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Description

BACKGROUND OF THE INVENTION
1. Field of invention

This invention relates to apparatuses, components of such apparatuses and analytical processes, where micro-
wave irradiation is used directly or indirectly to heat samples at temperatures higher than 1000 °C, up to achieve the
sample melting, decomposition or reduction to ash. The field of the invention is related to microwave furnaces where
the microwaves are generated by a source, like a magnetron, and are coupled to and contained in a chamber with con-
ductive walls.

Such chamber having a thermal insulating structure inside it, transmissive of microwave radiation, used to retain
the heat generated by a microwave absorbing material of high melting point placed inside the insulating structure.
Inside the thermal insulating structure there is a cavity where the samples of interest are placed to get the desired ther-
mal treatment. More particularly, this invention is related to an apparatus for high temperature thermal treatment of sam-
ples which gives the possibility to have a direct look at the samples while the microwaves are on and the samples are
under thermal treatment, in this way the operator can achieve in a faster time the definition of the process procedure,
without loosing desirable properties such as a quick temperature rising time or the thermal insulation, which also saves
energy. Moreover, the invention is related to components of said apparatus which gives the possibility to use, in an easy
way, different configurations of the thermal insulating structure to fit better the user's needs. Another important aspect
of this invention is related to the improvement of uniformity of the microwave field inside the cavity, and consequently to
the improvement of the uniformity of the sample heating. A more uniform microwave field inside the cavity is achieved
through the design of the of the apparatus walls.

2. Description of prior art

Microwaves have been used to sinter, melt, decompose or reduce to ash several materials. This is achieved either
by direct absorption of the material of interest or by heating a material with high melting temperature which absorbs
microwaves and then radiates to the material of interest, if this last one does not absorb microwaves. The sintering of,
for example, ceramics by microwave power is the subject of several review articles and books [Ann. Chim. (Paris) 1996,
21]. Melting by microwaves is used in metallurgy and to density waste, especially if radioactive [Crit. Rev. Anal. Chem.
25, 43-76(1995), Material Research Society Symposium Proceedings volume 347]. Pyrolytic decomposition is well
established as well as ash determination. Reduction of a material to ashes is used in JP 77 26,253 for treatment of
waste tires and in US patent 4,565,669 [M.J. Collins et al] for ashing materials for analytical purposes. In this last case
the ashing is made inside a microwave containing chamber where there is a support for a microwave absorbing material
which heats the sample. The sample can be seen by the operator through the chamber door but since in that invention
there is not thermal insulation, the temperature in the sample container is not uniform and thermal losses are high. In
US patent 5,318,754 [M.J. Collins et al] these two last problems were solved by the use of a thermal insulating closed
structure inside the microwave chamber which contains the sample and the heating element but in that invention while
the microwaves are on the thermal insulating structure is closed and the sample cannot be seen.

The possibility of having a direct look at the sample while the microwaves are on implies that the sample shall be
illuminated. The art known illuminates the microwave chamber by wired lamps situated outside the chamber and
shielded from the microwaves by a grill or by wireless lamps, powered by microwave, [See Proc. SPIE-Int. Soc. Opt.
Eng., 1994, p.2282 and JP 03 25,854] but, to the knowledge of the assignees, these lamps are used only at room tem-
perature and have not been used inside the thermal insulating structure of a furnace.

The present invention will then allow to have a direct look at the sample under heat treatment without altering the
thermal insulation and while the microwaves are on.

SUMMARY OF THE INVENTION

The microwave furnace object of the present invention comprises a microwave radiation generating device coupled
through a waveguide and one or more apertures to a microwave containing chamber. The chamber is a parallelepiped
with a door. All the chamber walls are made of a metallic material which reflects microwaves and have low electrical
resistivity. Some or all the conducting walls have a rough surface, preferably covered by planar sheets of a microwave
transparent material. The chamber has a door made of a metal or a metal alloy with a viewing window with glass or
quartz sheets in both sides with in between a metal grill, to contain the microwaves within the chamber. The bottom of
the door has a grate to allow the entrance of air from the exterior to cool the surface of the quariz or glass that faces the
interior of the chamber. Consequently, the metal part of the interior of the door has one or more regions with metal grills
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which allow the entrance of the air in the chamber while shielding the microwaves. The bottom of the chamber and the
walls have slabs or screws used to fix the thermal insulating structure in the chamber and also to improve the tuning of
the chamber with the waveguide, to reduce the reflected wave. The bottom of the chamber has a hole where a ceramic
bar can be fixed to a motor situated under the chamber. One of the chamber walls has also a passageway with a metal-
lic grill covering it to allow the cooling air to pass towards an external fan which has the possibility to vary its velocity.
This exhaust fan provides the ventilation to the whole chamber and is controlled by an external electronic control unit.
On the chamber walls there are also inlets and outlets openings for quartz pipes used for the passage of gas in and out
of the chamber towards or from the interior part of the thermal insulating structure.

The front part of the apparatus has a numeric display where the temperature of the zone where the sample is
undergoing thermal treatment can be read and also there are signal lights to show the status of the apparatus. The tem-
perature is measured by a thermocouple, or other temperature sensing means, situated inside the chamber where the
sample is.

The apparatus is controlled by a microprocessor situated in an external control unit with a high resolution dot-matrix
display and a keypad and by another microprocessor situated in the body of the apparatus.

Inside the chamber there is a thermal insulating structure made of pressed ceramic or quartz fibre or other material
sufficiently transparent to microwaves and of low thermal conductivity. The thermal insulating structure is composed of
three matching parts. The bottom part of the thermal insulating structure has a hole in its body to let pass through the
ceramic bar connected to the external motor. The top part of the thermal insulating structure has one or more holes
where a thermal sensing means, like a thermocouple, and quariz pipes can be inserted. The thermocouple measures
the temperature inside the sample cavity and the quariz pipes allow gas exchange or gas removal from the sample cav-
ity. The front part of the thermal insulating structure has three versions, which can be exchanged according to the needs
of the user. The first version has the form necessary to complete the external parallelepiped of the thermal insulating
structure, leaving also an empty internal parallelepiped, the sample cavity, where the samples are placed.

This version of the front part has on the external face a ridge which functions as a handle or grip for easy hand
removal, closure or adjustment of the part itself. The second version of the front part of the insulating structure has the
same form but with a viewing window made by making a conical or trapezoidal hole in a structure similar to the previ-
ously described one and then closing both surface holes with quartz windows. On the walls of the sample cavity a small
groove is made where a microwave powered electroless lamp can be placed. This lamp is made with a quartz tube
which was closed under vacuum with inside a phosphorous, like ZnS, and traces of mercury, indium or tin. The third
version of the front part of the insulating structure is made of three sections. Two of them match and complement on the
sides the form of a central part that can rotate so to close the insulating structure when the samples are rotated towards
the interior of the chamber and cannot be seen from the chamber door. The samples can be seen from the window of
the microwave chamber when this central part rotates 180°. The rotating part is made by taking a ceramic platform and
connecting it to the rotating axis that passes through the base of the insulating structure. The ceramic platform is almost
tangent to the interior side walls of the sample cavity. The platform has a slot for the insertion of a heating element and
also two protuberances that match corresponding holes of the central section of the front part of the insulating structure.
When the platform rotates this section rotates too, moving towards the interior of the insulating structure and showing
the samples placed on the platform.

The heating element attached to the platform keeps heating the samples while the platform is rotated towards the
viewer.

The heating elements, made of a composite of high temperature ceramic cement and silicon carbide powder are
placed close by or attached to the walls of the sample cavity. The relative proportions of SiC and cement, the SiC grain
size, the thickness and the shape are chosen so to maximise the microwave absorption and the uniformity of the heat-

ing.
DESCRIPTION OF THE DRAWINGS

Figure 1 is a perspective view of the microwave furnace embodying the invention with the front part of the thermal
insulating structure removed.

Figure 2 is a perspective view of the microwave furnace with one of the planar covering panels and the insulating
structure removed.

Figure 3 is a perspective view, partially cut-away, of the front door of the microwave furnace.

Figure 4 is a perspective view of the bottom part of the thermal insulating structure with the rotating platform.
Figure 5 is an upside down perspective view of the top part of the thermal insulating structure.

Figure 6 is a perspective view of a first embodiment of the front part of the thermal insulating structure.

Figure 7 is a perspective view of a second embodiment of the front part of the thermal insulating structure.

Figure 8 is a perspective view of the third embodiment of the front part of the thermal insulating structure.

Figure 9 is a front view of the rear part of the central section of the front part of the thermal insulating structure.
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DESCRIPTION OF THE EMBODIMENTS

Infigure 1 is shown a perspective view of the microwave furnace (11). It has a power button (12) to turn on/off the
apparatus. Infigure 1 can be seen the microwave retaining chamber which is a parallelepiped defined by a bottom (13),
a top (14), one left hand side (15), one right hand side (16) and a rear (17) walls and a door (18), shown open. The
dimensions of the microwave chamber are large enough to contain the thermal insulating structure. In the preferred
configuration a clearance of 1,5 cm is left between the chamber walls and the thermal insulating structure walls, but
other clearance lengths can be left. Inside the chamber can be seen the top (19) and the bottom (20) part of the thermal
insulating structure which match between themselves and with all versions of the front part of the insulating structure,
not shown in the figure. Light from a lamp, not seen in the figure, and/or air can enter through the grill openings (21).
The external control unit (22) receives the information on the temperature inside the chamber from a thermocouple, not
seen in figure 1, and sends the necessary electronic signals back to the switching system of the electrical power to con-
trol the average microwave power conveyed towards the microwave chamber. In the front part of the apparatus there is
a numeric display (23) with the readout of the temperature inside the sample cavity and signal lights (24) that will be
described later.

In figure 2 is shown the grill (25) where the exhaust duct is, with the exhaust fan behind it (not seen in the figure).
The speed of the fan can be adjusted to the user's needs through the external control unit (22). The microwaves are
generated by a magnetron, which has a cooling fan and the necessary electrical circuits and electronic components
needed to be powered. The magnetron antenna emits microwaves at a frequency normally of 2450 MHz. Also other fre-
quencies are possible, preferably in the range of 850 to 25000 MHz. Not shown in the figure, behind the rear wall (17),
there is a rectangular waveguide formed in part by the rear of the chamber wall itself. The magnetron antenna radiates
in the waveguide, coupled to the chamber through one or more rectangular apertures (26). In the preferred configura-
tion there are two apertures and the magnetron radiates at the centre of the rectangular symmetric waveguide. At both
ends of the waveguide the microwave is directed towards the chamber by a 45° plane, this angle is measured with
respect to the wide face of the waveguide; the plane ends in the rectangular aperture (26). Other coupling configura-
tions are also possible, the previously described one is not a limitation to the present apparatus. The average micro-
wave power range can be varied in steps of 1% up to full power, which can be from 0,3 to 1,8 kW. Other ranges of power
can be used but a magnetron with radiating power of 1,45 kw usually allows to reach temperatures of 1000 °C inside
the sample cavity in less than 1 hour and temperatures of 700 °C in less than 20 minutes. The electrical circuits and
components which give the electrical power to the magnetron are known in the art and thus not described here.

The chamber walls are made of a conducting material a metal or metal alloy, for example aluminum or stainless
steel. In the preferred configuration the chamber top wall and a side wall are composed by two laminates. The exterior
laminate (27), seen in the figure removed from the left hand side wall (15), is a flat panel made of a microwave trans-
parent material, for example a plastic like polytetrafluoroethylene. The interior laminate (28) is made of metal or other
microwave reflecting material with low electrical resistivity, in the preferred configuration a sheet of stainless steel. Such
laminate is wrapped to give a rough surface with valleys and hills that deviate from the ideal flat surface by no more than
one tenth of the microwave wavelength, in the preferred case around 1 centimetre. This last laminate is then screwed
firmly or welded to the metallic structure of the chamber, to guarantee excellent electrical contacts. A second embodi-
ment of this wall can be made with a composite structure, using methods known in the art of composites, where the
previously described laminated or a net made by a stainless steel wire, with small mesh, to avoid microwave leaks, is
embedded with a fused plastic, sufficiently transparent to microwaves and with yield temperature higher than 130 °C,
or with a fluid ceramic cement in a preform to give a composite with flat surface but with the internal, metallic part having
still a rough surface. This composite is then screwed firmly or welded to the chamber metallic structure using the metal-
lic parts of the composite that on purpose were not covered by the plastic or ceramic matrix. One of the discoveries of
the present invention is that if the metallic wall surface is rough the field inside the chamber is more uniform than for
metallic walls with flat surface and that if the difference between hills and valleys of the rough surface is about one fifth
of the radiation wavelength or lower, the microwave power transferred to the microwave absorbers inside the chamber
is not lowered when the conductive walls are rough, compared to the power absorbed when the chamber conductive
walls are flat. An advantage of the previously described composite walls is that the metallic part of the wall can be thin-
ner than a wall made of only metal because the structural and mechanical needs of the apparatus walls are satisfied by
the rest of the composite. In the case of a composite made with a plastic laminate or matrix there is a decrease of the
total apparatus weight when the composite walls are used.

The bottom of the chamber and the walls have slabs (29) or screws (30) used to fix or restrain the movement of the
thermal insulating structure in the chamber. The length of the screws and the length and orientation of the slabs can be
adjusted to improve the tuning of the chamber with the waveguide, to reduce the reflected wave. The bottom of the
chamber has a hole (31) where a ceramic bar (32) can be fixed to a motor, not seen in the figure, situated under the
chamber. This bar is the axis where the rotating platform of the thermal insulating structure is attached. On the chamber
walls there are also inlets and outlets openings (33) where quartz pipes can be fixed for the passage of gas in and out
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of the chamber towards or from the interior part of the thermal insulating structure.

The chamber has a door, figure 3, with a viewing window (34) with a quartz or a glass slab facing the interior wall
of the chamber (35) and a glass or a plastic sheet made of a transparent polymer like polycarbonate, covering the exte-
rior side (36), with in between a metal or a metal alloy grill (37) which acts as a shield to contain the microwaves inside
the chamber. The bottom of the door has a grate (38) which allows the entrance of air from the exterior to cool the door.
The circulation of the air is forced to a path to give preferential cooling to the region where the window is. For this reason
two slabs, of which only one is seen, (39) are inserted inside the door to form a duct. The air circulates through the door
to exit from the inferior lateral part of it (40) entering then into the chamber. In this way, when there is the need to have
a direct look at the hot samples while the microwaves are on, as happens when the second or the third version of the
front part of the insulating structure is used (to be described below), the heat released from the hot surfaces (quartz
window, for the second version or samples, rotating platiorm, and microwave absorbing material, for the third version),
will not cause excessive heating of the door or the window.

As shown in figure 1 inside the chamber there is a thermal insulating structure made of a material transparent to
microwaves (higher than 98% transmission), with thermal conductivity at 1000 °C below 0,22 W/mK, modulus of rupture
in the range of 320-1100 kPa, of low density (between 0,2-0,5 g/c. cm.), thermally stable at temperatures at least up to
1250 °C and chemically resistant to the atmosphere present in the sample cavity at the operating temperatures. Panels
of pressed quartz or ceramic fibres or foams can be used, like panels of the pressed ceramic fibore KAOWOOL, available
from Morgan-Morganite Ceramics Fibres Limited (Bromborough, UK), preferably of quality Strong Board, for general
uses, or quality Zirconium, if during the sample treatment there is the presence of an atmosphere made of gases with
base properties. In the preferred configuration the panels should be heat resistant and stable at temperatures up to
1100 °C for times up to few hours and their properties should no deteriorate appreciably with the use at such tempera-
tures. If temperatures higher than 1100 °C are to be undertaken the appropriate panels should be used. The thickness
of the panels should be enough to allow a temperature difference of more than 1050 °C between the external surface
of the insulting structure and the internal one, where the samples are located. The assignees used in the preferred con-
figuration panels 8 cm thick, in this way, even when the internal temperature was 1050 °C, the temperature at the sur-
face of the front part of the insulating structure, with the exhaust fan off, was below 60 °C and just few degrees above
room temperature with the exhaust fan on. Under the same conditions the temperature of the external surface of the top
part of the insulating structure was 130 °C with the fan off, about 68 °C with the fan at minimum and about 40 °C with
the fan at maximum speed.

The thermal insulating structure is composed by three combinable, separable and matching parts. The parts of the
thermal insulating structure are made by cutting, grinding and machining the panels to the desired shapes, shown in
figures 4-9 and described below. The panels can be cemented to themselves but is preferable to use thick enough pan-
els to avoid cementing, because cementing may alter, after some time, the efficient functioning of the structure.

The bottom part of the thermal insulating structure is shown in figure 4, it is shaped to form an internal cavity which
together with the top part of the insulating structure forms the sample cavity. It has slots close to the internal wall where
the microwave heating element can be placed and a circular shaped groove with a hole at the centre (41) to let pass
through the ceramic bar, coming out from the bottom of the chamber. The ceramic bar (32, figure 2) is made with a tem-
perature resistant ceramic almost transparent to microwaves, like a low defect alumina. The platform is made with a
thermal resistant ceramic, it can be connected to the ceramic bar so it can be rotated by the external motor. The plat-
form (42), shown removed in figure 4, can be used with the third version of the front part of the insulating structure when
the sample has to be seen directly even when the temperature is rising and the microwaves are on. The floor of the bot-
tom part of the thermal insulating structure has a circular groove (43) to allow the rotation of the third version of the front
part of the thermal insulating structure.

The top part of the thermal insulating structure, figure 5, when matched with the bottom part forms the sample cav-
ity. It has one or more holes to let thermocouples (44) and quariz pipes (45) come in to have gas exchange or gas
replacement inside the sample cavity. The holes for the quariz pipes can also be located on one side and one or more
small holes can be done in the chamber side wall (33, figure 2), also connected to the same quartz pipes, to allow gas
exchange with the exterior of the apparatus. Inside the sample cavity walls a groove is made in the upper part of one of
the surfaces of the top insulating structure, there a microwave powered electroless lamp (46) can be placed.

The front part of the thermal insulating structure has the function of closing the sample cavity and can thus be con-
sidered the door of the sample cavity. It can be put in place or removed by the operator as in first and second versions
below, or movable as in the third version. All three versions match and complement the bottom and top part of the insu-
lating structure and can be therefore exchanged with one another according to the needs of the user. This is another
advantage of the present invention because extends the efficient use of the apparatus to several processes optimizing
in a simple way the apparatus configuration according to the particular goal of the user. The sample cavity has in the
preferred configuration, a height of 14 cm, is 26 cm wide and 16 cm deep. Other dimensions are possible if compatible
with the thermal insulating structure and, ultimately, the microwave chamber size. In particular larger sizes can be
reached with thinner thermal insulating walls or larger microwave chamber sizes. In this last case, an increase of the
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magnetron power is also convenient.

The first version of the front part of the thermal insulating structure, shown in figure 6, has the form necessary to
complete the external parallelepiped of the thermal insulating structure leaving an empty internal parallelepiped, the
sample cavity, where the samples are placed. This part has on the external face a ridge which functions as a handle or
grip for easy hand removal, closure or adjustment of the part itself (47). This first version is used preferentially when the
thermal procedure to be applied to the samples is well known and a fast temperature rising time is important.

The next two versions of the front part of the thermal insulating structure are used preferentially when is important
to look at the samples while the thermal treatment is going on with or without microwaves on. This is useful when a new
thermal procedure is being studied or when the particular set of samples require special attention even with a known
procedure.

The second version of the front part of the insulating structure, figure 7, has the same form of the first one but with
a viewing window, made by making a conical or trapezoidal hole in a structure similar to the previously described one
and then closing both surface holes with quartz windows (48). In the preferred configuration the external window is rec-
tangular and has dimensions of 5 cm x 8 cm, the internal one is also rectangular with dimensions 5 cm x 14 cm.

Since the microwave powered lamp is off when the microwaves are off, as seen in figure 5, there is also a small
window (49), using quartz sheets, on the right hand side of the top part, in correspondence with the lamp situated in the
right hand side wall of the insulating chamber. This second version is particularly useful when the samples must be
seen during the thermal treatment and the atmosphere of the sample cavity must be controlled or when it is important
to have low thermal losses but, at the same time, there is the need to have a look at the samples during most part of
the duration of the thermal treatment.

The third version of the front part of the insulating structure is made of three sections, figure 8, that match between
themselves and are complementary for the formation of a form similar to the ones described in the previous versions of
the front part. Two of the sections are identical (50) with a shape that fits the sides of the top and bottom structures,
leaving a central space that is filled by the third section (51). This last is the central part, shown in figure 9, which is fixed
on the rotating platform (42), shown in fig. 4, with the aid of the two protuberances of the platform (52) or with the aid of
the slot (53) that fixes part of the heating unit to the disk. The central part can rotate so to close the insulating structure
when the samples are rotated towards the interior of the sample cavity and thus cannot be seen from the microwave
chamber door. The sample can be seen by the operator when this central part rotates 180°. The rotating part is made
by taking a ceramic platform and connecting it to the rotating axis that passes through the base of the insulating struc-
ture, using a complementary geometry made on purpose in the ceramic bar and in the bottom part of the platform. The
form of the platform is a disk with a cut through a cord. The ceramic platform is as close as possible to the rear wall of
the sample cavity and almost tangent to the side walls. This and the fact that on the opposite side the platform must
sustain the central section of the front part of the insulating structure without showing any protuberance when closed,
define the measures of the platform once known the ones of the cavity. In the preferred case has a radius of 12 cm with
the centre situated at 13 cm from the rear wall.

When the platform rotates the central part rotates too, moving towards the interior of the insulating structure and
showing the samples placed on the platform. To keep the samples heated in this position this central part of the insu-
lating structure has a heating element (54), figure 9, inserted in the platform slot or attached to the internal wall of the
central part of the insulating structure. In this last configuration of the front part of the insulating structure the thermo-
couple enters the chamber preferably through the rear of the top part of the insulating structure to give more stability
but it can also enter through a hole situated on the ceiling or elsewhere as far as the thermocouple does not interfere
with the rotating part movement. The holes for gas exchange or gas replacement can be placed on the sides of the insu-
lating structure or elsewhere because they do not need to enter the sample cavity and consequently do not interfere
with the rotation. However, if a continuous flow of external gas is needed the inlet shall be put through a hole situated
on the ceiling of the top part of the insulating structure because even this would give a gas flux over the sample even
when the sample is rotated towards the microwave chamber door or shall be put on the left hand side as close as pos-
sible to the internal part of the cavity door. This third configuration is preferentially used when the samples must be seen
for short periods of time and the thermal insulation shall be high at other times; it can be used when the sample has to
be seen and the second version cannot be used because the samples produces too much smoke or when there is the
need to evacuate in a fast way the smoke produced. This configuration also allows a fast cooling down of the sample
without the direct handling of the sample or the insulating structure door by the operator; this is achieved by just leaving
the door of the microwave chamber open or closed, the microwaves off and the samples rotated towards the microwave
chamber's door and the exhaust fan at maximum speed.

The heating elements, made of a composite of high temperature ceramic cement and silicon carbide powder are
placed close by or attached to the walls of the sample cavity, grooves or slots can be made for the purpose. The com-
position, the SiC grain size, the thickness and the shape of the heating elements are chosen so to maximise the micro-
wave absorption and the uniformity of heating.

The thermocouples used inside the microwave chamber must be covered by a metallic sheath, usually stainless
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steel, electrically grounded to the microwave chamber conducting walls or, equivalently, to the metallic structure of the
chamber which coincides with the apparatus electric ground. The thermocouples which go inside the sample cavity and
the sheath that covers them must withstand the maximum furnace temperatures and the sheath must remain unaf-
fected by any combustion products or gases that are introduced in the sample cavity.

The electroless lamp is made with a quartz tube whose interior surface is covered by a layer of a phosphorous, like
ZnS powder, and traces of mercury (or a decomposable mercury salt), indium or tin are placed inside the tube. The tube
is then closed under vacuum. The traces of mercury, tin or indium and the vacuum realized during the closure are cal-
culated to get a total pressure inside the closed lamp between 10 - 150 mm Hg and a partial pressure of the metal
included, when the metal evaporates due to the presence of microwaves, between 2-100 mm Hg.

The lamp is preferentially used with the second version of the front part when the external illumination is not enough
for the conditions of the sample and of the thermal treatment under consideration.

The apparatus is controlled by a microprocessor situated in an external control unit with a high resolution dot-matrix
display, (55) of figure 1, and a keypad, (56) of figure 1, and by another microprocessor situated in the body of the appa-
ratus, outside the microwave chamber. The external control unit is the main interface with the operator and sends the
main operation instructions to the apparatus via an infrared communication system. Through the keypad the operator
can enter the conditions of the thermal treatment and other data which are then stored in a temporary RAM memory or,
if so desired, can be stored permanently for further use. When all the information has been received the control unit
enables the start procedure according to the conditions of the programmed thermal treatment and sends a signal to the
microprocessor situacted inside the apparatus which in turn acts on a solid state relay that turns on the microwave
power by closing the contact of the primary side of the high voltage transformer. The voltage signal from the thermo-
couple is converted by an A/D converter and is read by the microprocessor situated in the body of the apparatus. This
information is sent to the external control unit and to the temperature display (23, figure 1) situated on the front part of
the apparatus. The external control unit compares the reading with the difference to the set temperature, following a
pre-programmed differential control system procedure, known in the art, to avoid temperature overshoots. and sends
back this information to the internal microprocessor which then acts on the solid state switch.

The operator can also program the speed of the chamber exhaust fan because the external control unit can act on
the power supply of the fan varying the voltage applied to it. In this way if the sample in the furnace produces smoke the
fan speed can be increased whereas if the sample does not produce smoke the speed can be reduced to a minimum
to increase the rate of temperature rise. Also the fan speed can be programmed to be low at low sample cavity temper-
atures and higher at higher temperatures, for this purpose is used a second thermocouple, covered by a metallic sheath
electrically grounded to the chamber wall. The tip of the sheath is positioned in contact with the exterior surface of the
top part of the thermal insulating structure by inserting it one millimetre inside the insulating structure. The temperature
is read by the microprocessor and then the fan speed can be modified from zero up to the maximum according to the
thermal insulating structure surface temperature. The top part external surface is chosen because is the surface that
reaches the highest temperature with the exhaust fan off.

The microprocessor of the external control unit drives the dot matrix display of the control unit allowing the operator
to see the time evolution of the temperature inside the sample cavity. The control unit can also drive a printer and has
a serial port to allow a connection with another I/O device, usually a balance. The internal microprocessor sends the
signals to the signal lights and to the temperature display, both situated in the front part of the apparatus.

In the front part of the apparatus there are signal lights to show the status of some of the main functions of the
apparatus. The exhaust fan has a Hall effect sensor that sends a signal to the microprocessor, if the fan turns; the micro-
processor then acts on the solid state switch of the corresponding light, (57) of figure 1. The door has safety switches
that do not allow the magnetron to emit microwaves with the door open, it also turns on the signal light that signals the
door open (58). The magnetron is protected by a thermoswitch against overheating, turning it off. In case of such event
a corresponding light will turn on (59). When the microwaves are present in the chamber a light controlled by the micro-
processor of the external control unit is turned on (60). There is also a light the signals that the temperature of the exter-
nal surface of the thermal insulating unit (61) is above a pre-set value; the light is turned on by the internal
MIiCroprocessor.

This apparatus has several significant advantages over existing art apparatuses for high temperature treatment of
samples and materials. Since the microwave field inside the chamber is more uniform the heating inside the sample
cavity is better distributed and thus the samples respond all to the thermal treatment in similar manner and at the same
time, in this way a plurality of samples can be treated using all the space available. The uniformity of the microwave field
inside the chamber is especially important when the sample under treatment absorbs microwaves.

Generally, each set of samples requires a study of the best conditions for the thermal treatment, especially in prox-
imity of a phase transition from liquid to gas, when bubbles can make the samples spill over their container, then having
a direct look at the sample during thermal treatment is an obvious advantage. There is a configuration of the insulating
structure with a viewing window which is optimized for the viewing of the sample at all times without loosing the advan-
tages of having a thermal insulation and of having the control over the atmosphere that the sample is in contact with.
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The apparatus can be easily modified-to adopt the configuration most suited for the needs of the user. Another config-
uration allows part of the structure to be rotated, in this way the sample can be directly seen for the amount of time
desired without disrupting in a significant way the thermal treatment, and then, rotating back to the original position, the
complete thermal insulation is recovered. This configuration can be used when samples produce large amounts of
smoke or when it is desired to get e fast cooling time after the thermal treatment is done without a direct contact of the
sample with the operator; the air flow of the exhaust fan can be regulated accordingly. Moreover, the possibility to have
a look at the samples is enhanced with the microwave powered lamp positioned inside the sample cavity.

The door of the apparatus is air cooled from the interior. In this way it is considerably reduced the effect on the
apparatus viewing window of the heat radiated from the sample cavity in all configurations of the insulating structure.

There is a thermocouple that measures the temperature at the surface of the insulating structure. This is particu-
larly useful if to get a larger sample cavity is used a configuration of the insulating structure which is much thinner com-
pared to the preferred one, if such a choice is made the surface temperature can be high.

The measurement of the temperature by the microprocessor will automatically turn on the signal light on the front
panel.

In fact another characteristic of the apparatus are the signal lights placed on the front part of the instrument. The
operator can get at all times a quick look at the status of the main functions and sensors of the apparatus.

The following examples are only provided for illustrative purposes and do not limit the present invention.

EXAMPLE 1

The apparatus is modified by using two flat stainless steel laminates instead of the rough top and left hand side
rough walls. Inside the sample cavity 9 cylindrical containers of diameter equal to 2.5 cm and height 5 cm. are placed
with 20 cm® of water inside. The heating elements are withdrawn and the microwaves are turned on at average power
of 900 watt. After 1 minutes the microwaves are turned off and the temperature on each container is measured. The
results are shown in table 1. Then the flat laminates are replaced by laminates with rough metallic surfaces, as
described in the preferred configuration above and the experiment is repeated, the results are shown in table 1.

The average temperature and the variance of the above experiments are also calculated and shown in the same
table.

Container Number Flat Surface. Tempera- | Rough Surface. Temper-
ture (°C) ature (°C)

1 61 60

2 37 40

3 79 72

4 40 42

5 30 32

6 39 41

7 45 46

8 53 48

9 40 45
Average temperature 471 47.3
Variance 201.2 126

Since the average temperature is, within the statistical limit, the same and the variance of the temperatures of the
rough surface is lower we conclude that the heating with the rough surface is more uniform.

To get a better comparison of the average power absorbed with or without rough surfaces an experiment with the
heating elements was made the sample cavity reached the temperature of 700 °C in 18 minutes with flat surfaces and
in 19 minutes with rough surfaces.
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EXAMPLE 2

In the preferred configuration of the apparatus the microwaves were on at 900 kW until the empty sample cavity
reached 1020 °C. Then the microwaves were turned off and the temperature of the cavity was measured as a function
of time. In one case with the first version of the front part of the insulating structure, in another case with the second
version of the insulating structure. The results are reported in table 2. The first version of the front part gives better insu-
lation. This is especially relevant at the very high temperatures but as temperature lowers the two versions are almost
equivalent.

Time (minutes) | First version Tempera- | Second version Temper-
ture (°C) ature (°C)
0 1020 1020
1 985 989
2 954
3 927
4 901
5 878
6 860
7 808
9 780
10 768
11 772
12 745
13 748
14 724
15 726
17 707
19 689
21 663 672
25 636 642

EXAMPLE 3

The apparatus was set in the preferred configuration with all the holes on the walls of the thermal insulating struc-
ture, but the one for the thermocouple, closed. A sample of polyethylene, weighting 2 g was put in a quariz container.
The container was introduced in the sample cavity and the cavity was closed with the second version of the front part
of the insulting structure (with a viewing window). A program was set in the external control unit to reach 800 °C at aver-
age power of 650 W. After the apparatus door was closed the microwaves were turned on by the control unit and the
temperature started to rise. When the temperature was about 220 °C it was seen that smoke was coming out from the
samples, to avoid that the smoke would carry out some sample the program in the external control unit was put in hold
and the power was lowered to 500 W. The smoke diminished and the process continued, when smoke was very low the
power was again increased and finally the temperature of 800 °C was reached. The container was withdrawn from the
furnace and weighted. The remaining weight was 0,02 g. The same experiment was repeated with the first version of
the front part. The only difference in the procedure was that when the smoke was detected, when the sample cavity was
around 250 °C, the microwaves were turned off and the apparatus was opened to have a look at the samples. As soon
as the front part was removed the sample ignited and flames appeared inside the chamber. This constrained to stop the
experiment. Of course, once the procedure is tested the front door needs not to be opened but to set up the procedure



10

15

20

25

30

35

40

45

50

55

EP 0 892 586 A2

itis extremely convenient to have a viewing window. The experiment was repeated with the third version of the front part
(the rotating front part). In this case when the smoke was seen the platform was rotated through the external control
unit the smoke came out and the sample burned with flame. In this the operator was never close to the point where the
flame was because the apparatus door was closed.

EXAMPLE 4

The apparatus was set in the preferred configuration with all the holes on the walls of the thermal insulating struc-
ture, but the one for the thermocouple, closed. A sample of a nylon composite, weighting 2 g was put in a quartz con-
tainer. The container was introduced in the sample cavity and the cavity was closed with the second version of the front
part of the insulting structure (with a viewing window) a preset-program was used because the conditions were deter-
mined using a procedure similar to the one described in the previous example. At the end the maximum temperature
reached was 870 °C. The quartz crucible was withdrawn and the sample residue weight was 0.3 g, or 15% of the sam-
ple weight. A thermogravimetry analysis was also made following the same conditions, at the end the sample weight
was 15.3% of the original. The agreement is quite good.

EXAMPLE 5

The apparatus was set in the preferred configuration with all the holes on the walls of the thermal insulating struc-
ture, but the one for the thermocouple, closed.

Tannic ether, weighting 1 g was put in a quartz container. The container was introduced in the sample cavity and
the cavity was closed with the second version of the front part of the insulting structure (with a viewing window). The
average power was set at 650 W and the final temperature at 800 °C. It was seen from that when the sample cavity
temperature was 500 °C the sample started to bubble, the microwave power was lowered, without spilling. The external
control unit was programmed again to stay for 20 minutes at 480 °C and afterwards to reach 800 °C. No bubbling was
seen afterwards. The quartz crucible was withdrawn and the sample residue weight was 0.01 g. Having the possibility
to look at the sample avoided spilling and, consequently false results. Given the conditions of the experiment without a
direct view to the sample the spilled material or its residues would not have been seen and the false results would not
have been detected.

EXAMPLE 6

The apparatus was set in the preferred configuration. NaHCO;, weighting 10 g was put in a quartz container. The
container was introduced in the sample cavity and the cavity was closed with the third version of the front part of the
insulting structure (with a rotating platform). The average power was set at 650 W and the final temperature at 400 °C.
Every 10 minutes the platform was rotated to see the physical state of the sample. After about 30 min it was seen that
the sample melted and was then left in the crucible for other 30 minutes. The crucible was then withdrawn and weighted.
The resulting sample weight was 4.78 g.

The foregoing description of the invention is provided for illustrative purposes.

Many variations and modifications of the invention will become apparent to those skilled in the art in view of the
foregoing disclosure and is not therefore considered to be restricted to the above described embodiment. Although the
invention has been described above with reference to a number of exemplifying embodiments thereof, it will be under-
stood that the furnace construction may be varied in many ways. It is intended that all such variations and modifications
within the scope or spirit of the appended claims be embraced thereby.

Claims

1. A microwave furnace for melting, decomposing or reducing materials to ash comprising: a microwave chamber to
which it is connected a microwave generator for delivering microwave radiation to the microwave retaining chamber,
which contains a thermal insulating structure made of a heat resistant material, transparent to microwaves and with
thermal conductivity at 1000 °C below 0,22 W/mK, with inside a cavity where the samples to be treated are placed,
with an opening in said isolating structure for insertion and removal of the samples, a door, of the same material as
the insulating structure, for closing and opening said cavity, which has inside a microwave absorbing material capa-
ble of reaching and withstanding the operational temperatures, said insulating structure has also holes where a
thermocouple can be inserted for the measurement of the temperature inside the cavity and also tubes can be
inserted for gas exchange or gas removal from the exterior of the cavity, such gas exchange or gas removal can be
made either by using holes made in the chamber walls or directly with the air of the chamber, some of said chamber
walls made of a composed laminate made by a metal sheet of low electrical resistivity with rough surface, covered
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by a microwave transparent sheet of plastic with a temperature yield point high enough to withstand the conditions
of operation.

An apparatus according to claim 1 wherein the apparatus door is internally cooled by the air flow coming from the
exterior of the apparatus and produced by the exhaust fan of the apparatus itself.

An apparatus according to claim 1 wherein one or more walls of the microwave retaining chamber are a composite
made by a metallic laminate or a metallic net with a mesh with holes lower than 1/100 the wavelenght of the micro-
wave radiation used, both with rough surface, and a plastic or ceramic matrix capable of maintaining structural and
mechanical properties at the temperatures of operation.

An apparatus according to claim 1 wherein on the external front part there are signal lights which allow to know, if
the apparatus door is closed, if the microwaves are on, if the temperature of the magnetron is above the maximum
operational temperature, if the exhaust fan is turning, if the surface of the thermal insulating structure is above a
certain pre-set temperature and also a display where the temperature of the cavity where the sample is can be
read.

An apparatus according to claim 1 wherein the functioning of the apparatus is controlled by an external wireless
control unit whose communication is made with infrared signal.

A microwave furnace for melting, decomposing or reducing materials to ash comprising: a microwave chamber to
which it is connected a microwave generator for delivering microwave radiation to the microwave retaining chamber,
which contains a thermal insulating structure made of a heat resistant material, transparent to microwaves and of
low thermal conductivity, with inside a cavity where the samples to be treated are placed, with an opening in said
isolating structure for insertion and removal of the samples, a door, of the same material as the insulating structure,
for closing and opening said cavity, which has inside a microwave absorbing material capable of reaching and with-
standing the operational temperatures, said insulating structure has also holes where a thermocouple can be
inserted for the measurement of the temperature inside the cavity and also tubes can be inserted for gas exchange
or gas removal from the exterior of the cavity, such gas exchange or gas removal can be made either by using holes
made in the chamber walls or directly with the air of the chamber, said insulating structure is composed by three
combinable, separable and matching parts with one of the parts, the front part, which is used as a door of the ther-
mal insulating structure having three versions which can be exchanged between themselves.

An apparatus according to claim 6 wherein the three separable parts of the insulating structure are a bottom part,
a top part and a front part, made of ceramic or quartz pressed foams or fibres, said bottom part having a hole
through which passes a ceramic bar connected to a motor external to the microwave chamber, said bar connected
to a rotating platform, made of ceramic and of circular form, situated over the bottom part of the insulating structure,
inside the cavity, over which the samples can be placed.

An apparatus according to claim 7 wherein the top part has on one of the walls holes for the passage of quariz
tubes for gas exchange or gas removal and for the insertion of a thermocouple and also a small window made with
quartz sheets through which the sample cavity can be illuminated by an external lamp situated outside the micro-
wave retaining chamber with the light passing through a grill situated in correspondence of said window.

An apparatus according to claim 8 wherein the top part has on one of the walls a groove where an electroless lamp
can be placed, such lamp is made with a tube of quartz, closed under vacuum, which has a phosphorous powder
deposited on the interior wall and a low temperature melting metal inside, like mercury, indium, lead or tin, in quan-
tities such that when evaporated give a partial pressure between 1 and 200 mm Hg, said lamp is powered by the
microwave field and can withstand temperatures as high as the yield temperature of the quartz.

An apparatus according to claim 9 wherein the front part has three exchangeable versions, each of them which
complement and match the bottom and top parts.

An apparatus according to claim 10 wherein the front part of the thermal insulating structure is a single piece made
with the material used for the insulating structure with a ridge used as a grip for hand removal, closure or adjust-
ment of the part itself.

An apparatus according to claim 10 wherein the front part of the thermal insulating structure is a single piece made
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with the material used for the insulating structure with a ridge used as a grip for hand removal, closure or adjust-
ment of the part itself having at the centre a window made by a material transparent to microwaves and to the vis-
ible light, like quartz or glass, for looking at the samples inside the cavity while the thermal treatment and the
microwaves are on.

An apparatus according to claim 10 wherein the front part of the thermal insulating structure is composed by three
sections, made with the material used for the insulating structure, that match between themselves and are comple-
mentary for the formation of a form that matches the rest of the insulating structure with one of the sections that
can rotate because is fixed to the rotating platform connected to the external motor in such a way that when the
platform rotates the samples rotate too and can be viewed from the apparatus door or, when the operator or the
central control unit decides to do so, after a 180° rotation, can be completely hidden inside of the cavity and the
rotating central section will complete again the thermal insulating structure.
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