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Surface treatments with a KrF excimer laser were applied on alumina and silicon carbide
ceramic materials. Results on the surface modifications induced by laser were related to
the processing parameters: laser fluence (1.8 and 7.5 J/cm?), number of laser pulses (1 to
500), frequency (1 to 120 Hz), pulse duration (25 ns), sample speed under the laser beam
and working atmosphere. It was ascertained that alumina can be laser treated under air,
while silicon carbide needs an inert atmosphere to avoid surface oxidation. Microstructural
analyses of surface and cross section of the laser processed samples evidenced that at low
fluence (1.8 J/cm?) the surface of both ceramics is covered by a scale due to
melting/resolidification. At high fluence (7.5 J/cm?) there are no continuous scales on the
surfaces; material is removed by decomposition/vaporisation and the depth of material
removal is linearly dependent on the number of pulses. On alumina surface, a network of
microcracks formed, while on silicon carbide different morphologies (flat and rugged areas,
deposits of debris and discontinuous thin remelted scales) were detected. The evolution of
surface morphology and roughness is discussed with reference to composition,
microstructure and physical and optical properties of the two tested ceramics and to the
laser processing parameters. © 2000 Kluwer Academic Publishers

1. Introduction to break down constituent molecules: the high temper-
Laser surface processing of ceramics is an area of cor@ture so developed leads to undesirable effects such as
siderable technological importance for several struccombustion, melting, flow and boiling of the surround-
tural, tribological, optical and electronic applications. ing material. Light from pulsed excimer lasers rapidly
For this reason, efforts have been made to alter the suheats the surface that remains at a temperature above the
face properties of ceramics using laser beams [1-9] anohelting point for a period of 10—100 ns. After this time
to test laser machining of ceramics [10-13]. Lasers, ithe surface rapidly cools through heat transfer into the
fact, are ideal tools for fabricating small diameter highbulk at rates of the order of 861 °C/s [1]: this al-
aspect ratio holes at designated locations, for obtainlows shallow thermal penetration depths in the range
ing ceramic alloys and coatings, for cutting, scribing,0.1+-10 um [5]. The high temperature rise caused
etc., thereby allowing flexible machining that can tai- by absorption of a large number of laser photons in
lor surface properties of products and can heat trea short depth vaporises the top surface layers of ceram-
or machine components when other methods cannot bes. Moreover a plasma is generated by laser/material
employed. The possibility of controlling the technolog- interaction which can absorb energy from the beam and
ical parameters of radiation make it possible to obtairtransmit it to the sample through thermal conduction or
unigue surface structures. The drawback is strength detlirect emission of infrared radiation. This results in an
terioration due to cracks formation caused by thermalncreased absorption of beam energy and consequent
shock [8, 12]. decrease of the material breakdown threshold. Actually,
Excimer-laserirradiation, in particular, provides high when a material is exposed to a sufficiently intense laser
peak powers, which strongly modifies the near-surfacéeam, an irreversible alteration of the material occurs
region of ceramics. The short wavelengths of excimemt atomic level and on a microscopic level.
lasers (193-351 nm) correspond to high photon ener- All phenomena occurring, including energy absorp-
gies (3.5-6.4 eV) which are efficiently absorbed by ation by solid, energy reflection from surface or trans-
wide band gap materials as most of the ceramics; the emrission into the bulk etc., depend on processing param-
ergy of the laser photon is sufficientto break many of theeters (energy, pulse duration, peak power, frequency
ceramic atomic bonds. This is significant as to removeand beam angle of incidence of the laser and work-
materials with light from longer wavelength lasers suching atmosphere) and on chemical, physical and optical
as Nd : YAG and CQ@requires great photon absorption properties of the material.
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The considerable potentialities of laser techniquegace roughness was also measured and related to the
for ceramic treatments depend on optimization ofprocessing parameters. Material removal was estimated
processing conditions, which have to be based omy the depth of treated areas.
knowledge of the phenomena occurring during laser
beam/ceramic material interaction. In those systems f
which excimer laser processing is an effective mean o
surface modification, the process is rapid enough to b
commercially viable.

The principal aim of this investigation is to study the
effects of using a KrF excimer laser for surface treat-
ment of alumina and silicon carbide materials. Sever

. Results
.1. Microstructure variation on alumina
%he microstructures developed on raw surfaces dur-
ing tests conductednder air (fluencel.8 Jcn?) ev-
idenced the formation of a surface product that con-
entrated in areas with a higher amount of secondary
hases. When the number of pulses was increased, the
Whole surface appeared coated with a progressively
thicker layer resulting from melting/resolidification-
lI'Eacrystallization. Examples of microstructural evolu-
tion of alumina samples are shown in Fig. 3a—c: the
material was kept still and exposed to an increasing
2. Experimental number of laser pulses (10—-200-500) with a fixed pulse
2.1. Starting materials energy and frequency. Other two sets of tests were done
Two different technical grade ceramic materials werevarying the pulse frequency (from-1120 Hz), with
considered: alumina and silicon carbide. The mairfixed pulse energy and number, and varying the pulse
characteristics of these materials including roughnesenergy (0.4- 1 J) with fixed pulse frequency and num-
values of the surfaces (raw and polished) before lasdper. Comparison of microstructural features revealed
treatments are resumed in Table I. Morphology characthat the main parameter influencing surface evolution
teristics are reported in Figs 1 and 2. The most relevanivas the number of pulses, while less influence seemed
microstructural features of alumina (Fig. 1a, b) are: en-associated with the variation of frequency and laser en-
hanced grain growth, presence of cracks, defects, largergy. After laser treatment, crystalline phases revealed
pores and voids. Secondary phases like aluminium silby X-ray spectra were the same detected on the start-
icate and aluminium titanate are due to the low puritying surfaces. On the other hand, EDS microanalysis re-
level of the starting powders. vealed the following trend for impurity elements: when
In Fig. 2a, b raw and polished surface of silicon car-the number of pulses was rather limited50) there
bide are shown: pores and voids up to 4@ are dis- was a strong decrease of Ti, Si, Ca, Mg, and Na, while
tributed inthe material. X-ray spectra showed polytypesafter a high number of laser pulses impurities like Na,
of «-SiC, boron is present as it was added as sintering/lg, Ca completely disappeared and Ti and Si showed
aid. The presence of silica derives from surface silicaa limited decrease.
in the starting materials. After these preliminary results obtained in conditions
Surface laser treatments were carried out (at Cenef still sample and under air, another set of tests was
tro Laser, Valenzano, Italy), using a KrF excimer lasercarried outunder argonand varying the speed of the
(wavelength 248 nm, photon energy 5 eV). Several sesample under the beam, with fixed parameters of energy
ries of tests were done in order to investigate the effect§0.5 J), frequency (10 Hz), laser spot (k&.5 mnt)
upon surface microstructure of changing the followingandfluencel.8 J/cnd. The resulting surface morphol-
parameters: laser fluence (1.8 and 7.5 J)j¢ctaser en-  ogy is shownin Fig. 4a—c. In samples treated with a high
ergy (0.4 to 1 J), frequency (1 to 120 Hz), number ofsample speed (1.8 mnTY the surface starting mor-
pulses (1 to 500), sample speed under the beam (0 fghology is still visible, but a partial melting, formed
0.3mm s1) and atmosphere (air or argon); fixed valuespresumably on areas of secondary phase concentra-
of pulse duration (25 ns), spot size (x&.5 mm) and tion, was also observed. Lowering the sample speed
beam angle of incidence (90were selected. this phenomenon of melting and solidification became
The microstructure and microchemistry of the treatednore and more evident until the whole surface was cov-
areas were analysed with scanning electron microscopgred by a continuous layer. SEM micrographs of pol-
and microanalysis on surfaces and cross sections. Sushed cross sections showed that layer thickness varied

surface microstructure modification depending on vari
ables as laser energy, frequency, number of pulses, fl
ence, and environmental conditions.

TABLE | Characteristics of the materials used for laser treatment tests and values related to surface properties: Ra: roughness (cut-off 0.8 mm),
Rt: maximum peak to valley heights

Raw Surface Polished Surface
roughness;(m) roughnessy(m)
Density Grain Impurities
Sample % Crystalline phases sizenf) At% Ra Rt Ra Rt
Alumina ~95 a-Al03, 10% AlSi,O16, 2-10 Ti~10, Ca~ 25, 0.8£0.1 9.3+29 0.3+0.1 5.9+1.5
traces ApTiOs Si~7, Fe~1
Silicon carbide ~95 a-SiC, traces Si@ 5-10 B~5, Fe~0.1 0.4+0.1 55+1.3 0.09+0.01 4.3t24

traces: Na, Ca, K
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Figure 1 Morphology of raw (a) and polished (b) surfaces of alumina samples.

according to the initial surface roughness being highemina and aluminium silicate were the same as in the
in areas where the molten phase entered into surfacgtarting samples.
voids or cracks (Fig. 5).

When laser fluence was raised to values of abouB.2. Microstructure variation on silicon
7.5 Jicn, (Fig. 6a, b) surface material was removed carbide
by ablation, the original grain morphology disappearedThe laser treatment of silicon carbide surfagsder
and a network of microcracks appeared on a ratheair, at various parameters of energy and number of
flat surface. Some melting occurred but the surfaceulses evidenced the formation of a surface scale,
layer due to resolidification was very thie{um) and  whose thickness increased with increasing number of
not continuous. EDS microanalysis and X-ray spectrgulses (Fig. 7a, b). This scale was mainly composed
showed a decrease of aluminium titanate, while aluof silica, as evidenced by X-ray diffraction and EDS
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Figure 2 Morphology of raw (a) and polished (b) surfaces of silicon carbide samples.

microanalysis. The following reactions are likely to oc- phous as it has solidified by a glassy melt. Cracks were
cur, as also previously observed [8]: 2Si®©, (g) —  also observed both on surface and polished sections un-
2Si0 (g)+ 2C (s); 2SiO (g O, — 2Si0; (8). der the amorphous layer (Fig. 8a, b). X-ray diffraction
When the samples were treat@nlder argonat var-  did not evidence new crystalline phases.
ious sample speeds under the beam (energy 0.5 J,Samples treated with higher fluence laser pulses
frequency 10 Hz, spot laser 1x85.5 mn?, fluence (7.5 J/cn?) did not show continuous surface scales and
1.8 J/cm), the reaction layer thickness increased withcracks, but the morphology varied from flat to rugged
decreasing sample speed. In samples treated under(lig. 9). Crystalline phases were the same of the start-
very low speed (0.09 mm™$) the surface was com- ing material and microanalysis confirmed the absence
pletely covered by this layer which appeared amor-of oxygen on sample surfaces.
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Figure 3 Surface modifications on raw alumina samples after (a) 10, (b) 200, (c) 500 laser pulsei &# J, F = 10 Hz, fluence= 1.8 J/cn).

3.3. Surface roughness and material resulting in a wavy morphology (Fig. 9a) dependent
removal profiles on grade of pulses overlapping (i.e. on sample speed).
The values of surface roughness (Ra) and of peak-tdn Fig. 13 ablation depth in function of pulse number
valley distance (Rt) (Fig. 10a, b relatively to treatmentshows that material removal (depth of the tracks) has
of raw surfaces at low fluence) slightly varied in com- an approximately linear behaviour.
parison to the starting values, for both ceramics. Ap-
proximately all values fell in the range within the stan- 4. Discussion
dard deviation of the starting ones. This is mainly duePrevious results suggest that, among the phenomena
to the fact that starting roughness was rather low anaccurring during laser/material interaction, decompo-
laser treatment was probably not suitable to reduce itsition (vaporization) is responsible for material removal
In Fig. 11a, b, Ra and Rt values of polished surface$13].
laser treated under high fluence evidence that: i) on alu- Generally, each combination of processing parame-
mina, Ra slightly increased at low sample speed (partiaers for laser machining and material characteristics re-
overlapping of laser tracks), while Rt considerably low- sults in a interaction that can give risestarface melting
ered; ii) on silicon carbide, the values were the saméon selected areas or on the whole surfaceyagpor-
as on the starting surface, except than at sample speéhtion In both cases, threshold beam energies are re-
<0.1 mm/sec, probably due to overlapping of tracksquired. Thresold energies are function of many factors
and presence of deposits at the track edges. such as: light wavelength, ceramic physical and optical
Plot in Fig. 12a, b showed the material removal atproperties, material impurities, energy absorption and
7.5 J/cnd fluence for different pulse numbers in condi- re-emission by plasma, etc. As melting and vaporiza-
tion of steady sample. When the samples moved undeion are power-limited, laser effectiveness depends on
the beam the pattern of groove and debris was repeatede amount of incident power absorbed by the material.
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Figure 4 Surface modifications on raw alumina depending on sample speed under the beam of (a) 1.8, (b) 0.6, (c) G.(witmE=0.5 J,F =
10 Hz,fluence= 1.8 J/cn?).

Figure 5 Cross section of raw alumina after treatmenEat 0.5 J, F = 10 Hz, fluence= 1.8 J/cn?, with sample speed 0.09 mm’s
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Figure 6 Laser induced surface modifications on polished alumina depending on sample speed: (a) 0.2, (b) 041 (Bm G5 J, F =10 Hz,
fluence= 1.8 J/cn?).

Figure 7 Surface modifications on raw silicon carbide samples depending on the number of laser pulses: (a) 10, (b) 100 laser pise$.@vith
F =5 Hz, fluence=1.8 J/cn?).

The short wavelength of KrF radiation (248 nm) cor- SiC) confirm that the main part of the energy supplied
responds to high photon energy (5.0 eV) which is wellby the beam is absorbed.
absorbed by SiC (band gap 1, 9 eV), while®@} (band No data on absorption depth was found for ceramics
gap 6 eV) should be transparent to the 248 nm lightbut, as in most metals is very low (7 nmin Al, 16 nm in
However polycrystalline sintered alumina has impuri-Ti) it can be hypothesized that the absorbed energy is
ties such as grain boundary phases, inclusions, defect®ncentrated in a very thin layer, so that the light pulse
which absorb this radiation to some degree. On the otheaicts essentially as a thermal pulse [1]. In this case, the
hand reflectance values (0.25 and 0.12 at 248 nm re=ffective pulse penetration depth can be calculated from
spectively for high purity sintered alumina and sinteredthe relationship = 2,/7 D, wherer is the pulse length
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Figure 8 Surface (a) and cross section morphology (b) of raw SiC traatelér argon(laser parameter& = 0.5 J, F =5 Hz, fluence= 1.8 J/cnd;
sample speed: 0.09 mmY.

and D the thermal diffusivity. Thermal diffusion dis- ture distribution, so that the process can be considered
tances depend on sample temperature, according to tlas a simple heat pulse initially affecting the surface to
decrease of thermal diffusivity with increasing temper-the thermal depth, and than being conducted into the
ature. As the absorbed energy is thermalized in a verbpulk of the material [14]. The problem, then, is a one-
short time compared to pulse length, it is assumed thalimensional heat flow from a surface source and it was
very high temperatures are reached at the sample suralculated that temperatures well in excess the melting
face when it is exposed to the laser beam. Values gpoints can be obtained by laser with relatively modest
thermal diffusion distanckcalculated at 150@ were laser pulse fluences [1].

150 nm for alumina 90% and 420-480 nm for sintered In the reported SEM micrographs of the laser treated
silicon carbide. Ad is so much larger than absorption surfaces, irradiation of alumina and silicon carbide at
depth, absorption processes do not affect the temperéluence 1.8 J/chinduced remelting, resulting in a
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Figure 9 Surface morphology of polished SiC treatettier argor(laser parameter& = 0.5 J,F =5 Hz, fluence= 7.5 J/cn?; sample speed (a) 0.2,
(b) 0.3mms?).

moadification of porosity, grain size, secondary phaseporosity. Moreover, in silicon carbide materials the sur-
and flaws, and partial surface sealing of pores. Thdace composition was strongly related to the working
remelted layer thickness depended on laser pulse nunatmosphere: when laser treatments were carried out in
ber and/or sample speed. In both materials a thicknesar, oxidation gave rise to a oxygen-rich, partially glassy
of about 1.5um was observed, once the whole surfacesurface scale.

was completely covered by a remelt. Surface remelting In contrast on alumina samples, surface morphology
of Al,O3; and SiC was accompanied by crack forma-and composition did not vary depending on the work-
tion during cooling down from the melting tempera- ing gas (air or argon). Microanalysis of remelted zones
ture and crack density increased with the number ofn alumina indicates that impurity elements (Ca, Mg,
pulses. Laser remelting resulted also in reduction ofNa) moved from bulk to surface and appeared more
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®) Figure 11 Polished AOs (a) and SiC (b) surfac®ughnessfter laser
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cific heat andA Hr is the heat of reaction anAT is
the temperature increase.

concentrated at the surface after low pulse number Substituting the appropriate values in the above equa-

(<10) treatments. With increasing the pulse numbertion, the results are the followings:
these elements progressively decreased up to a com-
plete disappearance due to volatilization. — in the case of alumina, assuming that it decom-
Melting phenomena similar to those observed in theposes at 195, AH results about 4 10* J/cn.
present study were observed by other authors afterirra- — in the case of silicon carbide, the estimation of
diation of SiC and AlO3 [1, 15] and a threshold laser AH is more uncertain as various values of its physi-
fluence of 1.2 J/cifor melting was reported [1]. For cal properties are found in literature. From these val-
alumina, under energiesl J/cn? there was not a con- Ues, assuming that SiC decomposes to gaseous com-
tinuous coating by a melt layer [15]. pounds at 275, the value ofAH results about
At high laser fluence (7.5 J/d) significant mate-  5.5% 10* J/cn?.
rial removal occurred and the area around the laser spot
evidenced fine debris deposit. After treatment alumina Under the hypothesis that laser beam energy is ab-
appeared brown and silicon carbide black. Generallysorbed up to Lk m, the energy related to a unit volume of
physical ablation (vaporization) occurs behind threshmaterial is about 7.5 10* J/cn? for fluence 7.5 J/cf
old energy fluence: the irradiated material volume has.e. high enough to decompose both alumina and sili-
to absorb enough energy to supply enthalpy for vaporeon carbide. On the other hand for fluence 1.8 3/¢he
ization reaction. Ifthe reaction is known, itis possible toenergy supplied by laser is8:« 10* J/cn?, insufficient
calculate the power required to heat and decompose tHer both materials ablation.
material contained within the groove. The total enthalpy Microstructure analysis confirmed that under beam
(AH) required to obtain decomposition is equal to thefluence of 7.5 J/ckin argon atmosphere, alumina un-
sum of enthalpy required to rise the temperature of thelerwent decomposition, leaving no surface remelted
sample from room temperature to the critical temperaphase. Therefore, these experimental conditions were
ture plus the enthalpy required to decompose the masuitable for material removal by vaporization, even if
terial [3]. The value ofAH can be estimated using the remelting due to material redeposition from the plume
equationAH =C,AT + AHgr, whereC, is the spe- or reaction between gas phase constituents and the hot
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08 ; from melting/resolidification. However, according to
I literature [15], after vaporization, the subsequent cool-

° ing down could have given rise to some silicon (with
g 04 e a lower melting point) covering resolidified SiC. If so,
8 Ll A, the Si layer should have be thin enough to allow el-
£ 02 ~ . . . .
s \ / \ ........ ements detection (by microanalysis) as in the start-
§ 00 3 - ——— ing sample. Very few surface microcracks formed on
S oo surface.
§ | On alumina and silicon carbide, at high laser fluence,
< 04 -y reduction of surface roughness. derived mainly f_rom
PSP USSR SN W U AU SN B 8 pulses closure of surface pores. Material removal (provided
, , — 10 pulses thata sufficient energy is supplied for material vaporiza-
T o N R - am— Js——3, tion)isdirectly related to pulse number (at still sample)
(mm) or exposure time to the beam (i.e. the sample speed).
(a) Material removal is enhanced on alumina, probably ow-
08 ing to the absence of melting, in respect with silicon car-
. bide, where a limited discontinuous scale of remelted
08 phase was observed, under the experimental conditions.
’é‘ 0.4
Y B\ 5. Conclusion _ - _
z = *x\ The surface modification of alumina and silicon carbide
g o0 \\ ,/ components duetolaser beaminteraction evidenced the
.§ P Be ,/'; following aspects.
© L =
2 04 < e | i) Silicon carbide has to be treated under inert atmo-
P SRS NSO NSO S ¥l 8pulses | sphere in order to avoid surface oxidation.
! —— 10pulses ii) At low fluences (1.8 J/crf), on both ceramics,
08 S T - T Y Y surface melting and resolidification occurred. In condi-
(mm) tions of steady sample the pulse number was the main
(b) factor influencing amount and thickness of the surface

Fiure 12 Surt i o 4 SiC (b after treatment material interested in melting. Surface roughness did
lgure 12 Surface profile on A0 (a) and SIC (b) after treatment on -, i srove after laser treatment, mainly because the
still sample for different pulse number (laser parameté&rs: 0.5 J, . . .
F = 5 Hz, fluence=7.5 J/cn?). starting roughness, particularly on polished surfaces,
was very low.

iii) At high fluence (7.5 J/crf) material removal oc-

o @@ SIC groove . curred by vaporization. A not continuous surface scale

0.7H %— Al203 groove formed and in alumina local remelting was mainly as-
= sociated with the presence of secondary phases in the
S l starting material. The surface of alumina samples was
2 0s- cracked, while SiC surface showed a rugged morphol-
= oal ’ $  ogy without cracks. _ _ . o
e o iv) Ablation depth was higher in alumina than in sil-
S o3 . icon carbide and approximately linear with increasing
5 | pulse number.
2 o2 .
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