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A BSTRACT

Crecn tile bul]: dCII"ily i" OIle or tlu: 11 /0,,1 inunirtnu! panunetcr« ill ccrmnic tile production as
il dctrvmincs ilic linear 5hrillkage of the life ill il5 5illterillg "Iage dllri/lg the firillg !"'oee5" alld
influences tticiinnl mcchanicat"Irmglh oithc fired tile. Thcrctorc, ill order 10 control the pre5" illg
proce5" 115illgj;'edbaek infonna tio«. it could /ie cxircmclu useiul io have the po,;,;ibilil l/ ofacellralelt/
dctcnniniu.; thi» pannuctcv. Tlii« qllalllily i" currcntlv 1101 mcneuret! on-line. Furthermore, it i"
abo rarely controllct: 0tH ille, bccnu« the IIIOSt leide"pread measurement technique i5 based Oil
IIlerCIII'I/ a/'"orplioll, ichich could I", dangcrou« for opel'llior health.

In thi» irork ttic problelll oflllCl1sllrillg on-line Ihe dell5i ly (~fgree ll ccnnnic tiic« utter pre"5illg
ani! dl'l/i llg i5 approached by lt5 illg 1101I -COlllact 1III1'Il50llic transducer». The lillie ofj1iglit of tlu:
ultrasonic (('(rues is 11 /l'l1S11rt!d in Irl1115111i5510 /1 mode llsing ero-s-correlation algorithms betweell
emitted and received sigllal5. O nce the iinu» ofj1ighl arc kIlOWII , the propagaliOlI l'elocily tllnJIIgh
the tile call be cstinuttci', uihich 15 proporiiona! 10 dell51ly. Tile COlll'ersioll factor 1",1 1I'eell l'c/ocili/
and dCll5 ili/ i5 experilllell ially e51abli5hed Illrollgil a lnboratorv cnlibmtion.

This II1CIlSUre111Cllf procedure was proposed by tire nuthor» ill previous u-orks. Here problcn:«
ani! limitation« connected ioith ntcasurentcnt unccrtniniv and repCl1lalillily are discussed. Tile
sigllal proce5"illg 51wlegll adopled 10 filler the data i5 iltus trntcd, ill paniculav tri ih regard 10 the
experimental on-line appfim lioll.
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1. INTRODUCTION

The current stra tegy in the ceramic sec tor (and in par ticular in the Euro pean one)
consists of complex product options and strict quality sta nda rd production . The qual ity
and d u rability of the tile depend di rectly a nd stro ng ly on va rious aspects of the adopted
produc tion cycle, such as raw materials, pl anning and design of the prod uc tion line, tile
production process, e tc. The refore in recent yea rs the atte ntion has been largely focused
on the development and application of innovati ve on -line mon itoring and control
sys tems, with the fina l aim of improvin g qu al ity and flexib ility in the ceram ic industry.

Amo ng the d ifferent pa ra me ters to be con tro lled and moni tored , green tile bulk
den sity is su rely one of the most important in ceramic prod uc tion, as its knowledge
allows predicting the final me chani cal streng th of the tile and how its sha pe will cha nge
durin g firing. However this qu an tity is cu r rently not measu red on- line . Furthermore, it is
also rarely contro lled off- line, because the most d iffuse measurem en t technique is based
on mercu ry abso rp tion, which cou ld be dangerous for the operator health.

For several years ultrasound ana lysis has been widely used for measu remen t of
mat erial prope rties, bu t, notwithstanding its great in vesti gati on capabi lities, its
applicat ion for on-line monitoring has been limited by the problems relating to the need
for contact between the sensor and the material under invest igati on . Therefore the
int roduction of non-contact u ltrasound (NCU ) se nsors offers great possibilities and ope ns
up new horizon s in the field of on-line qu ality contro l, not on ly in the cera m ic indust ry.

In the last few yea rs, non- contact u ltr asoni c sensors has ap peared in the literature
and in the market!':2[ and they see m to offer the possibility of per forming non- contact
u ltrasou nd ana lys is w ith red uce d sig na l attenuation, i.e. with a limited loss of
informati on .

The present wo rk is par t of a resea rch d evoted to developing a measurem ent system
for the on-line den sity contro l of ceramic tiles by no n- invasive techniques based on these
innovati ve sensors. The preliminary on -line tests gave satisfac tory resu lts!", but so me
problems still need to be so lved, in pa rticu lar those connec ted with measurement
uncertainty and repeatability. In fact the lack of a coupling med ium significa ntly reduces
the Signa l-to-Noise Rati o (SNR), in parti cul ar during the applica tion of the se nsor on the
line, w he re sev era l un controlled interfering and modi fying inpu ts are present. In
ad d ition, the tiles pass between the sensors whi le mo vin g on the production line, with
conseque nt vibra tions, diffraction effects and fur ther reduction o f the signa l qu al ity.
The refore, in this work a new signal processin g stra tegy is p rese nte d with the aim of
imp rovin g the achievable measurement accuracy during the on-line ap p lication .

2. MEASUREMENT PR INCIPLE FOR DENSITY MEASUREMENT

The objective o f the d eveloped measurem ent chain is to es tablish a referen ce
den sity-velocity relationsh ip for green cera mic tile sa mples and then to determine the
de ns ities of unkn own samples by non-con tact ult rasoni c ana lys is.

The typ ical experime ntal set- u p is shown in Figure 1. The system is compose d of
two sensors, whi ch can opera te both as tra nsmitte r and as receiv er. The refore the system
has two channe ls for data acquisition (wit h two amplifiers and two ana log I/ O boards),
in suc h a way as to present fou r ope rat ion modes (two in reflection mode - one for each
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of the two sensors - and two in transmiss ion mo d e - one used as transm itter and the othe r
as rece iver and vice-ve rsa).

The senso rs are non-con tact p iezoelect ric transd ucers with 12.5 rum active area
d iameter, operating at abou t 1.0 MHz . The sign als used to d rive the transd ucers are chirps
(ve ry fas t sinusoida l sweeps in a limited freq uency band, Figu re 2), w ith tu neable
am p litu d e, time d urat ion and frequency conten t, in such a way as to ena ble o ptim ising
ult rasonic wave propagat ion in the d iffe rent mate rials. Typica l se tt ings for ce ra m ic
dens ity measu remen t were the following:

Ce ntra l freq uency: 950 kHz.

Bandw id th around the cent ra l frequency: 560 kHz.

Chi rp Du rat ion: 350 ms.

In the perfo rmed test s the sy stem o perated in d irect transm ission mode, i.e .
u lt rasound waves tra vel from the tra nsmitting to the recei ving tra nsd ucer th rough
am bien t a ir and the sample. In order to measure the time of fligh ts, a cross-co rrela tio n!"
a lgorith m is employed, which allows de termin ing the delays bet ween emitted and
rccei ve d waves.
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In the first s tep the system has to be calibra ted withou t the sa m ple between the
tran sducers . In this ope ra tion, once the ultrasound velocity in air (V ) (which is a fun ction
mainly of ambient tem pe ra ture and is determined through experime nta l measurements)
has been fixed , it is possible to es tima te the di stan ce between the tran sducers (0), af ter
measuring the time of fligh t in air (I).

Wh en the sample is in the measu rement position, the system can measu re the tim e
of flight with the sa mple between the tra nsd ucers (1,< f) and the time of flight th rou gh the
sa mple (lJ. A typi cal resu lt is reported in Figure 3, where the cross-correla tion signal
measured in opt imal laboratory cond itions on a calibra tion sample is sho w n: (I) is
rep resented by the first peak, while the delta T offset be tween first and second peaks is
eq ua l to 2(1J.
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O nce these qu antities are measured , it is straightforward to determine the thickness
of the sa m ple.

d = D - V (I -I )
~ ~ ; m

and fina lly the velocity of propagation th rou gh the sam ple as:

V = (d / f )
m "1 If!

[ I J

[21

w hich sho uld be related to the den sity th rou gh expe rimental coefficients achieved by
calibration.

In order to obtain the den sitv va lues of the test material, it is necessar v to star t from
the ultr asound velocity through the materi al. In order to find a relat ion between ve locity
and d en sity, a dedicated calibra tion mu st be performed using refe rence samples of
unfi red ceramic tiles, whose d en sity was previously d etermined by the mercur y
absorption method .

Dedicat ed laboratory sam ples , with co mpletely a smooth s u rface on each side,
were u tilised . This allows obtaining a better signal ch aracterised by an im p roved
signa l-to-noise ra tio : in fac t, the embossed gri d , usu ally d ra wn on the lo we r s ide of th e
till' fo r a better ins ta lla tion, represents an in te rferi ng in p ut for th e measu remen t. The
reference sam ples used for calib ra tion were 20 in all, more precisely 5 for each d ensity
va lue (1.91 g / cm" 1.96 g /cm 3

, 2.01 g / cm3
, 2.06 g / cm 3

) in the range o f in teres t for gree n

p. e l - I"
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ce ram ic tile s . Th e propagation velocity was measu red in one poi n t of each sa m ple, by
ave rag ing o n 200 read in gs. Th is ca lib ra tio n p roced ure is ve ry critica l, as it aims to take
in to accou n t a lso the d is pers ions in th e results d ue to the u nce r ta int ies in the re fer ence
sa m p les , w hich a re sure ly s ig n ifican t, In fac t, d ensi ty is a " loca l" q ua ntity, w h ich can
ea s ily p rese nt small va ria t io ns fro m point to point o f the sam e sa m ple, and w hose
d ens ity is the re fo re o n ly " no m inally " known by the mercury abso rpt io n method used
as (I reference.

The resu lts were p lotte d and line arl y in te rp olated usin g leas t-sq uares a lgo rithm s, as
show n in Figure 4, The stra igh t line is found to be the best inte rpolat ion curve in
acco rd an ce w ith a known linear depend ence between velocity and density in ceram ic
mat eri a ls. Th is ca libra tion line is used to det ermine the densitv va lue of unkno w n
sa mples .

Calibration line
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3. UNCERTAINTY ANALYS IS

Density meas u rement by non -contact ult ra so nic prob es co ns ists of 3 main steps:

I. Times of fligh t measu rement by cross-co rre latio n;

2. Estima tio n of propaga tion ve locity by Eq , [ I I and [2];

3. De nsity-velocity ca lib ration for qu an titat ive dens ity m easu rement.

In each of these steps a certa in level o f u nce rtai nt y is genera ted an d propaga ted an d
it is of fund amenta l impo rtance for an y p ract ica l app licat ion to assess their in fl uence o n
the fina l overall uncerta int y.

In genera l, the m ost im portan t co ntribu tio n to unce rtai n ty is the one co m ing fro m
ste p 1. In fact th e m ost re levan t p roblem is the strong red uction in th e Signa l-to-No ise
Ra tio during the measu remen t in air, usually d ue to energy los ses a t the in terfaces
be tween the m edia w here the ul tra sonic wave is propagat ing. Th ese losses inc rease wi th
th e diffe rence between th e impedance val ues of th e med ia, w hich peaks in th e case of

P. (;] . l "i
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measurement in air (i.e. w ith no tra d itional coupling me di a). As a conseque nce, the
signals achievable by the non -contact probes are often unstable and noisy and th is makes
the m ajor uncertainty compon ent rela ted to the low repeatabili ty (all the other uncertainty
sources, such as those relat ing to resolution, can be considered negligibl e wi th respect to
th is source). In order to increa se the accuracy, the integration time cou ld be enhanced, but
the time durat ion must be optimised depending on the material, on the th ickness of the
object under investigation and on the time avail able for th e measurement. The refore a
comp romise must be found (350 ms in thi s case ).

A low rep ea tability in the measurement of the times of flight gives clearly a
d ispersion also in the es timation of the propagation veloci ty V", by Equations [I] and [2].
In particul ar, the eva luation of th is uncertain ty component cou ld be ana lytically d one
using the expression for the combination of the sing le uncertainty components"]:

[3]

where dt, dt , and dImare the uncertainty in the tim es of flight measu remen t, main ly due
to rep eatability. Wh en measurements are taken sequen tia lly, V

m
results randomly

d istributed a round its mean valu e, due to un certaintv. Therefore, the solu tion is to
experimentally es timate the uncertain ty in the determimi'tion of the p ropagati on ve locity:
as it has been sho wn that the repeata bility in th e times of flight is the major uncertainty
source, it w ill be su fficient to experimentally determine the repeatability in the achieved
ve locity va lues. This will au toma tically take into accoun t the uncertainty sou rces and their
combina tion.

Fina lly the uncertaint y p ropagation in step 3 sho u ld be cons idered . As p reviously
sho wn, the conversion from velocity V~ to densi ty p passes through an experime ntal
linear relationship which can be expressed as:

P = m' V + /J
m

[4]

where III and /J are the slope and the intercep t on vertical axis of the calibra tion line. The
uncertainty in the evaluation of III and /J is a consequence of the di spersion in the values
of V", (m ainly due to low rep eatab ility) with respect to the interpolating line. As a resu lt,
the stand ard deviation (5) of the es timated density for a given ve locity reading can be
statistica lly evalua ted using the exp ressions of leas t-squares interpola tion. In thi s case it
was found tha t ± 3'SJ = ± 0.02 g /c m', which can be consi dered as a preliminary
sa tisfactory va lue .

It wa s observed that the repeatabi lity improves for the tiles with out the embossed
grid (i.e. those "smooth" used for the prelim inary calibrat ion) and thi s confi rms the
hypotheses p reviously assume d . In particular, the following resu lts were found in terms
of repeatabi lity (described as stand ard deviation) in the investigated range in the worst
cond itions:

- "Smo oth" tiles: velocity 10 m i s, density 0,008 g /cm J
, e.g. see Figure 5 and 6.

- Tiles with embossed grid: velocity 20 tn ] s, density 0,016g1ern', e.g. see Figure 7 and 8.

P.GI - 1';
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All these measu remen ts were per formed under controlled laboratory cond itions. In
order to fur ther decrease this va lue, a h igh er number of refe rence sam ples sho u ld be used,
but it is worth nothing that it is ve ry complica ted to achieve a signifi can t number of very
accurate sa mples, in pa rti cula r if the procedure is conduc ted in an ind ustria l environment.
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4. DATA PR O CESSI NG FOR ON-LINE M EASUR EM ENTS

The sy stem wa s then tested on line to measure the den sity of the green tiles at the
exit of the drier (Figu re 9, ins talla tion at the factory of Leonard o Ce ra rnica 1502). In theor y,
the control of the density shou ld be performed before th e d rier (i.e. immediately af ter
pressi ng) , but the high moi sture content be fore drying (l-3 %) ind uces a too strong signa l
dis tortion, making the read ing of the velocity almost impossib le. However, a fter the d rier
the material is still recoverab le and there fore the feed-back control can be efficientlv
rea lised . ...

-- - (
FiSlirc 9. Cui-tine i llMallat ilHI I!f the uon-ccnmct ultrasonic :'CIl50r .

On line there is a high number of int er fering and modi fying inputs decreasing the
qu al ity of the measurem ent results. The sta bility an d repeatability of the sy stem may be
affec ted by the following interfering inpu ts:

• Tem peratu re (ins tantan eous var iations due to the drier );

• Du st;
• Vib ra tions;
• Humidity content of the tile;
• Superficial rou ghness of the tile;
• Movem en t of the tile;
• Varia tion of thi ckness due to grid (the resu lts may depend on the measurem ent

point );
• Diffra ction effec ts due to the grid;
• Irregular sha pe of the surface makes part of the ene rgy d isperse in she ar waves

propagat ing in the structure.
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An exa mple of resu lt is shown in Figu re 10, w he re the d en si ty profile measu red on
a tile mo ving on the line is repo rte d . In this case, each read ing corresponds to the result of
av eraging 50 measurements, taken while the tile is passing. Therefore, each density value
represents the mean value relative to a line profile with a length of abo u t 6-7 em (20-25 '1"
of the tile length, whi ch is 32 ern) ,

These results demonstrate the feasibilitv of the on-line control bv non-contact
ultrasonic techniqu e, but it is worth noting ' that, as expected , for on~line tests the
uncertain ty is higher with respect to the lab ora tory experiments. In fact, ana lys ing the
sing le sam ples o f 50 density values (e.g . see Figure 11 ) used to compute eac h mean va lue
in Figu re 10, it seems that the repeatability s ignificantly d ecreases. In particu lar, in the
worst cond itions the di spersion (stand a rd dev iation) is about 88 m / s for ve locity an d
0.05 g / em' for densi ty.
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Thi s signa l osc illation reduces th e repea tability to a level not acce ptable for the on­
line app lication. The problem is in parti cul ar connec ted with the possibility of distinguish
the second peak (see Figure 3) from the noise: in fact the seco nd peak has lower energy
and am plitu de with respect to the first one, as it is related to the p ropagation path of the
second reflection. As a conseque nce, when measurements are performed on the line with
the mentioned interfering inputs influen cing the results, the second peak is often covered
by the noise and thu s the uncertainty in the determination of I", significantly increases,
ge ne ra ting results sim ilar to tho se sho w n in Figure 11. In so me cases, the uncertainty
becomes so high that it is not possib le to di stinguish if the sensors are measuring in air or
on the tile.

In order to so lve this problem the dat a are exported th rou gh the serial port and
acqu ired and processed usin g a dedicated software developed in Lab View env iro nme nt.
Within thi s software it has been introduced a so rt of filter based on a "go-no-go" mask on
first and seco nd peak s of the cross-correla tion signa l used to measu re the differen t times
of flight. In thi s way corru p ted dat a are automa tically di scarded and only va lid dat a are
cons idered for the d en sity compu ta tion.

In practice, the underlying idea is that the den sity can not vary ou tside certain limits
(e.g. 1,8 '" 2,2 g / cm') while me asuring on the sa me batch of tiles (done with the sa me
powder and the sa me pressing parameters), and therefore also the va lues of the first (I)
and second (1,_+ 21.J peaks may have a limited variation . Wh en the measu red times of
flight assu me va lues outside these limits, it me an s that the signa l-to-no ise rati o is too low
and th erefore the result is di scarded . The acce pted va r ia tio n range is fixed by
measurements performed ou tside the line in contro lled conditions on 3-4 tiles taken as
sa m ples from the prod uc tion batches. The average measured tim e va lues are used as
centres of the va riation ranges and are called "calibration times" . The n an accep ted
percentage of va ria tion with respect to the calibration time ha s to be defined and given as
input to the software (typically ± 8 %of acce pted va ria tion for the first pea k positi on, ± 4
'fr, for the second peak position which is more critical) . These varia tion ran ges take into
acco unt the fact that the changes in the first and in the second peak s must be p ropo rtional,
as they shou ld be due to the sa me den sity va ria tion. If th e osc illa tions are not correlated
within a cohe rent ran ge, then it is assumed that they are due to the noise in the res u lts .

The so ftwa re in terface is sho wn in Figure 12. On the left part of the window the
input parameters can be regulated; in parti cular :

I. differen ce between times of first and second peak (if the measured time is less
th an or equa l to this value the measurement is performed in a ir);

2. Ca lib ra tion time for the first peak with the relative percentage va ria tion (if the firs t
peak position is out of thi s fixed range, the result is d isca rded );

3. Calib ra tion time for the seco nd peak with the rela tive percentage va ria tion (if the
second peak positi on is out of this fixed range, the result is di sca rded );

With thi s p rogram it is possible to measure in real time the tile den sity and atte nua te
the effects of noise in the results. However all the raw d ata are stored and eventually
contro lled if an ano ma lous beh aviour is found.

P. CI - :!O



CASTELL01\ (5I'Al1\1 2002

--•--.---.-'" ~•

--~

- ­~..", \ ~

~

~.::.:.

rrt:• • •,""",,,,_."'-_- r
~-_.- 1~...~_..._. .-
""'-"-'
~~ot:=....I _ LJ __~- - ....
m~

Figure 12. U~cr intel/a ce 4 the progrillll lfcI't'1opelt in Ll1lJV;nL' cntnnnnncnt,

An exam ple of resul t is shown in Figure 13, where the density va lues measured on
the g ree n tiles at the exit of the drier a re reported : it is worth notin g how the signa l
am p litude decreases when no tiles a re pass ing be tween the transd ucers, w hile it is a lmost
cons ta nt w hen each tile is passing. In th is case the repeatability is abou t 53 m / s fo r
ve locity and 0.03 g / em" for density, which is significan tly better th an the resu lts ach ieved
before filte ring.
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5. CONCLUS IO NS

In thi s work non-cont act ultrasonic sensors have been appli ed to on-line con trol the
bu lk den sity of g ree n cera mic tiles . An uncerta inty ana lys is has been performed in o rde r
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to assess the limits of the technique. A dedi cated post-p rocessing algorithm has been
em ployed to filter the data corrupted by noise and the results seem to be promising: the
den sity of each tile passing on the line can be measured with a repeatability of abou t 0.03
g /cm3

•

However, it should be noted that thi s va lue is not yet complete ly satisfacto ry for the
real ind ustrial use. In fact a maximum uncertainty of 0.01 g / em' sho uld be reached during
on-line measurements. Furthe r development and tests are thus requi red in the near fu ture
in order to fix these issues. In particu lar, it will be important to improve the sens itivity of
the sensors and to de velop dedi cated installation with the aim of minimising the effect of
the di sturban ces typical of the on-line environment (vib ration, d ust, tempera tu re,
electro magnetic fields, etc.).

Several othe r industrial fields may benefit from the application of these sensors,
such as the production of food or paper and the struc tu ral d iagnostic investigation.
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