorated

on their food contact surfaces should be especially considered for sampling.

7.2 Sample size

It is desirable to develop a system of sampling control that is appropriate to the circumstances. In no
case shall less than four items be measured. Each of the articles shall be identical in size, shape, color

and decoration.
7.3 Preparation and preservation of test samples

Samples of ware shall be clean and free from grease or other matter likely to affect the test. Briefly wash
the specimens at a temperature of about 400 C with a solution containing a non-acidic detergent.
Rinse in tap water and then in distilled water or water of equivalent purity. Drain and dry in either a
drying oven or by wiping with a new piece of filter paper. Do not use any sample that shows residual

staining. Do not handle the surfaces to be tested after cleaning.

If an area of the surface of the sample is not intended to come into contact with foodstuffs in normal use,
other than the interior of any lid, cover this area after the initial washing and drying with a protective
coating such as paraffin wax or silicone which will withstand the effect of the test solution and which

will not release any detectable levels of lead or cadmium into the test solution.

8 Procedure
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8.1 Determination of reference surface area for flatware

Place a specimen on a sheet of smooth paper and draw a contour around the rim. Determine the
enclosed area by a suitable means. One recommended method is to cut out and weigh the
enclosed area and to determine the area by comparison of the weight with the weight of a
rectangular sheet of known area. Record this area, SR, in square decimeters to two decimal places. For

circular articles the reference surface area may be calculated from the diameter of the article.
8.2 Preparation of articles which cannot be filled.

Articles are normally filled to within 6 mm of overflowing as measured along the sloping side of
flatware, or to within one mm of the rim as measured vertically for hollowware. Articles which

cannot be filled in this manner to produce an acid depth at the deepest point of at least 5 mm are

defined as non-fillable. Articles of this type may be tested by one of the following methods.

Standard articles may be fitted into a silicone rubber mold which forms a water-tight seal with the
article and which encroaches no more than 6 mm from the rim and forms a depth of at least 5 mm but

no more than 25 mm. Specimens prepared in this way are tested as fillable flatware articles.

A bead of silicone sealant may be formed around the edge of the article to permit filling of the article to a
depth of at least 5 mm but no more than 25 mm. The bead shall encroach no more than 6 mm from the

rim of the article. Specimens prepared in this way are tested as fillable flatware articles

The article may be coated on all surfaces except the reference surface with melted paraffin wax and
subsequently tested by immersion in test solution. Specimens prepared in this way are tested as non-

fillable flatware articles.
8.3 Extraction
8.3.1 Extraction temperature

Conduct the extraction at a temperature of (22 * 2)oC. When cadmium is to be determined, conduct

the extraction in the dark.

8.3.2 Leaching
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8.3.2.1 Fillable Articles: Fill each specimen with test solution (5.1.2), to 1 mm of overflowing
measured vertically for hollowware or 6 mm from overflowing as measured along the surface of
flatware. For flatware determinations measure and record the volume of acetic acid, 4%, used to fill

the article. Cover the specimen. Leach for 24 h + 30 min.

8.3.2.2 Non-Fillable Articles: These articles, which have been masked with paraffin wax according to
8.2.c, are placed in a suitable vessel such as borosilicate glass of suitable size and test solution (5.1.2)
is added in sufficient quantity to completely cover the sample. Record the amount of acetic acid

added to an accuracy of 2%. Leach for 24 h = 30 min.

8.3.3 Sampling of the extraction solution for analysis

Prior to sampling, mix the extraction solution by stirring or other appropriate method that avoids
loss of the extraction solution or abrasion of the surface. Remove a sufficient amount of the

extraction solution with pipette and transfer it to a suitable storage container.

Analyse the extraction solution as soon as possible since there is a risk of adsorption of lead or cadmium
onto the walls of the storage container, particularly when Pb and Cd are present in low

concentrations.
8.4 Drinking rim and other special tests
Note: This is an optional procedure for evaluating drinking rims.

Cups may be tested by marking each of four units 20 mm below the rim on the outside. Each cup is
placed inverted in a suitable laboratory glassware container with a diameter between 1.25 and 2.0 times
that of the cup. Add sufficient 4% acetic acid to the glassware container to fill to the 20 mm mark on
the cup. Let stand for 24 h at (22 * 2)oC (in the dark for cadmium determinations) and protect from
excessive evaporation. Before sampling the leachate, add 4% acetic acid to the glass container as
necessary to re-establish the 20 mm level. Determine lead and cadmium by AAS and report the

results as mg/article.
8.5 Calibration

Set up the atomic absorption spectrometer according to the manufacturer’s instructions

using wavelengths of 217 nm for lead determination and 228,8 nm for cadmium determination with
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an appropriate correction for background absorption effects. Note: Where appropriate, a wavelength of

283,3 nm may be used for the analytical confirmation of lead.

Aspirate the zero member of the set of calibration solutions and adjust zero. Aspirate the set of
calibration solutions, prepared by dilution of the standard solution with test solution (5.1.2) and

prepare calibration curves over a linear range. Suggested ranges:
0,5-10,0 mg/1Pb
0,05-0,5 mg/1Cd

8.6 Determination of lead and cadmium

Set up the spectrometer as described previously. Aspirate distilled water and then acetic acid, 4%,
and verify the absorbance is zero. Aspirate the extraction solution, interspersed with test solution

(5.1.2) and record the absorbance values of the extraction solutions.

If the lead concentration of the extraction solution is found to be higher than 10 mg/1, dilute a suitable

aliquot portion with test solution (5.1.2) to reduce the concentration to less than 10 mg/1.
Similar considerations apply to the determination of cadmium. 9 Expression of results
9.1 Bracketing technique

The lead or cadmium concentration, p,, expressed in milligrams per litre of the extraction solution, is

given by the formula

Ao _Al

po=| G ma) ma)ra|d

where
A, is the absorbance of the lead or cadmium in the extraction solution;
A1 is the absorbance of the lead or cadmium in the lower bracketing solution;

A2 is the absorbance of the lead or cadmium in the upper bracketing solution;
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P1 is the lead or cadmium concentration, in milligrams per litre, of the lower bracketing solution;
P2 is the lead or cadmium concentration, in milligrams per litre, of the upper bracketing solution
NOTE: If the extraction solution was diluted, an appropriate correction factor, d, is used in the formula.

9.2 Calibration curve technique

Read the lead or cadmium concentration directly from the calibration curve or from the direct read-

out.
9.3 Calculation of release of lead and cadmium from flatware

The lead or cadmium released per unit area from flatware, R,, expressed in milligrams per square

decimeter, is given by the formula:

where:

Po is the lead or cadmium concentration, expressed in milligrams per litre, of the sample extract

solution.
V is the filling volume of the specimen, expressed in litres
SR is the reference surface area of the article, expressed in square decimeters.

For hollowware articles report the result to the nearest 0,1 mg of lead per litre and to the nearest 0,01

mg of cadmium per litre

For flatware report the result to the nearest 0,1 mg of lead per square decimeter and to the nearest
0,01 mg of cadmium per square decimeter. Also report the concentration of lead and cadmium in the

leach solution to the nearest 0,1 mg of lead per litre and to the nearest 0,01 mg of cadmium per litre.

10 Reproducibility And Variability
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Lead and cadmium release measurements from ceramic foodware are subject to analytical
reproducibility errors and sampling variability. The material presented in this section are of scientific
and technological interest but are not of normative or statutory value in the context of this ISO

standard.

10.1 Reproducibility

Three types of determination errors occur in the analytical measurement of lead and cadmium
concentrations. Each is listed in table 1 with an approximate value for the standard deviation of

each.

TABLE 1 -- SOURCES OF VARIATION IN ANALYTICAL DETERMINATION OF Pb AND Cd

Source of Variation Standard Standard

Deviation, Pb [Deviation, Cd

, [mg/1] [mg/1]
Analysis, within laboratory 0,04 0,004
Analysis, between laboratories 0,06 0,007
Laboratory x Sample Interaction [0,06 0,01
Reproducibility 0,094 0,012

The statistical interaction term, row 4 in table 1, reflects the failure of the differences in sample
analyses to be the same from laboratory to laboratory. A detailed discussion may be found in
elementary statistical texts which address Analysis of Variance (ANOVA) methods. The
reproducibility is the square root of the sum of the squares of the standard deviations from the

three sources of variation.
10.2 Variability

Analytical reproducibility is quite good compared to the intrinsic variability of the extraction
behavior of glass and ceramic surfaces. This variability, termed sampling variability, is by far the

greatest source of experimental error. Moore2 has shown that the coefficient of variability for lead
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and cadmium release for large samples is typically 60%. Thus, the true average lead release value for a
large population must be approximately 0,58 mg/1 in order to avoid one of four test specimens from

exceeding a 2 mg/11limit 1 in 10 000 times. The table 2 illustrates the effect of population mean

1ASTM Standard Test Method for Lead and Cadmium Extraction from Glazed Ceramic Surfaces,

C738-94, American Society for Testing and Materials, Philadelphia, PA 1994.

2 Moore, F., Transactions, Journal of British Ceramic Society, Vol. 76 (3), 1977, pp. 52-57.

A)YALOMATA: DRINKING RIM SPECIAL TESTS

Note: This is an optional procedure for evaluating drinking rims.

Cups may be tested by marking each of four units 20 mm below the rim on the outside. Each
cup is placed inverted in a suitable laboratory glassware container with a diameter between
1.25 and 2.0 times that of the cup. Add sufficient 4% acetic acid to the glassware container to
fill to the 20 mm mark on the cup. Let stand for 24 h at (22) C (in the dark for cadmium
determinations) and protect from excessive evaporation. Before sampling the leachate, add
4% acetic acid to the glass container as necessary to re-establish the 20 mm level. Determine

lead and cadmium by AAS and report the results as mg/article.
Calibration

Set up the atomic absorption spectrometer according to the manufacturer’s instructions
using wavelengths of 217 nm for lead determination and 228,8 nm for cadmium
determination with an appropriate correction for background absorption effects. Note:
Where appropriate, a wavelength of 283,3 nm may be used for the analytical confirmation of

lead.
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Aspirate the zero member of the set of calibration solutions and adjust zero. Aspirate the set
of calibration solutions, prepared by dilution of the standard solution with test solution and

prepare calibration curves over a linear range. Suggested ranges:
0,5-10,0 mg/1 Pb

0,05-0,5mg/l1Cd

Determination of lead and cadmium

Read the lead or cadmium concentration directly from the calibration curve or from the direct
read-out.
Calculation of release of lead and cadmium from flatware The lead or cadmium released per unit

area from flatware, Ro, expressed in milligrams per square decimeter, is given by the formula

P o -V

where:

po is the lead or cadmium concentration, expressed in milligrams perlitre, of the sample extract
solution.

V is the filling volume of the specimen, expressed in litres SR is the reference surface area of the
article, expressed in square decimeters.

For hollowware articles report the result to the nearest 0,1 mg of lead per litre and to the
nearest 0,01 mg of cadmium per litre For flatware report the result to the nearest 0,1 mg of lead
per square decimeter and to the nearest 0,01 mg of cadmium per square decimeter. Also report
the concentration of lead and cadmium in the leach solution to the nearest 0,1 mg of lead per

litre and to the nearest 0,01 mg of cadmium per litre.
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LIMITS OF PB AND CD

1506486
The permissible limits for lead and cadmium release are given in the following table.
Type of Ware n Permizsible Linut Criterion Unit of Lead | Cadmmnom
mEasire Limit | Linut
Flatware 4 | Mean < Limit mg/dm® |08 |007
Small Hollowware 4 All specimens = Limit mg/l 20 0,50
Large Hollowware 4 All specimens < Limit mg/1 1.0 0,25
Storage Hollowware | 4 All specimens = Limit mg/l 0.3 0,25
Cups and Mugs 4 All specimens = Limit mg/l 0.3 0,25
Coocking Ware 4 All specimens < Limit mg/l 0.3 0,05
ASTM C 738 (AOAC 973.32).
Limits for warning purposes are:
+ Flatware + 0.226 ppm Pb + 3.164 ppm Cd
« Small Hollow ware « 0.100 ppm Pb + 0.322 ppm Cd
« Large Hollow ware « 0.100 ppm Pb + 0.084 ppm Cd
+  Cups and Mugs « 0.100 ppm Pb . -




Major Health Effects Noted from Lead Exposure

locd lead levels a
; edalth numbers
IrEug-dL} IH
150 [Death
eath (children)
2
100.0 (125 ug/dL)

rain and kidney damage (adults)
(100 pg'dL)

s 0 IBraiu and kidney damage (children)
o (80 pg/dL)
100 Increased blood pressure (40 pg/dl)
Slowed nerve conduction velocity (30
30.0 ; -
gidL)
ecreased IQ) and growth in voung
20.0 hildren
(20 ng/dL)
10.0 term birth, reduced birthweight
’ (10 to 15 pug/dL)
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B)yALOMATA: CHEMICALS AND METALS MASS TRANSPORT
FROM POTTERY TO LIQUID MEDIUM

INVESTIGATION OF LEAD TRANSPORT FROM GLAZED POTTERY TO LIQUID
MEDIUM BY EDXRF AND ICP-AES METHODS

The glaze layer forms a mechanically hard and glistenin surface protecting the inner structure of the
terracotta material against chemical and mechanical damage, e.g., during thestorage of acidic liquids.
The basic material of the terracotta glaze is SiO having a relatively high melting-point of 1670 °C. In
order to decrease this temperature and colour the glaze, different metal oxides such as PbO, BaO,

SrO, KO, NaO pottery generally contain high concentrations of Pb C>40% m/m.

form an insoluble lead silicate is well known, it is of interest to investigate the lead content of the
pottery itself in addition to the soluble Pb. This heavy metal is very toxic in small amounts and it
causes serious long-term neurological damage, especially in children. Lead poisoning caused by the
use of improperly fired ceramic dinnerware has been reported.2 Sheets2 concluded that some
acidic food substances (sauerkraut juice, pickle juice, orange juice, etc.) extract a significant amount of

Pb from the glaze surface and the overglaze design.

We founded different metals ( Zn, Cd, Fe, Cr, Cu, Mn, Ni, Co) leached from the glaze of tea mugs in India.
Extraction was performed with tea, orange juice and 4% acetic acid at room temperature and 40-80
°C. They did not find Pb in the liquid medium above the detection limit using AAS. Another test under
microwave heating increases the Pb leaching. It was concluded that the use of glazed ceramic

dinnerware for common foods could be dangerous.

There is a general routine test used in the silicate industry for glazed ceramic vessels: the vessels are
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filled with 4% acetic acid of 20.5°C and after storage for 24 h the concentration of leached Pb must

be under 10 g ml-?
This test allows a higher Pb level than the limit of the US Food, g ml-!

Circumstance apart it is the storage for superior times to a few times with different liquids and temperatures.

These relationships need further tests.

Lead content of blood/ugl *

Person Gender Agefyr I I Upper limit
A F 68 1120 280 500
B M 14 500 180 300
c M 43 250 — 300
D F 43 230 — 300
E M 16 150 — 300

Tab 1

Pb content of the blood of different persons measured by atomic absorption spectrometry: column I,
before the diagnosis, where is popular and traditional to use terracotta lead poisoning (es.Est Europe);

column II, 2 months after the date of the diagnosis.

METHOD

The Pb contents of the surface layers of pottery items Nos.8-10 were determined by EDXRF.
The surface was thickness of approximately 1-2 mm and (ii ) 1 mm thick terra-cotta material. The dusts
were homogenized and pellets of 10 mm diameter were pressed. EDXRF measurements were carried

out using a 1251 annular radioactive source and an Si ( Li ) semiconductor detector with 180 eV
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resolution at E= 6.403 keV. The X-ray spectra were evaluated using the AXIL code.8 The number of
characteristic photons obtained from the photoelectric eV on the Pb atoms depends on the

concentration of the Pb atoms in the sample and geometric and excitation conditions.

Several studies for developing and testing empirical and standardless mathematical methods have been
published. The standardless analysis is based on the theoretical relationship of the Pb characteristic
signal and the Pb content taking into account the geometric and excitation conditions. A detailed
review of methods for concentration determination has been published. In this study, we applied the
so-called fundamental parameter method ( FPM ) for the determination of the Pb content of the

glaze and the ceramic body.

The results of this quantitative analysis are summarized in Table 2. The data obtained from XRF

analysis do not provide any information about the chemical form of Pb in the glaze.

Pottery Pb content of the Pb content of the terracotta
item No. glaze layer (% m/m) layer under glaze (% m/m)
8 5129 0.55
9 54.66 0.68
10 49,76 1.30

Tab 2

In order to investigate the dissolution of Pb from the jugs, liquids frequently stored in them, e.g., (i) tea, (ii
) tea with lemon juice and ( iii ) dilute vinegar, were poured into the pottery items. Three standard
procedures were used: (i) for tea, two filters of tea were immersed in 1 1 of boiling distilled water ( 95 °C
) and the filters were removed after 5 min; ( ii ) for tea with lemon juice, 1 1 of tea prepared by procedure
(i) was mixed with 25 ml of lemon juice; ( iii ) for vinegar solution, 200 ml of 15% vinegar were poured
into 1 1| of distilled water. Dissolution of Pb in acidic liquids was studied in order to investigate the
chemical resistance of the glaze layer to acids. The dependence of Pb dissolution on the time of storage,
temperature and pH was studied for three pottery vessels showing strong Pb dissolution, keeping other

parameters unchanged. Citric and tartaric acid were applied in the experiments.
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The Pb contents of the liquids were measured by ICP-AES using a Spectroflame instrument (Spectro
GmbH, Cleve, Germany) in the simultaneous multi-element and sequential operation modes. A 10 ml
volume of liquid was taken from each sample and 1 ml of 65 % HNO 3 was added. Excitation was
performed with a 27.12 MHz rf generator at 1.05 kW energy and nebulization was carried out with a
cross-flow nebulizer using Ar at 0.6 | min-1 as nebulizing gas, at 1.5 1 min-1 as cooling gas and at 4.0 1
min-1 as plasma gas. Both the line and the background intensities were integrated for 25 s. Double-sided
background correction was applied.

Both methods (EDXRF and ICP-AES) used for the determination of lead in liquid and solid samples have
been rigorously tested in an IAEA project (IAEA/AL/101P) on the international analysis of algae reference
materials (IAEA-0391, IAEA-0392 and IAEA-0393).

pottery for household decoration and to store solid and liquid last column, officially accepted upper limit

RESULTS

Each of the 11 pottery items contained high concentrations of Pb as indicated by qualitative
EDXRF. The concentration of lead was about 50% m/m in the glazed layer. The terracotta material
contained about 40-100 times less Pb than the glaze ( Table 2).

In order to investigate the dissolution of Pb, different types of liquids were poured into jugs Nos. 1-
11. Preliminary tests were performed to investigate the leaching of Pb by boiling water, 0.01 mol
1-1 acetic acid and citric acid. Samples for ICP-AES analysis were taken after 1 h. Samples taken
from jugs 8-11 showed higher Pb concentrations than the blank and a fairly large amount of Pb
was dissolved from vessel 10 ( Table 3 ). Since the other pottery did not show significant Pb
dissolution, these four jugs were chosen for further quantitative investigation.

Tea samples prepared by the standard procedure described above were measured after 0.5, 1 and

21 h storage in the pottery vessels ( Table 4 ).
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No. 8 No. @ No. 10 No. 11

Pb content (ppm) 1.5-2.1 L.5=1.7 10-19 0.6
Pb content of blank <01

sample ( ppm)

Tab 3 - Pb content of distilled water after 1 h of storage in pottery temperature and pH was studied

for three pottery vessels items Nos. 8-11

Time of storage/h

Pottery item No. 0.5 1 21
8 39 2.7 113
— 2.6 74
10 — 4.8 235
11 — 0.5 0.7
Blank sample < 0.1

Tab 4 - Pb content (ppm) of tea stored in pottery vessels for different time periods

It is evident from these measurements that Pb was dissolved from the jugs and the content of
dissolved lead increased with time of storage in the vessel. In most cases, except for jug No. 10,
tannic acid dissolved more Pb than boiling water. In order to study the effect of acids on
dissolution, tea with lemon juice and dilute vinegar were placed into the jugs (Tables 5 and 6).
It is clear that the Pb content of tea with lemon and vinegar taken from the jugs (e.g., jug 4 ) that
showed no Pb dissolution in boiling water and tea was not higher than the blank. In other cases,
Pb measured in lemon tea and vinegar was significantly higher than that in boiling water and tea.

The amount of Pb dissolved from the pottery vessels increased with time.
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Time of storage/h

Pottery item No, 1 26
4 <0.1 0.2
9 66 197
10 25 183
11 22 169
Blank sample <0.1

Tab 5 - Pb content (ppm) of tea with lemon juice

Time of storage

Pottery item No. 30 min 70 min 20h
4 — 0.3 0.1
8 44 155 314
9 7 103 142

10 41 137 Ay

11 —_ 22 62

Blank sample <0.1

Tab 6 - Pb content (ppm) of dilute vinegar

Since the dissolution process may depend on the temperature of the liquid, this was investigated
by pouring tea with lemon juice of different temperatures into jug No. 8. The jug and tea were pre-
heated and their temperature was kept constant for 75 min when the sample was taken. It is clear

from Fig. 1 that the amount of lead dissolved increases with an increase in temperature.
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Fig 1- relationship between the content of dissolved Pb and temperature.

In order to model the lead dissolution process, citric and tartaric acid were used to acidify distilled
water. In these experiments the temperature of the liquid was kept at 20-2 1 °C. The dependence
of the kinematics of Pb dissolution on the pH of the liquid was investigated by measuring at three
different pH values. The results for jug No. 9 are shown in Fig. 3. A strong correlation was found

between the amount of dissolved Pb and the pH of the liquid.
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Fig 2- Pb contents of citric acid solutions of different pH values stored

The best fit of the relationship between the Pb content and time was.

CPb=pl [1-exp (-p:d)]*p:t+p,

where Cpp, is the concentration of Pb, p1-p4 are fitting. parameters and t is time. The values of the

parameters for the data in Fig. 2 are summarized in Table 7.

Is clear from above eqn. that the long-term dependence on time can be approached by a linear

term indicating that after about 20-30 min the Pb concentration increases linearly with time.

Repeating these measurements for a 4-5 d sampling period, the best fit was found to be a

parabolic function as:
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CPb=p1 [1-exp (-p2t)]+p3t2+p4

These results show that the Pb dissolution process does not reach the equilibrium state after not
saturated even at 500-600 ppm. Similar experiments were carried out with tartaric acid

differences between the dissolved Pb values for citric and tartaric acid are 25-30% (Fig. 3).

Pb concentration {ppm)

0 - T T T T
o a0 am

Time/min

Fig 3- Long-term dependence of Pb dissolution for pottery items Nos. 8-10. Concentration of citric

acid, 0.01 mol/Il at temperature of 21 °C.

The same trends were obtained for pottery items (Fig. 4) and 10 citric acid solutions were used,

keeping the temperature at 20 °C. The pH values were 2.05, 2.75 and 3.42, respectively.
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Fig 4 -Dependence of the dissolution process on citric and tartaric acid (0.01 mol 1-1) in distilled

water.

pH Concentration/mol | ? Termperaturef°C 7 7 2 Py i
21 1.126 06 23965 0.0686 0.0504 2413 1.25
3.0 476x10 3 205 10.725 0.0340 0.0245 1623 145
18 2.23%10 ¢ 2 6.146 0.0119 0.0124 3018 1.18

Tab 7
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Citric acid in water, Pottery No. 8
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Fig 5 - concentration versus time at different citric acid concentrations.

CONCLUSIONS

This study has shown that the chemical resistance of glazed terracotta pottery depends strongly
on its origin and on the manufacturing procedure. Considering other published results in this field,
it seems likely that improper firing causes this Pb leaching effect from glaze. Although all of the
investigated pottery vessels ( glaze layer) contained high concentrations of Pb, the extraction
effect was detected only for some of them. It was clear that if they are used as continuous or
temporary containers of acidic foods or liquids, large amounts of lead could be leached into the
stored medium. In our study, in some cases the measured lead concentration reached 500-600
ppm (50-60 mg dl-1) after 4 d and 10-50 ppm (1-5 mg dl-1) after a 1 h leaching time.
Comparing these data with the average daily lead intake for adults, reported in the USA as 5-1700
mg d-1,2 it can be concluded that the probabilityof lead poisoning is high.
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We found a strong correlation between the Pb content of stored acidic liquids and the time of

storage, the temperature and pH of the liquid and the kind of acid used for acidification.

The leaching does not reach an equilibrium state even after 4-5 d. The time dependence was

linear up to about 10 h but it turned out to be a parabolic function for a 4-5 d measurement.

In order to develop a detailed kinematic model, further investigations are required.

The present results suggest that in some cases the use of glazed ceramic dinnerware for storing

acidic foods and liquids in households poses a potential health risk.

For greater examinations we have performed further tests for a study on the behaviour of articles
in ceramics submitted to the normal uses by kitchen as micro waves and sour drinks so that to

notice possible releases of Cd and consequential Pb from the colorations and decorations.

For greater examinations we have performed further tests for a study on general effect glass

structure.

A more general effect that relates to the early work on lead glazes is the effect of the ring structure of
silicate glasses and the importance of preventing a continuous chain of ring breakages from
occurring in lead glasses. It has been shown that six-member silicate rings predominate in silicate

glass structures typical of commercial glazes, as shown below
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If each silicon is shared between four such rings and each oxygen is shared between two such
rings, then the total number of silicons in each ring is 6 x 0.25 = 1.5 and the total number of oxygen in
each ring is 6 x 0.5 = 3.0. Thus each ring has the equivalent of 1.5 SiO2. To generate a broken linkage
in the ring structure one unit of Na20, PbO or other basic oxide is required as per the following

relationship.

=3-0-8i= +Nax0O = 2[=31 -0 Na']

This reaction breaks the ring structure of the glass and permits leaching and interdiffusion of the
modifier ions such as lead, alkalis and alkaline earths. Therefore, a lead release threshold is expected

when the mole ratio of glass modifiers to glass formers is greater than 1.0/1.5 = 0.67. Under these
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conditions each silicate ring will have at least one nonbinding oxygen unit a necessary condition for charge-

assisted diffusion of modifiers through the network.

Modifiers, colours ane chemicals processing additives can promote release of metals as lead.

Coloring Oxide Lead Release
Oxide A ddition ppm
Weight
Percent
Base Glaze - 1.20
CuO 0.1 3.10
CuO 2.0 12.00
Cr20s3 1.0 475
CraO3 3.0 3.31
Co304 0.01 6.90
C0o304 0.1 117
Coloring Oxide | Oxide Addition Lead PPM
Weight Percent
Base Glaze - 0.10
Fe;05 10 0.37
MnO, 10 0.97
Fe,05-MnO, 5-5 1.49




Weight

o Lead PPM

Opacifying Percent Mill

Oxide Addition Coneol | Come4
Base Glaze - 0.07 014

Sn0s2 5 .05 012

Sn0, 10 Qo8 010
ZrOy 8i0, 5 0.02 0.13
7105 810, 10 0.03 013
ZrOy 810, 15 0.09 317

T102 0.5 0.10 0.13

T102 2:5 021 016

T102 5.0 004 0.08

(cone 01 - 1130 °C, cone 4 - 1150 °C fired)

182
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B)YALOMATA: IMPORTANCE AND BEHAVIOUR OF SUPERFICIAL
FINISHING OF GLAZED CERAMICS
(SEM ANALYSES OF ROUGHNESS, RA)

Whence to show if the finishing of the object (roughness) it matters on the chemical behaviour in

the respects of drinks or other food stuff, a specific study has been conducted.

Therefore we have made a will the behaviour of the ceramics according to as it is superficially
finished up. Analyses are been compared with two ways of superficial finishing touch, glazed

ceramic and polishing ceramic.

In particular , the inside surfaces of wine glasses, glasses, and other containers, are finished up in
smaller measure in comparison to those external, easier processing, introducing greater

roughness and defects.

We tried the behaviour of the glazed ceramic to the principal drinks as Coca-Cola, carbonated

waters and acid drinks (lemon...)

The roughness data was obtained at two stages namely:

. Ra values measured and recorded on glazed and polished surfaces before exposure to the
acidic solutions.
. Ra values measured and recorded on glazed and polished surfaces after exposure to the

acidic solutions.

Tests:
. immersed in 16% citric acid 50 min.
. immersed in Coca-cola for 60 h.

. bleaching cleaning agent 48 h.



184

. immersed in distilled water.

The analyses show that for low-fusing ceramic specimens, the mean Ra (roughness) values for
glazed surface were significantly higher than the mean Ra values before exposure (60 h) to the
acidic solutions (bleaching agent and Coca-cola 1.07 + 0.17 mm, 1.09 + 0.33 mm, 1.29 + 0.33 mm,
respectively and P <0.05). For all ceramic, glazed surface showed higher means values after

exposure but not at significant level.

Polished surfaces of both the ceramic material had no effect on exposure to acidic solutions that
were tested. Coca-Cola showed comparatively higher percentage changes in the surface roughness

on glazed and polished surface for both ceramic materials than the other acidic solutions.

Polishing ceramic with diamond paste provides smoother surface than glazed surface. The
presence of strong asperities, with a lot of "peaks” allows in fact a greater chemical reactivity

(effect peak).

SEM analyses after exposition cycle of glazed ceramic
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The figure above brought show an analysis SEM after once time tx = 60 h of storage of acid drinks.

The numerical analysis of the scanning compared with the white or same ceramics sample before

the test allows to appraise the roughness of the surface.

The figure below show the numerical assessment of Ra on a sample after test acid drink (60 h).

Surfsce Sats

Altanas ement Info:

Therefore, in case to use ceramics for acid liquids or however slightly corrosive for a lot of times,
Ra mathematical modelized would be desirable for the production of glazed pottery of the inside

surfaces of liquids containment with the purpose to reduce its value.
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B)YALOMATA: LEAD CHEMICAL FORMS AS PIGMENTS USED

General scope of Lead used

1 Low Melting Range. PbO is one of the classic network modifiers, which has had
widespread and continuous use in glazes from early times. The strong fluxing action of PbO
allows the formulation of glazes, which mature at relatively low temperatures in comparison

with their leadless counterparts.

2. Wide Firing Range. PbO in the glaze reduces viscosity and allows for satisfactory
maturation over a wider firing range. Because of this greater margin of safety with variations in

firing, these glazes are frequently referred to as being more foolproof.

3. Low Surface Tension. PbO imparts low surface tension, which is chiefly responsible for
the smooth flow and generally high gloss of these glazes. Low surface tension is the property that
contributes to the ability of lead glazes to heal over blisters, drying cracks, and other defects in
the glaze surface. Low interfacial tension contributes to the good wetting and adherence of the
glaze to the body. Low surface tension coupled with the wide softening range of lead glazes

accounts for their superior maturing qualities.

4. High Index Of Refraction. Brilliant glaze surfaces are attained due to high index of

refraction imparted by PbO.

5. Resistance To Devitrification. The presence of PbO in the glaze reduces any tendencies

towards surface crystallization or devitrification of the glaze

PbO

Lead monoxide or litharge is the most important inorganic lead compound and typical commercial
powder produced by sublimation consists of particles ranging from 0.25 - 0.50 Ilim for fine grades

to 1.5 to 8 lim for coarser grades. Lead monoxide occurs in two polymorphic forms, a tetragonal
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form a-PbO is stable up to 4890 C and the orthorhombic form j3-PbO is stable above this
temperature (In some countries the designation for the alpha and beta forms is reversed). The
alpha form is red and the beta form is yellow, but differences in color caused by the state of
crystallization or by contamination with Pb304 make color an unreliable indicator of crystal type.

The density of litharge is 9.35 g/cm3 for a-PbO and 9.7 g/cm3 for j3-PbO

Red Lead, Pb304

Of all the intermediate oxides only lead orthoplumbate, Pb304, is of commercial importance. It
is a brilliant red pigment marketed under the names red lead in the United States and minium in

Europe.

Red lead is the second most important lead pigment. It is used as an inhibitor in surface coatings
to prevent corrosion of metals. It is also used in storage batteries and to a lesser extent in glass,
lubricants, petroleum, and rubber. Red lead is the raw material for lead dioxide. It is often used in
the manufacture of lead ferrite magnetic materials. Red lead is stable at ordinary temperatures.
When heated above 500 °C it decomposes to lead monoxide. The reaction is reversible, and in
practice red lead is made by controlled oxidation of lead monoxide. Red lead is not attacked by acetic
acid but is readily decomposed by nitric acid and hydrochloric acid to yield the corresponding lead(II)

salt and lead dioxide.

Oxide-Hydroxide

There appears to be only one crystalline lead oxide-hydroxide that has been formulated as
3Pb0.H20. The compound is formed by hydrolysis of lead acetate solutions or from reduced pressure

evaporation of solutions of tetragonal PbO in large volumes of carbon dioxide free water.
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Pb(OH)2

Lead hydroxide, an intermediate in wet preparation of the monoxide, is an amphoteric base. Pb(OH), is
slightly soluble in acids and alkalis but insoluble in acetic acid. Lead hydroxide reacts with
carbon dioxide or carbonates to form PbCO3. Basic lead carbonate, known as "white lead", is discussed

subsequently.

When heated in air the hydroxide is dehydrated to lead monoxide. Dehydration begins at about 130
°C and is complete at 145 °C. In aqueous solution lead hydroxide is an amphoteric base. Lead
hydroxide can be prepared by electrolysis of a lead salt or of an alkaline solution with a lead anode. It

can also be prepared by adding alkali to a solution of lead nitrate or diacetate.

2PbCO3 Pb(OH)2

This compound, the most important basic salt of lead, is one of the pigments known as white lead. In
recent usage all white pigments made from lead are called white lead: basic lead carbonate is
described as basic carbonate of white lead, the basic sulfate as basic sulfate of white lead, and the

basic silicate as basic silicate of white lead.

In the presence of water and carbon dioxide it reverts to normal lead carbonate. Its tendency to

blacken when exposed to hydrogen sulfide detracts from its value as a pigment.
Lead Silicates

Lead metasilicate, which occurs in nature as the mineral alamosite, is the most common silicate of lead.
Lead pyrosilicate, 3Pb0.2Si02 is the mineral barysilite. Lead orthosilicate, Pb0.SiO2, and some other lead
silicates including 4Pb0.SiO2 and possibly Pb0.25i02 are also known.

As in the Pb0O-B203 system, PbO and SiO2 form glassy compounds over a wide range of composition.

Mixtures with up to 90% PbO stay glassy at room temperature if cooling is rapid
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point 20 (decomp)=
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Decoration

Decorations can contain lead, cadmium, lithium , copper, chrome,.. and other toxic materials that require

careful application to foodware ceramics in order to avoid consumer ingestion .
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Thermal stability underglazed colours

Highly acid resistant lead frits can and should be employed in dinnerware glaze formulation due the lips
high acidity. Two recommended methods are as follows:

The use of a single lead frit. This requires a high fritted content in the glaze, since the boric oxide and
alkalis introduced in the lead fruit must be compensated for by larger amounts of alumina, silica etc. The
trend towards fritting the entire glaze composition provides for highly acid resistant lead frits (using 8-
12% clay in the mill batch) or less than one percent colloidal material (fast-fired glazes) to suspend the
frit.

The use of two frits. The lead frit has the maximum acid resistance attainable from the glaze constituents.
The boric oxide and alkalis are introduced in a second (leadless) frit. (At the time this work was done this
approach was most highly recommended. Since then the trend has been towards glazes with higher fritted

content, circa ninety percent (90%) frit).
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The data are given on the following page. Statistical analysis of the data suggests that time and
temperature are the more important factors influencing lead release from this glaze and thickness does
not have a major effect. See table below.

However, it should be noted that thickness was the most difficult parameter to control in this experiment.
Lead re- lease was reduced at longer times and higher temperatures of firing for this glaze body system.

Since the lead release values are all very low, an experiment will be designed with a high solubility glaze.

LEAD ppm
S0 pm 125 pm 200 pm
Time, h Temperature, °C Temperature, °C Temperature, °C

1100 1140 1175 1100 1140 1175 1100 1140 1175

0.287 0.080 0.141 0.127 0.064 0.030 0.141 0.039 0.026
4h 0.138 0.069 0.044 0.112 0.101 0.046 0.132 0.070 0.160
0.290 0.079 0.030 0.128 0.059 0.031 0.136 0.084 0.204

Av. 0.238 0.076 0.078 0.122 0.075 0.042 0.136 0.071 0.130
Range | 0.152 0.011 0.097 0.016 0.042 0.019 0.009 0.025 0.173

0.060 {}_&Hb 0.031 0.002 0.014 0.040 0.021 0.044 0.034
10k 0.012 0034 |0.033 0.010 0.022 0.020 0.016 0.025 0.029
0.002 0.040 0.017 0.028 0.040 0.014 0.021 0.047 0.029

Av 0.025 0.039 0.029 0.013 0.025 0.025 0.019 0.039 0.031
Range | 0.058 0.010 0.021 0.026 0.026 0.026 0.005 0.021 0.005




LEAD ppm
50 pm 125 pm 200 pm

Time, h Temperature, °C Temperature, "C Temperature, *C

1100 1140 1175 1100 1140 1175 1100 1140 1175
17h 0.000 0.047 0.088 0.050 0.030 0.005 0.030 0.023 0.019

0.000 0.026 0.004 0.005 0.014 0.014 0.013 0.023 0.000

0.000 0.006 0.000 0.085 0.018 0.019 0.042 0.026 0.016
Av. 0.000 0.026 0.031 0.047 0.021 0.013 0.020 0.024 0.012
Range | 0.000 0.041 0.038 0.080 0.016 0.014 0.029 0.003 0.019

Statistical analyses on temperature and firing, time, thickness
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C) YALOMATA: ASTM LABELLING PRODUCTION: GUIDELINES

FOR THE SAFE USE OF CERAMIC ART MATERIALS

X.2.1 Table of Contents

2.2 Scope

2.3 Definitions

2.4 Hazard and safe use labels

2.5 Housekeeping

2.5.2 Dust Control

2.6 Personal hygiene

2.7 Personal protective equipment

2.7.1 Protection against kiln hazards
2.7.2 Protection against dust exposure
2.8 Kiln safety

2.9 Ventilation to control dust and fume exposures
2.10 Food-safe (dinnerware-safe) glazes
2.11 Lead and/or cadmium glazes
2.11.6 Pregnancy issues

2.12 Aerosol sprays, solvents and overglazes
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2.12.3 Flammable materials
2.13 Quartz-containing materials
2.14 Spraying glazes

2.15 Medical supervision

X.2.2 Scope - These safety guidelines are meant for use by ceramic artists and craftspeople who create, or
recreate, in a limited number, largely by hand, works that may or may not have a practical use, but in
which aesthetic considerations are paramount. These guidelines are meant for use in hobby and
contemporary ceramic studios. Commercial manufacturing facilities may use these guidelines as a
supplement to other safety information, such as material safety data sheets or OSHA hazard
communication programs. However, these guidelines may not cover every safety concern found in

commercial manufacturing facilities.
X.2.3 Definitions

X2.3.1 The term hobby ceramics refers to prepackaged, preformulated ceramic art materials which

include clays, glazes, slips and other materials used in the production of hobby ceramics.

X.2.3.2 The term contemporary ceramics refers to the decoration of bisqueware using either lead-free

underglaze or acrylic paint.

X2.4 Hazard and Safe Use labels - Read labels with care. In ceramics, as in all areas of human activity,
proper usage of products ensures safety. Misuse of products may expose the ceramist to potentially
harmful substances. Care should be taken to read all label instructions before using a product. Labels will
identify any hazardous ingredients and their hazards, provide first aid instructions and give
recommendations on how to use safely and prevent excessive exposure. For an example of a label that

may be used with lead-containing ceramic glazes, see section X2.11.7.

X2.5 Housekeeping - Common-sense cleanup and maintenance of the work area is a must for people

working with ceramics. It is strongly recommended that the following rules be observed.
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X2.5.1 Clean jar rims before closing to eliminate buildup of dried product.

X2.5.2 Dust Control - Dust control measures are necessary for any operation which may generate dust.
Such operations include mixing of dry ceramic materials, grinding, drilling or sanding greenware or

bisqueware.

X2.5.2.1 Keep working surfaces and shelves clean by wiping down with a wet sponge, rinsing the sponge

frequently.
X2.5.2.2 Clean up spills when they occur. Do not allow to dry.
X2.5.2.3 Wet-mop floor to control dust; do not sweep.

X2.5.2.4 Vacuuming can be used for dust clean up but the vacuum should be equipped with HEPA-type

exhausting filter that traps particles 0.3 micron in diameter or larger.

X2.5.2.5 For easy cleanup of spills, work over a linoleum or sealed floor. All work surfaces should be non-

porous.

X2.5.2.6 In order to decrease dust production, clean greenware when damp. Alternately, use a down draft

ventilated cleaning table exhausting dust out of doors.
X2.5.2.7 Work on newspaper or a paper towel for easy cleanup and disposal.

X2.6 Personal Hygiene - Ceramic products and materials can be handled very safely if we keep in mind
that materials should not be ingested or dust inhaled. Do no smoke, eat or drink when working with
potentially hazardous ceramic materials. Such practices can leave substances such as salt and oil on the

work surfaces and thus ruin your glazes.

X2.6.1 Always wash hands thoroughly when you are through, even after removing gloves. Be sure to put
away materials where small children cannot reach them. Do not use any utensils that will later be used in
the kitchen. If there is an accidental ingestion, call a doctor or your local Poison Control Center, listed with

emergency numbers in the front of may telephone books.

X2.6.2 Materials used to produce ceramics should not be handled when you have any cuts or open

wounds.
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X2.7 Personal Protective Equipment - For some areas of ceramics, simple forms of personal protective
equipment are recommended. Remove jewelry and use vinyl or lined rubber work gloves when glaze

dipping or loading Kilns.

X.2.7.1 Protection Against Kiln Hazards.

X.2.7.1.1 Insulating gloves should be worn when handling a kiln after the venting period as the handle will
be hot. Never touch the outside of a kiln (other than the control panel) when it is turned on as the kiln

surface temperature may be very hot.

X2.7.1.2 Dark-shaded glasses from a safety supply house (shade number 1.7-3.0) are recommended when
looking into kiln peepholes. Normal sunglasses are inadequate for this purpose. Using the proper glasses
not only helps protect your eyes from the radiating heat but also allows you to see witness cones more

clearly.

X2.7.2 in order to prevent home contamination, a smock or apron should be worn when working with
hobby ceramic materials. The smock or apron should be left in the work area. Either launder regularly or

use a disposable vinyl apron.

X2.7.3 Protection Against Dust Exposure

X.2.7.3.1 The wearing of contact lenses is not recommended when working in dusty environments. dust
particles may become trapped between the lens and the surface of the eye, and these small particles can

scratch the eye.

X2.7.3.2 Respirators are recommended for glaze-spraying operations. Inexpensive disposable-type
respirators which have been approved by the National Institute of Occupational Safety and Health
(NIOSH) for use with mists or dusts are commonly available for use when spraying water-based glazes.
For solvent-based materials use a NIOSH approved respirator with a cartridge specific for the solvent in
question. Replace filter elements often. A safety supply house is the best source of dust masks and
information. Please note that ordinary masks sold by paint and hardware stores do not offer adequate

protection from glaze mists.
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X2.7.3.3 For work with hazardous particulates, use NIOSH approved respirator for fumes.

X2.8 Kiln Safety - Electric hobby kilns should be installed in accordance with local electrical and fire safety

codes and in accordance with manufacturers suggested installation instructions.
X2.8.1 For used kilns, contact manufacturers for installation instructions.

X2.8.2 Hobby kilns are electrical appliances used to heat the pieces to a very high temperature. It's
possible to receive a shock or to be burned if the kiln is misused or abused. Do not operate a kiln in a wet

area. Do not allow children near the Kiln.

X2.8.3 Do not plug in or unplug the kiln unless the circuit is off. Turn all switches to OFF before loading or

unloading the kiln. Do not open the lid with the kiln turned on.

X2.8.4 Do not leave papers or combustibles around the kiln, or place objects on the kiln while firing.

Always unplug the kiln while making any repairs.

X2.8.5 Do not try to unload the kiln until the outside of the kiln is cool to the touch and the pieces can be

easily touched by hand. Removing hot pieces presents risks of burns or fires or crazing of glazed surfaces.

X2.8.6 When unloading a kiln, be careful of the stilt marks on glazed ceramic pieces. They can be sharp
and should be smoothed as soon as possible with a grinding wheel or stone. Be sure to wear safety glasses

while grinding off stilt marks.

X2.9 Ventilation to Control Dust and Fume Exposures

X2.9.1 Electric kilns should be properly ventilated. All indoor kilns should be used with an exhausting

canopy type hood, down draft kiln vent or exhaust fan to asssure adequate cross ventilation.

NOTE: Warning - Fossil fuel kilns (oil, gas, coal, wood, etc.) Must have outside ventilation. These kilns are
not covered under X2.8.1 and the user should contact the kiln manufacturer and a local, licensed heating,

ventilation and air-conditioning contractor for proper installation.

X2.9.2 All hoods and ventilation equipment should be installed by qualified professionals following
manufacturers= installation procedures and directions. To determine the appropriate ventilation, it is

recommended that a local licensed heating, ventilation and air-conditioning contractor be consulted.
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X2.9.3 Hoods should be exhausted to out of doors. There should be good dilutional (general) ventilation

and an adequate make up air source to assure efficient hood operation.

X2.9.4 Replace all spray booth filters often. For example, if glazes are sprayed for two hours a day, the
filter should be replaced at least every week; if glazes are sprayed eight or more hours a day, the filter
should be replaced daily. Use the same safety precautions during filter changes that you would use when

handling dry glazes.

X2.9.5 The need for hood repair or filter changes can be checked by lighting a match at your work station
in front of the hood. If ventilation is adequate, the hood draw should blow the match out. HAC mechanics

have equipment for more accurate testing of the adequacy of hood ventilation.
X2.10.6 Always turn on your kiln hood or vent prior to loading to prevent ceramic glaze dust exposure.

X2.10 Food-Safe (Dinnerware Safe) Glazes - Many glazes are formulated to be safely used on surfaces that
come in contact with food or drink. These glazes are labeled food or dinnerware safe. The jar directions

should be followed closely.

X2.10.1 Do not mix lead-containing food-safe glazes, as the balance of ingredients in each glaze will be
disrupted. Each mixture would have to be retested by an approved laboratory to determine if the mixture

is also food safe. Non-lead containing food or dinnerware safe glazes can be mixed.

X2.10.2 Proper firing of food-safe glazes is critical. Pyrometric witness cones should be used on the kiln
shelves to ensure that the pieces are fired hot enough, even if the kiln is electronically controlled or has an
automatic kiln sitter. Always fire in accordance with manufacturers instructions. If crazed or underfired,
these glazes may not be food safe. Improperly fired lead-containing glazes may leach excessive levels of

lead.

X2.11 Lead and/or Cadmium Containing Glazes - Lead and cadmium are used in many ceramic glazes. The
cadmium is essential to produce the brilliant reds and yellows. The lead gives a brilliance to the glaze and

allows the glazes to mature in the hobby firing range.

X2.11.1 When excessive amounts of cadmium are inhaled, lung damage may occur. Excessive absorption
may result in kidney damage, damage to the testes or risk to the developing fetus. Cadmium dust, when it

is in a respirable form, is considered a human cancer agent.
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X2.11.2 Excessive lead absorption may result in damage to the nervous system with weakness and
difficulty in thinking, kidney damage or risk to the developing fetus. Children are particularly susceptible
to absorbing lead and to adverse effects associated with lead absorption. Lead is an experimental cancer-
causing agent. Health risk from the use of glazes containing lead and/or cadmium are minimized when

these safety guidelines are followed.

X.2.11.3 Children (6th grade and under) should not use lead-containing glazes or other hazardous ceramic
materials and should not be present where lead-containing glazes are used for dipping or where kiln

loading occurs.
X.2.11.4 Studios using lead-containing glazes should not be in or attached to homes.

X.2.11.5 Dipping with lead-containing glazes and kiln work areas should be in a room or rooms separated

from the studio area.

X.2.11.6 Pregnancy Issues

X.2.11.6.1 Women who are pregnant or considering pregnancy should only work with lead-containing
glazes in a supervised hobby ceramics studio. Such individuals should avoid dipping lead-containing

glazes or kiln loading.

X.2.11.6.2 Pregnant women or women contemplating pregnancy who are active ceramists should notify

the physician of their work with ceramic products.

X.2.11.7 Label for Lead-Containing Glazes - Labeling precautions for lead-containing glazes may include

the following words:

WARNING: MAY BE HARMFUL IF SWALLOWED. CANCER AGENT BASED ON EXPERIMENTAL DATA.
EXPOSURE MAY CAUSE HARM TO THE DEVELOPING FETUS. EXPOSURE MAY CAUSE DAMAGE TO THE
TESTES OR DIFFICULTY WITH REPRODUCTION (CHILD BEARING). EXPOSURE MAY CAUSE NERVOUS
SYSTEM, KIDNEY OR BONE MARROW DAMAGE.

CONTAINS: LEAD
PRECAUTIONS: Do not spray apply. Wash hands immediately after use. When

using do not eat, drink or smoke. Wear a work apron. Keep in original
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container. AVOID USING IF PREGNANT OR CONTEMPLATING PREGNANCY.NOT FOR USE IN HEALTH
CARE FACILITIES. KEEP OUT OF REACH OF

CHILDREN.
FIRST AID: If swallowed, get prompt medical attention.

For further health information contact a poison control center.

X2.12 Sprays, Solvents & Overglazes - These products are easy to use safely and will present no problems
as long as these three important rules are observed: keep out of reach of children, use in a well-ventilated
area, and clean up after use. Prior to using spray aerosols, solvents or overglazes, read the warning labels
and safe use instructions on the containers. Over exposure to solvent-containing ceramic materials can

result in symptoms of eye or nose irritation, headaches, dizziness, nausea and confusion.
X.2.12.1 Containers should be kept tightly closed when not in use.

X2.12.2 Aerosol sprays, solvents and solvent-based overglazes should be used out of doors, in a locally

exhausting hood or spray booth or with a window exhaust fan to assure adequate cross ventilation.

X2.12.3 Flammable Materials - If solvents, spray aerosols or solvent-based overglazes are flammable, they

should not be used near a heat source or open flame, or close to the kiln.

X.2.12.3.1 Rags and paper towels or tissues used with these products should be placed in a metal
container designed for disposal of flammable materials. Alternately contaminated materials can be

washed or placed under water until final disposal.

X.2.13.3.2 If the solvents are know to be flammable, an explosion-proof fan should be used in any exhaust

unit.

X2.13 Quartz-Containing Ceramic Materials - As with any finely ground substance, dust control is the
primary safety factor to be remembered by those who customarily mix powdered slips, clays or ceramic
glazes. Slips, clays, and some ceramic glazes contain quartz. Dust exposures also occur when cutting,

sanding, grinding or drilling ceramic materials.
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X2.13.1 Excessive inhalation of quartz dust can result in chronic lung damage. Quartz dust, when itis in a

respirable (breathable) form, is considered a human cancer agent.

X2.13.2 When activities potentially generate ceramic dust, use a NIOSH-approved mask for fumes and mix

the materials under a locally exhausting hood.
X2.13.2.1 When ever possible use pre-prepared liquid glazes to decrease risks of glaze dust exposure.

X2.13.3 Dry glazes containing lead or cadmium should not be used in hobby or contemporary ceramic

studios.

X2.14 Spraying Glazes - When spraying glazes, use extreme caution and follow these safety "musts". Lead

or cadmium-containing glazes should not be sprayed in hobby or contemporary ceramic studios.

X2.14.1 Use a spray booth equipped with a strong fan that exhausts all glaze mists outside of the work

area.
X2.14.2 Use a NIOSH-approved mask appropriate for the type of glaze being sprayed.

X2.14.3 Wear protective clothing including hair covering that is removed before eating, drinking, smoking
or leaving work. Wash hands thoroughly immediately after spraying and removing protective clothes. Do

not smoke or eat in the work area.
X.2.14.4 For further information on safe spraying of ceramic glazes, see ASTM Standard Practice C11921

X2.15 Medical Supervision - Regular blood lead testing should be done for any individual who works

routinely dipping with lead-containing glazes or loading kilns.

X2.16 Keep these common-sense safety rules in mind and remember to observe them. Make sure to
observe them. Make sure your students, clients and employees read this booklet and provide them with
any necessary safety equipment. Post a simple list of safety rules in classrooms and work areas. A list of

classroom studio safety rules might include some, or all, of these pointers:

o] K
eep work surfaces and shelves clean by wiping down with a wet sponge.
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C
lean up spills when they occur. Do not allow to dry.

w
ork on a newspaper or paper towel for easy cleanup and disposal.

D
0 no smoke, eat or drink with working with hazardous ceramic materials.

w
ash your hands thoroughly when you are through working.

u
se a smock when working with ceramic materials.

K
eep children away from kilns and out of glaze dipping rooms.

C
hildren should not use lead-containing glazes or other hazardous ceramic materials.

D
o not mix lead-containing food-safe glazes.

p
regnant or contemplating pregnancy, tell your physician about your work with

C
eramics.

w
hen using solvent-containing ceramic materials:
work out of doors, in a locally exhausting hood or with an exhaust fan.
do not use or store near Kilns, other heat sources or an open flame.
dispose of used rags in a metal container or under water.

w

hen spray applying glazes:

work in a spray booth.
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use a NIOSH-approved respirator for mists.

When work generates ceramic dust:

use a NIOSH-approved respirator for fumes.

work in a locally exhausting hood.
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