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ABSTRACT

The demand for ceramic tiles characterised by an eve r-higher level of qual ity has
determined the success of porcela in tile, firs t from a. pu rely technical viewpoint, and
cu rrently, especially in relation to the poss ibility of making glazed products rich in natu ral
reali sm and therefore more appreciated by the market.

However, the decoration technologies used tradit ionally have demonstra ted many
limi ts in increasing the aesthetic characteristics of this product, so tha t research in thi s
field remains wide open.

The present paper sets out the resul ts of techn ological research and cera m ic
eng ineering, performed with a view to definin g a new prod uction system for glazed
porcelain tile, focusi ng on the pressing stag e.

In fact, if in-l ine wet decoration p resents obv ious inconveniences, the cu rrent
pressing system, still always assoc iated with new d ecorating systems, w ill not allow
ma king parti cu la rly va lua ble products withou t pen alisin g production in an un acceptable
way.

The conce pt proposed env isages dry decorat ion, directly before pressing, using a n
appropria tely designed line that only uses powder or se mi-p rocessed dry materi a ls.
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The spec ific objectives of thi s sys tem are above all great flexibility in developing new
products, since the use of the various application sys tems ena bles making customised
products with complex decoration s, of high added value but with reduced production
costs.

Thi s technique, which env isages partial processing features such as double pressin g
of the powder and the application of superimposed layers, also has a particular scientific
interest, with regard to the study of the form ing pro cesses and structura l an alysis of the
resulting com posite materi als.

After the pressing stage, with the intention of ensuring grea t flexibility in sizes and
valori sin g the previou sly cond ucted decoration process, the possibility ha s bee n
considered of adop ting a sys tem, which is also innovative, of green cu tting, wh ich is a
parti cularly effective ope ration in this process stage.

The cu tting parameters hav e been the subject of extensive experimenta l study
(Design of Expe riments) to optimise tool performanc e and the qu alit y of the profiles that
can be mad e in the ceramic materials.

In conclusion, the pro cesses described previou sly can be considered to form a new
manufacturing techn ology for glazed porcelain tile without any doubt able to further
increase the aes the tic quality, and the refore the spread of thi s p roduct.

INTR ODUCTI ON

Aes thetics, production flexibility and env ironmenta l impact are onl y a few of the
guidelines that inspire inn ovation in manufacturing techn ologies for ceramic tiles and in
parti cu lar for porcelain tile.

To achieve these objectives, it is necessary to develop new production systems that
are more focu sed on the decorat ion process, both with regard to bodies and surfaces, so
tha t any aesthe tic effect can be mad e and reproduced in the widest ran ge of sizes .

For this reason, growing attention is being focussed on the development of new dry
decorating techniques before pressing.

It is not by cha nce that grea t int erest has always been shown in already making
completed products in the pressin g stage in the evolu tion of ceramic tile manu facturing
technologies.

The reasons are easy to understand ing if we consider: the complexity of the glaz ing
opera tions (tha t often need skilled per sonnel), grea t size of the lines, reduction of the
env iro nmen tal impact and in sho rt, lower in vestm ent and managem ent costs. Historically,
in industri al ceramic tile prod uction, chemical stonewa re and red stoneware tile can be
identified as the mater ials that laid the ground wo rk for products "co mpleted in pressin g",
as p recurso rs of the current unglazed porcelain tile. (Fig. I).
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Interesting and worth mentioning is also the glazed tile pressing technique, i.e.
s ing le-p ressing or glazing- p ressing, introduced in the mid 70s and used eve n now.

However, the product pilr excelle nce, comp letely made at the p ress, has su rely been
porcelain tile, s tarting from the first tradi tional typologies (p lain colou rs and "salt and
pepper"), via successive evolutions (prod ucts with g ranu les and flakes, veining with
sing le charges, travert ines with mi croniza do powder, et c.), to the most recent proposa ls
charac terised by fine through vein ing, w hich provides the product with g rea ter natural
reali sm.

To develop even more complex effects in the pressing stage, increa sing dry
decorat ion operations is very diffi cult without penal isin g line productivity by d oing so.

In vie w of the above, experimental research has been carried ou t with a v iew to
d esigning an innovati ve line that would provide the widest rilnge of decorat ing
possibili ties while maintaining the sa me productivity.

DOU BLE PR ESSI NG TECHNOLOGY

Th e point of departu re for a dry decora tion line, separa te from the pressing cycle, is
the application of dou ble pressing technology, a technique th at is well-known though
used very little in large-sca le ind ustria l prod uc tions.

Very schematica lly it involves a first pressing step that forms the se m i-com pact
body, in which layers of powder deco rat ion Me app lied, fo llowed by the actua l p ress ing.
(Fig. 2).
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The interest in this technique stems from the fact that the pre-compacted bod y can
be ejected by the die and tran sported toward a convenient line, sepa rating de corat ion
operations fully from pressing operations.

Most of the techniques adopted to achieve aesthetic effects in the press req uire
introducing special sys tems in the filler and / or die cavity, inevitably reducing production
speed. At the same time, the operations carried out near the die, besid es being quite
complicated, are necessarily limi ted in attainable effects: partial powder mixes and
application of a layer in a double charge.

However, dry decoration on a mov ing bod y, along an ope n and accessible space,
allows a variety of charges, over the who le surface of the piece if desired, and especially
accura te definition and person alised decorative effects.

PRE-COMPACTION

The pre-compaction step is, in fact, a traditional pressing opera tion carried out at
very low speci fic pressure valu es: 30 + 60 bar.

The function of this opera tion is actua lly 10 prepare a usu ally struc tured bod y, with
a minimum mechan ical streng th tha t ena bles it to be automa tically conveyed, keeping
unaltered all the necessary characteristics for re-pressing at normal porcela in tile forming
pressu res.
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It is ev ident that these cond itions w ill need to be determined experi me ntally
accord ing to the body, since they depend on composi tion, grain sizes and po wde r
moisture content, i.e., on the body's degree of plasticity.

\ IOR. Kg/em 2
3.

20 (,II >0 100

Specific pressure. bolt

Figure J - Pre-compact mechanical stn·"s tll.
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Figure 3 shows an example of the mechanical strength behaviour of a standard
porcelai n tile body, pressed at low specific pressures (20 + 100 bar).

It can be observed that the strength va lues are mu ch lower, compared to a typi cal
modulus of rupture of almos t 8 kg / cm-, of a trad itionall y pressed bod y at 400 bar, but it
is eno ugh to consider that a mechanical streng th of 1 kg / ern- is already su fficient to
extract the piece from the die and convey it along an appropriate line.

For the standard bod y cons ide red, this bottom limit corresponds to a spec ific pre­
compaction pressure of around 30 bar.

The determi nati on of the top pre-compaction limit requires analysis of den sity
(Fig. 4).
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Figlm' -I - Ptv-ccmpact dt·1Isity.

Bulk density of the spray-d ried powder used in pressing is known to lie around 1
g / cm', while a tile pressed at 400 bar has almost twice this density.

To allow goo d "double pressing" of a pre-compacted body, the experience acquired
to date allows affirming that density values up to 1.6 g / cm' are quite acceptable.

This top limit regard ing the standa rd bod y conside red correspo nds to a specific pre­
compaction pressure around 90 bar.

Fina lly, the third funda mental enabling parameter for dou ble pressing techn ology, is
effective de-airing in the pre-compaction step, which can be ana lysed throu gh the
pressing expans ion values (Fig. 5).
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As can be observed, also with very low forming pressures, the p ressi ng expa nsio n
va lues a re quite hig h, 60 + 80% wit h regard to the definit ive va lue of the p rod uct pressed
at 400 bar,

Th is mea ns that, if the firs t p ressing s tage has been carried ou t we ll, the need to
further elim ina te air from the pre-compacted part bod y becomes minimal, Unde r these
cond itions the second pressing step has been greatly facilita ted and can prod uce a
completed, struc tu rally perfect tile.

DRY DECO RATIO TECH NIQUES

The objective of dry decora tion on the pre-compacted body is to make p rod uc ts wi th
a high aesthetic qual ity by a va riety of su itable techniqu es for the application of the mo st
varying types of ceramic powder with il wide mnge of grai n sizes (Fig. 6).

Sp ray-dried Spray-dried Microniscd Granulars Flake s Agglomerates
body ulaze powd er

Flat screen
Cvlindrical screen
Mobile screen
Low-rclicfrollcr
Rotogravure

Profiled mask
Arra ved distributor
Powder distributor
Aenlomerute distributor
Granulatinu machine

Figure 6 -Dry application :,y:' t('m~ eifI'ou'dcn; llIId :'t'l1I i-l'ron'sscd mater iels.

The techniqu es mention ed allow p roducing " full su rfaces" as well as highly d efined
screen pri nting decoration s, in the first case using proportioning systems in suitable ilrra y
and, in the second, screens wi th variable aper tu res from almo st 0.2 mm to a few
rnillirnetres.
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Also, by mean s of machines for granular application or vibrat ing distributors,
decorations with grain, flake and agglome rate proporti ons can genera lly be integrated .

Consequently, the qu antity of powd ers that can be applied ran ges from hardly 100
grams per squa re meter, a fine veining, to 4 kg / COl', i.e. 400 grams on a 30x30 Col item ,
wh ich whe n finished weigh s 1.8 kg. This mean s that the applied thickness can account for
20+25% of the total thickness, for example 2 mm , enabling polishing.

The possibilities afforded by this decor atin g technique allow producing smooth
no rm al or ru sti c surfaces of particul ar naturalness, becau se the decorati on s are
ama lgamated perfectly with the underlying bod y, maintaining a good definiti on (in final
press ing no surface levelling is performed ) or also producing polished glossy products of
the highest value.

Ind eed , besid es the typi cal classic "travertine" effects of the tradition al double
charges, using pre-compacted and even very structured bodies, decoration layers can be
applied tha t penetrate and are integrated in the underlying struc ture. On polishing they
yield vein ed effects with depth, opalescences and transparencies, whi ch are difficult to
achieve by processin g in pressing or glaz ing (Fig. 7).

figure 7 - Dcuciopnten t of 11 structured pre-ccntpacted product.

FINAL PRESSING

After the pre-compacted bod y has gone throu gh the decoration processes, it has to
be set again ins ide a second die for definitive pressin g, at the tradition al porcelain tile
forming pressures (e.g. 400 bar).

This setting operation is carr ied out by an appropriate system that cen tres the tile
with regard to the die axis and it places it insid e the cav ity with the bottom punch flush
with the plate (Fig. 8).
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FigJlre 8 - Systemfor setting tlte pre-compact ill tlIe sec(Jmi die,

Obviou sly, the d imensions of the second die have to be larger, compa red to the pre­
compaction die, in orde r to take into account the expa ns ion the piece has undergone, as
well as leavin g a certa in necessary toleran ce for the descen t of the piece into the die cavity.

For th is, the correlation between the two dies is as follows:

0 , =( 0 , - g) 1 ( 1 + e)

where:

0, = di mension of the 1" pre-compaction die

0 , = dimension of the 2nd final die that determ ines the dimension of the com pleted
produ ct

g '" tolerance required to ass ure se tting in the 2nd die

e = relative expa nsion after pre-compaction .

As an example, in the case of a fired 300 x 600 mm size, cons idering a shrinkage of
7.5%, a re lati ve expa nsion after pre-compaction of 0.0005 and a tole ran ce of 1 mrn, the
d imensions of the tw o dies wo uld resp ective ly be: 321.7 x 644.4 mm (0 ,) and 324.3 x
648.6 (0 ,).

The preferable d ies are of the mirror type with pushers, or just for fina l pressing,
with top form ing.

The top punches, of steel or lined with rubber, can be flat or structu red accord ing to
the typ e of product required .

The most common com binations a re as follows:

Top Punch Top Punch Products
I " Die 2"<1 Die

SMOOTH or SMOOT H - SCREEN PRINT DECORATIONS
MICRO-ST RUCTURED - "F ULL FIELD" GLAZING

- TRA VERTINES (incl. nolished oroducts)
STRUCT URED SMOOTH - DECORA TIONS WITH THI CKNESS

(pol ished or not)
STR UCTURED STR UCTURED - GLAZED RUST IC
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As can be observed, the preference is almost always to provide the pre-compacted
bod y with a more or less prono unced structu re, wh ile in final pressing, the selection
depends on the surface finish sough t in the final prod uct.

PRODUCTION ASP ECTS

Double pressing techn ology with intermediate dry deco ra tion can theoret ically be
applied to any production situation, indepe ndently of product type, size, number of press
outputs, ctc., etc.

However, cu rre nt ceram ic engineering configurations have been created for sizes
that ran ge from 30x30 cm with a 4 to 5 item output, to a single item ou tput of 60x120 cm
or 66x132 ern (8 33x33 ern pieces).

By ana logy with standard production , the favoured choice is to work wit h typi cal
floo r tile sizes (30+33 em or 40+45 em) with mul tiple ou tpu ts, solutions that can be carried
out absolutely wi th regard to the pressin g step s (pre-compaction, re-sett ing the pieces and
fina l pressing), but this is relatively complex as regards the num ber of necessary
decorating machines.

Of course, working with a single large size output item simplifies cu rrent de coration
operations over a front of 120 cm and more.

To facili tate th is so lution, a green cu tting technology has been developed of the
pressed pieces, independently of double pressing.

The ad van tages of cutting a new ly pressed tile are ev ident: on the one hand the
decoration process carr ied out before the press is consid erably simplified, and time and
money a re sa ved using a sing le d ie. On the other hand, complete flexibility is achieved in
sizes, thanks to the possibility of freely programming the cu tting mod ules.

On the othe r hand, the cutting process is already used in a Widespread wa y in a va st
ran ge of fired products, and the same process performed on newly pressed tiles is much
less expens ive: lower energy cons umption, less tool wear, lower wa ter consumption,
abse nce of sludges, etc.

However, from a technical viewpoin t green tile cutting, to prod uce a profile as
perfect as that of a die, is without a doubt an innovative tech nology, and as such has been
the subject of rigorous expe rime ntal study.

GREEN TIL E CUTTING TECHNOLOGY

Design ing a g reen cutting sys tem has req uired a se ries of technica l evaluations,
validated with expe rimen tal tests, to enable making correc t decisions whether of a
mechanical or ceramic enginee ring type .

A first assessment has been the decision to apply the green cu tting process,
immed iately after pressi ng, to work on pieces in a plasti c sta te (no n-d ried ) and avoid the
phenomen a of edge cracks.
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In fact, it has been verified experimentally tha t afte r optimising the insta llation
(machine and tools), even with already dried pieces, in most cases tiles can be cut with an
absolutely perfect profile.

Schematically, the green cutting procedure has been developed as follows (Fig. 9):

1. The tile coming from pressing, with the fair face up, is accurately cent red and then
conveyed to a roller bench, appropriately designed to increase the hold on the
pieces and avoid even the smallest vibration; this assures that even very thin,
lighter items wiII not alter their position during the cutting operation.

2. The whole piece first encounters a fixed group of cutting tools that make the
multiple lengthways cut with the movi ng piece.

3. The piece cut lengthways, without being d ivided up, reaches a mobile group of
cu tting too ls where it stops. These perform the multip le transverse cut.

The materi al cu tting operation takes place by means of circula r disks rotat ing a t
hig h speed, mad e with hard , abrasion resistant materi als (d iamo nd, silicon carbide ,
alumina, e tc.),

FIXED CUTIING GROUP __...

MOBILE CUTTING GROUP

Figure 9 - Schematic illustration of the greel' clitti"K machine ,

The cut, as we can see in Figure 10, can be car ried out with one or two disks; in this
last case the firs t one acts as a pre-engraver.
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CUTIING DISK

PRE·ENGRAVI NG DISK

FINAL CUT

Figure. 10 - COlljiSlImt;(m vf tire g'C'l!lI cuftillg tools.

The double disk arrangeme nt can be advan tageous, not just to increase the linear
cutting speed but also, especia lly to prod uce the desired profil e at the edges of the cut
pieces.

In fact, simply having d ifferent disk thicknesses enables crea ting the separating foot
and, by suitably profiling the pre-en graver disk, 45° or rounde d bevelling can be
produced (Fig. 11).

PROFILED
DISK

STRAIGHT
/ DISK

PROFILED
DISK

CUTIING DISK

MODULAR
MASONRY

Figure. 11 - Examples of wftillS profile».
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Perfectin g this techn ology could allow the exac t rep roduction of the pro file
determined by the die used for each type of product.

However, thi s is not abso lutely necessary since it can also be more conve nient to
machine the edge of the piece laterally, thus obtaining sub-multiples, with completely
identi cal sides, ind ependently of the positions.

The waste coming from this opera tion, such as the powd er produced during cutting.
evacua ted th rough an ap propriate extrac tion sys tem, is ver y limit ed (- 1%) and it can be
easi ly recovered and recycled in the body milling p rocess.

In view of the forego ing, green cutting technology was conside red to be a process
potentially applicable to the prod uction of cera mic tiles an d, hen ce a more detailed study
was undertaken of all the variables in the fund am ental opera tion: cu tting .

EXPERIMENTAL OPTIMISATION OF THE CUTTING PARAMETERS

To optimise the fundamental aspects of the cu tting process, an expe rime nta l study
has bee n carried out usin g the sta tistica l meth od ology involving Design of Expe riments
(DOE)I!I.

This sta tistical technique allows identi fying the factors tha t most influe nce the
desired resu lt and qu anti fy their contribution.

In the speci fic case exa mined, the following fundamental cha racte ristics have been
selected for optimisation: the qu ality of the cut, abso rbed power, type of abras ive tools
and tool wea r.

The study of the first two poin ts has been completed: quali ty of the cu t and abso rbed
power, wh ich have been defined and measured as se t ou t below:

Qualit y of the cu t

To express numerically the conce pt o f cu t qu alit y, the following aspects have been
taken into considera tion:

1. Number of defects (edge chips) presen t in a certa in part of the cu t surface.

2. Defect size.

3. The grea test weight is attri buted to a large size defect compa red to a sma ller one
(a single large size defect affects tile qu alit y as mu ch as a continuo us series of
sma ll flaws).

After experimen tally verifying that the most common shape of a green cutting
defect is of the type shown in Figure 12, the characteristic size of this defect has been
conside red the one ma rked with the lett er d .
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Fi,<\un'12 - Sc1lt'matic illus tration ofa clI ttilJX deject .

The qu antitative calcu lation of the defects was carried out over the length of a 50
mm sample, taken at a di stance of 100 mm from the surface, to avoi d possible
interferen ces not due to the cut but to pressing defects.

In accordance with these considera tions, it was decided to create a su itable
param eter Q, which we wi ll call the cu t qu ality ind ex, defined by the express ion:

Thus, pa rame ter Q takes into acco unt the number of defects present in the part of
the edge exa mined, s ince it is mad e up of their sum and as es tablished, att ribu tes greater
weigh t to the large r defects, since the va lue d is present to the power of two.

To make the defect 'measurement and calcu lation opera tion easier and faster, a
"d iscrete" sca le se t out in the following tab le has been used:

Defect dimension i . mm
V:J1u..: of d . mm

For defects wi th d >4, the real value of d has been d ivided by 4 and the whole part
of the number found has been take n as the number of defects >4 equivalen t to the initia l
defect.

The refore, in the best hypothesis Q = a will be found, i.e. absence of defects; in the
worst, for example a fau lty edge along the whole sample, where d = 50, i.e. 50 /4 = 12.5 =
12 defects sized larger than 4 mm , this will give Q =17.32.

Absorbed power

Cutting power has been measured through a spec ial instrument, at the terminals of
one of the tree-pha se asy nchronous motors thal d rive the movement of a cutting g roup;
therefore the values used in the study arc those actua lly measured expresse d in kW.
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After se tting the objecti ves, cu t quali ty an d absorbed power, the process variables
considered most significant were selected (Figure 13).

I'ROCESS V.\RI .\RU. SnlBOL L .'I"I U :n:LO LEVEL I

Ceram ic (tile) sheet advance rate 1'. [mlmin] 15 25

Tool (disk) rotating speed I' [Tflm] 4500 70()O

Sheet thickness /I [mm] 7.5 IO.R

T001thickness " [mm] 0.7 1.2

Tool rotating direct ion rut Concord Opposition

Shccl bcnding load R, [K /mm-] 0.6 0.9

Type of link T A D

Figure 13 - Sctccted l'roces5 tariablcs.

The only vari ables tha t need an explanati on are the d irection of tool rotation and
type of link.

The former accounts for the too] rotating di rection wit h regard to the advancing
piece, since in the two possible cases, the fair face will be subject to load ing by the enteri ng
or exiting tool, with possib ly different results in qu ality:

concord opposition

V V

Va -. e '. Va -. s

•s e

The type of link, on the other hand, has bee n introduced in the study to evalua te
anoma lous behaviou r in the side cuts (for exa mple edge sha rpening) compa red to the
centra l ones :

tool -.

L

ATYPE
OF LINK

BTYPE
OFUNK
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The experiments were ma de applying 2-level factorial design, and in particular
using the orthogonal Tagouchi matrix of the L, type ( 2' ), w hich envisages the following
a rray of 8 tests:

7Array L . (2 )

Test no. /' R U C E S S FA R JA Il l. E I, I:: I E L

.', A, no c, no E. Fn G.

I' , A n n, C. D, E1 1', G,

1', A, H, C, D, E. 1', G,

I'. A, H, C, Il , [ , F. G,

I)~ A, II , C, Il, [ , Fo G,

I' • A, II , C, 0 , E• 1', G,
1', A, H, C. O. 1-: 1 1', Gu

." A, II , C• Il , E. "-0 G,

The two va lues programmed for eac h va riable have already been indicated in Fig. 13.

The series of tests 1'1 +1'8 has give n the following va lues for the qua lity index and
mean power, wh ich have bee n ordered in the following table, s tarting from the best result
in each case:

Test no. Cm quality

I I. 06

8 I. 55

6 2.83

4 2.63

3 4. 72

7 5.59

2 5.52

5 7. 89

Test 110. A bs o rb ed p nwer, All'

• I. 11 11

2 I. 44

8 1. 76

6 I. 911

7 2. 09

3 2. 17

4 2. 33

5 2.41

The best combination of variables tha t optimises both the quality of the cu t and
absorbed power is therefore test PI , w ith al l the variables at level O.

The sta tisti cal methodology used also allows determining, by means of variance and
noise analysis (3 repetition s were ca rrie d out for eac h tes t), which process variables most
influence the fina l resu lt.

Regarding cu t quality, the va riable that mo st influences tool ent ry int o the surfaces
is wi tho u t a doub t ro t, the di rection of tool rota tion and, in the second p lace, the ad van ce
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rate Va; h is also observed to be important, i.e., the surfaces processed by the thinner tool
exhibit a better cu t.

With regard to the absorbed power, the most critical variables are, in order of
import ance, tool thickness, shee t th ickness, sheet advance rate and tool rota ting speed; the
rem aining factors have little effect.

In summa ry, the ana lysis carried out has allowed setting a rigorou s and scientific
fram ework for the green cutting process and has provided techni cians with fund am ental
knowled ge to enable designing an industri ally valid machin e.

CONCLUSIONS

The two inn ovative technologies described in this paper : dry decoration with
double pressing and green cutting, have been subject to extensive experime ntal study, and
have been dem onstrated to be parti cularly su itable for application in porcelain tile
manufacture.

Two technologies are involved that could even tually be combined. However, even
cons ide red individually, they hav e grea t value and good development pot en tial.

The importance of doub le pressing certain ly lies in the limitless possibility of
creating new porcelain tile products, whether glazed or not, in the pressin g stage and of
personalisin g these with effects that aesthetically give no reason to envy rustic or polished
natural stones .

On the other hand, the same concept of marble or natu ral granite slab suggests that
the cu tting process could find an appropriate application in the production of "a rtificial"
slabs.

As last ana lysis, the industrial success of these, as of other technologies, beyond
technical and aes thetic product factors, will depend on eco nomic eva lua tions and on
ceramic production engi nee ring, bu t it canno t be denied that these prop osals, fruit of
applied research, will stimulate new ideas, whi ch will thu s continuou sly d rive the
progress of the cera mic tile sector.
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