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bstract

exagonal boron nitride/titanium diboride composites are widely used as evaporation boats for aluminium deposition to produce functional and
ecorative layers on different target materials. The lifetime of such a material is limited mainly by the interaction of the metal with the ceramic
ubstrate, but the corrosion mechanism has still not yet been thoroughly investigated and understood. In this article the corrosion mechanism for
he evaporation boats used was investigated using thermodynamic calculations, FESEM, EDX and XRD phase analysis. The analysis showed
hat hexagonal boron nitride (hBN), which is thermodynamically less stable than TiB2, is passivated during the application process through the

ormation of AlN surface layers, whereas the thermodynamically more stable TiB2 phase dissolves and Ti-rich components precipitate in cooler
egions of the evaporation boats.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Thin metallic coatings on glasses, plastics and other com-
onents are commonly used for generating new functional
electromagnetic shielding, corrosion-resistant layers, perme-
tion barriers) and decorative applications.1 One of the most
idely used methods for producing these coatings is metallic

vaporation or physical vapour deposition. For example, the
vaporation of aluminium amounts to an estimated annual vol-
me of around 35 million euros.

For aluminium evaporation ceramic boats (Fig. 1a) heated
y direct electric current have been used since the beginning
f the sixties.2 The most commonly used evaporation boats

2–4 5
re made up of two (hBN/TiB2) or three (hBN/TiB2/AlN)
omponents.
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TiB2 is responsible for the electrical conductivity and hBN
s necessary for providing the thermal shock resistance. Evap-
ration boats are heated and cooled down at a rate of up to
000 K/min. Additionally the evaporation boats normally con-
ain calcium borates.2 CaO is added to the starting composition
o react with the B2O3 existing on the surfaces of hBN and TiB2.
his reaction is necessary to improve the stability of the boats
y preventing the formation of B(OH)3 during post-sintering
reatment and storage and the evaporation of HBO2 and water
uring the application process.2

The materials usually have a resistivity in the range
00–100 000 ��  cm. This requires the amount of TiB2 to be
ear the percolation limit of typically 30–45 vol.% TiB2. Thus a
mall change in the TiB2 amount leads to a large change in the
lectrical resistivity of the composite material and the amounts
nd grain sizes of the components must be precisely controlled.

he lifetime of the evaporation boat is usually determined by

he corrosion caused by the molten aluminium (Fig. 1b).
The corrosion mechanism is still not completely understood

oday, mostly due to problems with preparation, prevent-
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Fig. 2. FESEM micrograph of the hBN/TiB2 two-component evaporation boat
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ig. 1. Typical evaporation boat (a) and photo of an evaporation boat after
pplication (b). The remaining metal is clearly visible.

ng observation of the undamaged microstructures of the
BN/TiB2 composites and the metal–ceramic interface. The
icrostructures of the hBN/TiB2 composites cannot be prepared

sing classic polishing techniques.6 The method of choice for
reparation is ion beam-based polishing7 which allows for high-
esolution imaging of the hBN/TiB2 structures. Fig. 2 shows a
ypical microstructure with TiB2 (light gray) and hBN (dark
ray). An amorphous phase composed of Ca borates (gray) is
isible at some of the grain boundaries. Based on the developed
ethod analysis of the evaporation boats used was carried out

nd the results interpreted using thermodynamic calculations.

. Experimental

Commercially available evaporation boats (DiMet® from
SK Ceramics GmbH & Co. KG) operated in continuous coat-

ng equipment for approximately 8 h at 1400–1500 ◦C were
sed for ex situ investigation of the interaction between the
etallic melt (aluminium) and the hBN/TiB2 evaporation boat
aterial. After completion of evaporation and cooling down

he boat was analysed. To obtain a better view of the types
f surface and bulk reactions taking place between metallic
elt and substrate material as well as the nucleation sites for
ewly formed chemical compounds in the cavity of the evapo-
ation boat XRD measurements (XRD 7, CuK�, Seifert FPM,
ermany) and SEM investigations (Leo Gemini DSM 982, LEO

p
e
1

hBN appears dark gray, TiB2 appears light gray and the amorphous borate phase
ppears gray).

lektronenmikroskopie GmbH, Oberkochen, Germany) were
arried out in a first step. In a second step a cross section
f a boat was prepared by cutting and pre-polishing followed
y removal of the damaged surface using the broad ion beam
ethod (RES 010, Bal-Tec AG, Germany). If classic grinding
as used instead of this technique, the strong heterogeneous
ardness of hBN/TiB2 composite members would lead to a heav-
ly damaged microstructure.8 Polishing with Ar ions (2 mA at

 kV) and simultaneously rotating the sample result in a sur-
ace showing the true microstructure without any cutting- or
rinding-induced damage. The surface of the cavity to be in
irect contact with the metallic melt could be analysed without
ny preparation.

Surface and polished cross sections were investigated using a
eld emission scanning electron microscope (FESEM) equipped
ith an EDX detector.
Thermodynamic calculations were also carried out using the

ACTSAGE (version 5.1) program8 and the SGTE database.9

he algorithm calculates the equilibrium phases at a given tem-

erature and pressure by calculating the minimum of Gibbs free
nergy.9 The calculations were carried out between 800 ◦C and
600 ◦C at 1 atm. Different amounts of Al were used so that the
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Fig. 3. FESEM micrograph of the cross section of the hBN/TiB2 two-component
evaporation boat after aluminium evaporation for 8 h: (a) overall view and (b)
detail of the interface between metal and evaporation boat with phases marked
(based on EDX measurements).
M. Herrmann et al. / Journal of the Euro

nfluence of the amount of aluminium on corrosion could be
etermined. The mol ratio of hBN to TiB2 used was 6.58–3.42.
he sum of hBN and TiB2 was 10 mol.

For all calculations any possibly nitrides, borides and met-
ls as well as all gas species were taken into account. The
ompounds in the gas phase with the highest concentrations
f each component are plotted in the diagrams only. These
pecies are the ones which are predominantly responsible for
he evaporation. The liquid metal was modelled in the program
sing a simple substitutional solution approach based on the
edlich–Kister–Muggianu polynomial expression.

. Results  and  discussion

.1.  Microstructural  analysis

After application tests the surface of the boat showed a rela-
ively deep groove in the centre (Fig. 1b) where the metal wire
as applied during evaporation to feed the boat with aluminium.
he shape of the groove indicated that this could be mainly
onnected with mechanical wear due to the Al wire, but temper-
ture differences could intensify local corrosion. A cross section
hrough the interface near the groove was prepared using the ion
eam technique (Fig. 3a and b). The micrographs revealed a 100-
o 250-�m thick metal layer including grains up to 30 �m in size.
DX analysis of these particles showed that they were AlN pre-
ipitates. Small fragments of hBN were also visible inside the
etal layer. Very few TiB2 particles remained (not shown in the
icrographs). The cross sections revealed that the dissolution

ates of hBN and TiB2 were quite similar.
No Ti was found in the remaining Al between the AlN par-

icles by EDX analysis. However, more detailed analysis of the
nterface clearly revealed the dissolution of the TiB2 (Fig. 3b)
rains. The surfaces of the hBN grains were covered by AlN
ayers, indicating the passivation of hBN by formation of AlN
Fig. 3b). In addition the small crevasses between the hBN lamel-
as (Fig. 4) were found to contain Al. In these areas, besides AlN,
l2O3 and calcium aluminates were detected by EDX. The alu-
inates were most probably formed by the reaction of Al with
2O3 and the calcium borates existing in the boats. Small TiN
recipitates were also found in the Al/AlN precipitates (Fig. 4).
his indicates that TiN formed during manufacture did not dis-
olve in Al as quickly as the other components did. XRD analysis
f the surface at the centre of the boat revealed AlN and Al to
e the main phases. Small amounts of TiB2 and hBN could also
e detected.

AlN, TiB2, some Al and Ti3Al2N, TiAlx, TiCxNyOz

x  + y  + z  < 1) and hBN were detected in the cooler area of the
urface near the clamps of the boat. This indicates that higher Ti
oncentrations existed in these areas.

SEM analysis of the surface mainly showed Al crystals in

ifferent shapes (Fig. 5a and b). In addition, small amounts of
itrogen were found in nearly all areas and oxygen was observed
n a few areas. The surface also exhibited some cracks due to the
ifferent thermal expansion behaviours of the aluminium and

Fig. 4. FESEM micrograph and EDX results of the hBN/TiB2 two-component
evaporation boat below the Al-ceramic interface after aluminium evaporation
for 8 h.
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is lower in the case of AlN/TiB2 interaction with aluminium than
in the case of hBN/TiB2 interaction with the melt. These results
agree with the Al–B–Ti phase diagram10 indicating a solubil-
ig. 5. SEM micrographs of the surface after aluminium evaporation for 8 h: (a)
n the hot area and (b) in the colder area closer to the clamps.

he evaporation boat. The crystals in the centre and in the cooler
egions differed slightly in shape (Fig. 5a and b).

.2. Thermodynamic  calculations  and  discussion  of  the
orrosion  mechanism

Thermodynamic calculations were carried out for the inter-
retation of the results of the SEM investigations using the
ACTSAGE program. The starting composition was 6.58 mol
BN and 3.42 mol TiB2 and between 10 mol and 300 mol alu-
inium. The hBN/TiB2 mol ratio corresponded to a volume ratio

f 60/40. The calculation results demonstrate that the hBN is
hermodynamically unstable and therefore reacts with Al to form
lN over the entire temperature region. According to the results,

he products of the reaction between hBN and Al below 1000 ◦C
re AlN as well as a small amount of AlB2 which decomposes
bove 1050 ◦C. At higher temperatures only the aluminium melt,
lN and TiB2 are in equilibrium for a large excess of Al. For an

mount of 10 mol% Al, small amounts of AlB12 (0.5 mol) are
lso found due to the low solubility of boron in the aluminium

elt. The boron dissolved in the liquid melt reaches values of

p to 10 wt% at 1600 ◦C (Fig. 6). The solubility of the tita-
ium and chemically dissolved nitrogen in the Al melt is very

F
t
p

ig. 6. Calculated composition of the melt as a function of temperature (10 mol
l to 300 mol Al was used in the calculations and give the same results).

ow. At 1600 ◦C in the calculation with an excess of 300 mol
luminium (approximately 8 kg) only 2.5% of the initial TiB2
mount dissolved in the liquid (Fig. 7). Based on thermodynamic
onsiderations TiB2 must therefore be stable. This contradicts
he microstructural observations which suggested that the dis-
olution rate of hBN and TiB2 was very similar (Fig. 3). This
s most probably caused by the strong reduction in the hBN
issolution rate due to the formation of a passivating AlN-layer.

If the passivation of hBN by AlN is taken into account
nd only the solubility of AlN and TiB2 in an aluminium
elt is calculated, the weight fraction of Ti in the liquid is

 ×  10−3 wt% and is only slightly higher than the concentra-
ion determined through calculation of the solution of hBN and
iB2 (1 ×  10−3 wt%) at 1600 ◦C. The solubility of B in the melt
ig. 7. Calculated relative amounts of the condensed phases as a function of
emperature (300 mol Al was used in the calculations to show the effect more
ronouncedly).
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Fig. 9. Liquidus projection of the Al rich corner of the Al–B–Ti phase diagram
a
T

a
r
r

T

3

o
m

t

M. Herrmann et al. / Journal of the Euro

ty of approximately 0.05 at.% Ti at 1300 ◦C for TiB2 (Fig. 9).
he solubility decreases greatly with an excess of boron and

ncreases with a deficit of boron.
EDX analysis of the remaining metal in the cross section

ave no evidence of Ti dissolved in the aluminium or of separate
lTix-phases in the hot region of the evaporator. This experimen-

al evidence also supported the results of the thermodynamic
alculations. Therefore the titanium solubility cannot explain
he observed dissolution of the TiB2 in the aluminium melt dur-
ng evaporation of Al. A possible mechanism could instead be
vaporation of Ti together with Al. The evaporation rate (R)
er unit area can be estimated using the Knutsen evaporation
echanism:

 = pNA√
2πMRT

,

here p is the partial pressure, NA Avogadro’s number and M
he molar weight. In Fig. 8 the logarithm of the partial pressures
f the different species in the gas phase are given. The partial
ressure of Ti is nine orders of magnitude lower than that of
l (Fig. 8). Hence, the evaporation rate of Ti is also 109 times

ower that that of Al. The evaporation of 100 kg aluminium will
e accompanied by the evaporation of less than a mg titanium.

Even if the fact that boron could evaporate faster, thus result-
ng in an increase in the solubility of Ti in the melt, were
aken into account, the extent of evaporation of Ti would still
e quite low. Therefore the evaporation rate of titanium cannot
ompletely explain the observed dissolution of TiB2 either. A
ossible additional mechanism could be transport of titanium
hrough the melt due to the high thermal gradient within the
vaporation boat (the ends of the clamps were at a tempera-
ure of less than 600 ◦C). Strong concentration gradients arise
n the melt (Fig. 7). The Ti concentration in the melt is nearly

 ×  10−3 wt% at 1600 ◦C, but only 10−7 wt% at 800 ◦C. This
radient is responsible for transport of Ti to the colder melt

egions where it crystallises or reacts with other components.
his is also in agreement with the microstructural observations

ndicating that more Ti was found in the colder parts. Addition-

ig. 8. Calculated composition of the gas phase as a function of temperature
10 mol to 300 mol was used in the calculations).

B
c
T
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t
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c

t 900 ◦C and 1300 ◦C (data by 10). The arrow points into the direction of the
iB2 composition.

lly the dissolved Ti will be consumed in the cold area by the
eaction with hBN forming TiB2 according for examples to the
eactions

i + 2BN +  2Al ⇒  TiB2 +  2AlN

Ti + 2BN ⇒ TiB2 +  2TiN

r by the crystallisation of different phases from the
elt.
The observed formation of Ti3Al2N, TiAlx and TiCxNyOz in

his zone is also in agreement with the calculation results.
The calculations of the interaction of the calcium borates or

2O3 with an excess of Al indicate the formation of Al2O3 or cal-
ium aluminates and the dissolution of boron in the aluminium.
he oxide grain boundary phases in the evaporation boats hence
lso react with aluminium and are not stable during application.
his is in agreement with the detection of Al2O3 and calcium
luminates near the interface (Fig. 4).

The thermodynamic calculation predicts that the addition of
lN to the hBN/TiB2 two-component evaporation boats will not

hange the stability primarily due to in situ formation of AlN
n the two-component evaporation boats during application. But
he addition of AlN can influence the stability by kinetic reasons.
nalysis of the corroded cross section showed the formation of
lN passivating layers in agreement with the thermodynamic

alculations. On the other hand, large AlN crystals were found in
he liquid aluminium. This indicates that there was a certain solu-
ility of AlN in the melt. Compositional analysis of the gas phase
evealed that, besides Al, nitrogen evaporated (partial pressure
00 times lower than that of Al). This indicates that the AlN

lso decomposes slowly into Al and gaseous nitrogen. There-
ore, the addition of AlN to two-component evaporation boats
ould lower the extent of dissolution of the thin passivating AlN
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ayers and therefore improve the stability during application.
f this additional AlN has an influence on the stability cannot
e predicted by thermodynamics, but strongly depends on the
inetics of dissolution of AlN and therefore of the conditions of
pplication. Therefore, the three-component boats show better
erformance than the two-component evaporator boats in some
pplications, but not in other applications.

. Conclusions

Investigations of a two-component hBN/TiB2 evaporation
oat after use for the evaporation of Al and thermodynamic
alculations reveal the following:

 hBN is not thermodynamically stable under the application
conditions, but will be stabilised by the formation of AlN
surface layers in contact with the liquid aluminium.

 Despite the high thermodynamic stability and the resulting
low solubility of TiB2 in the aluminium melt, dissolution of
TiB2 takes place. The dissolution rate is similar to that of
hBN due to the absence of the formation of a protective layer.
The dissolved titanium mostly precipitates at the colder ends
of the evaporation boat in the form of mixed TiAl nitrides,

oxynitride, intermetallides and TiB2.
In addition, the borate grain boundaries are not stable in con-
tact with the aluminium melt and transform into Al2O3 and
aluminates.
 Ceramic Society 31 (2011) 2401–2406
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