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Abstract

This research on optimizing the printing of cot-
ton fabrics with vat dyes was based on using a
statistical design of experiment. The aim was
to achieve prints with high colour values (K/S)
by determining optimal conditions for print-
ing. 100% cotton fabric was printed with Bez-
athren bordo RR vat dye purchased from Bez-
ema, Switzerland. A screen printing technology
with a two phase procedure was used. Follow-
ing conditions were changed during printing:
viscosity of the printing paste, the screen mesh,
the diameter of the magnetic-rod squeegee and
the number of passes of the squeegee. Thirty tri-
al experiments, suggested by the statistical de-
sign of experiment used for printing process op-
timization, were performed. The CIELAB and
K/S values of printed samples were measured
spectrophotometrically. The obtained values
were statistically processed by using Design-Ex-
pert (v. 6.0.8) statistical software. Experimen-
tal data analysis confirmed the existence of a
quadratic model that describes a relationship
between variables and experimental results. Pa-
rameters showing the greatest influence on K/S

were determined after analysing the variance
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lzvlecek

Raziskava vkljucuje optimizacijo tiskanja bombaznih tkanin z re-
dukcijskimi barvili z uporabo statisticnega programa za nacrtova-
nje eksperimentov. Namen raziskave je bil poiskati pogoje, pri kate-
V raziskavije uporabljena 100 % bombazna tkanina. Tiskali smo z re-
dukcijskim barvilom Bezathren bordo RR firme Bezema iz Svice. Ti-
skanje je potekalo s tehniko ploskega tiska po dvofaznem postop-
ku. Pri tem smo spreminjali naslednje pogoje tiskanja: viskoznost
tiskarske paste, finost sablone, debelino tiskarskega noza in Stevilo
prehodov tiskarskega noza. Izvedli smo 30 eksperimentov, ki nam
jih je predpisal statisti¢ni program za optimizacijo procesa tiskanja.
Potiskanim vzorcem smo izmerili vrednosti CIELAB in K/S ter jih vne-
sli v racunalniski program za statisti¢cno obdelavo Design-Expert (v.
6.0.8). Na osnovi eksperimentalnih podatkov je program izdelal re-
gresijski model, ki opisuje zvezo med spremenljivkami in odgovo-
rom eksperimenta. Po opravljeni analizi sipanja (ANOVA) za pred|a-
gani regresijski model smo dolocili pogoje, ki imajo najvecji vpliv na
kon¢no vrednost K/S.Ti pogoji so: viskoznost tiskarske paste, ki ji sle-
dita Stevilo prehodov tiskarskega noza in finost sablone, medtem
ko ima premer tiskarskega noza najmanijsi vpliv. Vrednosti za globi-
no barvnega tona, ki jih program napove, se dobro ujemajo z reali-
ziranimi izmerjenimi vrednostmi.

Klju¢ne besede: redukcijska barvila, tiskanje, optimizacija, visko-
znost, barvne vrednosti, globina barve.
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(ANOVA) of the quadratic model. The parame-
ters with the greatest effect on K/S were the vis-
cosity of the printing paste, which is followed by
the number of passes of the squeegee and the
screen mesh, while the diameter of the squeegee
has the lowest influence. Predicted and actual

colour depth values correlated well.

Key words: vat dyes, printing, optimization, vis-

cosity, colour values, colour depth.

1 Introduction

Screen printing is the most widely used textile
printing technique today. This technique uses
a screen as a printing form, which consists of
a frame and synthetic gauze (stencil) stretched
over it. The areas with the design are permeable
to the printing paste, whereas the areas with-
out the design are impermeable to the printing
paste and are covered with a crosslinked poly-
mer film, which is insoluble in water. The print-
ing paste is forced through the design areas by
using a printing blade or squeegee in such a way
that paste spreads over the fabric lying under
the screen during printing. In order to produce
qualitative prints on textiles, it is necessary to
harmonize many factors, which depend on the
type and structure of the material, the device
used, the type of dyes, the fineness of the sten-
cil and other properties of the printing materi-
als and equipment. Such factors include print-
ing paste viscosity, printing paste particle size,
fineness of the stencil, diameter of the squee-
gee, squeegee pressure, number of passes of the
squeegee, etc.

A great amount of experience is necessary in
order to be able to select the proper condi-
tions and to achieve a suitable quality of print-
ing. Since there is no comprehensive analysis of
screen printing available, it is necessary to car-
ry out a great number of experiments prior to
achieving the desired result. The purpose of our
research was to define the influence of printing
conditions on a selected fabric in the laboratory
using a computer-aided statistical design for the
experiment. In this way the amount of required
work is reduced, and the influence of particu-
lar factors on the quality of printing can be ver-

ified. [1].
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1 Uvod

Filmski tisk je danes najpogosteje uporabljena tehnika tiskanja tek-
stilij. Pri filmskem tisku je tiskovna forma $ablona, ki sestoji iz
okvirja, na katerem je napeta sinteti¢na gaza. Vzor¢na mesta so
prepustna za tiskarsko pasto, medtem ko so nevzoréna mesta zanjo
neprepustna in so prekrita z nevodotopnim zamrezenim polimer-
nim filmom. Skozi vzor¢na mesta tiskarsko pasto potiskamo s ti-
skarskim nozem ali raklom, tako da se prelije na blago, ki lezi med
tiskanjem pod $ablono. Za doseganje kvalitetnih odtisov na teksti-
lijah je pri filmskem tisku treba uskladiti Stevilne dejavnike, ki so
odvisni od vrste in strukture materiala, strojne naprave, vrste bar-
vil, finosti vzorca ter drugih lastnosti tiskovnih materialov in opre-
me. Pomembnejsi dejavniki so: viskoznost tiskarske paste, velikost
delcev v pasti, finost Sablone, premer tiskarskega noza, sila pritiska
tiskarskega noza, $tevilo prehodov tiskarskega noza, hitrost preho-
dov tiskarskega noza in drugi.

Veliko izku$enj je potrebnih, da izberemo prave pogoje in dosezemo
ustrezno kvaliteto tiska. Ker kompletna analiza filmskega tiska ne
obstaja, je pogosto treba narediti veliko $tevilo poizkusov, da pride-
mo do Zelenega rezultata. Zato je bil namen nase raziskave definirati
pogoje tiskanja na izbrano blago v laboratoriju s pomo¢jo ra¢unal-
niskega statisti¢nega nacrtovanja, s katerim bi si skrajsali delo in na-
tancneje preverili vpliv nekaterih dejavnikov na kvaliteto tiska [1].
Za optimizacijo pogojev tiskanja smo uporabili statisti¢ni program
za nacrtovanje eksperimentov Design-Expert (v. 6.0.8). Optimiza-
cija procesa tiskanja temelji na centralnem eksperimentalnem na-
¢értu - central composite design (CCD). Program omogoca preu-
¢evanje vpliva neodvisnih spremenljivk (v nasem primeru finosti
$ablone, premera tiskarskega noza, viskoznosti tiskarske paste in
Stevila prehodov tiskarskega noza) na odvisno spremenljivko (v
nasem primeru vrednost K/S oz. globino barvnega tona).
Eksperimentalni nacrt za $tiristopenjski faktorski nacrt predpisu-
je 30 eksperimentov. Na§ eksperiment je vkljuceval tri variacije za
vsak posamezen faktor (neodvisno spremenljivko), in sicer premer
tiskarskega noza: 6 mm, 8 mm in 10 mm; finost $ablone: 43 niti/
cm, 55 niti/cm in 68 niti/cm; viskoznost tiskarske paste: 0,44 Pas,
1,09 Pas in 1,75 Pas; Stevilo prehodov tiskarskega noza: enkrat,
dvakrat in trikrat. Za analizo dobljenih vrednosti K/S smo upora-
bili test analize sipanja (ANOVA).

Centralni eksperimentalni na¢rt poleg analize in grafinega prika-
za rezultatov omogoca tudi numeri¢no, graficno in tockovno opti-
mizacijo pogojev tiskanja.

1.1 Redukcijska barvila

Redukcijska barvila za tiskanje tekstilij spadajo po pomembno-
sti Sele na Cetrto mesto. Najvec se uporabljajo pigmenti, potem re-
aktivna barvila, tretja pa so disperzna barvila. Redukcijska barvila
uporabljamo predvsem za tiskanje celuloznih vlaken in mesanice
PES/bombaz. Odlikujejo se po dobrih mokrih in svetlobnih ob-
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For the optimization of the printing conditions
the statistical Design-Expert software (v. 6.0.8)
was used. The optimization of the printing pro-
cess is based on central experimental design -
central composite design (CCD) software. This
software enables the investigation of the influ-
ence of independent variables (in our case, the
fineness of the stencil, the diameter of the squee-
gee, the printing paste viscosity and the number
of passes of the squeegee) on a dependent vari-
able (in our case the K/S value or the color hue
depth).

The experimental design prescribes 30 experi-
ments for a four-level factorial design. Our ex-
periment involved three levels for each indi-
vidual factor (independent variable), i.e., the
diameter of squeegee: 6 mm, 8 mm and 10
mm; the fineness of the stencil: 43 threads/cm,
55 threads/cm and 68 threads/cm; the printing
paste viscosity: 0.44 Pas, 1.09 Pas and 1.75 Pas;
the number of passes of the squeegee: one, two
and three. The analysis of variance (ANOVA)
was used for analyzing the K/S values obtained.
In addition to the analysis and graphic pre-
sentation of the results, the central experimen-
tal design also enables numerical, graphic and

point optimization of the printing conditions.

1.1 Vat Dyes

Vat dyes are ranked fourth among textile print-
ing dyes, after pigments, which are ranked first,
reactive dyes, which are ranked second, and
disperse dyes, which are ranked third. Vat dyes
are mainly used for printing cellulose fibers and
PES/cotton blends. They are distinguished for
their good wet and light fastness. With regard
to their chemical composition, vat dyes belong
to the following three types: indigoid, thioindi-
goid and anthraquinone vat dyes. Each of them
contains one or more carbonyl groups.

It is typical for vat dyes to be water-insoluble,
and as such they do not have affinity to fibers.
To impart to them an affinity to fibers, vat dyes
must be previously reduced to the water-soluble
leuco form (leuco salt). This reaction proceeds
in the setting phase during steaming. As a re-
sult, dyes diffuse into fibers in the water-solu-
ble form. By hydrolysis, which proceeds during
scouring with water, and by oxidation, which

proceeds in peroxide liquor, the water-solu-
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stojnostih. Glede na kemic¢no sestavo lo¢imo tri vrste redukcijskih
barvil: indigoidna, tioindigoidna in antrakinonska. Vse tri vrste
vsebujejo eno ali ve¢ karbonilnih skupin.

Znacilno za redukcijska barvila je, da v vodi niso topna in kot taka
nimajo afinitete do vlaken. Da barvila dobijo afiniteto do vlaken,
jih moramo predhodno reducirati v vodotopno levko obliko (levko
sol). Ta reakcija potece pri fazi fiksiranja, med parjenjem. Barvilo
tako difundira v vlakno v vodotopni obliki. S hidrolizo, ki potece
pri spiranju z vodo, in z oksidacijo, ki potece v peroksidni kopeli,
pretvorimo barvilo zopet iz vodotopne v nevodotopno obliko.
Glede na to, ali sta reducent in alkalija prisotna v tiskarski pasti,
lo¢imo dva postopka:

- enofazni ali rongalit/pepelika postopek,

- dvofazni postopek.

Pri dvofaznem postopku tiskanje poteka v dveh fazah. V prvi fazi
blago potiskamo z barvilom in zgostilom ter ga nato susimo. V
drugi fazi pa ga impregniramo z raztopino alkalije in reducenta ter
naknadno parimo. Tako potiskano blago je pred fiksiranjem manj
obcutljivo na zunanje dejavnike. Ker ne vsebuje reducenta, ga lah-
ko manj ostro in pocasneje susimo, posuseno blago pa lahko daljsi
¢as odlezi pred fiskiranjem [2].

1.2 Viskoznost tiskarskih past

Od viskoznosti tiskarske paste sta odvisna nanos paste na blago ter
Sirjenje paste po povrsini blaga in v njegovo notranjost. Viskoznost
mora biti prilagojena povrsinski strukturi blaga, pogojem tiskanja
in zahtevani ostrini odtisov. Vsi tekstilni substrati sestojijo iz skup-
kov vlaken, prostor med vlakni, posebno kadar so vlakna zloZena
vzporedno in se stikajo, pa ima dimenzije in lastnosti kapilar. Te-
kocine, ki omakajo vlakna, se kapilarno $irijo vzdolz teh vmesnih
prostorov. Ustrezna viskoznost paste omeji kapilarno $irjenje, s ¢i-
mer zagotovi ostrino odtisov.

Doloceno Sirjenje paste je neizogibno in celo zazeleno, vendar
mora biti kontrolirano. Viskozne lastnosti dajejo pastam razli¢ne
snovi, ki jih imenujemo zgostila. Izbira zgostila pa ne vpliva le na
viskoznost paste, temve¢ — zaradi njegovih fizikalno-kemijskih la-
stnosti — tudi na barvno izdatnost tiskov. Tiskarske paste vsebujejo
povprecno 50 % zgostila, zato je njihovo obnasanje pri tiskanju v
veliki meri odvisno od zgostil, zlasti od njihove viskoznosti oziro-
ma spremembe viskoznosti pod vplivom strizne napetosti.
Viskoznost ali dinami¢na viskoznost n (kgm™s™ oz. Pas) je fizikal-
na koli¢ina, ki podaja odziv teko¢ine na strizno deformacijo. Do-
loc¢ena je kot razmerje med strizno napetostjo in strizno hitrostjo
ter podaja notranje trenje tekocin. V idealnih tekocinah je visko-
znost konstantna ter je neodvisna od strizne napetosti in gradien-
ta strizne hitrosti. Te teko¢ine imenujemo newtonske [3]. Visko-
znost newtonskih tekocin je podana z razmerjem strizne napetosti
in striznega gradienta (enacba 1):

n =6/D; pritemje § = F/Sin D = dv/dx (1)
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ble form is converted into the water-insoluble
form.

The following two procedures are used depend-
ing on whether a reducing agent and alkali are
present in the printing paste:

- single-stage or rongalite/potash procedure,

- two-stage procedure.

In the two-stage procedure, printing is per-
formed in two stages. In the first stage a fabric
is first printed with dye and a thickening agent
and then dried. In the second stage a fabric is
impregnated with a solution of alkali and a re-
ducing agent and subsequently steamed. This
procedure offers less complex drying and pro-

vides the possibility of delayed steaming [2].

1.2 Printing Paste Viscosity

Application of printing paste on a fabric, and
its spreading over the fabric surface and into
it, depend on the viscosity of the printing paste.
An upper limit of viscosity is determined by the
fabric surface structure and printing conditions.
A lower limit of viscosity is determined by the
printing conditions and by the required sharp-
ness of the prints. All textile substrates consist
of fiber assemblies; the spaces between the fibers
have dimensions and properties of capillaries,
particularly when fibers are arranged horizon-
tally and touch each other. Fiber wetting liquids
spread by capillary action along these inter-
spaces, which results in unsharpness of prints
if the viscosity of the printing paste is not high
enough to confine spreading.

Although a certain degree of printing paste
spreading is inevitable and even desired, it must
be controlled. Various agents, the so-called
thickening agents, impart viscous properties to
printing pastes. However, in addition to the vis-
cosity of the printing paste, a thickening agent
with its physical and chemical properties also
influences the color yield of prints. Since print-
ing pastes contain 50% of a thickening agent on
average, their behavior during printing high-
ly depends on the thickening agents, especially
on their viscosity or the change of their viscosity
under the influence of shear stress.

Viscosity or dynamic viscosity n (kg m™ s or
Pas) is a physical parameter, which denotes the
reaction of a fluid to shear strain. It is defined

as the ratio of shear stress to shear rate and de-
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kjer 5 predstavlja viskoznost (Pas), § strizno napetost (N/m? Pa), D
strizni gradient (s™), F strizno silo (N), S povrsino, na katero deluje
strizna sila (m?), in dv/dx spremembo hitrosti po povrsini (s™).
Tiskarske paste spadajo v skupino nenewtonskih teko¢in. Pri teh
viskoznost ni konstantna, temvec¢ je funkcija gradienta strizne hi-
trosti, dv/dx, v nekaterih primerih pa tudi striznega ¢asa. Za veci-
no tiskarskih past je znacilno psevdoplasti¢no, plasti¢no in tikso-
tropno obnasanje 2, 3].

1.3 Statisticni program za nacrtovanje eksperimentov
— central composite design (CCD)
Za uspesno izvedbo eksperimenta moramo opraviti naslednje tri
korake:
- nacrtovanje,
- izvrSitev in
- interpretacija podatkov oziroma analiza le-teh [4].

1.3.1 Metoda ustreznih povrsin

Metoda ustreznih povrsin (angl. response surface method, RSM)
je primerna, kadar imamo kvantitativne neodvisne spremenljiv-
ke in Zelimo na podlagi teh spremenljivk oceniti (napovedati) vre-
dnosti odvisnih spremenljivk. Ugotavljamo statisticno znacilnost
in stopnjo povezanosti med posameznimi spremenljivkami ter na-
povedujemo vrednosti odvisne spremenljivke. Vpliv vsake od ne-
odvisnih spremenljivk je ocenjen tako, da je neodvisen od medse-
bojnih vplivov neodvisnih spremenljivk. Program bo tako v model
vklju¢eval po eno neodvisno spremenljivko po vrstnem redu glede
na velikost vpliva na odvisno spremenljivko.

RSM je zelo uporaben za optimizacijo procesov, kot je npr. tiska-
nje, pri katerem Zelimo doseci optimalno barvno globino odtisov
(K/S) ob prilagajanju razli¢nih pogojev dela.

Omogoca raziskovanje linearnih vzro¢nih povezanosti med eno od-
visno spremenljivko (v naSem primeru je to K/S) in eno ali ve¢ ne-
odvisnimi spremenljivkami (finost $ablone, premer tiskarskega noza,
viskoznost tiskarske paste, $tevilo prehodov tiskarskega noza itd.).
Optimizacija procesa temelji na centralno sestavljenem nacrtu ek-
sperimentov (angl. central composite design, CCD) in racunalni-
$ko podprti linearni regresiji. Analiza obsega vrednotenje nacrta
eksperimentov in regresijskih modelov. Nacrt podpirajo razli¢ne
cenilke regresijske matrike, medtem ko analiza regresijskih mode-
lov vkljucuje analizo sipanja, aproksimativne polinome in povrsi-
ne odgovora.

CCD je eden od najbolj priljubljenih RSM-naértov. Paket CCD
predstavlja sistem postopkov, namenjenih analizi podatkov, ki jih
povezuje uporabniski vimesnik. Omogoc¢a menijsko ali ukazno vo-
denje obdelav.

Osnovni koraki v analizi podatkov s CCD:

- zagon CCD,

- priprava podatkov,

Tekstilec, 2009, letn. 52, $t. 1-3, str. 7-23



scribes internal friction between fluids. The vis-
cosity of ideal fluids is constant and independ-
ent of shear stress and the shear rate coefficient.
Such fluids are called Newtonian fluids [3]. The
viscosity of Newtonian fluids is denoted by the
ratio of shear stress to shear gradient (Equa-
tion 1):

n is the viscosity (Pas), 0 is the shear stress (N/
m?, Pa), D is the shear gradient (s™'), F is the
shear force (N), S is the surface on which shear
force is acting (m?), and dv/dx is the change of
rate over the cross section (s™!).

Printing pastes typically belong to the group of
non-Newtonian fluids. The viscosity of these
fluids is not constant and is the function of a
shear rate gradient, dv/dx, and in some cases
even of the time of shear. Pseudoplastic, plas-
tic and thyxotropic behavior is characteristic of

most printing pastes [2, 3].

1.3 Statistical Design of Experiments
Software — Central Composite
Design (CCD)

In order to successfully accomplish the experi-

ments, the following three steps must be taken:

- designing,

- implementation, and

- data interpretation and/or analysis [4].

1.3.1 Response Surface Method

The response surface method (RMS) is appro-
priate when quantitative independent variables
are available and we want to evaluate (predict)
the values of dependent variables on that basis.
We identify a statistical feature and the strength
of the relation between the individual variables,
and we predict the values of a dependent varia-
ble. The influence of each independent variable
is evaluated independently of the interactions
between the independent variables. Thus, the
software will enter independent variables into
the model one by one by considering the influ-
ence of each of them on a dependent variable.
RSM is a highly useful method for the optimi-
zation of processes, such as printing, where we
want to achieve the highest color depth of prints
(K/S) along with adjusting various conditions
of the work.

It enables investigation of linear design relations

between one dependent variable (in our case
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- izbor in zagon postopka ter

— pregled rezultatov (ANOVA, urejevalnik grafikonov, prenos re-
zultatov obdelav v druge aplikacije, napovedovanje itd.).

Pri izdelavi naérta CCD uposteva tri skupine tock:

a) tocke za dvostopenjski faktorski ali delni faktorski nacrt (angl.
two-level factorial or fractional factorial design points),

b) osne tocke (zvezdne tocke; angl. axial points, ,,star” points),

¢) sredi$¢na tocka (angl. center point).

Stevilo eksperimentov (N) se izratuna po enacbi 2. V primeru §ti-

ristopenjskega faktorskega nadrta je predvideno stevilo eksperi-

mentov 30. V to Stevilo je zajetih 6 ponovitev sredi$¢ne tocke, 16

poskusov na faktorskih tockah in 8 poskusov na zvezdnih toc¢kah.

N =2"+2n + 6 = 30 eksperimentov; n = 4 (2)

Pri tem je:

N ... stevilo eksperimentov, ki jih je treba opraviti,

n ... $tevilo faktorjev nacrta.

Po opravljeni analizi sipanja (ANOVA) za predlagani regresijski
model bodo izlocene tiste spremenljivke modela, ki niso statisti¢-
no znacilne, tj. so manj$e od statisticnega zaupanja S = 95 % (oz.
vedje od p > 0,05, kot se izrazajo v anglosaskem svetu).

CCD poleg statisticne analize in grafi¢nega prikaza rezultatov
omogoca $e numeri¢no, graficno in tockovno optimizacijo proce-
snih pogojev.

Z numeri¢no optimizacijo dobimo niz moznih resitev na podla-
gi izbrane ciljne vrednosti posameznega faktorja ali odgovora. Z
grafiéno optimizacijo napovemo optimalno obmocje delovanja za
posamezen faktor, v katerem so najverjetnejsi odgovori. Tockov-
na optimizacija se uporablja za napovedovanje odgovora glede na
spreminjanje pogojev posameznega faktorja [5].

2 Eksperimentalni del

2.1 Materiali

Uporabili smo 100 % bombazno tkanino, v vezavi keper, s povr-

$insko maso 294 g/m?, gostoto votka 29 niti/cm in gostoto osnove

54 niti/cm. Tkanina je bila izdelana v tovarni Tekstina d. d. v Aj-

dovscini.

Tiskali smo z redukcijskim barvilom Bezathren bordo RR firme

Bezema iz Svice [1].

Za pripravo tiskarskih past in vezanje (fiksiranje) barvil na vlakna

smo uporabili naslednje kemikalije:

- Boraks dekahidrat (Belinka, Slovenija): dinatrijev tetraborat de-
kahidrat,

- Cotoblanc RS (CHT, Nemcija): koloidni sistem na osnovi anor-
ganskih soli,

~ Prisulon CMS 10 (Bezema, Svica): zgostilo, karboksimetiliran
skrob,
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the K/S value) and one or more independent

variables (fineness of stencil, diameter of squee-

gee, printing paste viscosity, number of passes of

squeegee, etc.).

The optimization of the process is based on cen-

tral composite design (CCD) and computer-aid-

ed linear regression. The analysis involves the

evaluation of the design of experiments and re-

gression models. Various regression matrix esti-

mators support the design, whereas the analysis

of regression models includes analysis of vari-

ance, polynomial approximation and response

surfaces.

CCD is one of the most popular RSM-designs.

A CCD package includes a system of procedures

for data analysis, which are linked by a user in-

terface. It enables menu- or command-driven

data processing.

Basic steps of the data analysis by using the

CCD software package:

- CCD start-up,

- data preparation,

- procedure selection and start-up, and

- review of results (ANOVA, graph editor,

transfer of processing results to other applica-

tions, predicting etc.).

When creating a design, CCD takes into ac-

count three groups of points:

a) two-level factorial or fractional factorial de-
sign points,

b) axial points (»star« points), and

c) a center point.

The number of experiments (N) is calculated by

using Equation 2. Thirty experiments are an-

ticipated for a four-level factorial design. This

number encompasses 6 repeats of a center point,

16 experiments on factorial points and 8 exper-

iments on ‘star” points. (Equation 2)

where N is the number of experiments to be

conducted, and n is the number of design fac-

tors.

After the analysis of variance (ANOVA) has

been completed for the proposed regression

model, statistically uncharacteristic variables of

the model, i.e., variables which are bellow the

statistical confidence interval S = 95% (or high-

er than p > 0.05, as expressed in the Anglo-Sax-

on territory), are eliminated.

In addition to the statistical analysis and graph-

ic presentation of the results, CCD provides nu-
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- Prisulon 530 R (CHT, Nemcija): zgostilo, me$anica polisahari-
dov,

~ Rapidoprint SC 10 (Bezema, Svica): alifatska hidroksi spojina,

- Rapidoprint H4 (CHT, Nemcdija): specialno mineralno olje v
kombinaciji z emulgatorji,

- Redulit C (CHT, Nemcdija): derivat sulfinske kisline, redukcijsko
sredstvo,

— Subitol LS-N (CHT, Nemcija): omakalno-pralno sredstvo, mesa-
nica povrsinsko aktivnih snovi,

- Vodikov peroksid (Belinka, Slovenija) H,O, 35 %, oksidacijsko
sredstvo.

2.2 Analize

Viskoznost tiskarskih past smo izmerili na laboratorijskem vi-
skozimetru RheolabQC proizvajalca Anton Paar iz Avstrije, in
sicer pri temperaturi 24,3 °C v obmo¢ju strizne hitrosti do 300
obratov/s.

Barvne vrednosti smo merili na dvozarkovnem spektrofotometru
Datacolor International Spectraflash SF 600 PLUS CT pri nasle-
dnjih pogojih:

- velikost merilne odprtine: LAV 9 mm,

- standardizirana svetloba: D65,

- standardni opazovalec: 10°,

- geometrija osvetlitve in opazovanja: d/0,

- §tevilo plasti tkanine: 4 plasti,

- §tevilo meritev: 5 meritev na enem vzorcu.

Barvno globino ali vrednost K/S smo izra¢unali po enac¢bi Kubel-
ka-Munk [6] (enacba 3):

(1-Ry?
2R

K/S =

3)

V njej je:

K ... absorpcija svetlobe,

S ... sipanje svetlobe,

R ... refleksija svetlobe (vrednosti 0-1).

Stopnjo pretiska, P, ki pove, kolik§en delez barvila je presel na
hrbtno stran tkanine, smo izracunali po naslednji enacbi (enac-

ba 4):

p- K784 x 100 [%] @)
(0.5 x [K/Sfmm xK/S, ]

Ostrino odtisov na potiskanih vzorcih smo ocenili na osnovi mer-
jenja $irine odtisnjenih ¢rt s povecevalnim steklom z vgrajenim
merilnim trakom dolzine 10 mm. Sirino odtisnjene ¢rte je bilo
mozno odc¢itati do 0,1 mm natancno.
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merical, graphic and point optimization of
processing conditions.

Numerical optimization provides a series of op-
tional solutions on the basis of the selected tar-
get value of an individual factor or response.
By graphic optimization it is possible to predict
the optimal range of activity for each individu-
al factor, which contains the most probable re-
sponses. Point optimization is used for response
predicting with regard to the changing condi-
tions of each individual factor [5].

2 Experimental

2.1 Materials

The experiments were performed on 100% cot-

ton fabric, supplied by Tekstina d.d., Slovenia.

The fabric was industrially desized, scoured,

bleached and mercerized. Fabric specifications

were: weight 294 g m™, warp 54 threads cm™,

weft 29 threads cm™.

Vat dye Bezathren bordo RR from Bezema

(Swiss) [1] was used for printing.

The chemicals used for printing paste prepara-

tion were:

- Borax decahydrate (Belinka, Slovenia): diso-
dium tetraborate decahydrate,

- Cotoblanc RS (CHT, Germany): washing-dis-
persing agent

— Prisulon CMS 10 (Bezema, Swiss): thickener,
carboxymethyl starch,

- Prisulon 530 R (CHT, Germany): thickener,
polysaccharide mixture,

- Rapidoprint SC 10 (Bezema, Swiss): aliphatic
hydroxy compound,

- Rapidoprint H4 (CHT, Germany): special
mineral oil,

- Redulit C (CHT, Germany): reduction agent,

- Subitol LS-N (CHT, Germany): washing-dis-
persing agent,

- Hydrogen peroxide (Belinka, Slovenija) H,0,
35 %, oxidizing agent.

2.2 Analysis

The rheological properties of the printing pastes
were measured on a rheometer RheolabQC
from Anton Paar (Austria) at 24.3 °C and at
shear rates up to 300 s™.

The color properties were determined by a Da-
tacolor Spectraflash® SF 600 PLUS-CT spectro-
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2.3 Tiskanje

Po recepturah, prikazanih v preglednici 1, smo pripravili osnovna
zgostila z razli¢no vsebnostjo suhe snovi (Prisulon 530 R) in posle-
di¢no z razli¢no viskoznostjo.

Tiskarske paste smo pripravili tako, da smo ustrezno koli¢ino
prahastega barvila in pomoznih sredstev dodali v pripravljeno
osnovno zgostilo po recepturi, prikazani v preglednici 2. Osnov-
no zgostilo je bilo pripravljeno najmanj dve uri pred izdelavo ti-
skarske paste, tako da je zgostilo nabreknilo v polni meri. Pripra-
vili smo tri tiskarske paste, z vsakim osnovnim zgostilom po eno,
z viskoznostmi 0,44 Pas, 1,09 Pas in 1,75 Pas, pri strizni hitrosti
53,45

Table 1: Stock pastes with different quantities of a dry thickener

Tivedia: Stock Stock Stock
paste 1(g) paste 2 (g) paste 3 (g)
Prisulon 530 R 40 50 60
H,0O demin. 960 950 940
z 1000 1000 1000
Table 2: Recipes of printing pastes

Ingredient Quantity (g)
Stock paste 550
Rapidoprint SC 10 3
Rapidoprint H4 20
Bezathren bordo RR 30
H,O demin. Y
z 1000

Tiskali smo na laboratorijski magnetni tiskarski mizi Mini MDF
R390, J. Zimmer, Avstrija, pri stopnji magnetne sile 2 in hitrosti ti-
skarskega noza 80 %. Tiskali smo z magnetnimi valj¢nimi tiskar-
skimi nozi premera 6 mm, 8§ mm in 10 mm, in to z enkratnim,
dvakratnim in trikratnim prehodom tiskarskega noza. Uporabili
smo $ablone finosti 43 niti/cm, 55 niti/cm in 68 niti/cm.

Potiskane vzorce smo susili eno minuto pri 110 °C na laboratorij-
skem razpenjalno-susilnem stroju firme Benz iz Svice. Posusene,
potiskane vzorce smo impregnirali na laboratorijskem dvovalj¢-
nem fularju s 100 % oZemalnim uc¢inkom. Sestava impregnirne
kopeli je prikazana v preglednici 3. Za pripravo impregnirne kope-
li smo uporabili demineralizirano vodo.

Takoj po impregniranju smo vzorce parili na laboratorijskem pa-
rilniku DHE 20675 $vicarskega proizvajalca Werner Mathis AG, in
sicer 8 minut pri temperaturi 102 °C v nasiceni pari.
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photometer, under illuminant D65 using the
10° standard observer, d/8° measurement ge-
ometry and a measurement area of 20 mm in
diameter. Five measurements were done on
each sample.

The color strengths (expressed as K/S value)
were calculated by the Kubelka-Munk equation
(Equation 3):

where K represents the absorption, S the scat-
tering and R the reflection of light.

Penetration was calculated by Equation 4. It
represents the rate of the dye on the back side of
the fabric. (Equation 4)

The sharpness of the prints were estimated by
measuring of the width of printed lines at 0.1

mm accuracy.

2.3 Printing

Table 1 represents the recipes for stock pastes
with different quantities of dry thickener (Prisu-
lon 530 R) and consequently with different vis-
cosities.

Printing pastes were prepared by addition of a
dry vat dye and auxiliaries into the stock pastes
as represented in Table 2. Three printing pastes
were prepared from three different stock pastes
with final viscosities of 0.44 Pas, 1.09 Pas and
1.75 Pas, at a shear rate of 53.4 s7\.

Printing was performed on the laboratory flat
screen printer Mini MDF R-390, Johannes Zim-
mer AG (Austria) at magnet pressure level 2
and printing speed 80%. Magnetic roller squee-
gees with diameters of 6 mm, 8 mm and 10 mm
were used for printing. One, two or three pass-
es of the squeegee were done. The stencils of the
screens had 43, 55 and 68 threads/cm.

Table 4: Factor values

Optimiziranje tiskanja tkanin z uporabo statisticnega programa za nacrtovanje poskusov

Table 3: Impregnation bath

Ingredient Quantity (g)

Subitol LS-N 3
Rapidoprint SC 2
Redulit C 150
Prisulon CMS 10 (10 %) 100
Boraks1:9 100
NaOH 36 ° Be 120
H,O demin Y

1000

Po parenju smo vzorce spirali najprej z mrzlo in nato s toplo teko-
¢o vodo. Sledili so oksidacijska kopel s 4 ml/l H,O, 35 % in 2 g/I
CH,COOH 80 %, segreta na 60 °C, spiranje s toplo tekoco vodo,
vrelo miljenje z 2 g/l Cotoblanca RS (CHT) in nazadnje $e vroce
ter toplo spiranje. Za kopeli pri naknadnih obdelavah smo upora-
bili demineralizirano vodo.

2.4 Optimizacija tiskanja

Za optimizacijo tiskanja smo uporabili statisticno programsko
opremo Design-Expert (v. 6.0.8.), proizvod podjetja Stat-Ease, Inc.
(Minneapolis, MN), ki na osnovi CCD in ustreznega odgovora iz-
dela matemati¢ni model z najbolj$im ujemanjem za napovedova-
nje pravilnih odgovorov.

Dolo¢ili smo stiri faktorje, ki lahko vplivajo na izvedbo tiskanja oz.
na rezultat: finost $ablone, premer tiskarskega noza, viskoznost ti-
skarske paste in $tevilo prehodov tiskarskega noza. Na§ eksperi-
ment je vkljuceval tri stopnje za vsak posamezen faktor (-1, 0, 1).
Osrednje vrednosti so prikazane v preglednici 4.

Factors Unit -1 0 1

A Stencil fineness (threads/cm) 43 55 68
B Squeegee diameter (mm) 6 8 10
C Print paste viscosity (Pas) 0.44 1.09 1.75
D No. of squeegee passes 1 2 3

Program je za Stiristopenjski faktorski nacrt predpisal 30 eksperi-
mentov, ki so prikazani v preglednici 5.
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The printed samples were dried for one minute ~ Table 5: Experimental design
at 110°C on a laboratory stenter frame from

Benz (Swiss). The dry, printed samples were im- Experiment No. A B C D

pregnated on the two-roll padder W. Mathis 1 43 6 0.44 1
AG (CH) at a wet pick-up of 100%. The recipe
of the padding solution is shown in Table 3. Im- 2 68 6 0.44 1
mediately after impregnation the samples were 3 43 10 0.44 1
steamed for 8 minutes at 102°C in saturat-
4 68 10 0.44 1
ed steam on a laboratory steamer DHE 20675
from Werner Mathis AG (Swiss). 5 43 6 1.75 1
Steamed samples were rinsed with cold and 6 68 6 1.75 1
warm tap water followed by oxidizing in a so-
luti 7 43 10 1.75 1
ution of 4 ml/l H,0, 35% and 2 g/l CH.COOH
80%, at 60°C, rinsing with warm water and hot 8 68 10 1.75 1
soaping with a solution of 2 g/l Cotoblanc RS. 9 43 6 0.44 3
The treatment was finished with warm rinsing
and air drying. 10 68 6 0.44 3
11 43 10 0.44 3
2.4 Optimization of printing 12 68 10 0.44 3
A software for statistical evaluation, Design-
Expert (v. 6.0.8.), from Stat-Ease, Inc. (Minne- 13 43 6 L.75 3
apolis, MN) was used for printing optimization. 14 68 6 1.75 3
Th ives th thematical model
e program gives the mathematical model for 15 43 10 175 3
the prediction of exact answers on the basis of
CCD. 16 68 10 1.75 3
Four factors that affect the printing quality were 17 43 8 1.09 2
chosen: stencil fineness, squeegee diameter, vis-
. . 18 68 8 1.09 2
cosity and number of passes. Our experiment
included three steps for each factor (-1, 0, 1). 19 55 6 1.09 2
The central values are represented in Table 4. 20 55 10 1.09 2
The program prescribed 30 experiments for a
. . . 21 55 8 0.44 2
four step factorial design, which are represent-
ed in Table 5. 22 55 8 1.75 2
. . 23 55 8 1.09 1
3 Results and discussion
24 55 8 1.09 3
The Design of Experiments Statistical Software 25 55 8 1.09 2
was used for the optimization of cotton fabric 26 55 3 1.09 2
printing with vat dyes. By using this software, it
is possible to design the number of experiments 27 55 8 1.09 2
and to optimize a printing process. 28 55 8 1.09 2
Table 6 presents the measured K/S values af-
- o 29 55 8 1.09 2
ter printing for each individual proposed rec-
ipe, the K/S values predicted by the software 30 55 8 1.09 2

and the difference between the measured and

the predicted K/S values. On the basis of the ex-

perimental data the software confirmed the re- 3 Rezu |tat| in raZprava

gression model, which was calculated by the

smallest square method and which describes the ~ Za optimizacijo tiskanja bombaznih tkanin z redukcijskimi barvi-
relation between variables and the experimen-  li smo uporabili statisti¢ni program za nac¢rtovanje eksperimentov.
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tal response (in our case the measured K/S val-
ue). The analysis of variance test was used for
evaluation of the model and for comparison of
the mean values between three or more different
groups of investigated variables. After the analy-
sis of variance for the proposed regression mod-
el was completed, we eliminated variables that
had a statistically uncharacteristic influence on
the model (B, A%, B>, D2, AB, AC, AD, BC, BD
and CD), or those that had a value below the
statistical 95% confidence interval (or had a p
value higher than 0.05). Variables with statis-
tically characteristic influences are presented in
Table 7; they are A, C, D and C.A statistically
characteristic feature of the model is confirmed
by statistical confidence or by the p value, which
is lower than 0.0001 in our results. The print-
ing paste viscosity (C) has the highest influence
on final K/S value; it is followed by the number
of passes of the squeegee (D) and the fineness of
the stencil (A), whereas the influence of the di-
ameter of squeegee (B) is the lowest. The higher
the value for assessment of coefficients and for
F-value is, the higher the influence of an indi-
vidual variable on the K/S value.

By using the smallest square method, the soft-
ware calculated a polynomial equation for the
regression for predicting the K/S values (Equa-
tion 5). The polynomial equation contains lin-
ear, quadratic and mixed members; the values
of the above-mentioned four variables represent
independent variables. (Equation 5)

The regression straight line (R> = 0.9584) in Fig-
ure 1 shows good correlation between the meas-
ured K/S values and the values predicted by
the software on the basis of the smallest square
method.

Each spatial diagram in Figure 2 presents the
influence of interactions between two of four
variables on the color hue depth. In each dia-
gram both of the variables that are not pre-
sented are constant. The observed variables
are: fineness of stencil 55 threads/cm, diame-
ter of squeegee 8 mm, printing paste viscosity
1.09 Pas, and two passes of squeegee. The color
plane inclination indicates how high the influ-
ence of individual variables is on the K/S val-
ue. The comparison of Figures 2a to 2f reveals
that among all the variables investigated the di-

ameter of the squeegee has the lowest influence
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Program omogoca nacrtovanje $tevila eksperimentov in optimiza-
cijo procesa tiskanja.

V preglednici 6 so prikazane izmerjene vrednosti K/S po tiskanju
za posamezno predlagano recepturo, vrednosti K/S, ki jih je napo-
vedal program, ter razlika med izmerjeno in napovedano vredno-
stjo K/S. Na osnovi eksperimentalnih podatkov je program potrdil
regresijski model, ki je izracunan po metodi najmanjsih kvadra-
tov ter opisuje zvezo med spremenljivkami in odgovorom eksperi-
menta (v naSem primeru je to izmerjena vrednost K/S). Test ana-
lize sipanja smo uporabili za ovrednotenje modela in primerjavo
povpre¢nih vrednosti med tremi ali ve¢ razli¢nimi skupinami pre-
iskovank. Po opravljeni analizi sipanja za predlagani regresijski
model smo izlo¢ili tiste spremenljivke, katerih vpliv na model ni
bil statisti¢no znacilen (B, A% B, D2, AB, AC, AD, BC, BD in CD),
oz. tiste, katerih vrednost je bila manjsa od statisti¢nega zaupanja
95 % (oz. p vedji od 0,05). Spremenljivke s statisticno znacilnimi
vplivi so prikazane v preglednici 7; to so A, C, D, C’. Statisti¢no
znacilnost modela potrjuje statisticno zaupanje oz. vrednost p, ki
je pri nasih rezultatih manjs$a od 0,0001. Na kon¢no vrednost K/S
ima najvedji vpliv viskoznost tiskarske paste (C), ki ji sledita Stevi-
lo prehodov tiskarskega noza (D) in finost $ablone (A), medtem ko
ima premer tiskarskega noza (B) najmanjsi vpliv. Vija ko je vre-
dnost za oceno koeficientov in za F-vrednost, vedji je vpliv posa-
mezne spremenljivke na vrednost K/S.

Table 6: K/S values of prints produced by using the experimental de-
sign for the optimization of direct printing with vat dyes

Experiment K/Si K/Sn K/Si - K/Sn
1 6.78 6.76 0.018
2 5.44 5.81 -0.360
3 6.79 6.60 0.190
4 6.46 6.36 0.100
5 12.47 12.78 -0.310
6 11.78 11.14 0.640
7 11.96 12.01 -0.051
8 10.48 11.08 -0.600
9 11.71 11.24 0.460

10 9.90 9.89 0.010
11 12.04 12.72 -0.680
12 12.26 12.08 0.180
13 16.01 16.15 -0.150
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on the K/S value (Figures a, d and e), which is

_ ) o _ Experiment K/Si K/Sn K/Si - K/Sn
in accordance with the statistical analysis. By
comparing the influence of individual variables 14 13.78 14.11 -0.320
on the K/S value, provided that the diameter of
squeegee remains constant, we see that the color 15 17.24 17.01 0.230
hue depth depends mostly on the printing paste 16 15.62 15.68 ~0.061
viscosity, the number of passes of the squeegee
is second, and the fineness of the stencil is third 17 13.63 13.34 0.290
(Figures b, c and f). 18 12.62 12.20 0.420
In addition to statistical analysis and graphic
presentation of the results the Design of Exper- 19 12.46 12.44 0.018
iments Statistical Software provides numerical,
graphic and point optimization of the process- 20 13.84 13.15 0.6%0
ing conditions. We chose numerical optimiza- 21 8.11 8.04 0.079
tion, because it provided the possibility of se-
lecting target values for an individual factor or 22 13.47 12.85 0.630
response. It offers a series of optional solutions 23 10.06 9.68 0.380
among which we can select the most appropri-
ate combination of printing conditions. Our 24 14.55 14.22 0.330
presumption was that we wanted to achieve

) L 25 12.09 12.21 -0.120
a maximal value of K/S at a constant viscosi-
ty of printing paste. Among the combinations 26 11.27 12.21 ~0.940
offered, we selected the five most appropriate
ones, which are presented in Table 8. Table 9 27 12.01 12.21 -0.200
shows the designed and obtained K/S values at 28 10.52 12.21 _1.690
the selected optimized work conditions. We can
see that the differences are small, which means 29 11.57 12.21 -0.640
that the prognoses were correct.
The experiments were completed with the prog- 30 13.67 1221 1.470

nosis of a response at an optimal setting of the ~ K/Si ... measured K/S, K/Sn ... planned K/S,

printing conditions. By using point optimiza-  K/Si - K/Sn ... difference between measured and planned K/S.

Table 7: Influence and characteristics of individual variables in accordance with the analysis of variance ANOVA
(R2=0.9584)

Variable Assessme1.1t Stat. Error Lf)w.e : U.p p .er Value F Value P

of Coefficients Limit Limit
Model 12.21 0.25 11.68 12.74 24.70 <0.0001
A - Fineness of Stencil -0.57 0.19 -0.97 -0.17 9.15 0.0085
C - Viscosity 2.41 0.19 2.00 2.81 162.11 < 0.0001
D - No. of Passages 2.27 0.19 1.87 2.67 144.43 < 0.0001
(o -1.77 0.50 -2.83 -0.71 12.61 0.0029

At a 95% confidence interval

Z metodo najmanjsih kvadratov je program izracunal regresijsko
enacbo polinomskega tipa za napoved K/S (enacba 5). Polinom
vsebuje linearne, kvadratne in me$ane ¢lene, kot neodvisne spre-
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tion, new conditions can be optionally entered
into the model. The software then gives the re-
sponse along with the related confidence inter-
vals on the basis of the equation for the K/S val-
ue prognosis (Equation 5).

Table 10 presents the calculated values of pene-

tration and the evaluated prints sharpness.

4 Conclusions

Central composite design (CCD) confirmed our
expectations that the highest color values would
be obtained with a medium viscosity printing
paste, with coarse stencils, with a higher diam-
eter of squeegee and with multiple passes of the
squeegee, as shown in Tables 6 and 8 and Figure
2. Since we printed on a fabric with a high den-
sity of threads and a high thickness and mass
per unit area, a large amount of printing paste
had to be applied in order to cover the entire
material with dye. The application of printing
paste on a fabric is higher with coarse stencils
and multiple passes of the squeegee. Low viscos-
ity enables higher application of printing paste
but at the same induces higher penetration to
the fabric back side, the result of which is a re-
duced color hue depth on the fabric face side. If
the printing paste is too viscous, the application
on the fabric is too low. However, it is not only
the color hue depth that is important at print-
ing, but also the sharpness of prints, which is
frequently inversely proportional to the amount
of the applied printing paste. The sharpness of
prints on the selected fabric was not high in any
of our cases. We printed on 0.2 to 0.4 mm wide
strips. We calculated that in our case there was
no correlation between the color hue depth and
the print sharpness; therefore, optimal condi-
tions were those at which we obtained the high-
est color hue depth.

It can be concluded that the computer-aided de-
sign of experiments is the appropriate method

for the optimization of the printing process.
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menljivke pa nastopajo vrednosti za $tiri Ze omenjene spremen-

ljivke.

K/S=1221-057xA+035xB+241 xC+2.27 x
D +0.56 x A2 +0.59 x B2 - 1.77 x C2 - 0.26 x
D2+0.18xAxB-017xAxC-0.10x
AxD-015xBxC+041xBxD-028xCxD

(5)

Regresijska premica (R? = 0,9584) na sliki 1 prikazuje dobro uje-
manje med izmerjenimi vrednostmi K/S in tistimi, ki jih je napo-
vedal program na podlagi metode najman;jsih kvadratov.

17.24
14.28 1 D
mpls B
[ ] EEEEI =

B m B
a3

O
544

ha4 a8.39 11.34 14,74 T

Measured K/S

Figure 1: Regression straight line for predicted K/S values depending
on the measured K/S values

Na posameznem prostorskem diagramu na sliki 2 je prikazan
medsebojni vpliv dveh izmed stirih spremenljivk na globino barv-
nega tona. Pri vsakem diagramu sta obe neprikazani spremenljiv-
ki konstantni. Opazovane spremenljivke so: finost $ablone 55 niti/
cm, premer tiskarskega noza 8 mm, viskoznost tiskarske paste 1,09
Pas in dvakratno tiskanje. Naklon barvne ploskve nazorno naka-
zuje velikost vpliva posameznih spremenljivk na vrednost K/S. Pri
primerjanju slik 2a do 2f vidimo, da ima na vrednost K/S med vse-
mi preucevanimi spremenljivkami najman;jsi vpliv premer tiskar-
skega noza (slike a, d in e), kar je v skladu s statisti¢cno analizo.
Ce pri konstantnem premeru tiskarskega noza primerjamo vpliv
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Figure 2: Spatial presentation of the influence of individual variables (fineness of stencil, diameter of squeegee,
printing paste viscosity, number of passes of squeegee) on the K/S values: a) printing paste viscosity 1.09 Pas,
number of passages of squeegee 2; b) diameter of squeegee 8 mm, number of passages of squeegee 2; c) diame-
ter of squeegee 8 mm, printing paste viscosity 1.09 Pas; d) fineness of stencil 55 threads/cm, number of passag-

es of squeegee 2; e) fineness of stencil 55 threads/cm, printing paste viscosity 1.09 Pas; f) fineness of stencil 55
threads/cm, diameter of squeegee 8 mm.
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posamezne spremenljivke na vrednost K/S, opazimo, da je globi-
na barvnega tona odvisna od viskoznosti tiskarske paste in $tevila
prehodov tiskarskega noza ter finosti $ablone (slike b, ¢ in f), in to
v padajocem vrstnem redu.

Statisti¢ni program za nacrtovanje eksperimentov omogoca poleg
statisti¢ne analize in grafi¢nega prikaza rezultatov tudi numeri¢-
no, grafi¢no in tockovno optimizacijo procesnih pogojev. Izbrali
smo numeri¢no optimizacijo, saj smo Zeleli imeti moznost izbira-
nja ciljnih vrednosti za posamezen faktor ali odgovor. Ta ponuja
niz moznih resitev, med katerimi lahko izberemo najprimernejso
kombinacijo pogojev tiskanja. Predpostavili smo, da zelimo doseci
maksimalno vrednost K/S pri konstantni viskoznosti tiskarske pa-
ste. Izmed ponujenih smo izbrali pet najprimernejsih kombinacij,
ki so prikazane v preglednici 8. Preglednica 9 pa prikazuje naérto-
vane in dobljene vrednosti K/S pri izbranih optimiziranih pogojih
dela. Vidimo, da so razlike majhne, kar pomeni, da so bile napove-
di pravilne.

Eksperimente kon¢amo z napovedjo odgovora pri optimalni na-
stavitvi pogojev tiskanja. S to¢kovno optimizacijo lahko v model
poljubno vnasamo nove pogoje. Program nato poda odgovor sku-
Paj s pripadajo¢imi intervali zaupanja na podlagi enacbe za napo-
ved vrednosti K/S (enacba 5).

Table 8: Proposed work conditions by numerical optimization

: Fineness Diameter Printing paste No. of Passes
Experiment . . ! :
of Stencil of Squeegee Viscosity of Squeegee
1 55 10 0.586 3
2 55 6 0.586 3
3 55 6 0.586 2
4 43 10 0.586 3
5 43 6 0.586 3

Table 9: K/S values obtained after work conditions optimization

Experiment No.  K/Si K/Sn K/Si - K/Sn
1 12.83 13.01 -0.18
2 11.59 11.22 0.37
3 10.41 9.39 1.02
4 13.52 13.80 -0.28
5 11.43 12.47 -1.04

K/Si ... measured K/S, K/Sn ... designed K/S, K/Si - K/Sn ... difference between the
measured and designed K/S.
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V preglednici 10 so prikazane izratunane vrednosti pretiska in
ocenjene ostrine odtisov.

Table 10: Penetration, B, and print sharpness

Experiment No. P (%) Sharpness (mm)
1 9.02 0.3
2 5.61 0.4
3 12.89 0.3
4 7.22 0.4
5 2.15 0.3
6 1.39 0.4
7 2.26 0.5
8 1.87 0.4
9 40.81 0.3
10 23.85 0.4
11 52.70 0.3
12 36.80 0.4
13 1.87 0.3
14 2.32 0.4
15 2.60 0.3
16 2.29 0.3
17 5.68 0.2
18 4.42 0.2
19 3.86 0.2
20 4.55 0.2
21 27.88 0.2
22 2.32 0.3
23 3.55 0.3
24 9.34 0.2
25 3.74 0.3
26 4.46 0.2
27 5.39 0.2
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Experiment No. P (%) Sharpness (mm)
28 5.79 0.2
29 4.32 0.3
30 4.32 0.3
4 Zakljucek

Centralni eksperimentalni nacrt je potrdil predvidevanja, da
bodo najvisje barvne vrednosti dosezene s tiskarsko pasto srednje
viskoznosti, z grobimi $ablonami, pri ve¢jem premeru tiskarske-
ga noza in pri veckratnem potegu tiskarskega noza, kot lahko vi-
dimo iz preglednic 6 in 8 ter s slike 2. Glede na to, da smo tiska-
li na tkanino z veliko gostoto niti, veliko debelino in povrsinsko
maso, je bilo treba za prebarvanje vsega materiala nanesti veliko
koli¢ino tiskarske paste. Nanos tiskarske paste na blago pa je vedji
ob uporabi grobih $ablon in veckratnem potegu tiskarskega noza.
Nizka viskoznost omogoca vedji nanos paste, vendar pa povzro-
¢i vedji pretisk na hrbtno stran blaga, zaradi Cesar je globina tona
na li¢ni strani manj$a. Pri previsoki viskoznosti tiskarske paste pa
je nanos na blago premajhen. Vendar pa je pri tiskanju poleg glo-
bine barvnega tona pomembna tudi ostrina odtisov, ki je pogosto
obratno sorazmerna s koli¢ino nanesene tiskarske paste. Izkaza-
lo se je, da ostrina pri izbrani tkanini v nobenem primeru ni vi-
soka. Natisnili smo ¢&rte $irine 0,2 do 0,4 mm. Izra¢unali smo, da
korelacije med globino barvnega tona in ostrino v nasem prime-
ru ni, zato so optimalni pogoji tisti, pri katerih dosezemo najve-
¢jo globino tona.

Zaklju¢imo lahko, da je racunalnisko nacrtovanje poskusov pri-
merna metoda za optimizacijo procesa tiskanja.
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