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In Situ high-temperature optical microscopy
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High-temperature optical microscopy is an essential in situ characterisation and monitoring
technique with wide applications in different areas of materials science. The devices used
include commercial available instruments, known as heating microscopes, and
custom-made devices, usually called “high-temperature processing microscopes” or
“thermo-optical instruments”. The different areas of applications of high-temperature
optical microscopy are discussed on the basis of practical examples drawn from the
literature. Besides the classical use of the technique to study the melting and softening
behaviour of glass, slags, ashes and other silicate and ceramic materials, this review covers
alternative applications, in particular the use of heating microscopes as “optical
dilatometers” to investigate the sintering kinetics of powder compacts. In this regard, the
advantages of the technique over conventional dilatometry are emphasised. A variety of
custom-made devices is described, developed to investigate particular problems, such as
delamination and curling of laminate composites during densification, cosintering of
multilayer metal-ceramic and ceramic-ceramic systems, and wetting behaviour of liquid
phases on rigid substrates. As a particular example of such a custom-made equipment, a
novel, multi-purpose high-temperature processing microscope is described, and its
application potential, which is well beyond that of commercial devices, is outlined. This
instrument is unique in that it combines both vertical and horizontal sample observation
capability, as well as the possibility to investigate samples of relatively large sizes

(65 mm?3), i.e. about 10 times larger than those suitable for commercial heating
microscopes. © 1999 Kluwer Academic Publishers

1. Introduction ent areas of materials science since those early times.
With the aid of heating devices attached or surroundingClassical applications areas have been for example the
the stage of a microscope, physical and chemical phedetermination of fusion, subliming, and transition tem-
nomena occurring in materials at high temperatures caperatures of different substances, including vulcani-
be observedn situ. A hot stage is a compact heating sation of rubber, softening of glasses, coagulation of
device which provides the necessary temperature aneblloids, chemical reactions at elevated temperatures,
thermal environment while allowing observation of the etc. Another important application area has been high-
specimen. temperature metallography.

According to Chamot and Mason [1], the fimstsitu The presentreview is limited to high-temperature mi-
microscopy investigation at high temperatures was coneroscopy investigations in which the sample is placed
ducted as early as 1865. A Bunsen burner flame wai a compact furnace and observed and measured with
used to heat the extreme of a copper bar placed in aan optical instrument. Thus, the process investigated
ordinary microscopy stage and the sample to be obresembles the real situation of firing (sintering) or melt-
served was held in a bore-hole. The development ofng of materials. Moreover, the parameters of interest
electrically heated stages at the beginning of this cenin these investigations are usually the macroscopic di-
tury brought a significant impulse to high-temperaturemensions and shape of the samples, usually in the range
microscopy: the devices became simpler and comef hundreds of microns to millimetres, so that micro-
pact, allowing the use of objectives of relatively shortscopes of relative low magnification are required (of
working distance [1,2]. Moreover a wide range of the order of 10X). The term “microscopy” is kept in
temperatures could be obtained and accurately corthis review, in accordance with the current literature,
trolled by means of rheostats, thus providing more flex-although some of the instruments to be described here
ibility to the researchers. resemble more a “telescope” in that a sample situated at

A great variety of types of high-temperature optical arelatively long distance from the observing device (i.e.
microscopes have been designed and used in diffeinside a furnace) is viewed, rather than a conventional
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microscope. It must be noted that a great number ofmal processes. Fig. 1 is a simplified schema showing
instruments which are available for investigating mi-the components of a heating microscope. The apparatus
croscopical samples and for high-magnification ob-consists of three principal units mounted on an optical
servation, i.e. to observe changes of microstructurdéench approximately 1.50 m long: the light source, the
(in the um-range) at high temperatures, are not cov-electric furnace (about 200 mm in length and 20 mm
ered in the present review. These devices are usually diameter) with specimen carriage and the observa-
called hot-stage microscopes and find application irtion unit with the microscope itself and the recording
high-temperature metallurgy and other thermoanalytifacility, either a photographic or a video camera. The
cal studies [3]. Information on these instruments andight source is either a low-voltage flament or a halogen
their application fields can be found in several articledamp. The specimen to be observed is placed on a small
[4-9]. Some of these instruments allow for simultane-ceramic plate. The microscope projects the image of the
ous X-ray diffraction or differential calorimetric anal- specimen situated in the furnace in approximately 5X
yses to be carried out [3, 10]. Also not covered here arenagnification onto a groundglass screen and onto the
thermal scanning devices developed to conduct remoteecording device. Usually, the furnace is constructed so
mapping of surface temperature distributions, whichas to permit the use of any desired gas in order to allow
are used in infrared thermographic studies [11], andhe investigation of oxidation and reduction processes.
other forms of analytical microscopy methods devel-The temperature is normally controlled with an auto-
oped for micro-thermal analysis [10]. matic furnace control unit, incorporating a program for
In general, high-temperature optical microscopy isvariable heating rates and several dwell times. Current
a powerful characterisation technique in broad areasommercial devices offer a working temperature capa-
of materials science and engineering, as we intend toility of up to 1750°C and the system is water-cooled.
demonstrate in this article. It has been literally ignored More details about the illuminating, optical and thermal
however, in conspicuous, comprehensive treatments afystems can be obtained from manufactures [15, 16].
materials characterisation techniques and microscopy Heating microscopy has its origin in a series of
(see for example Refs. [12—-14]). optical instruments developed to study the melting
In the present review two types of devices arebehaviour of coal ashes early in this century, as re-
considered and discussed separately on the basis vlewed by Radmacher (1949) [17]. In particular, a de-
literature available to date: commercial instrumentsyice constructed in the early twenties, and described
which are usually known as heating microscopesby Endell [18], and a similar one, developed by Ebert
(in Section 2) and custom-made devices, which aren 1930 [19], can be considered to be the for-runners
called “high-temperature processing microscopes” oof present days heating microscopes. Instruments es-
“thermo-optical systems” (in Section 3). In Section 4 sentially identical to those commercially available to-
a novel custom-made multi-purpose high-temperaturelay [15, 16] were used by Radmacher [17], Mann [20],
processing microscope is described in detail, includingSchor [21], Zwetsch [22] and Metz [23] during the
examples of its application. forty and fifty years to study the heating behaviour,
softening and melting of glasses, slag, flyash and other
silicate systems. The basic features of the heating mi-

2. The heating microscope croscope, as depicted in Fig. 1, have not varied since
2.1. Description and history they were introduced commercially some fifty years
of the apparatus ago. However, modern equipments are now available

The heating microscope is by far the best-known devicevith a number of computer assisted accesories and fully
in both industry and research for observation of ther-automatic data and image recording systems, in order
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Figure 1 Simplified schema of a heating microscope [20]: (1) light source, (2) condenser lens, (3) electric furnace, (4) sample and thermocouple,

(5) temperature controller, (6) objective, (7) ocular, (8) rotating mirror allowing visual observation and image recording (photograph coviieg)e
(9) optical assembly for visual inspection, (10) image recording system (photo or video camera).
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Figure 2 Computer assisted automatic measuring system for the image analysis and data processing in heating microscopy, as dewel@ed by G~
and Leers [24].

to make the measurement and analysis easier for thr@irement tool to other quantitative thermochemical
operator [15, 16]. Such a computer assisted automatiechniques.
measuring system is shown schematically in Fig. 2, In general, silicate materials are commonly of com-
as developed by @ke and Leers [24]. It incorporates plex composition, and they do not show a fixed melt-
an extensive software package which supports samplag point but fuse and soften as they are heated, melt-
image analysis and tracing protocol and evaluation ofng over a relatively wide range of temperatures until
the temperature dependent sample shape change. Agaching the liquid state. These processes can be mon-
interesting modification of the basic design of the com-itored by heating microscopy, as they progress with
mercially available heating microscope was describeadthanges of the shape of the sample. The melting and
by Metz in 1962 [25]. In this configuration, the furnace softening behaviour of other materials, including met-
was constructed to allow the exertion of controlled uni-als, plastics, salts, etc., has been much less investigated
axial loads (of up to 1 kg) on the sample by meansby heating microscopy, probably due to the need of
of changeable weights during the high-temperature exaon-oxidising atmospheres [36], or simply because the
periment. Surprisingly, this heating microscope, whichinstrument is little known beyond the area of glass and
would have been very useful for measuring thermalkeramics.
processes under mechanical pressure, for example theFor the kind of investigations referred above, sam-
sintering kinetics of powder compacts under controlledples in powdered form are normally used to hand-press
loads, did not enjoy commercial success [26]. small cylindrical (about 3 mm diameter3 mm height)

or cubic (27 mm) specimens, which are then observed

during heating. The different stages of the process are

recorded photographically or by means of a video cam-
2.2. Classical applications era. A typical series of photographs showing the evo-
Heating microscopes are standard, well-know devicetution of a borosilicate glass compact during heating
in ceramic and glass laboratories in both research instis shown in Fig. 3. In these investigations, the shape
tutions and industry, including ceramic and glass manchange of the silhouette of the sample is the indicator
ufacturing plants, coal power stations, colleries, gasised for assessing the physical changes occurring in
works, minerals research establishments, etc. Tradthe material (softening, melting). The apparatus allows
tionally, the instrument has found application mainly also for conducting standardised tests: for example, for
to assess the thermal behaviour, particularly softenfuel ashes, the temperature at which the sample shows
ing and melting, of glasses, slags, flyash, carbons, cahe hemispherical point (see Fig. 2f) is considered to
ramic frits, glazes, clays, feldspars, vitrified bondedbe the melting point of the material (German norm
ceramics, refractory phases and other silicate materBIN 51730). One of the main advantages of the heating
als. [17, 20, 21, 23, 25-43]. The extension of those tramicroscope is that the specimen is at no time in con-
ditional applications of heating microscopy to studytact with an external measuring element (e.g. a contact
the melting kinetics of raw material batches for glassrod such as in dilatometers). Thus, no external load is
melting has been demonstrated recently [35]. In thisapplied which could alter the softening process. This
application, the heating microscope allows for directpoint is particularly important when considering in-
in situ observation of silicate grain-to-grain reactions vestigations of sintering kinetics, as discussed further
during melting and provides a complementary mea-below.
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Figure 3 A typical series of video images showing the evolution of a borosilicate glass sample with increasing temperature in a heating microscope.
The shape change of the silhouette of the sample is the indicator used for assessing the physical changes occurring in the material (e.g. sintering,
softening, melting)T = 64°C (a), 426°C (b), 729°C (c), 821°C (d), 880°C (e), 987°C (f) 1023°C (g) and 1250C (h).
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2.3. Investigation of sintering and related tive studies of sintering kinetics [52, 60—65]. For these

processes in powder compacts studies, the possibility dh situmonitoring the shrink-
2.3.1. Potential of the technique for age process without the exertion of external loads, thus
sintering studies minimising friction with constraints and other exter-

Powder processing is the technology of choice to obhal influences is paramount, and this can be achieved
tain not only traditional ceramic products, but also ausing heating microscopy. Moreover, using heating mi-
variety of novel materials including glass, ceramic andcroscopy, only one sample for each sintering run is nec-
metal matrix composites and functionally gradient ma-essary since the entire sintering process can be observed
terials. Thus, studies of the sintering behaviour of pow-and recorded. A further advantage, if the samples have
der compacts have, besides the long-standing acadenylindrical geometry, a common practice in sintering
interest, increasing practical and economical justificastudies, is that both axial and radial shrinkage can be
tion [44]. The process of sintering represents for manyecorded simultaneously, and anisotropy effects during
products the most critical fabrication step in the generasintering can be accurately assessed. The phenomenon
aim of obtaining fully controlled microstructures, and of sintering anisotropy is relevant, for example, when
thus the required material’s properties, in addition tostudying the sintering kinetics of metal [66] and glass
the desired shape and dimensional tolerances. Shrinpowder compacts [62-64, 67], glass-ceramics [61, 65]
age during sintering is related to the rate of energy gaind ceramic matrix composites [68, 69], where accu-
due to the reduction of surface area, at a microscopicate experimental data are necessary to validate theoret-
scale, of the porous, densifying body. Thus, an accurati€al models. Fig. 4 shows, as an example, the evolution
in situ measurement of the macroscopic shrinkage obf the sintering axial and radial shrinkage in borosili-
the sintering bodies and the appropriate evaluation ofate glass powder cylindrical compacts that had been
the acquired data provide valuable information to un-pressed uniaxially, as measured in an earlier heating mi-
derstand the kinetics of the sintering mechanisms [45]croscopy investigation [64]. It is seen that the sample
Certainly the idea of observing a sample and docushrinks anisotropically during sintering, with a more
menting the change of its dimensions and shape duringronounced shrinkage in the axial than in the radial
sintering densification is not new. For example, a numdirection. The occurrence of shape distortion during
ber of investigations have been conducted in the area ¢fintering, as a consequence of shrinkage anisotropy,
traditional ceramic firing, i.e. in tile production plants, has a very important practical significance both in tra-
in particular with the aim of assessing the change ofditional firing of ceramics (e.g. tiles) [46] and in mod-
the shape of the products as they densify [46]situ  ern powder technology [66, 70—72]. In particular the
investigations of sintering conducted using optical in-control of dimensional accuracy of expensive sintered
struments other than heating microscopes are revieweghrts is necessary to avoid or minimise post-sintering
below in Section 3. machining and specimen rejections [73, 74]. In this re-
The first work reporting on the systematic applicationgard, heating microscopy provides a very convenient
of heating microscopy on sintering studies was pub+ool for thein situ monitoring of dimensional changes
lished by Harkort and Paetsch in 1960 [47]. They stud-
ied the change of the height of powder compacts made
of feldspar during sintering. Later Buist conducted sim- 0.15
ilar investigations on several ceramic powder compact
[34]. However, that earlier research was limited to mea
suring the compact volume or height contraction with ] .
sintering time and no further parameters of the sinter ]
ing kinetics were determined. In fact, the vast majorityg 0.10 -
of studies on sintering kinetics are carried out usincg ] = o
standard dilatometry [44,48-51]. It was only in the £ ] a
early nineties that the heating microscopy techniques
started to be applied intensively to study sintering phe g

nomena in a variety of material systems [52]. In most§ I .
investigations, however, onlyualitative observations 4§ 005 .,
were conducted, for example related to shape distoE 1 .
tion or bloating effects in ceramic and glass powder |1 =e°
compacts and films during sintering [53-55], or sim- | 8

ple measurements of shrinkage curves [30, 56-59] wer
carried out. Although more complex thermo-optical de-
vices for studying the sintering kinetics of powder com-
pacts have been constructed and utilised, as describt
further below, the standard heating microscope, mos Sintering time (min)

probably available in every materials science labora- , _
g%:gure 4 Evolution of the axial and radial shrinkage of borosilicate glass
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tory, represents a very useful apparatus for sinterin g C e . .
. tigations. In recent works. for example. heatin owder cylindrical compacts during sintering, as measured in a heating
Investg ' ! ple, icroscopy investigation [64]. The instrument allows the detection of

microscopy was shown to be an excellent alternativ&hrinkage anisotropy, i.e. the sample exhibited more pronounced shrink-
experimental technique to carry out detaitpthntita-  age in the axiall) than in the radiall{)) direction.
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during sintering, as demonstrated in a recent investigawvherep; is the density of the inclusion phase agis
tion on particle reinforced glass-ceramic products [69]the volume fraction of the dispersed phase in the initial
A further problem that can be investigated by heatingcompact, thus including the porosity. The volumetric
microscopy is the interaction between densification andraction of inclusions which corresponds to the fully
crystallisation when sintering glass-ceramic materialsdense composité;, andcp are related by the following
Here, knowledge of the influence of heating rates orrelationship:

the onset of crystallisation is necessary in order to de-

sign the optimal heating schedule for achieving full (peo — F,) )F
densification of the material [65]. Other group of sin- Cp = FE pll £y (3)
tering phenomena which can be assessed by heating (pco = Fo)F + (1= F)%om

microscopy is related to the effect of inhomogeneities
orrigid inclusions on the densification kinetics of pow- wherepy is the theoretical density of the matrix. From
der compacts [51, 60]. The use of heating microscopyequation 2 and its time derivative follows the volumet-
for investigating this particular problem is briefly de- ric strain rate of the glass matrix as

scribed below, using a glass matrix composite system
as an example, in order to clarify the application of the .
instrument and the required data analysis. <&>pco

Ibm Pc
ER - e )
pm  (Pco — Copc)
2.3.2. Case study: Influence of hard
inclusions on the sintering of glass Using heating microscopy and this data reduction
matrix composites method, the sintering of barium magnesium aluminosil-

Cylindrical compacts of the powders to be examinedcate glass-ceramic matrix composite containing alu-
(5 mm in diameter by 5 mm) are obtained by pressingmina platelet inclusions has been studied recently [69].
in a die at room temperature, usually without the ad-Fig. 5 shows the density of the composites, normalized
dition of any binder. For isothermal experiments theto the theoretical density given by the rule of mixtures
furnace of the heating microscope is first heated to thépy = 2.74 glcn?, p; = 3.99 g/cn?), as function of
sintering temperature and subsequently the compactsntering time for different volume fractions of platelets
are inserted quickly, in order to provide isothermal con-F. Sintering was conducted at 950. The values were
ditions for the whole stage of sintering. The samples arealculated using Equation 1, the data for radial and ax-
placed on a small ceramic plate with the longitudinalial shrinkage from heating microscopy measurements,
axis coinciding with the vertical direction. Usually two and the green density of the samples. The data shown
specimens are used for each run and the results asre an average of two runs under the same conditions
averaged. Sintering time, temperature and atmospheand have a maximum relative error of 4%. As Fig. 5
depend in general on the material and kind of investishows, the presence of the rigid inclusions has a sig-
gation to be conducted. By measuring the changes diificant detrimental effect on the densification kinetics
length and diameter of the samples during the sinteringf the composite and on the final composite density.
process, either by taking photographs of the sample &or an inclusion volume fraction as low as 10 vol %,
pre-chosen time intervals during the sintering process,
or by video recording the whole experiment, it is pos-
sible to obtain the axial and radial shrinkage and, thus,
the density of the sample with enough precision atany -, 1 n
time. The height and diameter of the photographed org;
video-recorded sample images can be measured with £
relative error<1% on suitable enlargement.
The instantaneous density of the composites during ®
the sintering process can be obtained by means of th(a
following relation: Q08
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where pco represents the initial (green) density of the
composite, AD=Dg — D and AL = Lo — L. Doy,
Lo are the initial sample diameter and length, &hd-
are the instantaneous diameter and length, respectively 0O 20 40 60 80 100 120

The instantaneous absolute density of the matkix Sintering time (min.)
may be obtained by [75]:
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Figure 5 Relative density of BMAS glass matrix composites contain-
(,0 0— pi CD),O ing alumina platelet inclusions versus sintering time for different volume
= e AT (2) fraction of inclusions ), as determined from heating microscopy mea-

=
(Pco — Copc) surements:M) F = 0, (0) F = 0.10, (®) F = 0.30.
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only a relative density of 90% of the theoretical can betermine the instantaneous radial shrinkage, and thus to
achieved. study shrinkage anisotropy, separate set of experiments
From the experimental data and using Equation 4 itmust be conducted, known as interrupted sintering ex-
is also possible to determine the hydrostatic componermgeriments. In these experiments, the sintering is inter-
of the stress in the matrix caused by the inclusiens, rupted at several times (or temperatures) before com-
normalised to the sintering pressuie, according to  pletion, and the radius of the sample is measured with a
the following expression [75]: micrometer [45, 84, 85]. However, this practice is usu-
ally not followed (it is certainly time and sample con-
o pm/ o suming) and isotrppic shrinkage behgvior is assumed.
— =1 (5) Otherwise, especial and complex devices allowing the
X Pim/ Pfm detection of length changes in different directions have
to be used, including 3-dimensional dilatometers [86]
where the subindefm corresponds to the data of the and laser scanning micrometers [87]. Another point that
unreinforced matrixf = 0). The determination of the may lead to accuracy problems in dilatometric mea-
hydrostatic stresses developed during sintering witfpurements is the fact that some friction always exists
rigid inclusions is relevant for the fabrication of this at the contact areas between the sintering compacts
kind of composites because they may lead to higtand the dilatometer push rods. This may cause, for ex-
shear stresses at the particulate-matrix interface, whicAmple, “barreling” of the samples, as reported in the
could in turn cause the formation of cracks, and hencéditerature [84].
lower the mechanical strength of the sintered bodies. Fi-
nally it should be mentioned, that the experimental data
obtained by heating microscopy may be conveniently,

used to validate theoretical predictions of models de—2'4' Ot'her applications of heating
microscopy

veloped to predict the sintering kinetics of compositesThere is avariety of furthén situhigh-temperature op-

containing rigid inclusions [76, 77]. In summary, this .~ S .
case study demonstrates that heating microscopy is cal Investigations which can be co_nducte(_j by_mean_s
powerful, yet simple, technique for investigations of © 'ghe heating microscope. Some interesting Investl-
the sintering behaviour of powder compacts. gations were reported by Ra@sk and co-workers in the
sixty years [88, 89]. They studied for example the devel-
opment of a miscibility gap in certain silicate systems
at temperatures 0f1300°C [89], and the rate of evap-
2.3.3. Advantages over conventional oration of molten salts at temperatures of up to 1800
dilatometry [88] using heating microscopy. In these applications,
In comparison with standard dilatometry, which is by droplets of molten glass and molten salt, respectively,
far the most applied experimental technique to invesare introduced into the furnace hanging from the sam-
tigate sintering phenomena [48-51, 78], heating miple carrier. The miscibility gap in silicate melts can be
croscopy offers important advantages. Firstly, somejualitative assessed lysitu observation of the phase
difficulties may appear when studying the sinteringseparation in the drops [89], while the volume change
behaviour using dilatometers due to the presence abf the drops as a function of time was used to obtain
an extra external stress on the sample, caused by tlevaporation rates in molten salts [88]. The authors are
dilatometer push rod. This external load may have anot aware of more recent work in the literature deal-
non-negligible effect on the sintering kinetics, espe-ing with the observation of these phenomena in heating
cially if the matrix densifies by a viscous flow mech- microscopes.
anism, as in glasses [79-82], or for compacts made Other important application area of the heating mi-
of salt powders, such as sodium fluoride [45]. A ficti- croscopy technigue is in studies of wettability between
tious shrinkage anisotropy may be measured in thessolid and liquid phases. This is of particular impor-
cases. The effect of external compressive stresses, evance in the development of coating technologies, in-
as low as those caused by the load of dilatometecluding plastic or resin coatings and paints [90] and in
push-rods £5 kPa), has been shown to lead to a pro-the development of glass/metal seals and glazes [34].
nounced anisotropy effect in sintering glass powdeiThe wettability of intermetallic substrates by liquid al-
compacts [81], thus confirming the advantage of heatloys has been investigated using heating microscopy
ing microscopy. In addition, these external loads, alrecently [91]. Moreover, interfacial phenomena related
ways presentin dilatometry, canresultin the destructiorto the adhesion between a solid and a liquid phase can
of weak powder compacts or ceramic gels [83], mak-be investigated with the heating microscope, as showed
ing dilatometry measurements unsuitable. Moreoverfor example in a recent study on glass/polymer sys-
standard dilatometers allow for recording the sinteringtems [92]. The heating microscope has also been used
shrinkage in one dimension only, not being possible tdo study the wetting/non-wetting transition temperature
monitor in situ the transverse shrinkage, and thus, toof feldspar melts on silica sands [31]. Also the inter-
detect true anisotropy effects. This results in a furtheaction between clinker and refractory lining bricks can
disadvantage of standard dilatometry since a large nunbe investigated with this instrument by observing the
ber of samples are required, if the instantaneous valuesetting behaviour of the low-melting constituents of
of the shrinkage in direction normal to the dilatometerPortland cement clinker and the principal components
push-rod are to be determined [45, 84]. In order to deof refractory bricks (e.g. magnesia) [34].
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3. Custom-made high-temperature
optical devices %mmwmf'gmm
Materials scientists have constructed during the last 4( o7 DIFFUSING GLASS
years numerous devices farsituhigh-temperature op-
tical microscopy. The main reasons behind the desigt
and construction of such especial instruments have beg| vacuum | ‘ FILTER GCD CAMERA
onthe one hand the particular need of the specific inves
tigation conducted, frequently impossible to be carried®
out using a commercial apparatus, e.g. a heating mi
croscope, or, on the other hand, the need to investigat
large samples, frequently much bigger than those that
are suitable for commercial heating microscopes. Man)Figure 6 Schema of am situmonitoring system of sintering shrinkage
of the devices built were just a combination of an open°f powde_r compacts after Mizuret a!. [98]. (Rublished with permission
furnace and an optical and image recording system’ "¢ Minerais, Metals and Materials Society).
other devices have been more complex, incorporating,
for example, an image analysis capability. A brief re- ) ) ) ] )
view of these instruments will be given in this section, f€Cts, shrinkage in only one dimension (diametral) was
focusing on those devices designed for investigation§'€asured. _ _ , _
of firing and sintering of ceramic, metals and compos- Withthe increasing requirements for dimensional ac-
ites; and on liquid phase-solid phase wetting studiesSuracy pontrpl and minimisation of shape dlstort|on.|n
In the next section a modern apparatus constructed ré&XPensive sintered parts [71,72,74,97,98], a variety
cently [93], known as high-temperature processing miOf optical and digital image processing systems have
croscope, will be described in detail and some typicaf€en developed for the reliable accurateitu moni-

examples of the novel use of the instrument in materiald°ring of the sintering process. Mizurst al. [73,98]
science will be presented. have developed a non-contact measuring system, which

includes a digital image analysis facility. The appara-
tus is shown schematically in Fig. 6. It consists of an
atmosphere-controllable furnace, a light source to il-

IMAGE
PROCESSING
SYSTEM

3.1. Studies of melting, sintering, luminate the specimen located in the heating zone, a
densification and dimensional change camera to monitor the image of the specimen and an
at high-temperatures optical mirror, all of which are placed in on a vibra-

The observation of the shape change of relatively largéion isolated desk. In this monitoring system, the re-
samples (10—-20 mm height) at temperature has bediected image of the specimen illuminated from out-
used traditionally to assess the fusion and melting beside the furnace is received. A photographic camera is
haviour of ash and slag. According to a British Stan-connected to the image processing systemirfaitu
dard (BS 1016—PT 113), for example, ash samples imecording and analysis of the experiment. The image
the form of cones or pyramids are placed in a tube furof the specimen mapped on the film or photographic
nace and observed through a telescope at one minugaper is then input to the image system via a charge
intervals while the furnace is heated up at a rate of 5 ocoupled device (CCD) camera. Die-pressed cylindrical
8°C/min. The standards require that the temperature gbowder samples (14 mm diameter) made of a stain-
initial rounding of the cone tip is recorded, as well asless steel/zirconia functionally gradient material were
the softening temperature (when the cone has softenadvestigated [98]. In a further investigation, both cylin-
to 2/3 its original height) and the temperature whendrical (10 mm in diameter and 12 mm in height) and
the cone has melted into a hemisphere. Novel commecuboid (30x 10.5 x 5 mm) specimens made of car-
cial instruments are nowadays available for this kind ofbonyl Ni powder were considered [73]. The innovative
tests, which, having a larger furnace diameter, accept aspect of the device is indeed the digitalisation facility
larger number of samples at one time, facilitating theallowing for a highly accurate measurement of the sil-
test [94]. houette (outline) of the samples. Thus, the occurrence
Probably the first reports on the use of “optical of non-uniform shrinkage during sintering can be as-
dilatometry” to assesm situ the sintering behaviour sessed with high precision.
of powder compacts were those originated in Finland, Another group of studies concerned the investiga-
authored by Mkipirtti [95] and Tikkanen [96]. The tion of the sintering behaviour of polymers using high-
measuring equipment consisted of a sintering furnacéemperature optical microscopy [99, 100]. In these in-
with its power supply and temperature control device vestigations, the coalescence of polymer particles,
a protective gas purifier, a temperature measuring inplaced on transparent substrates, was observed by
strument, and a photographic apparatus. The specimeneans of an optical microscope and recorded photo-
was photographed at certain intervals during sinteringgraphically. Also the shrinkage of polymer fibres dur-
The objective used was such that the image on the filnng thermal treatment has been investigated using an
was equal in size to the test specimen. The measureptical instrument [101].
ments were conducted on W-Ni-Cu and Ni powder The sintering of fiber reinforced ceramic compos-
compacts of about 18.5 mm diameter and 10 mm lengtlites, ceramic laminates, films and coatings has been
at temperatures of up to 1430 [95, 96]. Although the  observedn situ using custom-made visual inspection
system offered capability to investigate anisotropy ef-instruments. Ostertag [102, 103], for example, assessed
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+— Furnace Optical
. Microscope
Video
Camera
. sample Graphit:
Timer
o Sample |
. Image Analyzer
Hot Stage
Pt-wire Figure 8 Schema of an optical set up developed by Cheg and Raj [106]
| to study the generation of flaws during constrained sintering of metal-

ceramic and metal-glass multilayer films. Small penny-shaped samples,
1 mm in diameter, are tested.

+ Microscope
In situ noncontact optical setups have also proven
Constant load to be powerful instruments to study the effect of den-
- . — o . sification mismatch during co-firing of multilayer ce-
gure 7 Experimental set up for high-temperature visual inspection, . , : .
developed by Cheng and Raj [105], to measure the sintering pressure fAMic/ceramic and ceramic/metal systems, e.g. ceramic
ceramic films. capacitors or electronic packages [107-110]. In this in-
struments, the sample is not directly observed, but the
change of its shape and dimensions is detected opti-
the development of stresses due to differential densifieally using a laser beam. For example, Jean and co-
cation of the constituents in a model composite sandworkers have used a laser optical set-up to determine
wich compact by optical inspection of the bending ofin situ the linear shrinkage and camber development
the specimen during sintering. The device consisteaf Ni/BaTiOz laminates of 10@:m in thickness during
simply of a video-camera mounted in front of an opensintering [109]. The technique provided useful infor-
tube furnace where the sample was placed. A simimation to verify their model, in which camber develop-
lar simple device consisting of a tube furnace and anent was explained on the basis of the densification-
photographic camera was used by €gtil [104] to  rate mismatch between the laminate components. The
study constrained densification of alumina/zirconia hy-same laser optical set up was used in another work by
brid laminates. In their studies, the development of sinthe same authors [110] to study the cofiring kinetics
tering mismatch stresses was determined from the curend mechanisms of Ag/ceramic filled glass electronic
ing of asymmetric laminates, which were obserired packaging systems. The device was used to determine
situ during sintering. Another experimental set up for “in situ’ the linear shrinkage of the laminates and Ag
high-temperature visual inspection, shown in Fig. 7.films. Unfortunately, the detailed description of the in-
was developed by Cheng and Raj [105] to measurstrument used in these investigations was not provided
the sintering pressure in ceramic films. In these in-by the authors [110]. Another laser optical instrument
vestigations the change in length of the specimen awas described by Lu and co-workers [107,108]. The
a function of sintering time was measured by observinstrument is shown in Fig. 9, and it is similar in prin-
ing the position of the tip of a platinum wire attached ciple to another apparatus used previously by Garino
to the bottom of the specimen with a travelling mi- and Bowen [111] in sintering studies. The instrument
croscope, i.e. the specimen was not observed directlyvas used to measure the thickness shrinkage profiles
The same authors used another custom-made opticaf constrained films in the system borosilicatssilica
set up [106] to study the generation of flaws duringduring sintering [108]. The thickness of the films inves-
constrained sintering of metal-ceramic and metal-glastigated was between 0.2 and 0.6 mm. The aim of the
multilayer films. This instrument is shown in Fig. 8. study was to gain an understanding of the kinetics of
Small penny-shaped samples, 1 mm in diameter wereonstrained sintering in these films, which find appli-
observed during sintering by means of an optical mi-cations in microelectronic packaging. Referring to the
croscope of long working distance lens. The imageschema of Fig. 9, it is seen that a miniature assembly
of the specimen was recorded continuously througttonsisting of a small rectangular piece of polished sil-
a video camera. The magnitude of interest was thécon and two alumina spacers was mounted over the
change of the specimen diameter with sintering timesample. A thinner alumina spacer is placed directly on
which was possible to be determined with high accutop of the constrained film and a thicker spacer on the
racy by measuring the instantaneous diameter of thexposed substrate. The polished silicon piece is care-
recorded image of the sample by means of an imag#ully bridged across the two alumina spacers. The tilt
analyser. angle of the polished silicon changes as the constrained
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graphs or recorded images [113, 114]. The studies pub-
fle=tle Loser Position Sensitive lished include for example measurements of the con-

Detector

tact angle of liquid glasses or metals on ceramic and
metal substrates by the so-called sessile drop method
[115-122], or the measurement of the liquid meniscus
of a fluid polymer contacting a vertical flat metallic
plate [114]. The wetting of fibres by different fluids has
also been studied by direct measurement of the con-
tact angles on fibres embedded in the fluid of interest
[123]. Also the surface tension of different substances,
including liquid oxides [124], metals [125] and poly-
mers [115, 126] can be obtained by the direct measure-
ment of the shape of a drop attached to a substrate
either in a sessile drop or a pendant drop configura-
tion. In the simplest set-up for these measurements, the
samples, situated in a furnace at the desired temper-
Thermocouple ature, are viewed through fused silica windows. The
Figure 9 Schematic drawing of the optical-scanning instrument for solid-liquid contact angles and the Shape parameters
in situ measurements of linear shrinkage profiles in ceramic and metapf the drops are measured using telegoniometers [116]
films and tapes, after Bang and Lu [108]. or from photomicrographs or recorded images. For the
most common sessile drop method, the parameters of
) ) o i interest are indicated in Fig. 10 [92].
film thickness decreases upon densification. This an- pore sophisticated devices for situmeasurements
gle variation is determined by reflecting a He-Ne lasersf wetting and bonding at liquid-solid interfaces at high
beam off the silicon surface into a position sensitive de’temperatures have been also constructed. The careful
tector. The detected signal is thus directly proportionaloniro| of the furnace atmosphere is a characteristic
to the shrinkage in the film thickness. The technique alfeatyre of all devices designed to conduct wettability
lows for the determination of sintering shrinkage of thin studies, as the gas surrounding the droplet and substrate
films with a very high precision. The same instrumentyy;|| have a strong influence on the measured liquid-
was used to measured unconstrained shrinkage profilgg)|ig contact angle [92]. One of such novel instruments
of metal films and ceramic tapes [107]. In this config-gesigned to perform wetting studies is shown schemat-
uration, the contrast between the reflective surface Oifcally in Fig. 11 [127]. The device was constructed af-
the polished alumina setters and the rough surface qfy an earlier instrument developed in the early sixties
the sample was exploited to measure the dimensionah 17]. The sample is placed on a special sample holder
changes of the sample that occur during sintering. More,sde of graphite in a high-frequency induction fur-

recently, the instrumentwas employed to investigate thgace, The device allows for conducting measurements
sintering of cordierite glass-ceamic films (150-206

thickness) on silicon substrates [112]. Another thermo-

optical measuring system was developed by Raethe~

and Muiller [113] with the aim of optimising sintering

processes. The device can be used not only to measu

the change of dimensions of the sample during sinter-

ing, but also other properties, for example the thermal Z
conductivity, can be measur@usitu as sintering pro- S \
ceeds. It can be used at temperature of up to 2zda

reducing atmospheres and 22@in inert atmospheres

and vacuum. Certainly the most interesting characteris'figu,re 10 Parameters 0fintere§tinthgse§sile drop method to investigate
tic of this instrument is the possibility of simultaneous wetting angle and surface tension of liquids.

measurement of shrinkage and thermal properties dur-
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ing sintering. The description of the apparatus as wel VBl R Induction Furnace
as examples of its use in sintering studies of differen: -« Video camera
ceramics (e.g. alumina) can be found in the originaIL'ghtsgrr‘:Le F}_/
work of Raether and Mlfer [113]. — - 1 i
Sample

Substrate

3.2. Studies of wetting and bonding in
liquid-solid systems L]

A number of studies have been presented in the liter Image storage unit (PC)

ature regarding the direct measurement of the wetting

ang|e at quuid—solid interfaces at high temperatures_l:igure 1; Sghemgo_fanovel devic_efmsitumeasurementsc_)fcontact

Examples are the cases where the angle is determin angle at Iqu|q-soI|d interfaces athlghtemperatures, after Nitsche [1_271.
. . . AR e sample is placed on a special sample holder made of graphite in

goniometrically from observations of the solid-liquid 5 high-frequency induction furnace. The device allows for conducting

meniscus system, eith@mn situ or from photomicro- measurements in vacuum and in different gas atmospheres.
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in vacuum and in different gas atmospheres. The spegserman norm DIN 51730) and many other thermal ex-
cial sample holder, which contains the thermo-elementperiments of scientific interest, as described below. This
allows for a precision of-2°C in the measurement apparatus was designed originally for the investigation
of the working temperature. The optical system allowsand optimisation of melting processes occurring dur-
for a magnification of 5X and the experiment can being the recycling of contaminated float glass residues
video-recorded. The shape of the drops on the solid93, 129]. A schema of the HTPM, including peripheral
substrates can be determined from the recorded imagelevices, is shown in Fig. 12. Due to its especial, novel
with a precision of 0.01 mm. The instrument was usedconstruction, horizontal (such as in commercial heating
to determine the contact angle of different metals (e.gmicroscopes) and vertical observation of the sample is
Co, Ni, Cu, Pd and Sn) on ceramic substrates sucpossible. Fig. 13 is a detailed schematic drawing of the
as titania and mullite [127] and to determine the surfurnace, in vertical position, showing the illumination
face energy of polymers [92]. Similar devices allowing and video-recording devices also. The furnace can be
high-temperature measurement of wetting angles withotated up to 90 degrees on an horizontal axis, so that
high-precision have been constructed by others and afgorizontal observations can be done. A more complete
commercially available, allowing measurements at ex-description of the apparatus and technical constructive
tremely high temperatures (up to 30@in vacuum or  details can be found elsewhere [93, 129]. Working tem-
He atmospheres) [128]. High temperature X-ray imag-peratures between room temperature and 1608re
ing instruments have also been developed [119]. Byossible, and the maximal dimensions of the samples
using X-rays to image the drops on a solid substrateare 40 mm in diameter and 50 mm in height. Due to
most of the image distortion problems associated withthese relatively large sample dimensions, and the pos-
light optics can be eliminated. sibility of using reflected and transmitted light, volume
effects in transparent samples are visible, e.qg. crystalli-
sation of glass. In most cases, the microscope also al-

4. The high-temperature processing lows the identification and separation of surface and
microscope volume effects. Within a sample, resolutions of the or-
4.1. Description der of 50-100um are possible, the exact value de-

In this section, a novel instrument is described, whichpending on the magnification chosen and the achieved
has been specially constructed for the observation ofontrast. The working atmosphere is air, however it is
thermal processes in relatively large samples. The depossible also to carry out experiments in vacuum other
vice, called High-Temperature Processing Microscopén other special gas atmospheres. The process evolution
(HTPM), is a multipurpose equipment: it enables tois recorded by means of a CCD camera. This allows for
conduct both standardised thermal tests (such as the da+apid and reliable documentation of the process, en-
termination of the melting behaviour of ashes under thabling the further data evaluation by a suitable software.

CCD Camera Display of Ondine
o measured ' Pr9ce§5in9
S —_ g specimen » g and
temperature on data storage
MICROSCOPE video image
Focal distance:
800 mm
Changeable
> magnification
Cooling Light source (200 W)
control unit
R 4
Ll
A 4
Furnace
Vacuum and . Image
A Temperature
inert gas > (horlzor:!talland <« P evaluation,
system ve n_;a control unit image storage
working
position)
| ——— —————— |
r\_} ! :
A 4
Colour
Printer
Light source " ::tfnac: is
otation axi
[20W)
@ow) (90 deg.)

Figure 12 Schema of the High-Temperature Processing Microscope, including peripheral devices [129].
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Figure 13 High-Temperature Processing Microscope: detailed schematic drawing of the furnace assembly, in vertical position, showing the illumi-
nation, optical and video-recording devices. The furnace can be rotated around an horizontal axis, so that horizontal observation of the sample is
possible [129].

Numerous applications of the HTPM in several areaslso. In addition, the melting behaviour of a glass on
of materials science and engineering are possible, adifferent substrates, which depends on the surface en-
described below. ergies of the solid and liquid phases, can be also inves-
tigated. Fig. 14 shows, for example, the different flow
behaviour of a standard NBS glass on different sub-
. strates (alumina and platinum) at 10@ Similarly,
4.2. Applications the determination of contact (wetting) angles between

4.2.1. Horizontal working position a solid and a liquid phase by the sessile drop method is
In the horizontal working position, the HTPM allows to possible, as well as the study of the flow behaviour of

investigate sintering, soft_ening and meIting processes iBIazes on ceramic substrates (e.g. procelain).

powder samples and solid compacts which are 10timeS pp g6 transformations, in particular crystallisation,
larger than those commonly suitable for heating micro-¢ glass samples can also be investigated using the
scopes (see Section 2.1). Of particular interest is theyrpp;. while thermoanalytical (DTA) measurements
observation of the flow and melting behaviour of glassyyige the temperature of the onset of a crystallisation
samples at dlfferent_temperatures in order to obtain ViSteaction, observation of a sample at temperature sup-
cosity (y) values. This method was introduced by Reichyjies information on the progress of crystallisation and
and Panda [39,40] and extensively used by Scholzg, ji effect on the sample dimensions and shape. Other
[28]. Although the standard heating microscope can bgses of the HTPM include the determination of the ther-

used also for these measurements, as shown in the lify5| expansion of dense samples and the assessment of
erature [32], the larger samples suitable for the HTPM,iqation processes at different temperatures.
permit the attainment of higher accuracy. In particular,

the hemispherical point (fluxing point) can be deter-

mined with very high reliability using the present ap-

paratus, so that the temperature at which the viscositf.2.2. Vertical working position

reaches a fixed value (log= 4.2, with in dPa) can In the vertical working position the HTPM offers the
be assessed accurately. The influence of external copossibility of direct observation of the melting process
ditions including sample preparation, heating rate, fur-of raw materials, powders and glass cullet, including
nace atmosphere and substrate material on the tempehe investigation of bubble formation, and the measure-
ature for hemispherical condition can be investigatednent of bubble size and distribution during melting.
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(b)

Figure 14 Video images obtained in the HTPM, showing the different flow behaviour of a standard NBS glass on (a) alumina and (b) platinum
substrates at 100€.

Other phenomena which can be observed in situ are thieig. 15 allows for the determination of several crys-
crystallisation of glasses and the melting of crystallinetallisation parameters, including the volume fraction of
phases in glass melts. Due to the novelty of this kind ofa crystalline phase at different processing times, the
observations, examples are presented below. crystal growth rate, etc.

i) In situ observation of melting and dissolution of

i) In situ observation of crystal formation in glass crystalsin glass melt3he HTPM allows also for a pre-

melts The in situ observation of crystallisation pro- cise determination of the melting temperature of crys-
cesses in glass melts is of great practical importance. talline phases in a glass melt. These measurements are
allows for the determination of relevant crystallisation normally conducted by using the standard Differential
parameters, such as crystallisation temperature, crystdhermal Analysis (DTA) technique. However, the iden-
growth rate, crystal appearance, etc., in a direct simpléfication of the endothermic peaks revealing the melt-
way. To the authors knowledge, there is very limiteding point of a crystalline phase in a DTA-plot is not al-
work in the literature related to the situ observation ways easy, particularly when several crystalline phases
of glass crystallisation processes [4]. A typical series ofare present and the respective peaks can be mounted on
images of a modified float glass melt, as obtained by theach otherln situ observation of the process is, then,
HTPM, is presented in Fig. 15. Both crystal formation a useful complementary technique. Fig. 16a—c show,
after 15 min at 1079C (Fig. 15a) and crystal growth for example, the melting and dissolution of a crystal
with increasing time at temperature (Fig. 15b—d) arein a glass melt, as observed by the HTPM. A star-
clearly observed. A series of images such as those athaped crystal is present in the glass matrix at room
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Figure 15 Series of images of a modified float glass melt, as obtained by the HTPM working in vertical position. The images show: crystal formation
after 15 min at 1079C (a) and crystal growth with increasing time at temperature (b€ntinued
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Figure 15 (Continued)

1205 *C_

(b)
Figure 16 Series of images showing the melting and dissolution of a crystal in a glass melt, as observed by the HTPM working in vertical position.

A star-shaped crystal is present in the glass matrix at room temperature (a). With increasing temperature, the crystal changes its shape, separates i
individual, smaller crystals and dissolves itself in the glass melt (bConiinued
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Figure 16 (Continued)

temperature. It is seen that in a very narrow temperby including more flexible sample observation systems.
ature window (1205-122C), the crystal changes its Moreover, self-made, high-temperature optical devices
shape, separates in individual smaller crystals and dissr processing microscopes, will most probably continue
solves itself in the glass melt. Fig. 16b and ¢ show theio be constructed in the future for specialised, mainly
decrease of the crystal volume with increasing temperscientific, applications.

ature. The microscope allows, thus, for a precise deter-

mination of the crystal-free temperature of a glass melt.

Similarly, observations of the formation and dissolution Acknowledgement
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