PHY SICS AND CHEMISTRY OF SOLID STATE
V. 20, Ne 3 (2019) P. 300-305
DOI: 10.15330/pcss.20.3.300-305

UDK 666.293

OI3UKA I XIMIA TBEPAOI'O TUIA
T. 20, Ne 3 (2019) C. 300-305

ISSN 1729-4428

V. Goleus, A. Salel

Effect of Transition Metals Oxide Additives on the Properties of
Mixed-Alkali Glassfor Electric Insulating Coatings on Aluminum

Ukrainian State University of Chemical Technology, Dnipro, 49000, Ukraine, udhtu@udhtu.edu.ua

In order to reduce the cost of the thick-film technology of microcircuits and heating elements, as well as to
expand its areas of use, it became necessary to expand the range of materials that, along with ceramics and sted,
can also be used as substrates for these products. One of these advanced materids is aluminum. Enamels for
aluminum should be subjected to roasting at relatively low temperatures, and therefore contain an increased
amount of alkai metal oxides in their composition, which causes low values of chemical resistance and volume
of electrical resistivity. Electrically insulated coatings on metals are subjected to repeated heating and cooling
while their produce and use, which promotes the creation of temperature stresses in the coating and leads to their
chipping. Therefore, in order to improve the water resstance and adhesion strength of electrical insulation
coatings on aluminum, CuO, ZrO, and Bi,Osadditives were examined. There was found an increase in water
resstance with a simultaneous increase in the adhesion strength of the ename coating with an duminum
substrate with the addition of not more than 3 pts. wt. of copper oxide (I1), up to 1 pts. wt. of zirconium oxide

(IV), and up to 4 pts. wt. of bismuth oxide (111) w.r.t. 100 pts. wt. of glass.
Keywor ds: enamels on aluminum, water resistance, electrical insulating coatings, contact layer, flowability,

adhesion strength.
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I ntr oduction

The basis of modern technical progress is the
development of chemica compositions and technol ogical
parameters for obtaining new glass ename coatings for
various metal substrates [1]. Recently, eectric film
heater have been increasingly used in the instrument
engineering and in the production of household e ectrical
heating equipment.

Literature review. The need for eectrical insulation
coatings on aluminum in the manufacture of low-power
film heaters is caused by the technical and economic
feasibility of replacing ceramic substrates for the metal
ones. In this regard, additiona requirements of
performance are imposed on enamel coatings, in addition
to their anti-corrosion and decorative properties. These
characteristics of enamel coatings include increased
values of their heat resistance, chemica resistance,
electrical insulation and other properties[2].

As is known, aluminum is characterized by a high
value of the temperature coefficient of linear expansion
(TCLE) (230-107 K™") and a low melting temperature
(~650°C). Known compositions of glass frit to obtain
coatings on aluminum due to the need to form them by
roasting a a temperature of 550-580°C contain a
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significant amount of alkali metal oxides and therefore
cannot be used as electrical insulating. To improve the
electrical properties of enamels for aluminum, lead oxide
is added into their composition by reducing the content
of alkali oxides [1, 3-5]. However, this oxide tends to
interact with the components of conductive pastes to
form metallic lead, which contributes to a decrease in the
electrical strength of the coating.

Strong adhesion of the enamel coating to the metal
substrate is an important component of the durability of
the use of enameled products [1, 3, 6-11]. It is known
that when enameling aluminum, the adhesion strength of
the coating to the substrate depends on the ability of the
oxide film to dissolve in the enamel mdt and the
thickness of thetrangtion layer [3].

. Object

Therefore, the object of the work was to develop the
oxide composition of electric glass for obtaining enamel
coating on aluminum with increased water resistance and
to investigate the effect of trandtion metal additives on
the formation of a contact layer in the aluminum-enamel
system.
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Table1

Physical and chemical properties of glass for the production of coatings on aluminum

Water resistance (amount of 0.01 N HCl which TCLE 107 K* MT. °C Electrical resistivity at
was used for titration), cm®/g, (dimming class) (20-400°C) : 150°C, Wem
3.55 (5/98) 164.5 448 108
W, cm¥g W, cm¥/g
4,0F 20F
3.5
15F
3.0
2.5 10F

1 1 1 1 1
1.0 L5 2.0 2.5 3.0

1
0.5
The content CuO and ZrO, in pts. wt. w.r.t.
100 pts. wt. of the mixture

a)

10

L
2 4 6 8
The content Bi,O; in pts. wt. w.r.t.
100 pts. wt. of the mixture

b)

Fig. 1. The dependence of the enamel water resistance for auminum on CuO, ZrO, (a) and Bi, O3 (b) additives.

. Methods

For the synthesis of glass under research were used
quartz sand and soda of technical purity; lithium,
potassium, strontium, barium carbonates, titanium
dioxide and trisodium phosphate of pure grade; boric
acid, oxides of zinc, copper (I1) and zirconium (1V) of
analytical grade, as well as bismuth (111) oxide of extra-
pure grade.

Glass melting was carried out in fireclay cruciblesin
an dectric furnace with carborundum hesters with an
exposure time of 30-40 minutes at atemperature of 1150-
1180°C. The readiness of the glass is determined by the
visual test of the thread. Mélts of glass under research
were granulated by pouring into cold water. To
determine the physicochemical properties of the glass,
samples were made from glass bubble-free metal by
casting into steel molds.

Experimenta studies of the properties of the glass
were performed using sandard methods and measuring
instruments that were generally recognized and widdy
used in glass chemistry and technol ogy:

— dilatometer investigation of the thermal coefficient
of linear expanson (TCLE) and melting temperature
(MT) were determined on a DKV-5A quartz dilatometer
in accordance with GOST 10978-83;

— electrical resigtivity was determined using E6-13A
terachmmeter;

— chemical resigtance of glass was determined by the
grain method in accordance with GOST 10134.1-82;

— the structure of the contact layer of aluminum and
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enamel was examined on a REMMA-102-02 scanning
el ectron microscope.

Insulating coatings on metal obtained under the
slurry and roasting technology. The coating was applied
on aluminum by pouring. Preparation of products from
aluminum before coating consisted of treatment in an
alkaline solution of a chromic acid sat according to the
recipe, whichisgivenin[3].

Slurry for coatings on aluminum was crushed to pass
through sieve No. 0045 in porcdain drums with uralite
grinding charge in isopropyl alcohol environment. The
roasting of electrical insulation coatings was carried out
in a muffle furnace at a temperature of 580 °C for 15-20
minutes.

1. Results

Due to calculation and experimental studies it was
established [12] that the basis for producing eectrical
insulating coatings on aluminum was mixed-alkali
borosilicate glass of the following composition, mol. %:
SO, + TiO, — 54, BaO + SO + ZnO - 5; B,0O3 + P,0Os —
5; Li,O+Na,O+K,0 — 36. This glass is characterized by
the following properties, which are represented in Table
1

In order to increase chemica resistance and reduce
surface tension, CuO and ZrO, additives in the amount of
0.5-3.0 pts. wt. w.r.t. 100 pts wt. of the mixture and
Bi,O3 additives in the amount of 2-10 pts. wt. w.r.t. 100
pts. wt. of the mixture were added to the composition of
glass. Figures 1-4 show the dependences of water
resistance (W), eectrical resistivity (Igpiso), TCLE and
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Fig. 2. The dependence of the electrical resistivity at 150°C of enamel for aluminum on the CuO, ZrO, (a)
and Bi,0s (b) additives.
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Fig. 3. The dependence of the TCLE of enamel for aluminum on CuO, ZrO, (a) and Bi,O3 (b) additives.

MT of glass on the content of additives of these oxidesin
its composition.

It has been established (Fig. 1, a) that the addition of
zirconium dioxide and copper oxide additives into the
composition of this glass contributed to an increase in
water resistance, which was characterized by a decrease
in the amount of 0.01 N HCI solution, which was used
for agueous extract titration, from 3.55 to 1.10 ml (4/98
dimming class). It should be noted that CuO additives
contributed to an increase in eectrical resistivity from
10°® to 10"° Wem and did not affect the TCLE of the
enamel (165-107 K™, while the addition of ZrO,, on the
contrary, contributed to a dight decrease of TCLE to
155-107 K™, and the value of electrical resistivity did not
change (Fig. 2-3, a).

The addition of bismuth oxide to the composition of
this glass has an ambiguous effect on chemica
resistance, possibly due to a change in the bismuth
valence (Fig. 1, b). Its presence practicaly does not
affect the value of TCLE, MT and eectrical resistivity,
but significantly improves the spreading of ename on
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aluminum (Fig. 2-4, b).

V. Discussion

It has been established that the addition of zirconium
dioxide and copper oxide additives to the composition of
the glass under research contributed to an increase in
water resistance, which even at a content of up to 3 pts.
wt. w.r.t. 100 pts. wt. of the mixture increased the water
resistance of the glass frit amost 1.5-3.0 times,
respectively. At the same time, the increase of the ZrO,
additive in the enamel leads to a dlight decrease in TCLE
to 155107 K™ and increase in the temperature of the
melting temperature to 455°C, therefore the content of
this component should not exceed 1 pts. wt. w.r.t. 100
pts. wt. of the mixture. The recommended content of
Bi,O5 should not exceed 4 pts. wt. w.r.t. 100 pts. wt. of
the mixture due to the occurrence of recovery processes
in the formation of the coating.

According to the results (Fig. 5) of these
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Fig, 4. The dependence of MT of enamel for aluminum on the of CuO, ZrO, (a) and Bi,O3 (b) additives.
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Fig. 5. SEM-micrograph of cross-sections of the sample with a coating based on enamel for aluminum (a), as well
as enamels with additions of 4 pts. wt. of Bi,Os (b), 1 pts. wt. of ZrO, (c) and 3 pts. wt. of CuO (d): 1 —auminum;
2 — contact zone; 3 — enamel; 4,5 — additional points.

examinations of the structure and chemical composition
of the duminum and enamel contact layer, the effect of
CuO, ZrO, and Bi,0O; additives with the abovementioned
concentrations in the glass composition on the
flowability and coating formation parameters was found
[13].
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Micrographs of the cross-section of the sample with
ename coating do not show a clear boundary of the
contact layer, which indicates a deep penetration of
enamel into the intermediate zone.

From the presented on the Fig. 6 examination results
there was revedled that the copper oxide additive
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Fig. 6. Aluminum digribution in the aluminum — contact zone — enamel system: @) enamel for aluminum;
b) the samewith 1 pts. wt. of ZrO, w.r.t. 100 pts. wt. charge; ¢) the same with 3 pts. wt. of CuO w.r.t. 100 pts. wt.
of the mixture; d) the same with 4 pts. wt. of Bi,Os; w.r.t. 100 pts. wt. of the mixture.

contributed to a more uniform digtribution of aluminum
oxide throughout the ename thickness, which
contributed to the expanson of the contact zone, and
accordingly, an increase in the adhesion strength of the
ename coating to the aluminum substrate.

Bismuth oxide also acts as a surface-active
component, which is in good agreement with known
ideas about the structure of the glass [14]. While sorbing
on auminum enamel on the interface it improves the
flowability of enamel over the metal surface, which is
confirmed by chemical anaysis data (Fig. 6) and visual
assessment of the coverglass. In Fig. 5 (b) the area with
the increased content of bismuth oxide is marked with a
white circle.

Conclusion

It has been established that to the greatest extent the
addition of copper oxide and zirconium dioxide additives

to the composition of glass contributed to the increase in
its water resistance and electrical resistivity. At the same
time, spreading and srong adhesion of enamel coating to
aluminum is achieved by addition of bismuth and copper
into the composition of the oxide. As a result of these
studies it was found that not more than 3 pts. wt. of
copper oxide (Il), up to 1 pts. wt. of dioxide (V)
zirconium, and up to 4 pts. wt. of bismuth oxide (l11)
w.r.t. 100 pts. wt. of the glass, respectively, should bein
the ename for eectrical purposes to ensure the required
characteristics of water resistance, TCLE, MT, eectrical
resistivity and adhesion strength.
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BruinB 106aBOK OKCH/IIB NepexiIHMX MeTAJIIB HA BJACTHBOCTI MOJIUIY’KHOI0
CKJIA VISl eJICKTPOi30JIANiHHUX NOKPUTTIB HA ATIOMiHIl

Hepoicasnuti suwutl HaguanbHull 3aKk1a0 " Ykpaincokuil depacagruil Ximiko-mexnonoziunuti ynisepcumem” (JJBH3 VIXTY),

Jninpo, 49000, Vkpaina, udhtu@udhtu.edu.ua

3 METO0 3/ICIICBICHHS TOBCTOIUIIBKOBOI TEXHOJOril MIKPOCXEM 1 HArpiBabHUX EJIEMEHTIB, a TaKOX 3
METOI0 PO3LIMPEHHs obnactel ii 3acTocyBaHHsS BUHMKIIA IO0TpeOa B PO3IIMPEHHI KOJa MarepialiB, sKi HOPsI 3
KEPaMIKOIO i CTAJTI0 MOXKYTh TAaKOK BUKOPHCTOBYBATHCS B SIKOCTI IIAKIAJOK JUIs 3a3Ha4€HUX BUPOOiB. OHIM 3
TAaKMX MEPCIeKTUBHUX MarepianiB € amoMiHid. OJHaK TEXHOJOTiS OTPUMAaHHS eJIEeKTPOI3OJIALIHHUX
CKJIOEMAJIeBUX TIOKPHUTTIB Ha alOMiHIl Ie HexocTaTHhO po3pobiieHa. [ToB'13aHo me 3 THM, Mo emami st
AJIIOMiHII0 OONaJIIOIOTh IPH BiIHOCHO HM3BKHMX TEMIIEpaTypax, i TOMY MICTATb B CBOEMY CKJIaJl IiJBHILEHY
KIJIBKICTh OKCHIIB JYKHHX METaliB, IO OOYMOBIIOE HM3bKI 3HA4YEHHS XIMIUHOI CTIMKOCTI Ta HHMTOMOro
00’ €MHOTO €NeKTPHYHOr0 onopy. ENeKTpoi3onsiiiiHi NOKpUTTS Ha Merajax B IPOLECi IX BUTOTOBJICHHS Ta
eKCIDTyaTalii MInalThest 6araTopa3oBOMy HarpiBaHHIO Ta OXOJIOJKEHHIO, IO CIIPUSIE IO CTBOPEHHS TEPMidHHX
HAIpY)KeHb B TOKPUTTI i NPHU3BOAUTH A0 iX BiJKOIIOBaHHS. TOMy 3 METOIO MiABHIIEHHS BOJOCTIMKOCTI Ta
MIITHOCTI 3YEIUICHHS eJIEKTPOI30JIIHHIX MOKPUTTIB Ha aitoMiHii Oynu mociimkenHi nodasku CuO i ZrO, B
kinekocti 0,5 - 3,0 mac.u monax 100 mac.y mmxty i qo6aBku Bi,Os B kinbkocti 2 - 10 mac.y monax 100 mac. 4
IIMXTH. BCTAaHOBIEHO MWiIBHUIIEHHS BOAOCTIMKOCTI IPHU OXHOYACHOMY 3OUIBIIEHHIO MIIHOCTI 3YEIUICHHS
€MaJIeBOro MOKPHUTTSI 3 AJIFOMIHIEBOO ITiIKIIAIKOKO HpH BBeeHHI He Oinbiue 3 Mac.4. okcuay (I1) miai, nol mac.d.
okcuny (V) uupkonito, a Takox 110 4 mac.4. okcuay (111) Biemyry nmonan 100 mac. yacTuH ckia.

KirouoBi cioBa: emani Ha agroMiHii, BOZOCTIHKICTB, €JIEKTPOI3OJLINHHI MOKPUTTS, KOHTAKTHUH IIap,
PO3TIUHICTH, MIITHICTh 3YETUICHHSL.
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