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Treatment of alumina ceramics by intense electron and ion beams

The paper investigated modification of the microstructure of the surface layers of alumina ceramics under ex-
posure to electron and ion beams. Electron beam irradiation was performed at accelerating voltage U = 15 kV
and beam current of J = 70 A and J = 100 A. Ion irradiation was performed with carbon ions at accelerating
voltage of U = 180 keV. The current density and energy density varied in the range of 15-85 A/cm?® and
0.3—1.5 J/em?, respectively. The amount of energy acting on the ceramic surface depended on the number of
pulses N. It is shown that exposure to electron and ion beams changes the microstructure of the irradiated ce-
ramic layer. In general, the effect of exposure is similar for electron and ion irradiation, and it is characterized
not only by surface melting, but also by formation of a finer microstructure through the depth of the irradiated
layer, which is oriented in the direction of the electron and ion beam exposure. It is shown that crystallization
processes in overheated layers of ceramics depend on its type and melting point.

Keywords: electron and ion beams, alumina ceramics, microstructure.

Introduction

Ceramic materials based on alumina ceramics are used in various industries [1-3], including the tele-
communications, automotive, aerospace, and electrical engineering industries. This type of ceramics is also
used for wear-resistant parts of mechanisms, as an abrasive material for machining, etc. A variety of applica-
tions of alumina ceramics are popular due to a combination of its physicomechanical, optical, and chemical
properties. It is known that all the combined properties of finished ceramic materials depend on technologi-
cal conditions of manufacture, their microstructure and surface condition [4—6].

Alumina ceramics is widely used as a dielectric substrate for production of hybrid integrated circuits in
the electronics industry [7, 8]. Substrates for integrated circuits are expected to ensure low energy losses,
show physical stability and chemical resistance under high-temperature effects, catalytic and adsorption ca-
pacity, and be compatible with other materials used for manufacturing microstrip lines, capacitors, resistors
and contact pads [7]. The quality of the substrate surface is one of the crucial factors in integrated circuit
manufacturing. Therefore, increased demands are placed on the surface quality of such substrates.

The final stage in substrate manufacturing is mechanical grinding and polishing. This type of treatment
of the substrate surface is very expensive and can have a destructive effect; moreover, polishing should be
performed in several stages to achieve the required surface quality, which increases the cost of the final
product.

An alternative and effective technique to improve the quality of the surface of materials is exposure to
low energy high current pulsed electron (LEHCPEB) [9-12] and ion beams [13—16], and laser processing
[17, 18]. These types of radiation treatment were developed mainly for metals and alloys [14, 19-21], how-
ever treatment with concentrated energy of accelerated particle fluxes can be successfully used for oxide ce-
ramics. This type of treatment allows high-precision processing of ceramic parts of complex shapes within
short time of surface exposure; it does not destruct ceramics, improves its condition and changes its proper-
ties. Alternative treatment techniques can be employed to control the surface properties and significantly
change the catalytic and adsorption capacity of ceramic substrates.

When choosing the type of radiation treatment it is important to know the benefits of each of the types.
Therefore a comparative analysis of the results of electronic and ion treatment for a specific type of ceramics
becomes relevant. This comparison was performed for zirconia ceramics [22]. The results of this study can-
not be extrapolated to corundum ceramics due to significant differences in the properties of corundum and
zirconia ceramics. Therefore great practical relevance of corundum ceramics necessitates a study of its
treatment with powerful electron and ion beams.

Thus, the aim of the study is to compare the effect of high-current pulsed electron and ion beams on
modification of the microstructure of the alumina ceramic surface.
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Experimental

The test samples were commercial VK-94-1 grade substrates made of vacuum-tight alumina ceramics
(a-Al,O3) produced in Russia in standard sizes of 60*48 mm and 1 mm thick and intended for hybrid inte-
grated circuits. The alumina ceramic substrate was unilaterally polished. For the experiment bulk ceramic
substrates were cut into samples not larger than 1 cm” in size using a diamond-tipped tool. The polished sur-
face of the prepared samples was exposed to electron and ion beams.

The samples were exposed to LEHCPEB using the SOLO accelerator developed at the Institute of High
Current Electronics (IHCE SB RAS, Tomsk) [23]. Irradiation was performed with accelerating voltage U =
15 kV, beam current J = 70 and J = 100 A, pulse duration t = 100 ps, pulse repetition rate f = 0.3 Hz, and the
number of pulses N =5 and 10.

Ion irradiation was carried out using the TEMP-4M accelerator that allows irradiation in a pulsed mode
[24]. Irradiation was performed with C ions at accelerating voltage U = 180 keV. The pulse duration (at half
maximum of the accelerating voltage) was 100 ns. The pulse repetition rate was 8 s”'. Three irradiation
modes were employed: mode A, j = 15 A/em’, W = 0.3 J/em?, N = 100; mode B, j = 50 A/em’, W = 1 J/cn?’,
N =100; mode C, j = 85 Alem?, W = 1.5 J/em®, N = 25. The amount of energy W acting on the test sample
surface depended on the number of pulses N. The number of pulses was chosen to make the ceramic samples
resistant to the energy impact and to prevent their complete melting and failure.

The effect of electron and ion irradiation on the microstructure of alumina ceramics was studied with
regard to the irradiation mode.

The microstructure of the test samples before and after ion irradiation was investigated by scanning
electron microscopy using a Hitachi TM-3000 microscope equipped with a backscattered electron detector.
Metal or graphite coatings with a thickness of not more than 100 nm were applied to the sample surface to
remove the electric charge from the ceramics and improve the quality of the resulting image. The microstruc-
ture of the subsurface layers by depth was studied on ceramic sample cleavages prepared after irradiation.

Results and Discussion

Fig. 1 shows SEM images of the surface of unirradiated alumina ceramic samples. The SEM image a of
the sample surface was taken before etching, which was carried out to visualize the grain structure. The SEM
image b of the sample surface was taken after thermal etching with simultaneous argon ion etching. The
sample was etched using an ILM-1 ion implanter (Yekaterinburg, Russia) equipped with a Pulsar-1M ion
source based on a low-pressure glow discharge with a cold hollow cathode [25]. Etching was carried out in
vacuum with argon ions with energy of U = 30 keV and ion current density j = 300 pA/cm’. Under ion irra-
diation grains can be visualized due to different rates of ion etching of the grain volume and grain bounda-
ries. The etching rate at the grain boundaries is higher due to their greatest defectiveness. The surface exhib-
its a granular ceramic structure with distinct grain boundaries (Fig. 1 b). The grain sizes vary from 10 to 60
pm. SEM images (Fig. 1) show pores and defects randomly distributed over the surface.
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Figure 1. Surface of alumina ceramics before irradiation (top view):
a) before etching; b) after etching with argon ions.

A powerful local effect of LEHCPEB as a result of rapid heating and cooling causes modification of
the subsurface ceramic layers (Fig. 2). Fig. 2 a shows that exposure to LEHCPEB at J =70 and N = 10 caus-
es melting of the subsurface ceramic layers. As a result, the surface becomes developed and cracked at the
sites exposed to LEHCPEB. In this case, no clear grain structure can be observed. Exposure to LEHCPEB at
J =100 and N = 5 leads to structuring of the subsurface ceramic layers (Fig. 2 b). In these irradiation condi-
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tions a cellular structure made of 5—8 um individual blocks separated by cracks is formed on the surface.
Smaller formations caused by recrystallization are found inside the blocks. As can be seen in Fig. 2 b after
recrystallization grains acquire the shape of elongated rectangles.

: 1)

Figure 2. Surface of ceramics after exposure to LEHCPEB (top view):
a) beam current J = 70, N = 10; b) beam current J = 100, N = 5.

Fig. 3 shows the SEM image of a transverse cleavage of ceramic samples exposed to ion irradiation.
When the surface of the alumina ceramics is irradiated in mode A (j = 15 A/em?, W = 0.3 J/cm?, N = 100),
no melting or recrystallization occurs. As can be seen (Fig. 3 a), irradiation in mode B (j = 50 A/cm®, W = 1
Jlem®, N = 100) causes not only surface melting, but also formation of a finer microstructure through
the depth of the irradiated layer elongated in the direction of the ion beam exposure. Irradiation in mode
C (j=85 Alem’, W = 1.5 J/em®, N = 25) leads to a continuous melted layer not more than 15 pm thick.
This irradiation mode causes the formation of cracks through the entire thickness of the melted layer.
It should be noted that an increase in the ion current density and power density does not increase the thick-
ness of the melted layer, the surface erosion is likely to occur simultaneously with the fusion.

Figure 3. Transverse cleavage of ceramics after ion irradiation (side view): a) mode B; b) mode C.

In general, the nature of the effect of electron and ion beams on corundum ceramics is similar to that
reported for zirconia ceramics [22]. Some differences observed are due to the structure and properties of co-
rundum ceramics. This is primarily the nature of crystallization during melt cooling after pulsed radiation
exposure. As can be seen in Fig. 2 a, crystalline blocks not more than 10 um in size are formed in corundum
during crystallization. These blocks are oriented in the direction of the ion beam exposure. In zirconia ceram-
ics [22] recrystallization was observed strictly in a thin subsurface layer, and the newly formed blocks were
elongated from the surface deep into the sample. In our opinion, these differences are due to the lower melt-
ing point of corundum compared with zirconia ceramics.

Conclusion

The comparative analysis of the effect of low energy high current pulsed electron and ion beams on
alumina ceramics revealed the following:

— The nature of changes in the microstructure of the analyzed ceramics is almost similar for both elec-
tron and ion irradiation. The key factor is the irradiation power density. It is obvious that the rate of melting
and cracking can be reduced using an appropriate irradiation mode.

— Irradiation changes the microstructure of the subsurface ceramic layers. In this case, the subsurface
layers will be either molten or structured depending on the irradiation type and mode. The nature of crystalli-
zation in the volume of the fused layer strictly depends on the melting temperature of the oxide material. The
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subsurface layer structure becomes denser due to the decreased porosity in the molten layer and recrystalliza-
tion into finer grains.

The results obtained confirm that low energy high current pulsed electron and ion beams can be effec-
tively employed to modify the surface of ceramic materials, including corundum.
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C.A. I'siarasos, B.A. Koctenko, C.B. Marpenun, A.U. Kymuumux

AJTIOMOOKCH/ITI KEPAMUKAHBI KAPKBIHBI 3JIEKTPOH/IbI KIHE
HOH/bI IOKTAPMEH 6H/ey

DNEeKTPOH/IBI KOHE HOH/BIK IIOKTAP/IbIH dCEPiHEH AIFOMUHHI OKCH/TI KepaMUKAChIHBIH OETKi KabaTTapbIHbIH
MHKPOKYPbUIBIMBIHBIH, MOJU(MHUKALMACH 3epTTeNl. DJEKTPOHIBIK caynesepMeH coynenennipy U=15 kB
yzerinren kepHeyne, miok torbl J 70 xaHe 100 A kesinge xyprizinni. Monasr caynenennipy U=180 kB
YIETIIreH KepHeyiHae KOMIpTeK HOHJApbIMEH iCKe achIpbliaibl. TOK THIFBI3ABIFBI MCH SHEPTHUS ThIFbI3ABIFbI
coiixecinme 15-85 A/cm? sxome 0,3-1,5 Iix/cm® apansiFsiaaa 6omasl. Kepamnka GeTiHe ocep eTeTiH sHeprus
meunmepi N HMIyJIbCTApbIHBIH CaHBIMEH ©3repii. OJIEKTPOHIbI JKOHE HOHIBIK COYJIeNepIiH acepi
COyJICICHICH KepaMHKa KaOaThIHBIH MHKPOKYPBUIBIMBIHQ ©3TepicTep TYIbIPAThIHBI KepceTii. JKaurmsl
IFaHa ocep €Ty HOTIDKECI DJIEKTPOH/BI JKOHE HOHIBIK COyJeNeHy YIIiH Oipael, opi OeTiHiH OanKybIMeH
FaHa eMeC, COHBIMEH Karap 3JICKTPOH/IbI )KOHE HOHBIK COYJIEIEpAiH dcep eTy OarbIThiHA GarbITTaNFaH Killi
MHKPOKYPBUIBIMHBIH COYJICJICHIeH KaOaThIHBIH TEPeHAINIMEH cHmarTanajgsl. KepaMHKaHBIH KbI3IbIPbUIFaH
KabaTTapblHAaFbl KPHCTANJaHY IPOLECTEPi OHBIH TYpiHE oHE OanKy TemIepaTypachiHa OaillaHbICTBI
SKCH/Ir KOPCeTIreH.

Kinm ce30ep: SNeKTpOHIBI OHE HOHIBIK IIOKTApP, ATOMOOKCHITI KEPAMHKa, MHUKPOKYPHUIBIM, KEepaMHKa
Kabatkl.

C.A. I'piarasos, B.A. Kocrenko, C.B. Matpenun, A.W. Kynunimms

OﬁpﬂﬁOTKa AJIIOMOOKCHIHOM Ke€paMHUKHU MHTCHCUBHBIMU
JIEKTPOHHBIMU U HOHHBIMMU MMYyYKaMH

HUccnenoBana MoauGHKays MUKPOCTPYKTYPBI IPUIIOBEPXHOCTHBIX CIIOEB aJFOMOOKCHIHON KepaMHUKH MO
JEUCTBUEM AJICKTPOHHBIX M MOHHBIX My4KoB. OOydeHre dIeKTPOHHBIMU MyYKaMH IPOBOJHIOCH IIPU YCKO-
pstromemcs HanpspkeHnu U=15 kB u Toke myuxa J 70 u 100 A. MonHoe o0ydeHune oCyImecTBISUIOCh HOHAMA
yriieposa npu yckopsirouiemest Harpspkenun U=180 koB. IInoTHOCTh TOKa U SHEpruu BapbUpPOBAIUCH B JlUa-
nasone 15-85 A/em® u 0,3-1,5 I[)K/CM2 CcOOTBeTCTBEHHO. KonnyecTBo 3HEpruu, BO3ACHCTBYIOIEH Ha I0-
BEPXHOCTbh KEpPaMHKH, M3MEHsSJIOCh uncioM umiyibcoB N. IlokazaHo, 4To BO3aeicTBHE DIEKTPOHHBIMU U
HMOHHBIMHM IyYKaMH{ BBI3bIBAET M3MEHEHUS] MUKPOCTPYKTYpHI OOIy4EeHHOIo cjosi Kepamuku. B memom, pe-
3yJAbTaT BO3ACHCTBHS OIMHAKOB JUISl DJICKTPOHHOIO M HOHHOTO OOJYYCHHI M XapaKTepH3yeTcsl He TOJBKO
OIUIaBJICHUEM OBEPXHOCTH, HO U (pOpMHUpOBaHHEM IO IIyOuHE OOJIydeHHOTrO CIosi oJjiee MENKOH MHKpO-
CTPYKTYpPBI, KOTOpasi OpPUEHTHUPOBAHA 10 HAPaBJICHUIO BO3/ICHCTBHUS 3JEKTPOHHBIX M HOHHBIX IMy4KoB. [Toka-
3aHO, YTO KPUCTAJUIM3ALMOHHbBIE IIPOLIECCHI B MIEPETPETHIX CIOSAX KEPaMUKHU 3aBUCAT OT €€ THUIIAa U TeMIlepary-
PpBI TUTaBJIEHUSL.

Kniouesvie cnosa: OJICKTPOHHBIE W HWOHHBIC ITYYKH, aJIFOMOOKCHJIHAsA KEpaMHWKa, MHKPOCTPYKTypa, CJIOU
KEpaMUKU.
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