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ABSTRACT
An 'examinai:ion has been made of problems associated with early

constant temperature designs. This information is applied to producing
continually better constant temperature furnaces.

A simple electronic system which corrects for both broad band
absorption and broad band emission is presented. .

Changing internal graphite part dimensions inside electrothermal
atomizers results in changing the temperature profile of the
absorption tubes which may alter sample signals. Effects of changing
these parts in a constant temperature furnace is discussed. Effects of
changing some other operational parameters such as argon flow and
sample insertion rate are also discussed. :

A temperature controlled annealing oven for glasswork is presented
as an aid for preparation of analytical glassware.




CHAPTER 1

General Atamic Absorption

l.1 Brief Introduction |

Atomic absorption spectroscopy has come a lontj wéy since Kirchhoff
and-Bunsen first established this type of light absorption in a series .
of papers published in the 1860's (1-4). Advantages of atomic
absorption for chemical énalysis were not fully recognizéd until the
independent publicationé of Walsh (5) and of‘ Alkemade and Milatz (6,7)
appeared in 1955. Some of 'the first reportéd applications of tﬁis
technique by Allan (8) and David (9) used an air-acetylene flame to
determine magnesiuﬁ and zinc in plafltso After introduction of the
nitrous oxiée—acetylene flame by Willis (10) in .1965, _rapid growth in
atomic absorption methods occurred which replaced many classical
chemical methods of analysis. L.ike_w-ise, rapid.growth in the develbpment
of atomic absorption spectrometer systems has occurred. Today atomic-
absorption sioectrometers are fast and relatively inexpénsive making

atomic absorption analysis commonplace in many laboratories.

1.2 Fundamental Principles of Atomic Absorption Spectroscopy
All atomic absorption spectrometers contain four basic components
used to measure the absorption of an atom cloud at a specific

 wavelength, i.e., a light source, an atomizer, a dispersion device

L




(monochromator) and a detector with some type of readout system. The
spectrum of the element under study is emitted by the light source.
The atom cloud, produced from a sample placed in the atomizer, absorbs
a portion of the radiation coming from the light source. The portion
of the radiation observed is selected by use of the dispersion device
which allows a narrow band width of the spectrum te strike the
detector. The detector "sees" an attenuation of the light coming from
the light source when »an absorbing sample is in the optical path, i.e.,
in the atomizer. This attenuation of light is governed by Lambert-
Beers law | |

| = log ;o = abc
where there exists a 11near relationship between the absorbance (&) and

the concentration (c) of the element. Both the absorptivity (a) and

the absorption path length (b) are constants.

1.3 .General Spectrometer Design
1.3.1 Light Sources ‘
. Most atomic absorption spectrometers employ hollow cathode lamps
(BCLs) for light sources. The cathode is a hollowed out cylinder
constructed entirely or in part of the metal whose spectrum is to be
produced. The anode and cathode are sealed in a glass. envelope f111ed
with either neon or argoh. When an electrical potent1a1 is applled "

across the anode and cathode, a sputtering process occurs. The




spectrum of the cathodé material is thus produced. Some of the more
volatile elements make poor hollow cathodé lamps. Eletrodeless
discharge lamps (EDLs) are sometimes used for these elementse‘ EDLs are
made by sealing a small amount of the .elem'ent or salt of the element
inside a quartz bulb with an inert gas. Excitation of the element is
accomplished by ionization of the inert: gas with an external RF field )
Both HCLs and EDLs usually have quartz end windows to gmit radiation in.
the ultra violet region of the spectrum.

1.3.2 Monochrcmetérs |

Many types of monochromators have been designed and used utilizing
prisms or gratings as dispersion devices. Great advances in grating
manufacture in recent years have produced extremely good monochromators
with no cbma and no astigmatism cépable of very narrow band width&
However, too narrow a band width can result in inaccurate background
correction using continium lamp type cor'rec':_tion as will be discussed in
Chapter 3.-

Atomic absorption light sourcés have simple spectra, unlike atomic
emission where spectral emission lines are numerous, thus in most cases
average quality monochromators can be used equally as well as the more
expensive high resolution types.

1.3.3 " Detectors |

Photomultiplier tubes are the most often used detectors for atomic




absorption. Photodiode arrays have been used in multichannel detector -
systems (11), but these are less sensitive then photomultipiiers in tﬁe
UV region and have limited response linearity. Readouts for the
photomultiplier signais have greatly advanced along with the recent
advances made in the field of electronics. Early readouts consisﬁed.of
simple transmittance and absor’bance calibrated meters. Todéys modern
instruments store and process detector information withvvarious data
handling schemes, some using microprocessor control. These recent
major advances in eleétronics have helped réduce errors associated with
data handling far below errors orginating in other areas of the
spectrometer.

.1.3.4 Atomizers

1.3.4.1 Brief Introduction

Most errors involved with analysis by atomic absorption originate
in the atomizer. Many of these errors are chemical in nature and
atomizer design can greatly affect the analysis of real.samples by
altering the chemical reactions tak.ing' place inside the atomizer.
There are two major classes of atomizers commonly used in atomic
absorption analysis; flames and electrothermal atdnizers.

1.3.4.2 Flames
Atomization by flames is the most commonly used technique for -

" producing an atom cloud. The great éppeal of this type of atomizer




stems from its simple and inexpensive design. Flame type atomizers can
be operated by personnel with minimal traihing making it the choiée for
routine tArac'e metal analysis by most laboratories. However, flames
have a great many disadvantages. The disadvantages have been well
documented (12-17) and have been discussed by Stone (18) and Lundberg
(lé). Even witi) all its disadvantages, flames will continue to be
popular since many samples can successfully and inexpensively be -
analyzed with this method. |
1.3.4.3 Electrothermal Atomizers . -

Most commerically avai_lable electrothermal atomizers are of the
pulsea-heated type. These atomizers produce greater absolute
sénsitivities and correspondingly lower limits of detection than flame
atomization. This is due to confining the atoms in a small volume
within the optical path. These pulsed-heated type atomizers are very
popular and are used in many laboratories for trace metal analysi'éo
However, most of these atomizers suffer from various matrix
interferences mainly due to the sample experiencing rapidly changing
temperatures during atomization. An excellent review of the problems
associated with these types of atomizers is given by Lawson (20).
Success at eliminating matrix interferences from lead determinations in
steel using a pulsed-heated type carbon rod atomizer was achieved .by ‘

Lundberg and Frech (21). They eliminated matrix interferences by

LI g

L




introducing the samples after the atomizer reached it final
temperature. Operation of an atomizer under isothermal conditions thus
can greatly improve analysis. Although major manufacturers of

commercial atomizers have yet to build and sell such an isothermal

device for routine analyses, Woodriff 'has been using homemade constant

temperature furnaces for about 15 years.

Woodriff's atomizer is relatively free from matrix interferences
which plague many of the commercially available pulsed-heated
electrothermal atomizers (22,23). This atomizer has several other
important advantages which will be discussed in the following chapter.
The main disadvantages stem from its complexity and expense. Advances
in the design and understénding of the constant temperature furnace, as
will be discussed in the following chapters, have helped to make it a
more easily manipulated atomic absorption instrument for roﬁtine
analysis. Hope remains, from work pref;ented in this thesis, ‘Ehat
commerical manufacturers of pulsed-heated electrothermal atomizers will
take the initiative fo develop and sell coqstant temperature atomizers

for accurate direct analysis of samples with difficult matrices.
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CHAPTER 2
Designs and Operation of Constant Temperature Furnhaces

2.1 Introduction

Two different constant temperature furnaces were developed
independently for use in Atomic Absorption. One type was developed by
L'vov (17,24,25) in Russia. In L'vov's system, the atomizer and five
or six samples on the end of carbon rods are placed in an evacuatea
chamber. ‘Argon is introduced until the desired pressure (up to 8 or 9
atm.) is reached. Next, the atomization tube is heated to constant
temperature. The carbon rod containing the dried sample is next
inserted into a hole in the bottom side of the atomizer tube and is
heated by auxiliary power atomizing the sample.

Woodriff (26) fJ:,rst: reported his constant temperature furnace in
1966. The Woodriff furnace atomizer, with a much longer heater tube
than L"voy"‘s, operates at atmospheric pressure. The longer tube |
compensates for shorter analyte residence times at atmospheric pressure
compared to L'vov's higher operating pressures. Operating the atomizer
at atmospheric pressure allows direct introduction of samples from the
outside without power interuption, depressurizing or. re~loading sample

rods as required by L'vov's design




once the limited number of samples contained inside the chamber have

been atomized.

2.2 History of Woodriff Furnace Design

2.2.1 Introduction’ |

The furnace design wés constantly improved following its
introduction in 1966 (26) through a total of ten different models.
Each successive model provided new insights or improvements. With only
a few exceptions (27), the internal resistive heating elements of the
Woodriff furnace are made from graphite. The best graphite our
research group uses for this purpose is Poco graphite (28) grade AFX-
50. This is a very hard, easily machined graphite with low porosity.
Insulation for these furnaces.is generally made using 6 mm thick
graphite felt from Union Carbide Corporation (29).
2.2.2 Single Phase Furnaces . '

The first furnace model (26,30) used a central graphite tube, 8 mm
O.D. by 6. mm ID., for the resistive heating element. This tube was
surrounded by other concentric graphite tubes and graphite felt
insulation, all housed inside a steel cylinder. Argon enters the
furnace at a side tube connecting the center of the heater tube with
the outside of the furnace. Samples are inserted and atomized on low
conductivity rods pushed through the side tube until contact is made

with the "hot" heater' tube. Although good preliminary data was




gathered with this model, it had drawbacks. The heater tube was open
to the air on the ends causing rapid deterioration. Inefficient
cooling caused this model to become excessively hot, makiné handling
difficult. Its rigid design did not allow for heater tube expansion
causing frequent tube breakage. | ,

The second model (Figure 1), first introduced by Woodriff aﬁd
Ramelow in 1968 (31), solved the problem of 'tube breakage. Graphite
plates mounted on spring loaded bolts held heater tube ends allowing
for expansion as well as providing good electrical contact at high
temperatures. Improved cooiing was achieved by forcing water through |
copper tubing brazed to the housing of the furnace. Rapid
deterioration of heater tube ends continued to plague thlS model due to
back diffusion of oxygeﬁ into the atomizer. |

Woodriff, et. al‘, (32,33) designed another model;, which provided
eveﬁ more efficient cooling for easier handling. This third model used
é metal, water cooled, spring loaded, electrical connector to hold the
heater tube ends. This model also contained a massive "tee" connector
connecting the side tube to the heater tube. The massive "tee" |
connector increased the heat capacity of the cgzntral part of the heater
tube decreasing sample atomization time. 'i‘hese design changes,

althoucjh,they improved" the operation of the furnace, also g:aiused'some. o
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Figure 1. Cross-sectional view of constant temperature furnace, Model 2.
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detrimental effects. More efficient cooliﬁg of.the heater tuﬁetend
connectors caused excessive cooling of thé tube ends. Deposition of
sample vapor on to the tube ends thus became a problem. A massive tee
connector in the center gave a similar effect. A larger center has
less resistance and thus a lower voltage drop'than adjacent furnace
parts. This including the larger sﬁrface area allOwing increased
radiative heat loss, results in a lower temperature. The side tube
also contributes by condﬁctiﬁg heat away from the center to the furnace
housing. Thus a cold spot is produced at the point of sample
introductioﬁ. Variation in heater tube temperature profile as a éample
vapor travels down the tube might possibly lead to some matrix | |
interferences. Analyte residence times can change if tehperéture
gradients are large enouéh. The ultimate goal is to design a systeﬁ
with a uniform temperaﬁure profile down the heater tube. Such a system
is extremely difficult to build while still providing proper cooling of
the electrical connections as well as keeping the furnace itself cool
enough for an operator to handle.

The fourth model (34,35) was the first design allowing the heater
tube ends to be sealed ihside the water cooled steel shell (see Figure
2). The tube ends were held with é spiral heater tube coﬁtact° This
contact was constructed by coiling hp copper tubing in a flat coili

spiralling into the center to a graphite disk'drillednto fit the heater
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Figure 2.

Cross-sectional view of constant temperature furnace, Model 4.
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tube end. The copper tubing is then spiraled back out to the outside:
of the coil. This contact allowed for water cooling, electrical
connectlon and was also - sprlngy enough to allow for graphite expansion.
Its flat de51gn allowed it to be squeezed between two plates and thus
sealed on to a cyllnder to form an a1rtlght housing for the heater
tube.‘ Argon was intr,oduk‘:e_d just inside the sample port at the end of
the side tube. When the sampie port is opened to insert a sample,
argon flows out of the port .washing oxygen off the sample. When the
- sample port is closed, argon flushes through the furnace and exits
'through a poft made’ ‘ir\; each spiral heater tube contact. Both 'Heater
tube and shield tube in this model were made in two halves in order to
simplify construction (shorter tubes are easier to drill from rod
stock) . ‘ | | |

A number of studies (36-40) used the £ifth model partially
diagramed in Figure 3. It had two distinct differences fr'oni. the
previous design.. The side tube wall, next to its connection with the
shield tube, was made very thin, reducmg heat conductlon away from the
center of the heater tube. Water cooling of the furnace housing was
greatly improved by constructing it from a "doubl‘e jacketed stainless
steel shell. | |

A single simple design change of the f£ifth model produced a new

design with significant improvements over previous models. The _Sixth'
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SIDE TUBE

MODEL 5

PEDESTAL

PUSH ROD

MODEL 6

Figure 3. Cross-sectional view of center sections of constant
temperature furnace, Models 5 and 6.
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model was made by substituting a. very small bell ,shaped entrance port )
for the side tube as indicated in Figure 3 (41). Existence of a side
tube not only conducts heat away from the center of the heater tube,

" but can also cause contammatlon problems. As sample cups are 1nserted
into the side tube, some of the sample materJ.al can transfer onto the
side .tube to be later re—-transferred onto different sample cups. The
result is sample loss in some cases and sample contamination in others.
Reinox}al of the side tube eliminated this problem (18). Unfortunately.
‘however, removal of the side tube also eliminated the ability to direct
nebulized samples into the heater tube (18,30,31,33-35). Previous to |
this model, sample introduction was accomplished by either n_ebulfzation
o or by sample plaeement in a graphite crucible. These graphite |
" crucibles were manufactured with a threaded bottom for' attachment to a.
~ thin graphlte push rod. Upon insertion through the side tube, the rim
of the cru01b1e made a seal with a constrlctlon at the top of the s1de
tube. When using this technique with uncoated crucibles, it was found
that individual crucibles consistently gave slightly higher or lower
sensitivity, -depending on the seal they make with the atomization

. chamber and on the rate of diffusion through their walls ,(42)" This
problem was selﬁed by placing the crucible on a pedestal which r_nakes
the seal rather than the crucible rim. This method was sub_sequ_ently

.used‘in all future designs. A number of successful studies were done




16

utilizing this sixth model (23,41-44). A smaller version of this model
was also desigped and used for easy placement into commeréial
spectrophotometers (45). |

This stage of advancement in design' of thése furnaces marks the
end of development of the single phase furnaces. The term single
phase représenté the type of electrical powering used to heat the
heater (or absorption) tube. Singlé‘ phase furnaces are typically
heated by utilizing single phase 220 volt AC power. This voltage is
first dropped across an autotransformer for power control, then run.
through a ten to one step down transformer;' beféré attachment to the |
heater tube ends (Figure 4). |

Singlé phase furnéces all have the disadvantage of possessing an
. uneven heater tube temperature profile. The necessity of sample
placement at the center of the hea_te; tube causes a cooler temperature
at that point which cannot be overcome by single phase heating. For '
| example, in the sixtt; model the center temperature is typically 60-
100°C 1owér than adjacent parts while heatér tube end temperatures can
be 600 to'1000°C lower (see Figure 5)." The tube end temperatures can
| be raised considerably by suspending them on posts, but raising thé '
cooler center temperature' was solvéd only by switching to three pﬁase_

type heating.
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phase profile inside a three phase furnace as discussed in Chapter 4.
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2.2.3. Three phase furnaces

Three phase heating was first introduced by Woodriff (46) in 1976
and ié subsequently used for powering all newer models (22, 47-53).
Electrical hookup is accomplished by connecting each leg of the furnace
(each side of the ﬁeater tube plus the side tube) to different phases
of a 220 voit three phase AC power source by way of an autotransformer
and step down transférmer (Figure 4). 'The effect of such an |
arrangement can be easily understood by use of the simplified current
flow diagram shown in Figure 6. When .the left side of the heater tube
(point 1) is at its most positive potential, the main current flow is
from point 1 to both the right side of the heater tube (point 2) and
the side tube (point 3). Likewise, later in time when the right side
of the heater tube is at its mést positive potential, the main current
flow is to points 1 and 3. A similar situation occurs when the side
tube is. at its most positive potential. Considering only these three
points in the complete three phase cycle, only four lines of current
flow travel through each leg while six lines of current flow travel. |
through the center "tee" connection. The result is that more current
passes through the center than either of the three legs alone, causing
the center to be the hottest part of the furnace. Marinkovic and
Woodriff (49) showed that in order to minimize temperature decreases

upon sample insertion, the tube connection should be made as massive as
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Figure 6. Simplified current flow diagram for 3 phase type heating in
a constant temperature furnace.
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possible. Since massive tube connections have less resistance then
adjacent parts, more current flow through this connection is necessary
to keep it from hav:mg a lower temperature than other parts of the
tube. The much cooler heater tube end temperatures were raised in the
newer three phase models by suspanding the heater tube ends on graphite
posts (50,53). '

Near uniform temperatures can be achieved by utilizing the
independent power control on each leg of e three phase furnace as shown
_in Figure 5.

An advanced three phase furnace is shown in Figure 7. Examination
of its design will show some additional improvements over single phase
models. All early single pi'xase models possessed a éuard or shield tube
which surrounded the heater tube. The original purpose fer this piece
was to maintain optical stability, help insulate the heater tube, and
keep graphite felt from contacting and thus shorting out the heater |
tube. This part was later found to be unnecessary. Good graphite felt
insulation alone provided adequate insulating ability. This insulation
can be easily cut and placed so that minimal contact with internal
parts are made. If slippage of felt causing some heater tube contact
does occur, the felt quickly burns Backs This is probably due to ‘.its.
inability to maintain the high currents used to power the furnace.

Optical stability of the heater tubes is maintained-due to the side
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tube being held rigidly against the pressure of the pedestal while
samples are inserted. The housing surrounding the furnace was changed
from a double-walled stainless steel _c,onsi:ruction to a 13 mm thick |
aluminum shell. This aluminum shell is drilled in sucﬁ a ﬁay as to
allow water to circulate throughout its interior (50). The superior
conductivity of aluminum helps keep this shell cool to the touch even -
at internal temperatures exceeding 2500°C. The shell is cut
horizontally, producing a suitcase type opening furnace for easy access
to the interior parts. Previous models had end plateé which ﬁad to be
removed, disturbing the optical alignment, for access to the interior
(46). '

Three phase powering introduced new problems. At temperatures
exceeding 2100°C, vertical expansion of tﬁe graphite posts becomes
| significant. This necessitates the alignment of the cold furnacela in
such a way as to compensate for thermal expansion. O-rings usea to
seal lenses in the furnace burned away due to the increased radiation _
caused by increasing the temperature on heéter tube ends of post held
furnaces. This problem is generally compensated for by a combination
of shielding and water cooling the lens caps. Three phase powering
requires addition of the side tube which fe—establishes the problem of
side tube contamination. However, recent studies indicate that if the

side tube is made large enough to eliminate pedestal contact as samples
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are inserted, this contamination préblem does not occur. Physicalif
connecting the heater tube to the two graphite end posts and side tube
is difficult with post type furnaces. Heater tube contact with the end
posts must be tight or ércing will occur. Connection to fhe side tube
is more difficult than end posts because it must be manufactured tight
enough to hold in sample vapor as it diffuses into the heater tube.
Some of the connectors used for heater tube connection are shown in
Figure 8. The one on the far right, the most recent, is easy to build
but suffers from expansion effects. It holds the heater tube down on
well fitting surfaces machined in the posts by pushing in a wedge which
distorts the c¢lip, putting pressure on the heater tube. As the heater’
tube is powered, expansion §f~all parts including this clip occurs. -
After 2100°C expansion of this clip tends to become permanent. After
the heater tube is cooied the clip stays expanded, causing it to
become loose and arcing may occur. Larger and larger wedges must be’
fitted each time the furnace is heated over 2100°C. The problem was
partially remedied by ﬁakiﬁg these clips more massive. Increasing the
mass of these clips by three times results in only a 40°C decrease in.
temperature at thoée points where they are attached to the heater‘tube.
These increases in mass allow the:clips to be reused about three or
four times above 2100°C before_larger wedges are required. Other

éonnectors uéing a screw type tightener also tend to suffer from
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hysteresis. Repeated tightening of the gfaphite scréw ié a necessary
operation. The end post connector shown on the far left does not
suffer. from expansion problems. Deéign of heater ‘tube attachment. is
continuing.

2.2.4. Sample introduction systems

Sample introduction to these constant temperature furnaces is
difficult. For.a three 'phase pownered system, the sample j.ntroduction
. system must: be electrically insulated from the shell, make a tight
rigid contact with the side tube, keep.oxygen out, stay cool to ihe
touch, keep sample contamination at a minimum, and be easy to
manipulate. The sample intréduction system éhown with the three phase _
furnacé in Figure 7 is the most advanced at the time of this writing. |
The largest problem is cooling. When a sample is atomizeé, the
pedestal and cr_uciblé are at furnace temperature, Lowe;'ing the hot -
pedestal for samplé removal transfers heat to'the sainple port. This-
heat must be’removed to keep the sample port from_ becoming too hot to
handle. The pedestal must be lowered slowly to pfevént the sample porf '.
window from shattering. Higher atomizer teniperafures require slower .
sample removal rates. This limits sample _éup removal time from the
atomizer to about 30 sec at 2400°C, Argon is introduced into the -
furnace slightly above the sample port. As in earlier furnace modéls,

argon flows out the sample window, washing oxygen off thé sample
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crucible when the sample is inserted. ,'Ihe_pedestal is kept from
touching fhe inside of the side tube, thus eIiminating'contémination
problems as previously discussed by restricting the horizontal rﬁovement
of the pushrod with a pushrod quide as shown on Figqure 7. ' |
A completelylnew type of sample introduction system is presently
being constructed using a cirjcular’q insertion mo't-'_ion (Figure 9). éuch. a
system easily Ilends itself to autom&iori which would be difficult with

previous sample introduction systems. Work is continuing.

2.3 Operating parameters

2.3.1. Atomizer temperature

Stone (18) reported that there was a minimum furnace Eemperature
above which a maximum absorption was observed. Above that temperature
the absorption remained relatively constant.. Ramelow (30) reported
that above the maximum teméerature the absor;'bance gradhally decreases,
Neither of these reports appears entirely co‘rrect.‘ 'Studies shown iﬁ
Chapter 4 indicate a more complicated picture. From this data, péak
height absorbances for the 283;3 nm Pb line do éppear to approach a
-constant absorbance af increasing temperatures, but above the value |
reported by Stone. A detailed account of the effeci; of temperrat‘ure on
absorbance in given in Chapter 4.

Emission from the furnface'cah be large at higher atomizing

temperatures (particularly at longer wavelengths). The resulting .
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signal generated at the phoj:omultipliér tube may create. pfoble‘ms ih
absorbance compufatib'ns (54,55). This furnace emission is reduced by
shielding thé monochrpmai:or slit with a covér plate 'containing a small
hole. Moving the slit away from the furnace sii_ghtly_ greater thaﬁ thé
focal length of the furnacé lens, combined with the use of the cover
plate, can bring furnace emission. signals down to a manageable level -
(see Figure 10). The remainder of the furnéce emission"sig.nal can be _
corrected for electrbnically (54,56). .

2.3.2 Argon flow

The furnace is flushed with apprbximat_:ely three timeé its internal
volume to assure oxygen concentfations low enough to minimizé graphite
part deterioration. .‘

Early studies using peak height (18) showed that argon flow rates
through the furnace had little effect on absorption signals. - However,
recent work usinc:] both peak height and peak ai:ea measurements show that
érgon flow rates do effect absorption sigﬁals. These effects are
discussed in Chapter ‘4.

2.3.3. Sample preparation

Due to the lack of major matrix iriterférénces in constant
temperature furnaces, little sample preparation is heceséary. 'Problems
are encountered when t.:_he sample produces more background af)sorption

than is correctable by ty_pi'éal background correction methods. When
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Figure 10. Diagram of the focusing system used on constant temperature
furnaces. To minimize furnace emission entering the monochromator
slit, the slit should be shielded as shown and the distance between
lens 1 and the slit should be slightly larger than the focal length of
lens 1 (too large a distance will result in decreased hv from the light
source) .
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this happens, acid digesfion or ashing is useful. Many 'tirﬁes this is
done in the graphite crucibles themselves althqugh it greatly reduces
their useable lifg. Another method of backgroﬁnd reduction is to place
the sample in a closed cup. (52), |
The three types of crucibles used in these furnaces are shown in
Fiqure 11. The open cup crucible is generally made from hard graphite.
Some open cups made from soft porous graphite are used as filters for
air particulates (38), liquids (53,57), as well as gold plated for use '
as filters for mercury analysis (39). ‘The closed cup used for
background reduction has a porous graphite cap. Closed cups w1th
porous bottoms have been used unsuccessfully with liquid sémples..
Memory effects were found on clean cups placed in racks previously
occupied by cups with porous graphite bottoms. This was caused by
leakage through the cup'é bottoms. | Another.c'los_ed cup made of
molybdenum or platinum was used for_: high tempefature vapor pressure
studies (51). The tapered top on this vapor pressure .cell -makeé the
seal with the. seat rather than the pedestal. This assures that only
atoms escaping from the orifice in the top and not through the threads
will enter the atomizer tube for correct vépor pressureh determinations.
Solid samples are weighed into cups prior to insertion into the
furnace. Liquid samples are pipetted into cups and dried under an

infrared lamp beforé atomization. Many samples can be dried or ashed
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simultaneously without tying up the furnace for; these .routine
operations. o

Work described in Chapter 4 shows that differences in signals
are obtained when samples are inserted into the furnace at different
rates. If samples are inserted into the furnace too slowly, some
atomization occurs before the pedestal mates with the seat. Samples
should be inserted at a fast and steady rate to obtain the best
results. |

2.3.4. Sensitivity

Woodriff previous].y discussed absolute and relative sensitivity as

it applies to tube—typé atomizers (42). Absolute sensitivity, which
varies invgrsely with the cross—sectional 'area of "the atomizer tube,
tells nothing about the sample capacity of the atomizer as a meahs of
obtaining grea_ter accuracy. ' |

Chemists are often more interestea in relative sensitivity:  the
grams of. substance detectable per gram of sample. The.applicability of
relative sensitivity is limited because it depends on the nature of . the
matrix. However, it better expresses the usefulness of the device for
real samples. The relative sensitivity of an atomizer, which is
independent of the cross—sectional area of the 1':ube, is directly
proportional to the length of the tube. When using peak areé instead

of peak height (which can reduce some errors caused by matrix
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materials), the relative sensitivity increases with the cube of the
path length of the atomizer.

These constant tempefature furnaces sometimes have greater and
sometimes less absolute sensitivity than commercial pulsed atomizers
depending on the element analyzed. However, their relative sensitivity
is much greater due tg the combination of increased path length and thé
ability to handle laréer sample sizes. A typical graphité crucible can
- easily accommodate up to 200 Hl of liquid or 200 mg of solid‘sample;
Larger crucibles capable of larger sample sizes are also applicable.

Absolute sensitivity data for some elements introduced as solid
samples into these furnaces are shown in Table 1. Most of this data
was taken on a single phase furnace by Stone (18). Aithough better
temperature control and better atomizer design using three_ phase
furnaces may slightly imprq\}e these reported vaiues, in most cases
these numbers have been found to be equally applicable to the newer

three phase furnaces.
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Table 1. Absolute Sensitivity Data for the Woodriff Furnace.

Element Furnace Wavelength . Sensitivity
Temp (C) © (nm) . (1% Absorption)
Al 2200 309.2 5 x 10—11
Ag 1750 328.1 1 x 10712
' 338:3 1.5 x 10712
Au 2200 242.8 5.1 x 10712
As 2200 193.7 2.5 x 1011
B 2300 249.8 8 x 10~
Be 2350 234.9 ~1x 1012
Ca 2300 422.7 1x 10712
cd 1500 228.8 9 x 10713
326.1 1 x 10710
Co 2400 240,7 2 x 10711
Cr 2300 359.4. 1.5 x 10710 .
Cu 2200 324.8 2.5 x 10~
327.4 - 5,2 x 10711 -
Dy 2200 421.2 8-x 10711
Er 2200 400,8 7 x 10711
Fe. 2400 - . 248.4 5x 1071
Hg 900 253.7 3.6 x 1071
Ho 2200 410.4 7 x 1071
Mg 2300 285.2 1 x 10712
Mn 2200 279.4 6 x 10713
‘ 280.1 2 x 10712
403.1 3 x 10731
Ni 2350 232,0 5 x 10710
Pb 1750 217.0 2 x 10712
‘ 283.3 1x 1011
Sb 2100 . 217.6 1x 10711
Se . 2100 196.0 6 x 10'%1
Zn 1500 213.9 8 x 1074
307.6 1x 10™9




CHAPTER 3

Supporting Electronics for the Constant 'Tenperaturé Furnace

3.1 Introduction

Earlier detailed studies of the constant temperature furnace was
stifled by poor supporting electrbnics and electronic &até handling.
These earlier constant temperature furnace systems were often put
together with mismatched and pooriY maintained electronic equipment
which added to atpmic_ absorption measurement inaccuracies. Background
- correction was either nonm—existent or had to be hand calculated from
simultaneous reference line tracings in a two channel monqchromator
- system. A good stéble electronic system was greatly needed for
accurate studies using constant temperature furriaces._ The following'
sections describe the design and operation of supporting electronics
for constant temperature furnaces made from modern inexpensive -

integrated circuit chips.

3.2 A Stable Pulsed Hollow-Cathode lé’owe; Supply

3.2.1 Introduction

Optical choppers and rotating mirrors have t;a}ditionally been used
to interrupt hollow—cathode light sof;rces used in atomic absorption’ |
spectroscopy, and to switch between sample and refei:enée light sources

in background corrected systems. ‘Commercial pulsed hollow-cathode

| N )
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power supplies have been utilized for the same purpése. 'i'he‘bower
supply described in this section, however, is much less expensive and
at least as stable as commercially availa!'ale units (for exémpl;e, the
0.0082% stability of this unit compares favorably with the 0.05%
stability figure published for the Spectrogram corporation Model LPA-ID
_holiow—cathode power supply). This power supply consists of an
unregulated 400 volt DC power supply and a programmable constant
current requlator which drives a hollow—éathode or hydrcgen lamp. The
lamp is switched from a very low "idle" level to a high emission level
by digital logic signals. Both "idle" and “"on" levels for each channél
are adjustable by front panel potentiometers. ‘ The power supply
provic_]es a high levei of cur;'rent reéulation and emission stability .
(£0.0082%) with large changes (+40 volts) in lamp supply voltage. The
parts cost of the systerﬁ is minimal - less than $20.00 plus an '
unregulated 400 volt DC power supply. It may be used to replacg the
optical chopper or commercial pulsed hollow-cathode power supplies in
conventional atomic absérption systems using lock-in amplifief data
acquisition. . | |

3.2.2 Circuit Description |

The basic regulator circuit, sketched.in Figure 12, may be
understood by following its operation from the time the hollow~cathode

. lamp high voltage supply is turned on until the lamp current is
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Figure 12. The circuit diagram for the pulsed hollow-cathode power supply. The
regulated 12 volt reference supply provides a stable reference voltage for the "idle"
and "lamp on" controls. These voltages are summed by IC; when the "lamp on" switch is
closed. The output of IC; is returned to positive polarity by inverting amplifier
IC,, and presented as a reference signal to the non—inverting input of control
amplifier IC3. Lamp current is sensed by observing the voltage drop across ;
this voltage is compared to the programmable reference voltage by control amplifier
IC3. The output of this amplifier controls the electron flow through regulator
transistor TRy, Lamp current will rise until the IR drop across Rgenge almost exactly
equals the reference voltage at point A
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stabilized. Let us begin by assuming that switch Sy, the "lamp on'-'
switch is open. The in?ut of summing amplifier ICy will then be a
positive voltage set by the- "idle" pot':entiometer, producing a negative
input to inverting amplifier IC,, and a positive voltage at the non-
inverting (+) input of control amplifier IC3‘ (point A). At this time
the lamp has not yet fired; no current is flowing throuéh the 1aﬁ1p
circuit, and the voltage across the current sensing resistor Rggnce
{(point B) is zero. With zero input voltage into the inverting (=)
input of control amplifier ICy and a positive voltage applied to its
non-inverting () input, the output of IC3 will be at its positive
‘limit, about +12 volts. Transistor TRy will thus be gated full "on",
and will provide very little resistance to current flow in the hollow—
cathode lamp circuit.

If the high voltage supplied to’t"_he hollow-cathode lamp is
sufficient to fire the lamp (around 400 volts), current will begin to
flow in the Ry-TRj-Rgenge Circuit, and a voltage drop Egepge equal to

Egense = (hollow-cathode current) (Rgenge) '
will develop at point B. This positive voltage is applied to the
inverting input of control amplifier IC3, thus redhcing the positive
output of this operational amplifier ‘and reducing the drive to the
regulator transistor TRp. The current through the hbilow—cathode lamp'

will increase until the voltage developed at poini_: B (Esen;s;e)' almost
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exactly equals the control voltage (ERef) at point A," ‘As the voltage
developed at point B approaches the reference voltage presented at
point A, the output of control amplifier ICy falls, thus limiting the
current through the hollow-cathode lamp circuit. If for any feason the -
current in the lamp circuit should decrease (a decrease in fhe Dé high
voltage supply, for example), the difference between Epef and Egonae
will increase, the output of IC3 will become more positive, and the
effective resistance of the regulator transistor TRy will decrease
causing it to pass more current.

A mathematical description of this circuit is relatively
straightforward:

a) The voltage at point B is given by the equation

Egense = (Ilamp)(Rsense)

b) The control amplifier output (IC3) is given by the equation-

Econtrol = (ERef = Egense’ (Control amplified gain)

Control amplifier ICy is a differential operational amplifier operated
with a gain on the order of 103 at low frequencies. ‘

¢) The lamp current through thé'transistor regulator is given by
the equation

Ilamp = (Transistor base current) (Transistor current gain)

where

Econtrol

Transistor base resistor Rbase

Transistor base current =
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' Combining these equations, we find that

(E )
I - __control’ (Transistor current gain); or
amp Rpase
(Epef~FEsenge’) (amplifier gain)
Ilamp = < c (Transistor current gain);
Rpase

or

( ~[(I ) ( )1 (Amplifier gain)
I - PRef” T1amp) Reense (Transistor current
lamp Roase ' : gain) . ‘

Rearranging this eguation, we find that .
( Ilamp)_(Rbase)

[ERef_(IlamP) (Rsense!! = (Amplifier gain)(Transistor current gain)

Substituting values for a lamp current of 10 milliampers, a sensing

resistor of 100 ohms, a transistor base resistor of 1 K ohms (Ry,..),

an amplifier gain of 103, and a typical transistor current gain of 40, -

we find that
(1072 amp) (1030hm)

(103) (40). .

-2 2 =
[ERes = (107“ amp) (10 ohm)] =

Freg ~ 1-000 volt = 2.5 x 1074 volts

Fpes = 1.00025 volts |

Assuming the typical gain figures presented above, the reference
voltage must exceed the voltage developed across the current sensing
resistor by about 250 microvolts to maintain a 10 milliampere current
though the hollow-cathode lamp. A change in lamp current of. 1

microampere (1 part in 10,000 or 0.01% for a 10 ma lamp current) will
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produce a change in cbntrol amplifier input of o6 amp) (102 ohms) =
10~4 volts, resulting in a change in control amplifier output of (1074
volts) (103 gain) = 0.1 volt. This ability to make large corrections in .
the tranéistor contr'fol véltage with. minute chanées in lamp current
causes thé circuit to maintain the hollow-cathode lamp current at an
extremely stable value. Other factors, principally the regulation of
the control voltage to the‘ non-inverting input of IC3 and the stability
of the current sensing resistor Reense have limited the measured long

~ term stability of this circuit to a relative standard deviation of
about +0.0082%.

Current regu_lation was in’easured using the circuit illustrated in
Figure 13. The voltage drop across the sensing'resistor Rgense Was -
monitored by a voltage to frequency converter (Analog Devices AD 4523
100 Khz unit, stability ‘equal to a relative standard deviatién of élgout
i0.0042%) and the digi;tal output from this unit accumulated in a
scaler. The lamp was pulsed by a 100 hz TIL signal derived from a 5
Mhz crystal oscillator and divider string (Figure 14), and a preset
counter gated the sca1‘e£ "on" for 200 lamp pulses.  Results of this
expe;:iment are presenfed in Table 2;

3.2.3 Applications

This system has been applied to drive a single-hollow—céthodé: lamp

in a flameless atomic absorption system using a DC powered hollow-
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Current stability was monitored by this circuit. A

voltage~-to-frequency converter digitized the voltage drop across the
sensing resistor; this digitized signal was accumulated in a scaler.
The lamp was pulsed by a 100 hz crystal-controlled clock; data was

collected for 200 lamp cycles.
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Table 2. Performance of the Pulsed Hollow-Cathode Light Source.

Experimental Conditions:

Hollow-cathode Tamp: Cu

Operating current: 10 ma
Operating frequency: 100 hz
Sample size: 200 pulses
SO e —
DC Power Supply o
Voltage 320 340 360 380 400
Number of
Measurements 15 15 15 15 15
Signal .
?Average Counts) 46835.7 46838.8 46841.0 46843.9 46846.1
Standard :
Deviation i 2.0702 0.0000 1.1952 "1.8898 2.0702
:
% Standard ‘
Deviation 0.0044 0.0000 0.0026 0.0040 0.0044
AT AN R AP

n=175
Av = 46841.1

Standard Deviation

= 3.8555
% S, D. = 0.0082% variation

Total count variation with 320-400 voit powér variation:

La_ L
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cathode lamp, an optical chopper, and a lock-in amplifier. Sor'ﬁe
trouble had been encountered with this system (Figure 15), since light
from the hot sample atomizer was passing through the chopper blades,
reflection from the window of the hollow—cathoae lamp, and returning as
chopped broad-band light to the spectrométer and‘ data acquisition
system. The optical chopper waé removed from the system and ‘the
.regulated DC hollow—cathode power supply replaced by the cur‘fent
regulated pulsed hollow-cathode power supply. | Although light from the
atomizer still struck the lamp window and returned to the spectrometer
slit, it;_ was not choppéd_and the lock~in amplifier did,‘not;_ respond'td .
it. This improvemeht was made more attraétive by the fact fhat an
expensive regulated hollow—catﬂode power supply Qas replaced by an
inexpensive unrégulatéd DC supply, and the $600 optical chopper was
replaced by an inexpensive pulsed current regulator.'

3.3 A Background Emission Correction System for Atomic Absorpiiion
Spactroscopy o ' S

3.3.1 Introduction

Two major problems are encountered dufing the measurement of a
sample's absorbance in an atomic absorption spectrophotometer. One is
£he problem of broad band absorpti_on by ga~seous molecular species in
the optical path. The other is broad band emissiop by the sample’

atomization chamber when operated at high temperatures. The problem of
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Figure 15. Elimination of interference from furnace background light. The
conventional system had been bothered by light from the furnace passing through the
chopper blades, reflecting from the lamp window, and returning to the spectrometer as
chopped broad-band light. The pulsed hollow—cathode system eliminated this problem
and resulted in increased stability and more than an order of magnitude reduction in
the cost of the light source (power supply, hollow-cathode lamp, and optical chopper
system) .
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broad band absorption by gaseous molecular species has been handled in
a variety of ways, including the Hitachi Zéeman effect -(58—62.), various
wavelength modulation techniques (63-68) and‘ dual channel tec.hniql-le,s‘
(69-71). The technique most commonly uéed and v;rhiqh has been’ |
subsequently adopted by most all manufactﬁrei:s of atomic absorption
instruments for the correction of broad band absorption was first
described by Koirtyahann and Pickett (72,73). In this technique the
problem of broad band absorption is handiéd by directing a broad band
reference sicjnal (B, light) through the éample. If ' the spectral
bandpass of the monochromatpr‘ is large with respect to the band width
of the atomic absorption line, absorption will be principally broad
band. Absorption of the atomic species plus the gaseous molecular
spécies is determined by passing atomic light from an approprj.ate
hollow~cathcde lamp through the sample. “The background corrected

. absorbance is calculated by substracting the logaritfnn of the hollow— -
cathode lamp signal from the logarithm of the broad band reference lamp
signal. It should be pointed out, however, that aé the spectral |
bandpass of the monochromator approachés the band width of the atomié_ "
line the fraction of reference light on that atomic line becomes .
increasingly larger. Under these conditions inaccurate background-
correction results. A possible solﬁtion to this ovérlap probiem is to

use sequential hollow-cathodes (44). In' this system the reference
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S :
light passes through the elemental hollow-cathode where the atomic line

portion of the reference signal is removed by sputt'er'ed atoms present
inside the elemental lamp. This type of system could be vei'y useful
for .situations where very narrow sbectral bandpasses are required.

| Siemer (55) has pointed 6ut that errors can arise if the |
unmcdulated a't{)mic, black-body and moieéular‘ emission sign'éls are not
corrected for prior to logarithmic conversion. In electrothermal
atomizers this background emission signal can be very larée at higher
atomizing temf_:eratures (particularly at longer wavelengths) and must be
eliminated before the absorbance computation.:

An integrating background correction system was described by
Donnelly et al. (56). This system was .based oﬁ a four phase
opei:ational cycle with éata acquisition occurring during two of the
four phases and analog computation dufing ‘the othér" two phases.
Donnelly's system compensated for :sardple chambér emission by usihg AC
coupling at the input to the photomultiplier preamplifier. '

The background emission correctioﬁ system described in this
chapter is based on work earlier reporfed by Amepd (74,75). It, as iﬁ
the Donnelly system is also based on a four phase operation cycle but.'
measures the baékground emis_éion of fhe hot sainple coni:ainer in the
absence of éll other signals during oné phase of its cycle. This

signal is then subtracted from reference and atomic line signals
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acquired during the two subsequent.phases of t;he cycle, before
converting these values to logarithms for the absorbance computation.
Analog computation takes place while data is being acquired, thus
increasing the total time available for data adquisitiom

3.3.2 Circuit Description

The circuit diagram for the BECS unit is presented in Figures 16
and 17. Figure 16 comprises the timing section while Figure 17
presents the computation section of the BECS. Figure 18 illustrates
the various timing outputs of the timing section which drive the
electronic switches in both the lamp power supplies and the computation
section of the BECS. Figure 19 iilustrates the activity of the
integrators in the computation section of the BECS.,

Operation of the: system is baséd on a four phase cycle derived
from a TTL SN74155 decoder driven by a 7473 dual flip-flép and an
external crystal clock pulse. The 74155 decodér produces four equally
spaced negative logic signals. The first three are inverted to
positive logic by NAND gates (TTL 7400). These three positive true
signals provide the logic necessary to close Ehe appropriate switches
in both the HC and Hy power supplies and in the computation sectioﬁ of
the BECS. The fourth signal is used to gene;gte short "data transfer"
and "reset" pulses by triggering monostable multivibrators, A, B and G

Monostable multivibrator A generates the "data transfer" pulse.
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Figure 16. The circuit diagram for the timing section of the BECS. Of the four
equally spaced logic signals produced from the 74155, three are used to close switches
in the H, and HC 1amp power supplles and in the computation section of the BECS. The
last logic signal is used to trigger a series of monostable multivibrators which
generate successive "data transfer" and "reset" pulses.
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Figure 17. The circuit diagram for the computation section of the BECS. An amplified
P-M tube signal is presented at the "signal in," while the absorbance signal is
produced at "signal out" and may be fed to a recorder or a V-F converter and scaler
for digital integration.
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Figure 18. The various outputs of the timing section of the BECS with
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Monostable multivibrator B provides a 30 usec delay which assures tflat
all data is transferred before the integrators are reset by monostable
C. Note that a preset counter preceeds monostables A, B and C. This
.feature allows 1 to 15 separate measurements to be integrated in integ
rators INT A, INT B and INT C before the data is transferred through
the BECS (see Fig;.lre 19). | _

In the first phase of the four phase cycle, botﬁ.hydrogen

reference lamp (H,) and the atomic line sample lamp (HC) are allowed to

"idle" at a very low light output since both Hy and HC lamp drives are '

" in a "0" logic state, During this first phase ‘only the "furnace .
a@ire" oﬁtput is active causing switches SW 1 and SW 2 to be closed.
Aﬁ incoming furnace (or sample atomization chamber) background emission
signal is routed through IC, and is integrated by integrator.s' INT A and
INT B. Note that this signal is inverted in sign by I1C, before
application to the integrétors. During the second phase of the cycle
the "Hy acquire" goes to logic "1" which turns on the hydrogen
reference lamp and closes switch SW 3. A signal equal to reference
plus background emission is then accumulated by integrator INT A

~ Since the inverted integrated background emiésién .signal remained in
the integrator, at the end of Ehis phase INT A content will be equal to
[ (reference 'signal + emission background) - (emission backgropnd)] =

reference signal. During the third phase of the cycle the "HC acquire“

DLl —
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goes to logic "1" turning on the hollow-cathode sample lamp, closing
switch SW 4 and a similar accumulation of the atomic line sample signal
takes place. At the end of this phase INT B content will be equél to
[(sample signal + emission background) - (emission backcjround)] =
sample signal. During the fourth and final phase of the cycle these
signals are transferred to sample hold circuits SHy and SHy, the

integrators are reset and the data acquisition cycle is repeated. -

During the second phase of the next acquisition cycle, switches SW

5 and SW 6 close, transferring the emission corrected reference signal
through the 755P logarithmic amplifier and the inverting amplifier IC3.
- This signal is integrated by integrator INT C. During the third pha;se
of this next acquisition cycle, switches SW 7 and SW 8 close,'
transferring the emission corrected atomic line sample signal through

| the 755P logarithmic amplifier and the non—inverting follower -

amplifier IC4e This signal is integrated by integrator INT C. At the

end of this phase the output of INT C will be equal to [(log reference
signal - log sample signal)] = log Io) I = absorbance. Duririg the
foﬁrth phase of. this next acquisition cycle this absorbance signal is
transferred to sample hold SH3-and the i_ntegrator is reset. The output
of the BECS at this point is proportiénal to the absorbance of the |
sample data receive in the previous cycle,,. At reasonably fast clock

rates this one cycle lag time in the signai received and the. absorbance

L I )
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signal produced by the BECS presents no problems in practical analysis.

In order to assure proper operation of the BECS several criteria

must be met:

a)

b)

c)

d)

e)

All input signals to the BECS must be of positive polarity.

Potentiometer Pi must be adjusted so the magnitude of the

input signal (at the ouput of IC;) matches the signél at the

output of IC, (M;) but is opposite in polarity. '
Potentiometer'Pz must be adjusted to assure that the RC time
constant of integrator INT B matches that of INT A. This can
be accomplished by monitoring both integrators ‘at My and M3
and adjusting P, until equal integration is achieyed when both
reference and sample signals are equal.

Finally, pote'nt’iometer Py must be adjusted, to xﬁake the gain‘
of amplifier IC; equal to -1.00. The output voltage of the
BECS will then be zero when both reference a.md. sample signals
are equal.

The system may be conveniently set up using an oscilloscope to
monitor the lamp and furnace emission signals at the input of

the BECS.

3.3.3 ' Experimental Results and Discussion

A block diagram of the system is presénted in Figure 20, A

Woodriff furnace electrothermal atomizer was used for the sample
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Figure 20. The overall system diagram.
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atomization chamber. The P-M tube was a RCA IP106 powered by a Fluke
412 high voltage power supply. A Beckman DU type monochromator with a
0.10 mm slit was also utilized. ’i'he circuit of the input amplifier 'is
illustrated in Figure. 21 and wés operated in an inverting current
follower mode. The circuit of the voltage to frequency (V-F) converter
is illustrated in Figure 22. The crystal clock and hblléw_—cathode lamp
power supply were identical to the ones described in a prévioué section
(76). The reference lamp power supply (which drove a Beckman type
96280 Hy lamp as described and utilized by Donnelly) was identical to
the hollow—-cathode lamp power supply except that thg sensiqg resistor
(Rsense) was changed from 100 to 10 ohms and a 25 watt light bulb was
used as a load resistor (Ry). (A 2.5 volt transformer was also added
to power the lamp heater contained inside the Beckman Hp lamp.)

" In order to properly evaluate the stability of the BECS, a test
was made to show the system's ability to measure a constant simulated
absorbance signal over a reasonable time 'period._ After the referencé
and sample lamps were balanced to equal ’intensit.i‘es, an ébSorbance was
simulated by decreasing the current flowihg through the sample lamp. -
The resulting output from the BECS was digitized -by the V-F converter
and counted on a scaler. A programmable crystal-controlled timer

attached to the scaler allowed this output' signal to be counted for a

fixed time period. The output of the BECS was counted and recorded at
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40 sec intervals. Results of this test are plotted in Figure 23.
Three hundred and' sixty samples were taken; 72 points were plotted by
averaging groups of five sampl‘es° This test shows a larger than
expected drift of the BECS output over a four-hour time period (2.45%
relative standard deviation). The reference and sample lamps were
‘suspected to be the major cause of this drift and similar stability
tests on their output as seen by the P-M tube were made. For these
tests the P-M tube signal was fed through the input amplifier Eo the V-
F converter and was likewise counted by the scalerv with the attached
programmable timer. The klamps were allowed only a three minute warm up
prior to sampling their output intensities. Results of this data are
also plotted on Figure 23. Observations of this figure reveal, even
after a one hour warm up, thg intensities of both lamps drift while .
operating under constant current regulation. Differences in the rates
of drift for both lamps partially account for the behavior of the BECS
output. To prove this statement, non-drifting lamp intensity signals
were needed. These signals were simulated electronically by the
summing amplifier diagrammed in Figure 24. 'The output of this
amplifier was fed directly to the iﬂput of the BECS. The BECS output
was digitized, counted and recorded as before. | Results of this dat_a '
showed a relative standard deviation of 0.59% over a four_—hour period.

Apparently the weakest link of the system is loné term lamp drift. We
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are currently exploring additioh of a feference ‘beam system w'hich‘ will
monitor and correct for long term lamp drift. | ) |

The system was next tested for its broad band emission correction
abilities. Unfortunately, at the time of this experiment, the atomizer
had recently been rebuilt and was contamj.nated with elements which
require higher atomization temperatures (such as Cu, Al, Fe, and Ni).-
However, the atomizer was free of Pb, which requires a lower
atomization temperéture (1800°C - 1900°C). This lower temperature
produces an emission signal of only 1-2% of the sample sj:gnal (HC lamp '
intensity). A larger atémizer emission was simulated by incr:easiné the
idle current of the reference lamp. This had the same effect at the P-
M tube as increasing background due to higher atbmization temperatu;:ese
Lead standards were analyzed and the results of this test showed goqd
reproducibility (maximum rela_tive standard deviation of 5.6%) and good
linearity at very low concentrations (1 to 3 x 10710 grams of Pb) ‘w,ith
an effective atomizer emission of 12% of the' sample signal.

The system's ability to correct for broad band absorption was

tested as three different magnitudes of. broad band absorption. KBr was

used for matrix material to decrease the intensity of the reference
lamp. This material c_:aﬁsed nonconsistént decreases of the reference
lamp intensity at equal concentrations (deviating as much as +40%).

Approximately 104 to 10° times more KBr than analyte was used. Ir_i _each
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of these three tests graphs were made containing two lihear plots -
calculated with a linear _regress_io'n program on a Hewlett Packard 55
calculator. One plot consistéd of samples' containing only 'analyte (Po)
while the other was a plot of samples co'ntaihing both Pb érid KBr, .'l‘he
difference between the two linear plots on each of the three graphs is
a measure ofl the system's ability to correcﬁ for'bx;oad band absorption.
The three different magnitudes of broad band absc;rption were
approximately 12%, .55% and 63% decreases in reference lamp intens.J'.tJ'.e‘s°
The maximum deviatiohs of the Pb and KBr plot from' the Pb only plot
were found be be 2.4%, 0.9% and 2.2%, respectively. The results of {:he
last of these tests is plott;ed 1n Figure 25. |

3.3.4 Conclusion

The background emission correction system (BECS) has been shown to
be quite stabie (0.59% relative standard deviation &er a four—hour
time period) and able to efficiently correct for both broad band

emission and absorption.
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CHAPTER 4
Optimization of the Constant Temperature Furnace

4.1 Introduction

Internal graphite part dimensions affect the overall temperature
profile. Since the furnace is heated by resistive heating, changing .
the internal part size changes its resj.stance, thus changing its power
dissipation. Thermal conduction of these parts can also be a factor in
producing the overall temperature profile.

The work described in this chapter relates the effeéts of
structural design chaﬁges on temperature profiies and the effects of
some operational parameters on samplé. signals. All work is aimed at
optimization of the constant temperature furnace as an analytical tooi

for atomic absorption.

4.2 General Experimental
4.2.1 Flectrical
The overall system used was identical to the one descrlbed 1n
the previous chapter (54) abbrev1ated BECS. Sample s:Lgnal traces were
| compared to each other by use of the sample insertion marker diagramed
in Figure 26. This module was conneéted between the BECS outputs -and
the strip chart recorders. The reference s:Lgnal was momtored by

attaching a wire to the 741 operational amplifier followmg the sample

Ll
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Figure 26. Circuit diagram of the sample insertion marker. The flag
on the furnace's pushrod blocks light from the DC light source causing
a momentary voltage to be summed with both the absorbance and
reference signals. This results in the appearance of a small mark on
the strip chart recorder, signaling the completion of the sample
introduction.
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hold circuit SH; .inside the BECS. The flag attaéhed to the pushrod of
the atomizer was set to block light coming. from the DC light source 5
mm before. the pedestal mates with the cons',.triction af f.he top of the
side tube in the furnace. This results in the appearance of a émall
mark on the strip chart recorder tracing as the pedestal seats with the

cup chamber.

4.2.2 Reagents ar;d Materials

All chemicals used were of analytical grade. Distilled deionized
water was l_lsea for making all solutions. Pb stahdafds. were prepared by
dissolving Pb metal in distilled nitric acid. A 3.500 X 10""4 g/l Pb
stock solution was prepared by appropriate dilution. An 11.000 g/1
stock solution of #57i MBS orchard leaves was prepared by digestion in
distilled nitric acid. Orchard leaf samples were pipetted off the top
of the solittion as a small residue remained undissolved. A 1% NaCl . --

stock solution was also. prepared.

4.3 Experiménts, Results. and Discussion

4.3.1 Effects of Structural Changes on Temperature

Internal graphite parts of the three phase furnace shown in Figure
7 have typivcally been constructed from Po'co’ gfaphite AXFSQ rod stc'>c‘k
with the following dimensions: heater tube 9.53 mm O.D. X 7.94 mm

I.D.; side tube 12.70 mm O.D. X 10.26 mm I.D.; end 'post_s 9.53 mm O.D., X.
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6.35 mm L.D. These sizes were originally chosen for reasons of ease of
construction, considering rod stock available and mechanical |
constraints. |

Several slightly varying sizes of these internal parts were
constructed and systemafically substitdted one at a time into the
standard size system just described.. Overall hgater ‘tube temperature
* profiles of each modifiéd system were measured in order‘to determine
the optimum syéfem. |

An optical gyrmnefer was used to determine the temperature
profiles' inside the furnace: These measurements were taken by focusing
through quartz piates (located. in the lens caps) onto differept shaﬁ)ed
graphite markeré placed alohg the length of tﬁe heater. tube.
Temperature profiles up the side tube _wer:e' similarly taken by replacing
- the pushrod cap with a quartz plate. The markers inside the furnace - .
were made small enough to have a mi,nimal.effect;_ on the actual '
temperature profile. Temperature differeﬁces of  about 10°C could be -
differentiated by this method.

Cpmpai;ison of results was difficult because of the deterioration
of the graphite heater tube as operating time increaéed. Moét of this
deteriorat;.ion is caused by the reaction of graphite with trace amounts
of oxygen present in the atomizer. Deteriorated heater tubes weigh

less, have smaller cross-sectional areas, draw less current at the same
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voltages and thus dissipate less power, lowering thé overall
temperature profiie. Thé amount of temperature lowering due to
deterioration was estimat__:ed by weighing the heater tube prior to
operating the furnace with each new part substitution. With this
information the temperature profiles 6f eaéh system were corrected to
one with an undeteriorated heatgr tube by use of a temperature versus
heater tube weight curve. This curve was constructed by measuring the
average temperature of several heater tubes in varying degrees of._
deterioration at equal furnace voltage settings. The temperature
versus heater tube weight curve is quite linear for heater tubes of the
same initial dimensions. |

The resulting heater tube weight corrected temperature profile
curves for each part-substituted system at a furnace setting- 6f‘ 7.0 |
volts per leg is shown in Figure 27, (Otherlvoltage settings Shqw
similar temperature profiles.) Note ‘that all curves show a very hot
center temperature compared to the ends of the heater tube. This is

due to the increased current flow through the center "tee" section at

equal leg voltage settings in three phase powered furnaces (77). The - -

more uniform temperature profile shown in Figure 5 was achieved by
dropping the side tube vbltage to about half the value of the other two
~ legs. Curve A depicts the resulting temperature profile of the

standard size graphite parts system having the dimensions previously
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Figure 27. Effects of internal graphite part changes on temperature profiles inside a
three phase furnace operating at 7.0 volts per leg. Use of standard sized parts
results in Curve A. Curves B, C and D result from the substitution of increasingly
thicker side tubes. Curves E and F result from the use of thinner and thicker end
posts, respectively. Substitution of a thicker heater tube produces the temperature

profile indicated by Curve G.
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describéd. 'i‘he side tube substitutions used to generate curves B, C
and D had progressively increasing cross sectional ai:éas. The
dimensions of these side tubes were 12,70 mm 0.D. X 9.80 mm I.D.; 12.70
mm O.D. X 9,58 mm L.D.; and 15.88 mm O.D. X 10.26 I.D., respectivelys
All three raise the overall temperature profile of tl';e l;leaier tube,
probably due to increased electrical coﬁduction and lesg; powér beiné
dissipated across the side tubes themselves. Curve C has a slightly
greater - temperature profile than curve B, This is due to tﬁe larger
cross sectional area of the side tube. However, the side tube used to
generate'curve D, with its even larger cross sectionai area, appears to
slightly decrease the overa@ll temperature profile. O(.mtin.ually
increasing the cross sectional area of the side tube results inl

decreasing the temperature profile because thermal conduction away from

the heater tﬁbe becomes significant. The:temperature profile down the -

side fube for these three side tube substitutioﬁs shows this cooling
effect. The thickest side tube :(curve D) shows the largest temperature
change down the side tube. This is a desi-fable trait in order to
minimize premature at&mization of samples upon insertion. Incréasing .
or decreasing the size of the cup chamber-at the top of the side tube
shows little effect on overall teﬁperaturg profiles. Thus, it is

better to manufacture cup chambers as thick as possible since ‘thin cup

chambers tend to burn out rapidly due to close proximity to sémples and
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sample cups con‘tain"i‘ng trace amounts of oxygen. A thick -cué chamber

- also has the advantage of minimizihg temperature decreases as samples
are inserted, resulting in a more répid atomization as discussed by
Marinkovic et al. (49). Curves E and F resulted from different sized
end posts having the dimensions 8.43 mm O.D. X 6.35‘ mrﬁ I.D. and 11.11
mm OD, X 6.35 mm ID., respectively. The lower temperature profile
generated with use of the thinner end posts results from decreased
electrical conduction to the heater tube. The thinner end posts
dissipate enough power themselves that they expand significantly,
pushing and bending the heater tube away from the .opticalipath. Use of
the thicker end posts, depicted by curve F, greatly raises the overall
temperature profile by increasing the electrical conduction to the
heater tubes and by dissipating less power themselves. Although iarger
end poéts were not tried, it is suspectea that increasing the size of
‘the end posts too mucﬁ will cause the temperature of the heafer tube
.ends to decrease from thermal conduction. Curve G results from the use
of a thicker heater tube,. The dimensions of the heater tube used to
generate this curve were 9.53 mm O.D. X 7.14 mm ID. The temp'eratur;fe
profile of this tube is much higher than the standard tube solely due
to its decreased electrical resistance. This tube draws much more
current at the same .voltage s_etting than its thinner counterpart 'ar'ld

" thus dissipates more power.
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In conclusion, the optimum sized graphite parts to use in this
three phase furnace would be the thicker end posts, a standard size-
heater tube, and the thicker side tube used to generate curve C
constructed with a thick cup chamber. A thicker heater tube is not
recommended as excessively large transformers would be required_ to
handle the resulting high currents. Manufacture of the thicker side
tube should be done by increasing Ehe outsidé diameter rather than
decreasing the inside. This is because it was found that side tube
contamination occurs as a result of the sample pedestal physically
contacting the inside of the side tube. Side tube contamination was a
problem which \plaguecll earlier furnace mcdels. Contamination on the
pedestal and sample cup would be transferred to the side tube wallvand
back again 'randomly as samples were inserted. This caused increased
analyte signalé in some cases and decreased analyte signals in others.
Enlai:ging the inside diameter of the side tube along with the addition
of a pushrod guide to stop pedestal wobble eliminated this problem.

4.3.2 Effects of Argon Flow and Sample Insertion Rate

Figure 28 shows the effect of temperature on absorbance for two
different argon flow rates and two different sample pedestals. Both
peak height and peak area are shown for the ground state 283.3 nm Pb
line. 2.8 ng_. of Pb was used to produc‘;e the absorbances of all curves

shown in the figure. All points shown on curves are mean values
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calculéted from analysis of five to ten samples each. All peak aréa
curves show a decreasing absorbance as the temperatufe increases. This
is caused by decreasing analyte residence times in the heater tube as
increased temperatureé increasé the overall diffusion rate. All peak
height curves show larger absorbances as the temperature increases.
This is due to faster vaporization and'atomizatiop rates at higher
temperatures. Addition of 40,000 ng of NaCl did not affect any of the
peak area absorbances. The physical condition of the pedgstal doés
affect both peak area and peak height absorbances. Pedestals are
originally made to mate tightly with the constriction‘at the top of the
side tube. If this seal is'tight, Ehen samp&é vapor coming out of the
crucible reéting on the pedestal can only flow into the heater tube.
However, pedestals tend to deteriorate raéidly because of their close
proximity to the sample and the constant'exposure to atmosphéric oxygen
when the sample port window is opened. Argon is introduced into the
furnace slightly above the sample port window which flows out of the
sample port when opened. This helps reduce deterioration, but even |
minor detérioration causeé the mating face of the pedestal to bécomel
inefficient in sealing.' As a consequence, after a short amount of use
on a new pedestal, argon flowing pasf thié deteriorated seal can affect
" the residence time of the analyte in the optical path. Curve A in

Figure 28 results from the use of a new pedestal at an argon flow rate
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of 300 m1/min and the use of an old pedestal at 40 ml/min. These
curves are statistically the same for both conditions because the new'
pedestal effectively seals and stops the majority of the argon flow.
The use of an old pedestal at 300 ml/min, as shown by curve C, results
in much lower peak area absorbances. This is due to argon flowing past

the deteriorated pedestal seal sweeping the analyte out of the heater

tube, reducing analyte residence time. Curve B results from the use of

a new pedestal at 40 ml/min. The_se conditions would be expected to
produce a curve that matches curve A. However, the lower absorbances
actually observed probably result from back diffusion of some of the
analyte vapor past the pedestal seal into the side tube, rerhoving them
from the optical path. Argon flow at 40 ml/min is stopped well enough
to allow this back diffusion process to occur using a new pedestai,
Evidence of this theory comes from the observation that if the pedestal
seal is cracked open after the maximum peak height has passed, an
increase in abéorbance is observed which results in a total peak area
absorbance equal to that depicted by cuﬁe A, Addition of 40,000 ng of
NaCl does affect peak height. Curve D results from a new pedestal used
at an argon flow rate of 300 ml/min and 40 ‘ml/min and an old pedestal
at 40 ml/min. Addition of chloride with these same conditions produces
larger peak height absorbances as shown by curve B This increase in

peak height absorbance is probably due to PbCl gas carrying the Fb out
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into the optical path faster ~than Pb woﬁld alone. This early Pb
appearance time, which can cause matrix interferences with small pul'éed
type atomizers (22,78), is easily seen on the strip chart recorder
tracings diagrammed in Figure 29. Curve F in Figure 27 resulted from
an old pedestal used at an argon flow rate of 300 ml/min. The peak
height absorbances are much higher due to argon flowing past the
pedestal seal driving the analyte vapor into the optical path faster
than the normal diffusion rate. Addition of NéCl, as would be
expected, has no effect under these conditions.

Sample insertion rates can also affect peak area and peak height.
absorbances. Samples are inserted into the furnace. by placing them
through the sample port window and pushing' the pedestal up until
contact is made with the cup chamber. If the pedestal is pushed up too
slowly, premature vaporization and afomization can take place. Atoms
can be trapped inside the side tube, consequently not entering the |
optical path for detection. This problem becomes worsé af higher'
temperatures, especially for the more volatile elements. Proper design
of the side tube, as previously discussed, can help alleviate this
problem. Results of studies on this effect ére shown in Figures 30 and
31. The fast insertion rate required apiaroximately 1/3 sec while the
slow insertion rate required approximately 3 sec to complete. Two

different argon flow rates, 240 ml/min and 40 ml/min, were also
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Figure 29. Diagram of strip chart recorder tracings showing the effect
of 40,000 ng of NaCl on a 2.8 ng Pb signal at 1175°C in a three phase
furnace. NaCl causes the Pb signal to appear earlier, increasing the
peak height while the peak area remains the same.
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average furnace temperature of 1750°C are shown.
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2.8 ng of Pb measured at the 283.3 nm line inserted into a three phase
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included with this study. Fiéure 30 show5 fhe effect of these
parameters on standard absorbance versus concentration plots fdr both
peak height and peak area. All linear plots were calculated with a
linear regression program on a Hewlett-Packard 55 calculator.
Extracted MBS orchard leaf samples were also analyzed under eaéh
condition and the resulting Pb concentrations calculated v}ith the same
linear regression proérama The peak area plot for the fast insertion
rate at an argon flow of 40 ml/min has a higher absorbaﬁce than the
fast insertion rate at 240 ml/min. This is due to a slight
deterioration of the pedestal at the time of this experiment. Peak
height plots of thé fast insertion at an argon flow of .240 ml/min' and
the fast insertion at 40 ml/min are statistically identical and are
shown as one plot. This is expected from the temperature versus
absorbance data previouély discussed. Increased absorbances for peak
height ploté at slow insertion rates are caused by premature
vaporization and atomization.. The ana;Lyte vapor prematurely produced
is probably kept slightly ahead of thé advancing pedeétal by the high
argon flow rate of 240 ml/min creating the large observed peék height.
However, at only 40 ml/min, argon flow is slow enough that sample vapor
probably cannot keep up with the advancing pedestal. This reéults in
trapping some of the sample vapor in the side tube 'lowering' the pgak

height. Since the pedestal is slightly deteriorated, most of the
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trapped vapor is ultimétely pushed pést the seal into the optical path
adding to the peak area absbrbance. Some of the trapped analyte vapor
probably finds its way through the porous graphite walls and is lost.
The fraction lost in this manner apéears to become significant at lower
sample concentrations. . &his statement results from the observation |
that the mean peak area absorbance at 40 ml/min for 1.4 ng of Fb is
statistically lower (at the 95% confidence level) than the 240 ml/min
value. Premature vapori'zatidn and atomization at slow insertion rates
can be seen on the strip chart recorder traces diagrammed in Figure 31.
Peak area data for the slow insertio_n rate at 240 ml/min is very
erratic and not very linear. Use of linear regression to gfaph this
data produces a misleading plot and is thus not shown in Figure 30.
The values of Pb analysis on MBS orchard leaves for the following
insertion and argon flow rates:v fast at 40 ml/min, fast at 240 ml/min,
slow at 40 ml/min, and slow at 240 ml/min are 44 ug/g, 52 ug/qg,

41 ug/g, and 26 ug/g for peak areas and‘ 42 ug/g, 50 ug/g, 34 ug/qg,
and 37 ug/g for peak heights, respectively. The Pb values found for
the fast insertion rate at an argon flow rate o_f 40 ml/min~ for both
peak area and peak height agree quité well with the 44 ug/g Pb value
listed by NBS. The other operating conditions result in larger
deviations. The higher argén flow rates were found to cause average

relative sample standard deviations ’over_twice as large as that of
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slower flow rates.

The conclusion of these operating paramet:er'st'udies is that
optimum results can be attained by using low argon flow rates combined
with fast sample insertion. However, slowing argon flow too much can .
lead to rapid deterioration of internal graphite parts due to back
diffusion of atmospheric oxygen. A stop flow system during sample
insertion and atomization, as implemented on some commercial atomizers,
also méy not be a good method due to bfack diffusion of sarﬁple vapor
down the side tube. DPeak area absorbances should'be used as they' are
much more reliable; matrix materials seem to have no significant effect
on their values as :compared to peak height measurements where matrix

materials do change peak height values.

4.3.3 Three Phase Versus Single Phase Furnaces

Questions have arisen during the design and implementaion of three
phase furnaces as to whether they are significantly beﬂ%er than single
phase furnaces,‘ so as t'o' necessitate the extra expense and constrpcfion
complicatioﬁs. Thére is nd ‘doubt that three phase ,furnacés have a much
more uniform temperature profile than single phase furnaces. Whether
this temperature profile differe;ice really'affécts saﬁple analysis is a
question which has been previously unanswered. An éx’periinent was
performed to compare the two systems. In order to eliminate-possible‘

~ effects from movement of two completely different furnaces on and off
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the optical rail, the single phase temperature profile was simulated in
the three phase furnace. This simlilation 'was déne ‘by reducing the
current flow through the side tube by use of an external resistor and
by attaching massive graphite parts to the end of the heater tube.

This simulation was oniy partially successful at atﬁaining the actu_al :
temperature préfile of a reai single phase furnace. ‘_'l;he simulated
temperature profile used for this study is shown in f‘igufe 5. Standard
Pb concentration versus absorbance curves for each system were
statistically the same for both peak height and peak area absorbances.
Pb analysis on NBS orchard leaf extracts wefe likewise identical.

The conclusion is that for routine analysis, a single phase.
furnace would perform ‘equally as well as the more complicated three
phase furnace. However, for special applications where uniform
temperature profiles would be heipful, such as vapor pfessure
measurements (51), a three phase‘ furnacé would be worth the expensé.
In the .past, single phase furnaces have ofﬁen had the problem of
attaining very high femperatures. Three phase powering delivérs much
more power per unit time to the heater tube. Very high terﬁperatures
are thus more easily attainable with three phase furnaces. .Althodgh
not found in this study, possibly ‘beca'use of fhe inability to correctly
simulate a single phase furnace temperature profile, variation in

heater tube temperature as a sample passes down the tube might possibly
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cause interferences for samples with complex matrices. If true, then a

three phase powered furnace will prove a worthwhile investment.




CHAPTER 5
_Conclusiéns and: Suggestions for Further Work

Design changes discussed in this thesis have improved the overall

efficiency and have made the constant temperature furnace (CTF) a much

more easily manipulated atomizer than the first early‘ models. Detailed
studies of the effects of various operational parameters on the CIF
allow trace metal analysis to be performed at optimum furnace
conditions. New supporting électronics combined with a modern CTF
produce an atomic absorption system capable of accurate analysis of
samples difficult to analyze on a ﬁormal atomic absorption
spectrometer. CTFs freedom f;'om matrix interferenées makes them ideal
tools for both routine analysis of samples with complicated matrices
and research applications. CTFs are versatile. Liquid' samples
nebulized and dissolved can be introduced directly into the furnace. ‘ .
Solid or liquid samples in graphite crucibles can be prepared 100
samples at a tilﬁe under appropriate conditions without tieing up the
instrument. Particulate matter filtered from air or liquid samples
through porous graphite crucibles are inserted directly into the
furnace thus eiiminating sample preparation ané contamination. Brdad-
band absorption from organic material can’ ordinarily be reduced to a

manageable level by use of graphite crucibles with porous lids.

Ll
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It is difficult to understand why so many manufacturers of
commerical atomic absorption instruments have expended vast amounts of
time and money putting modern electronics, optics and computers with an
atomizer that does not provide a dependable measure of the analyte
present. I anticipate an increase in the utilizafion of constant
temperature furnaces over the next decade as manufacturers strive to
develop more accurate atomic absorption spectrometers.

Future studies using the CTFs are endless. Direct analysis of
many samples previously impossible to analyze by atomic absorption may
now be possible using thé CTF, Successful mating of CTFs with gas
chromatographs and mass spectrometers may produce an ideal tool for
high temperaturé 'studies of chemical react;ioﬁs, Simultaneous
measurements of atomic emission and atomic absorption may be possible
with a slight modification of the BECS system described in this thesis.
Since the furnace emission signal is examined in absence of the
reference and atomic line signals inside the ﬁECS, an integr'ation'and
sample hold circuit for the emission signal alone can be added without
disrupting the absorbance computation. This emission signal can be
output to a V-F converter and counted on a scaler. By masking off the
furnace light portiori of the emission signal with the offset control on
the V-F converter, both atomic emission and atomic absorption can be

moni tored. Although the number of excited state atoms at obtainable
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furnace temperaturés ié low for many elements, some elements should
have sufficient emiésions to make these measurements worthwhile.
Simultaneous emission and absorption measurements may not only help
widen useable concentration ranges but may ptove‘ﬁseful in studying
distribufion of ground state and excited state atomé unde; varying

conditions.




APPENDIX

A Temperature Controlled Annealing Oven for Glassware

Introduction

Sample cruciblé contamination can be a serious problem in atomic
absorption analysis with a constant temperature furnaﬁ& Clean
crucibles must be stored in a clean chamber to prevent unwanted
contamiﬁatiom A very good crucible storage chamber can be made from 'a
pyrex petri dish. Small sections of pyrex tubing are cut and attached
to the bottom half of the petri dish to hold the individual crucibles.
Crucibles can be carried into the field withéut rearrangment or
contamination by taping closed the small gap present between the two
halves of the petri dish. Attachment of fhe tubing sections to the
bottom half of the petri dish is difficult. The use of glue has proved
unsatisfactory because of its lack of fesistance to acid cleaning‘
solutions. Direct use of a torch to seal the tube sections to the
petri dish results in cracking. An oven is necessary to preheat the
dish prior to application of a hénd torch. Muffle furnaces have been
used but temperature control and proper annealing of the finished
" product is difficult. A temperature controlled annealing oven made for
glassware is the best sblution to this problem. |

Annealing depends on two factors: time and temperature (79). As
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the temperature increases, the time to relieve strain is decreased. -
Heating rates in an annealing oven cannot be toco rapid or cracking can
occur. Cooling rates cannot be too rapid or strains will redevelop.
The oven presented here controls the heating rate -and the soaking time

at a maximum temperature required to properly anneal glassware.

Circuit Description

The circuit diagrani for the temperature controlled annealing oven
is shown in Figure 32. The two 8 ohm resistors used for heating
elements inside the oven are made from .No 16 gauge nichrome wire,
Current flow through these heating elements is controlled by gatiné on
and off two 2N5445 power triacs via two Motorola MOC3030 IC chipé. The
MOC3030 is an optically coupled zero crossing triacA which allows
isoiation of AC line voltage from léw Qoltage digital logic. ‘Zer..'o _
logic applieq to pin 2 of the MOC 3030 turns on. an internal LED which
gates on‘an infernal triac connected between pins 4 and 6 if the
applied AC voltage is .near zero potential (thus 'thé name zero Crossing
triac). Once a triac is gated on it continues to conduct until the
applied voltage crosses zero. Turning on high power traics using small
integrated circuit chips can be difficult because of the fairly large
gate currents required. The MOC3030 is: rated at a maximum of 100 mA
continuous operation. This is not enbugh to drive a high 'powe_r triac.

‘However, this IC ship can handle .up to 1.2 A of momentary surge current
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which is capable of driving even theilargest currently available power
triacs. Current regulation through the heating elements with the power
tfiacs may be understood by following the AC voltage changes starting
from the time the AC voltage crosses zero. If the triac inside the
MOC3030 is gated on, current will flow throuéh the 180 ohm and 2.2 K
ohm resistors as the voltage increases. The potential at the power
triac gate likewise increases and current flows into the gate since t_he:
resistance from the gate through the triac to ground is low. When the
current flow into the gate is sufficient to turn on the power triac, -
the voltage drop across the triaé drops dramatically. Thus, current;'
flow through the MOC3030 triac alsb drops, protecting the IC chip from
excessive power dissipation.- Temperature inside the oven can then be
controlled by how -often. the LED-triac couples inside. the MOC3030s are
turned on with the 7400 NAND gates. These NAND gates are regulated by _
the comparitor circuit IC 10.° IC 10 compares the output of IC 9 with
the potential set by the potentiometer labelled MAX TEMP ADJ 2. A more
positive potential from IC 9 inhibits oven powering Wﬁile a more
negativé potential turns oh the LED-triac couple. The output of IC 9
is determined by the summation of the thermocouple signal from IC 1 énd
the pulses coming from theh pulse generator IC.'B. 'Logic' one pulses from
IC 8 drive the output of IC 9 negative, turning on the‘oven power. '

Increasing temperature sensed by the thermocouple drives the output of
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IC 9 more positive. The potentiometer in' the comparator ci'rcuit can’
thus be adjusted to inhibit oven powering at any desired temperature.
The temperature inside the oven can be held at a fairly constant
maximum value with this arrangement. ICs 2 through 7 regulate the
amount of time the oven is held at this maximum temperature. IC 2
amplifies the thermocouple sihgnal.. The cbmparator circuit IC 3
compares the output of IC 2 with the potential set by the potentiometer
labelled MAX. TEMP. ADJ. 1. When the output of IC 2 becomes more
positive than this potentiai the output of IC 3 drops to zero
triggering the J-K Flip Flop IC 4. This causes illumination of LED 2
indicating the maximum temperature has been reached; while triggefing
the monostable IC 5. The short pulse produced from IC 5 is necessary
“to trigger IC 6 which is wired as-a long time period monostable capable
of logic one pulses up to 15 minutes_loﬁg. The length of . this
monostable controls the time period the oveﬁ is held at the maximum
temperature. The falling edge of this mon’ostabie pulse at the end of
the time period triggers IC 7 which stops the pulse generai:dr IC 8.
LED 3 is also illuminated indicating the end of the time périod at
maximum temperature. LED 1 indicates when power is appiied to the
heating elements. During the heating up of the oven this light ‘
flickers at a rate determined by the pulse widths of IC 8. Once the

maximum temperature is reached this light comes on periodically as
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power is applied to hold the temperatufe constant. When LED 3 is -
illumipated LED 1 remeins off and the oven stares to cool down untill
the heating and holding cycle is started over again by momentarily
closing the reset button. | ' | ' '

The rate at which the oven heats up can be important. . Too fast a
rate can crack strained élesswork.- Too slow a rate can take
excessively long time periods to reach the maximum temperature. | -

Regulating the length of time IC 8 is at logic one changes the
length of time the heating elements are powered, The rate of oven
heatmg can thus be changed by varying the logic one pulse widths.
Increasing the resistance with the RAMP RATE ADJ. potentiometer speeds
up the heating rafe. The heating rate can be adjusted for slower rates
by inserting the exclusive OR gate'with- SWITCH 2. |

The rate of cooling is not directly controlled by the electrical
.cireuit, but is limited by the insulating ability of. the oven shell.
Controlling the cooling rate in this manner is adequa‘te while greatiy

simplifying the electrical circuit.

Experimental Results and Discussion

. The annealing oven used to test the previousiy deécribed control ‘
circuit was made from an eld discarded ele'ctrie pottery kiln. Burned
out heatmg elements were replaced and the control c:.rcultry was

attached with proper heat sh1eldlng. An 1ron—constantan thermocouple
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was used and output to a front panel to monitor the oven teniperature
using a digital millivolt meter; A soaking temperature of 580°C was
chosen for annealing the mixed sizes of pyrex glassware_ typically made
and repaired in a general .laboratory. Both MAX TEMP. ADJ,
potentiometers were adjusted to iiluminate, LED 1 (controlled by ADJ. 1)
when LED 3 first turns off (controlled by ADJ. 2) at 580°C. A soaking
time of 13 minutes was established by adjusting the TIME AT MAX. TEMP.
ADJ. potentiometer. The soaking time can be measured by observing the
time between illumination of LED 2 énd LED 3.

The amount of power on state required to achieve a certain heating
rate depends a great deal on the inshlting ability of the oven. The
heating rates decrease as-the temée'rature' increases due to heat B
dissipation. If the heating rate is set while the oven is cool, the
oven may not achieve the desired maximum temperétu’re due to this heat
aissipatiqm The heating rate. must be set when the oven temperature is'
near the desired maximum temperature. A heating rate of 10°C/min at
-. 560°C resulted in a 40°C/min rate near room tempefatur;e. (This heating
rate can be slowed to 20°C/min without adjusting the pc;tentiomete;: by
inserting the 100K ohm reéistor instead of .the 10K ohm resistor on IC'8
with SWITCH 1. This switch can be used to initially heat up highly
strained glasswork.) The overall annealing cycle required

approxifnately 3 hours (1 hr for heating up and 2 hr for cooliné off).
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Much better control could be- achieved by converting to
microprocessor control. Propéf software programming with ter;nperature
feedback could result in a steady heating rate as well as.a coptrollea'
cooling-off rate not available with the system presented here. The
cost of such a system however would be considerabiy higher.
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