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The firing of glass enamels, which are applied to decorate glass p roduc t s , is usual ly d o n e in a furnace. Α new a n d sui table t e c h n i q u e 
for firing glass enamels is to m a k e use of the high-power CW-CO2 laser. I ts b e a m (wavelength 10.6 μ m ) induces a very fast h e a t i n g 
of the enamelled glass within a small surface layer. This makes it possible t o fire glass enamels a t temperatures above 1000°C , 
wi thout any deformat ion of the Substrate glass body In this t e m p e r a t u r e r änge an a m o u n t of the h a r m f u l c o m p o n e n t P b O in t h e 
glass enamel is n o longer necessary T h e PbO-free glass flux of the e n a m e l is m a d e easily by mi lhng the Substrate glass (f loat glass) . 
The gloss and smoothness of the laser-fired enamel are comparab le t o the convent iona l ly fired ename l . T h e absence o f P b O a n d 
the high firing temperatures are very advantageous to the chemical res is tance of the enamels , m e a n i n g excellent d i shwashe r durabi l i ty . 

Einbrennen PbO-freier Glasemails mit dem cw-C02-Laser 

D a s Einbrennen von Glasemails , die zur Glasdekora t ion verwendet werden , wird übl icherweise in e inem Ofen du rchge füh r t . E in 
neues u n d geeignetes Einbrennverfahren für Glasemails stellt die N u t z u n g des cw-C02-Hochle i s tungs lase rs dar . Dessen L a s e r s t r a h l 
(Wellenlänge 10,6 μτη) bewirkt eine sehr schnelle E r w ä r m u n g des emailUerten Glases i nne rha lb einer d ü n n e n Ober f l ächensch ich t . 
Dies ermöglicht eine E inb renn tempera tu r für Glasemails über 1000°C, o h n e d a ß eine Ver fo rmung des Trägerglases s ta t t f inde t . Bei 
diesen Tempera turen ist es nicht mehr notwendig , d a ß das G la sema i l schädhches P b O en thä l t . D e r bleifreie Glas f luß des E m a i l s 
wird einfach durch Aufmahlung des Trägerglases (Floatglas) hergestel l t . G l a n z u n d Rauh igke i t der mi t Lase r e i n g e b r a n n t e n E m a i l s 
sind mit den konventionell e ingebrannten vergleichbar. Die Abwesenhe i t von P b O u n d die h o h e n E i n b r e n n t e m p e r a t u r e n wi rken sich 
vorteilhaft auf die chemische Resistenz der Emails aus, d .h. h e r v o r r a g e n d e Spü lmasch inenbes t änd igke i t wird erreicht . 

1. Introduction 

In Order to apply enamels to glasswares, a firing 
procedure is necessary. Dur ing heating in a furnace the 
individual enamel particles soften, melt and finally flow 
together, eliminating the voids between them. They must 
also bind to the glass Substrate. This process has to take 
place at temperatures below the softening point (Τ;) of 
the glass object, e.g. 630 °C for flat glass [1] in order to 
avoid deformation of the glass body. Only low-melting 
glass fluxes based on high amoun t s of harmful P b O are 
used today They have low chemical resistance, and often 
show unfitness in the Coefficient of Thermal Expansion 
(CTE), meaning lower mechanical strength of the coated 
glass [2 and 3]. 

The CW-CO2 laser (cw = cont inuous wave) is an at-
tractive and suitable tool for firing glass enamels con-
taining large quanti t ies of lead oxide, as shown in pre-
liminary experiments at this Institute [4]. The laser tech­
nique makes it possible to treat glass surface layers with­
out any influence on neighbour ing regions of the glass 
[5]. Due to interact ion with C O 2 laser radiat ion the 
temperature of the glass surface rises rapidly above 
wi thout any deformation of the glass body. Fur ther­
more, heating enamels with C O 2 laser makes low-melt-
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ing glass fluxes superf luous; completely new glass c o m -
bina t ions are possible a n d the harmfu l lead oxide c a n 
be avoided. 

2. A im of th is wo rk 

T h e a im of this work was to m a k e use of the advan tages 
a n d good features of h igh-power laser r ad ia t ion for fir­
ing glass enamels. Firs t of all a reduc t ion of the P b O 
a m o u n t in the enamel should be achieved. A n indus t r ia l , 
h igh lead-conta in ing enamel (with a mass f ract ion of 
5 7 % P b O ) , PbO- reduced enamels (mass f ract ion 2 4 % 
P b O ) and completely PbO-free enamels were glazed, us ­
ing the CW-CO2 laser. These enamels , co loured wi th pig-
men t s or oxides, were examined in order to investigate 
the behaviour a n d influence of colour. 

A n o t h e r a im was the m e a s u r e m e n t of the surface 
t empera tu re wi th a pyromete r dur ing the firing process. 
Th i s should lead to the o p t i m u m of the p a r a m e t e r s feed 
ra te a n d energy density which will p r o m o t e small r ough -
ness and g o o d lustre of the enamels. 

Dishwash ing durabi l i ty tests of the different enamels 
were also per formed in this work in o rde r t o test the 
chemical a n d erosive resistance. 
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Figure 1. F i r ing process of glass ename l wi th CO2 laser radi­
a t ion . 
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Figure 2. T e m p e r a t u r e a n d roughness of laser-fired enamels; 
power densi ty 180 W/cm^, spo t d i ame te r 2 cm. C u r v e 1: colour-
less enamel , t empe ra tu r e ; curve 2: b lack enamel , t empera ture ; 
curve 3: colour less enamel , roughness ; curve 4: b lack enamel, 
roughness . 

3. Exper imental 
Α 4 k W CO2 laser was used, opera t ing at a wavelength 
of 10.6 μm over a power ränge of 500 to 4000 kW. Plane 
metal l ic coppe r mir rors guided the laser b e a m to the 
sample a n d a convex mi r ro r focussed the b e a m to a 
small p o i n t . T h e V a r i a t i o n of the d i s t a n c e b e t w e e n this 
mi r ro r a n d the sample s u r f a c e m a d e i t possible to 
c h a n g e the wid th of the laser b e a m . Thus , the experi­
m e n t s could be per formed wi th s p o t radi i u p t o 1.5 cm. 
Unfor tunate ly , there w a s i nhomogeneous p o w e r distri­
bu t ion across the b e a m resul t ing in heterogeneously 
mel ted enamel . 

T h e CO2 laser is one of the mos t i m p o r t a n t laser 
S y s t e m s for mater ia l processing, especially for metals. 
The re is a relatively h i g h efficiency using the cont inuous 
wave rad ia t ion m o d e of this laser. C o m m o n glasses are 

non t ransparen t to infrared radiat ion above 4.5 μm. Ac­
cording to their composi t ions, g l a s s e s absorb 70 to 80 % 
of the laser radiat ion. The wavelength of the CO2 laser 
l i g h t is l o c a t e d a t a b r o a d a b s o r p t i o n b a n d o f S i l i c a t e 

glasses between 10 and 11 μm [6]. For this reason, laser 
radiat ion leads to v e r y fast heating o f glass surfaces. 
The Penetrat ion d e p t h is o n l y a few micrometres, whilst 
d e e p e r regions o f the glass are o n l y affected due to heat 
conduct ion [7 a n d 8]. 

This way of producing enamels differs from con-
ventional methods . Because there was no low-melting 
glass flux required, it was simply m a d e by milling com­
mercial glass ( s o d a - l i m e - s i l i c a glass (Flachglas AG, 
Weiherhammer (Germany)) or lead silica glass, contain-
ing a mass fraction o f 2 4 % PbO) to the grain size of 
dso = 20 μm. The enamels were coloured with a mass 
fraction of 20 % of a commercial black pigment (main 
ingredients C u O and Cr203; i /50 = 1 μηι), respectively, 
with 6.5 % CoO. The pigment was mixed with the glass 
flux, and C o O was embedded into the glass during an 
extra melting process. The colourless enamel wi thout 
any P b O had the same C T E as the Substrate glass. 

S o d a - l i m e - s i l i c a glass with dimensions of 
(50 X 50 X 2) mm^ was prepared for enamelling. The 
samples were coated via direct screen-printing or t rans­
fer. In a furnace the Substrate glass samples, coated with 
enamel particles, were preheated at 500 °C. A t this tem­
perature s o d a - l i m e - s i l i c a glass endures highly inhomo­
geneous heat distr ibutions wi thout cracking. The or-
ganics of the screen-printing oil were eliminated dur ing 
preheating, too. Figure 1 shows the formation of the en­
amelled surface dur ing the "laser-enamelling" process. 
The sample is on a table, which can be moved with 
speeds from 0 to 5000 mm/min . The surface temperature 
during the laser t reatment is measured by an infrared 
Pyrometer, working in the spectral ränge of 4.8 to 
5.2 μm. After firing the samples were cooled down in a 
furnace. The laser Output power, the diameter of the 
laser spot and the feed speed determine the energy den­
sity to which the glass is exposed. Variation and examin-
ation o f different laser parameters resulted in op t imum 
experimental condi t ions for firing the different enamels. 

4. Results 

4 . 1 . Melting behaviour 

In figure 2 the measured temperatures of two enamels 
and the resulting roughness for different feed rates are 
presented. Α colourless and a black lead-free enamel 
were fired with laser radiat ion. The power density was 
180 W/cm^ and the spot diameter 2 cm. 

The dependence of temperature u p o n speed de-
creased with increasing feed rate. The roughness of the 
treated surface did no t show any changes at high speeds. 
Α significant modification took place a round a feed rate 
of 1500 mm/min; here the temperature was high enough 
to allow the particles to flow together. In the area 
a round speeds of 1000 mm/min the firing condi t ions for 



both, black and colourless enamels, were best, with 
yielded r o u g h n e s s e s of a b o u t 1.5 μm a n d low V a r i a t i o n . 

Roughness a n d its S t a n d a r d d e v i a t i o n i n c r e a s e d as 

bubbles d i s t u r b e d the homogeneous e n a m e l s u r f a c e a t 

slow speed a n d very high t e m p e r a t u r e s . 

The temperature difFerence between black a n d 
colourless enamels at high feed rate was caused by their 
different absorpt ion capability for laser radiat ion, whilst 
at slow speed chemical reactions of the black enamel 
dissipated energy (the enamel colour changed to green). 
The extremely f m e black pigment particles decreased the 
roughness of black enamels at high feed speed. 

There were four regions distinguishable at firing en­
amels using laser radiat ion: 
region I: incompletely melted enamel particles, 
region II: op t imum melting behaviour of the particles, 
region III: overheated enamel, showing blisters a n d 

bubbles, 
region IV: deformation of the 2 m m thick glass S u b ­

strate. 

Figure 3 shows the four regions for a blue-coloured 
(mass fraction 6.5 % CoO) lead-free glass enamel t rans­
fer. The power density and the feed rate were varied. 

The transi t ions from one region to another were no t 
S h a r p . If working in r e g i o n I, n e a r r e g i o n II , one c o u l d 

a l r e a d y find well melted a r e a s in the enamelled s u r f a c e . 
At the edge of region II to region III , local blisters 
d immed the surface. The main reasons were the inhomo­
geneous power distr ibution of the laser beam and the 
f l u c t u a t i o n of l a s e r O u t p u t , which effected t e m p e r a t u r e 

d i f f e r ences of ± 20 Κ a t the same l a s e r power. 

Higher power densities caused higher temperatures. 
If the power density is raised by 5 0 % , well melted en­
amels could be achieved by twice as high feed rates. 
Therefore, it is possible to accelerate the working veloc-
ity by raising the power density. The op t imum melting 
of enamel particles with laser light was observed at tem­
peratures between 900 and 1000°C for all colours. Α 
smooth and homogeneous enamel surface could be 
achieved wi thout any cracks and peeling. The measured 
roughness in region II for blue, lead-free enamels a n d 
for different power densities is shown in table 1. It is 
Seen that low power density produced the best results. 
The particles had more time to melt together as their 
interaction with the laser beam lasted longer at low 
power ränge. But one must be careful to avoid region IV, 
so the power should no t be arbitrarily low. 

Table 1 also shows that with transfers a lower rough­
ness than with directly screen-printed enamels resulted. 
The transfers were pr inted in a more equal and compact 
way. Therefore, the distance between the particles was 
smaller and they could melt together more readily. T h e 
transfer led to 15μm, the direct screen-printing tech­
nique to 30 μm thick coatings. G o o d melting of directly 
screen-printed enamels began at shghtly lower feed rates 
than shown in figure 3, and region II became narrower. 
The PbO-conta in ing enamels showed better lustre t han 
lead-free enamels, as it had been expected by Berger [9]. 
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Figure 3. Classif ication of the mel t ing behav iour of a b lue -co l ­
ou red lead-free glass enamel transfer; region I: i ncomple t e ly 
mel ted enamel part icles, region II : Optimum me l t ing b e h a v i o u r 
of the particles, region I I I : overhea ted enamel ; showing bl is ters 
a n d bubbles, region IV: de fo rma t ion of the 2 m m th ick glass 
Substrate. 

Table 1. Roughness of blue, lead-free enamels ; bes t f ir ing c o n ­
di t ions 

power densi ty in roughness in μ m 
W/cm2 screen-pr in t ing t ransfer 

130 1.5 ± 0.5 1.0 ± 0.2 
180 2.0 ± 0.4 1.5 ± 0.8 
265 2.5 ± 0.7 2.5 ± 0.6 
350 3.0 ± 1.0 3.0 ± 1.0 

Thei r "region I I " was b roade r t h a n for lead-free glass 
fluxes, bu t was located at the same feed rate interval for 
g i v e n power densities. 

4.2. Dishwasher durability 

T h e corros ion tests of the glass enamels h a d been d o n e 
in a househo ld d ishwasher accord ing to D I N 50275 [10]; 
their stability was examined at every 100 cycles. T h r e e 
different b lack-coloured enamels were tested: a n indus ­
trial (mass fraction ( i n % ) : 57 P b O ) , a P b O - r e d u c e d 
(24 P b O ) and a lead-free transfer, all co loured wi th 20 
black p i g m e n t . To avoid effects induced by power f l u c t u ­
a t ion of the laser beam, the transfers were fired o n o n e 
S u b s t r a t e a t the same time. T h e power d e n s i t y was 
180 W/cm^, a n d the feed r a t e was 1000 m m / m i n . In o r d e r 
to m a k e c o m p a r i s o n s the i n d u s t r i a l t r a n s f e r h a d b e e n 

fired conventional ly in a f u r n a c e at 630 °C for 30 min [3]. 

Figures 4a a n d b show tha t the convent ional ly fired 
enamels did no t resist m o r e t h a n 400 dishwashing cycles. 

Even if these h igh lead-conta in ing glass enamels were 
fired by laser radia t ion , the durabil i ty did n o t increase 
very much , as figures 5a to c show. T h e compos i t i on of 
this enamel , especially the low a m o u n t of Si02, caused 
p o o r chemical and erosive resistance. 
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Figures 4a a n d b. D i shwashe r durabiUty of a convent ional ly 
fired b lack glass ename l after a) 0 d i shwashing cycles, b) 430 
d i shwash ing cycles. 

T h e preheat ing t empera tu re of 500 °C m a d e the 
whole high lead oxide-conta ining enamel soften; on the 
o ther hand , the preheat ing tempera ture was n o t high 
e n o u g h for the two o the r enamels to melt . They were 
fired only at the laser- irradiated area (figure 5a). 

T h e lead-free a n d the lead oxide-reduced enamels 
showed n o significant differences in their dishwashing 
durabil i ty as it is seen in figures 5a to c. B o t h enamels 
survived even 1000 dishwashing cycles, bu t wi th visible 
damages . 

The Scanning Elect ron Microscope ( S E M ) pho to -
graphs in figures 6a a n d b show the different appear-
ances of the furnace-fired and the laser-fired enamel 

c) 1 cm 
Figures 5a to c. Dishwasher durabil i ty of three laser-fired black 
glass enamels (1 : PbO-free, 2: wi th 5 7 % P b O , 3: with 2 4 % P b O ) 
after a) 0 dishwashing cycles, b) 500 dishwashing cycles, c) 1000 
dishwashing cycles. 
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Figure 7. Viscosity curves [11] a n d ranges of o p t i m u m fir ing 
results wi th laser r ad ia t ion for different glasses. C u r v e 1: l e ad 
glass, curve 2: float glass, curve 3: borosi l icate glass. 
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Figures 6a and b. S E M micrographs of two black enamel 
samples, a) conventionally fired enamel after 300 dishwashing 
cycles, b) laser-fired enamel after 300 dishwashing cycles. 

after 300 dishwashing cycles. The lead-free enamel (fig­
ure 6b) was much less corroded than the commercial one 
(figure 6a). 

The blue-coloured enamels, on the other hand, 
possessed an addit ional improved chemical and erosive 
resistance, as C o O had been introduced into the glass 
matr ix by an extra melting process. 1000 dishwashing 
cycles caused only low damages to this enamel. 

4.3. Laser firing of differerit glass Systems 
Firing of glass enamels with the laser beam was not only 
examined for a float glass. Also lead silica glass and 
borosilicate glass ( D U R A N , Schott Glaswerke, Mainz 
(Germany)) were milled and used as a colourless enamel. 
Lead silica glass was covered with lead silica glass pow-
der, borosilicate glass with borosilicate glass powder and 
float glass with float glass powder, via direct screen-
printing. 

For the different glass Systems the op t imum melting 
behaviour of their particles was located at different inter-
vals of temperatures. These op t imum regions are illus-

t ra ted in figure 7. I t is significant tha t the g o o d me l t ing 
was observed a r o u n d the work ing po in t of the glasses at 
viscosities be tween 10^ a n d l O ^ d P a s . So it will be p o s ­
sible to est imate the o p t i m u m firing t empera tu re for a n ­
o ther glass System. If the ränge of t empera tu res is wide 
where the change of viscosity from lO'* to 10^ d P a s t akes 
place, these glasses are favoured for laser firing. Th i s is 
the case for lead silica a n d borosiUcate glass. Similar t o 
industr ia l manufac tu r ing " l o n g " a n d " s h o r t " glasses a re 
dist inguishable. Α " s h o r t " glass for laser firing, e.g. f loat 
glass, needs a h o m o g e n e o u s power d i s t r ibu t ion of the 
laser b e a m and the laser pa rame te r s m u s t n o t be 
changed largely. 

5. Conc lus ion 

T h e results of this work show tha t the CW-CO2 laser is 
very suitable for firing glass enamels. T h e t ime of hea t ing 
was long e n o u g h even for lead-free glass fluxes to soften 
a n d melt together. O the r pa r t s of the glass b o d y were 
no t influenced by the laser Irradiat ion. Therefore, the en­
amell ing p rocedure could be executed at t empera tu re s of 
900 to 1000°C for lead silica a n d soda—lime—silica glass 
or 1100 to 1200°C for borosil icate glass w i thou t any de ­
format ion of the Substrate glass. In these t e m p e r a t u r e 
ranges the viscosities were low e n o u g h to m a k e the en­
amels melt excellently in to the Substrate glass. T h e in­
gredients of enamels were changed arbitrarily and 
adap ted to the glass body. Thus , lower co r ros ion a n d 
susceptibility to erosion are achieved, m e a n i n g a great 
improvement of the d ishwashing durability. T h e r o u g h ­
ness of enamels fired by laser I r radiat ion did n o t differ 
m u c h from convent ional enamels fired in a furnace. If a 
small a m o u n t of P b O is tolerable, even the Impress ion 
of co lour a n d lustre fits the demands . 
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