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1

METHOD FOR DETERMINING THE
CONCENTRATION OF A METAL IN AN ALLOY
~ MELT

This application 1s a contmuation-in—paft of 'appli_ca-

tion Ser. No. 31,425 filed on Apr. 14, 1970 now aban-

doned which in turn is a continuation-in-part of appli-
cation Ser. No. 704 863 filed on Feb. 12 1968 now

abandoned.

This invention relates to an electrochemlcal cell for
the determination of the concentration of a metal in
molten metal alloy or a mixture of molten metals. The
method of this invention is an important tool to the pro-
cess metallurgist in the preparation of alloys. |

Prior to applicant’s invention 1t was not p(}SSIble to
directly determine the concentration of a metal in a

molten metal bath. Prior methods required substantial
amounts of time to make a quantitative determination
of the metal composition. Chemical methods for deter-
mining metal concentration in alloys require up to
about 30 or more minutes. Spectrographic analysis re-
quires less time but again 1s not of any real significance
to a process metallurgist while a melt is in process.

It 1s therefore an advantage of this invention that the
apparatus and process claimed herein can be used to
advantage by a process metallurgist in the working of
a molten bath of metal alloys. The process metallurgist
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may make a determination substantially instantaneous |

and make the necessary adjustments to the molten bath
to bring the metal compositions into the specification
range required. This invention will eliminate the errors
in adjusting the chemlca] analy51s of a molten metal

bath. |
It is well known that in the working of a molten metal

bath that the most volatile component thereof may
leave the bath during the processing. Thus by the time
that a wet method chemical analysis or a spectro-
- graphic chemical analysis has been performed the com-
position of the molten metal bath may have changed
sufficiently so that the analys:s iS no longer accurate.,
The method of this invention gives a quantitative deter-
mination for the most chemically reactive metal in a
molten metal bath so that the composition of the bath
may be adjusted by the addition of a metal or alloy to
the desired composition just prior to casting.
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of metals and alloys. However neither the technical lit-
erature nor the patent literature suggest that the con-
centration of the most chemically reactive metal in a
molten alloy can be determined using a galvanic cell.
Applicant has, therefore, devised a novel method for
measuring the concentration of a metal in a molten
alloy using a galvanic cell.

According to the present invention, the concentra-
tion of the most chemically reactive metal in a melt of

a metal alloy 1s measured by a method which comprises
preparing calibration curves by (1) measuring the elec-
tromotive force across a galvanic cell inserted into a
molten metal alloy wherein one electrode comprises
the molten metal alloy, the other electrode is a refer-
ence electrode comprising a mixture of a metal and its
oxide or a gas of known oxygen potential at the same
temperature as the molten alloy, and the electrolyte is
a solid anionic conductor, (2) chemically analyzing
samples of the alloy to determine the concentration of

" the most reactive metal, (3) plotting calibration curves

of the measured electromotive force across the cell
corresponding to the analyzed concentration of the
most reactive metal in the molten alloy, and (4) deter-
mining from such curves and a measured electromotive
force the concentration of the most chemically reactive
metal in a melt of the metal alloy. | |

The most reactive metal, whose concentration is to
be measured, in a melt of an alloy is defined as the
metal which has an oxide which has an oxygen poten-
tial less than that of the oxygen normally dissolved in
the solvent metal. The process of this invention applies
to any alloy system in which this fact is observed. I have
specifically found that my method is applicable to the
following alloy systems: nickel concentration can be

- measured In molten copper-nickel alloys, aluminum

40

45

It is known, for example, that the oxygen content of

liquid metals may be determined using a galvanic cell;
see U.S. Pat. No. 3,481,855, M. Kolodney et al; U.S.
Pat. No. 3,359,188, W. A. Fischer and U.S. Pat. No.
3,297,551, C. B. Alcock. In these patents the oxygen

50

content must be below the concentration where the ox-

ygen forms an oxide with the solvent metal. Thus if the
oxygen content is at the saturation point the EMF is at
its minimum reading. Thus the Fischer and Alcock ap-
paratus and methods have limited application.

35

The literature also contains many reférences to meth-

ods and systems for measuring oxygen content of liquid
metals. See, for example, Wilder, T. C., Transactions of
the Metailurgical Society of AIME, Vol. 236, July
1966, pp. 1035-~1040; Fritterer, G. R., Journal of Met-
als, Reprlnt Aug. 1966, pp. 1-6; Wllder T. C., Trans-

actions of the Metallurgical Society of AIME, Vol 236,

60

~Jan. 1966, pp. 88-94; and Schwerdtfeger, K., Transac- _

tions of the Metallurgical Society of AIME, Vol 239,

properties of liquid metal alloys or the oxygen content

* 6
Sept. 1967, pp. 1276-1281. The articles all discuss use °
of galvanic cells for measuring the thermodynamlc,

concentration can be measured in molten aluminum-
bronzes, zinc concentration can be measured in molten

brasses and chromium concentration can be measured

In molten stainless steels. Thus more specifically the in-
vention herein is a method of measuring the concentra-
tion of a metal in a melt of an alloy, said metal having
an oxide which has an oxygen potential less than that
of the oxygen normally dissolved in the solvent metal
of a molten alloy, said molten alloy selected from the
group consisting of copper-nickel alloys, aluminum-
bronzes, brasses, and stainless steels, which method
comprises (1) determining which metal in the alloy has
an oxide which has an .oxygen potentlal less than that
of the oxygen normally dissolved in the solvent metal
of the molten alloy, (2) measuring the electromotive
force across a galvanic cell inserted into the molten al-
loy, wherein one electrode comprises the molten alloy,
the other electrode is a reference electrode comprising
a mixture of a metal and its oxide at the same tempera-
ture as the molten alloy and the electrolyte is a solid an-
ionic conductor, (3) plotting calibration curves of the
measured electromotive force across the cell to corre-
spond to the concentration of the metal having an
oxide which has an oxygen potential less than that of
the oxygen normally dissolved in the solvent metal of
the molten alloy, and (4) determining from such curves

‘the concentration of the metal in the melt of the alloy.

Determining the metal in an alloy that has an oxide

“which has an oxygen potential less than that of the oxy-

gen normally dissolved in the sol_venf metal can be ac-
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complished by measuring, analyzing or calculating.
These three methods are discussed below.

The chemical potential of oxygen in molten copper
may be measured by a cell consisting of a solid oxide

electrolyte (such as stabilized zirconia), one electrode
of known oxygen potential (such as air, pure oxygen,
or a mixture of a metal and its oxide), and the other

electrode copper containing dissolved oxygen but no
other dissolved material. Another method is to pass a
gas mixture of known oxygen potential, such as a mix-
ture of CO and CO,, over molten pure copper for sev-
eral hours, quench the copper and then analyze for the
oxygen content corresponding to that oxygen potential.

The chemical potential of oxygen in oxides may also
be calculated from the known free energy of formation
of the oxides. The free energy of formation of the ox-
ides are tabulated in many reference sources as a func-
tion of temperature If the free energy of formation of
an oxide 1s unknown it may be determined in the labo-
ratory using a cell consisting of a solid oxide electro-
lyte, one electrode of known oxygen potential, and the
other electrode a mixture of the oxide with its metal.

Another method utilizes the measurement of the con-.

centration ratios of an oxidizing and reducing gas, such
as H,O and H,, which are in equilibrium with an oxide.
At equilibrium the oxygen potential of the gas will also
be the oxygen potentiai of the oxide. |

A calculation of the type described above follows
This calculation shows that the oxygen potential In zinc
oxide is less than that of oxygen normally dissolved in
molten copper, so that a cell, such as described herein,
when ‘immersed in a molten copper-zinc alloy (i.e.,
brass) will measure the zinc content of the alloy (i.e.,

the zinc-zinc oxide equilibrium in molten copper-zinc

R alloy)-and not the overall oxygen content of the alloy.

At 1,200° C the chemical potential of oxygen dis-
solved in molten copper, a, (in Cu) has been measured

10

4

—45,860 + RTIn (1/po,1)=0
—45,860 — % RTIn po, =0
Po,=2.24X10714
which 1s lower than the chemical potential of oxygen
normally dissolved in copper at the same temperature.

Thus 1t is clear that the oxygen potential of zinc oxide
(2.47 X 107") is lower than the oxygen potential of the

‘oxygen normally dissolved in cathode copper ( 8.1 X
107%). Any new oxygen such as pick-up from air, ab-

sorbed by a copper-zinc alloy will, in effect, react with

 zinc to form ZnO. A cell such as that described herein
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in the laboratory (T. C. Wilder, Trans. Met. Soc. AIME

236, 1966, pp. 1035-1040), and is equal to 0.205 times
the oxygen concentration expressed as a mole fractlon
X(}, hence:

ag (iIn Cu) = 0.205 X,

If the oxygen normally dissolved in copper such as mol-
~-ten cathode copper is 10 parts per million by weight, or
0.001 weight percent then

ap = (0.205) (0.001)/100 X 63 54/16 = 8.1 X 1078

45
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~ where 63.54 is the atomic weight of copper and 16 the

atomic weight of oxygen. Now the free energy of
- formation of zinc oxide at 1,200° C is —45,860

~cal/gfw(C. E. Wicks and F. E. Block, U.S. Bureau of
Mines Bulletin No. 605, p. 138) or,

% Og(g) _+ Zn(g) = ZnO -(5) AF",———- —45,860 cal..

At equlllbrlum the net free energy change In a system
1S Zero. Thus by the law of mass action:

—45.860 + RTln (I/p zn Do, V%) =

In order to determine the chemical potentlal of exygen”
(in this case the partial pressure of oxygen) in zinc ox-

ide, it first must be assumed that the oxide is in equilib- |

- rium with pure zinc vapor and thus pz, = 1. Thus:
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will show a change in the measured electromotive force
caused by the removal of the soluble zinc from the cop-
per-zinc alloy.

The galvanic cell used in measurmg the electromo-

tive force may, in general, be represented by

LI LY S ——— T

} ' 'Potentiometer l
Electrical | Reference:|| @ ||'Ciquid metal | Electrical
conductor | electrode | ‘Electrolyte || ~ alloy conductor

The electromotive force (EMF) of this cell is substan-
tially a simple function of the concentration of the
metal to be measured. Thus the potentiometer may be
calibrated to glve a direct reading of the concentratlon
of the metal in the alloy.

The galvanic or electrochemical cell that can be used
for the measurement of the concentration of a metal in
an alloy comprises a solid electrolyte and a reference
clectrode enclosed in the electrolyte. The reference
electrode in the solid electrolyte is electrically con-
nected to a potentiometer. An electrical conductor has
one end attached to a potentiometer and the other end
of the conductor is adapted to be in contact with the
]iquid metal alloy whose spec:ﬁc metallic concentra-
tion is to be measured. The cell is calibrated by deter-
mining the electromotive force (EMF) with a given
electrode and metal by comparison with chemical anal-
ysis of the alloy containing the metal whose concentra-
tion 1s being measured. This data is conveniently corre-
lated in a table or family of curves with parameters of
metal concentration and electromotwe force (EMF).

'The cell and process of this invention can be used for
measuring the concentration of the most active metal
in the alloy compositions previded that the oxygen po-
tential of the metal’s oxide is less than the activity of
the oxygen normally dissolved in the solvent metal. In
other words, the invention embraces the measurement
of the most chemically reactive metal in a molten alloy
providing enough oxygen is present to cause the forma-
tion of small amounts of that metal’s oxide. Specific ex-
amples of metal concentrations that can be measured
In molten engineering alloys include nickel in copper-
nickel alloys, aluminum in aluminum-bronzes, chro-
mium In stainless steels and zinc in brasses. These al-
loys are given as specific examples but are not to be
considered as hmltmg the scope of this invention ex-
cept as defined in the appended claims.

The applicant has discovered that the chemical ther-
modynamic activity of the most active metal in a mol-
ten alloy makes it possible to determine the concentra-
tion of the most chemically reactive metal in the alloy
by measuring the EMF across a galvanic eell and c:all-
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~ brating it so that the measured EMF corresponds to the
metal concentration. The residual oxygen in the molten

alloy forms an oxide with the most chemically reactive

metal. In the case of brass, as determined by available
thermodynamic data, the residual oxygen must be sub-

stantially less than I part per million, 1.e., about 0.005
ppm, before a separate phase of zinc oxlde wﬂ] not
form. | | | o
The theory of the invention will be explamed as ap-
plied to the brass system where a nickel-nickel oxide
reference electrode is used. However it is to be under-
stood that this theory is presented by way of explana-
tion. It is not considered to be limiting except as de-
fined mn the appended claims. In the brass system the
zinc forms a zinc oxide phase with whatever residual
oxygen may be in the metal. Since zinc oxide forms in
the Cu-Zn-O system with less than one ppm oxygen in
the molten alloy the EMF measurement is not measur-
ing the oxygen content of the molten metal.

By way of further explanation of how this cell func-

tions, the reaction which occurs when the circuit of the
eell 1s closed 1s: |

Zn (m Cu) + N:O(s) == ZnO( s) + NI(S‘) |

| | | (1)

The free energy of thls reaction, and the electromotwe
force related thereto is given by: |

AF = """'2FE — AFO; (ZnQ) —

- | | @)
- ‘where F is the Faraday equwalent (23,063 cal/volt
| eq) ¢ is the electromotive force of the cell in volts,
| °s (ZnO) and AF° (NiO) are the standard molar
free energies of fermation of ZnO and Ni1O respec-
tively, R 1s the universal gas constant, T is the
absolute temperature in degrees Kelvm and a

is the thermodynamic activity of Zinc 1_1{1 the molten_
copper-zin¢ alloy. At constant temperature, all the

“terms 1n equatlen 2 are constant. except € and. a .

The latter term is directly related to the concentration
of zinc in the alloy; hence the value of € is directly
related to the concentratlon of zinc in the alloy.

The reason that zinc ox1de (ZnO) must exist in the

~ brass is explained as follows. The standard molar free

' energy of formation of ZnO, and the molar free energy -

‘of oxygen in ZnO at 995° C is about —51,500 cal/mole.

The molar free energy of oxygen in s_olutlon with cop-
per at 995° C is about —6390 + 5825 log X, where X,
is the mole fraction of oxygen in copper. At the point

where the molar free energy of oxygen in copper is

equal to that in ZnO (obtained by equatmg —51,500
and —6390 1+ 5825 log Xy), Xois 1.8 X 107% which con-
verts to 0.005 parts per million of oxygen. At any con-
‘centration of oxygen in molten brass i In excess of this
infinitesimal amount, ZnO must exist as a separate dis-

creet phase in the system, and the only reaction which |

can occur is the one shown in equation 1. A substan-
‘tially similar calculation may be made to show that a
vamshmgly small amount, i.e., less than about | ppm,
of oxygen is required to form A1203 from molten alumi-
num bronzes, or Cr,O; from molten stainless steels.

AF"’,(N:O) — RTln A
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'and that the electromotive force of the cell 1s a function

of the Me-MeO (metal-metal oxide) equilibrium wher- |
ein the metal, Me is not at unit activity but dissolved in
the alloy. Therefore the process can be used to measure

‘the metal concentration in any alloy system in which
the most active metal forms a separate oxide phase be-

fore the overall oxygen content 1s larger than would be

desired in the alloy.
Using the method of analys:s as deserlbed above with

reference to the copper-zinc system, the applicant has
determined that nickel is the most chemicaliy reactive

‘metal in copper-nickel molten alloys, aluminum is the
‘most chemically reactive in aluminum-bronzes molten

alloys (may contain in addition to copper and alumi-
num such elements as iron, nickel and manganese), and
chromium is the most chemleally reactive in stamless _'

steels. |

Having determined, by one of the three methods dis-
cussed above, the most chemically reactive metal in the
molten alloy bath at the melt temperature the next step
is to prepare calibration curves. FIG. 2 contains cali-
bration curves at two melt temperatures for determin-
ing the concentration of zinc in molten brass. A series
of electromotive force readings was taken and a sample
of the alloy for chemical analysis was withdrawn from
the melt. The composition of the melt was then
changed either by allowing the most volatile metal
component to vaporize from the melt, as zinc in the
molten brass, or by adding weighed amounts of a pure
metallic component to the melt. Then another series of
electromotive force readings was taken and another
sample of the alloy was withdrawn from the melt. These
steps were repeated until a sufficient number of elec-

tromotive force readings and alloy sample chemical

35

40

analyses have been made to give data for preparing the
calibration curves. It is particularly advantageous to
prepare calibration curves for each alloy at a number
of different temperatures. Interpolations can then be
made when the melt temperature does not correspond
to one of the calibration curves. |

Any of a number of different electrolytes may be
used within the scope of this invention. However the

N electmlyte must be characterized as being prlmanly an

45
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anionic conductor. The electrolytes are those that
allow the movement of oxide ion vacancies under the
influence of an oxygen potential gradient. The electro-
lyte must not be porous to the extent that a metal or its
alloy penetrate the electrolyte to the degree that would

~cause a short circuit.
50 -

‘acteristics may be used within the scope of this inven-_
“tion. The electrolyte generally consists of a host mate-

'Any electrolyte that meets the aforementioned char-

rial and a dopant material to a minor extent, 1.e., from
about 5 to 25 percent dopant The dopant dlssolves n

the host material causing the host material to have a
“number of anionic vacancies. Tl‘llS results in an electro-

lyte as being pr:marlly an anionic conductor: The elec-

trical conduction is by the movement of oxide ion va-
cancies. Suitable electrolyte host materials include the

oxides of thorium and zirconium, to which an oxide of

~ the alkaline earths or rare earths, e.g., calcium oxide or

The ability to measure the concentration of a metal

in a molten alloy as described arises from the phenome—
non that most of the oxygen in the alloy systems is in
the formof a solid metal oxide, 1.€. MeO(s) (where Me

IS the metal whose eoncentratlon 1s. to be measured) |

65

yttria have been added to form a solid solution. The
host material, e.g., thoria or zirconia, and the dopant,
e.g., calcium oxide, are mixed in the desired propor-
tions and cast into the shape of the desired electrolyte,

- for example a closed-end tube or crucible. The pre-

ferred electrolyte is a calcia stabilized zirconia contain-
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ing about 92.5 percent zirconia and about 7% percent

calcium oxide. This calcia stabilized zirconia i1s com-
~mercially available under the trade name of “ZIR-
COA.”

Enclosed in the electrolyte 1s a reference electrode

material. A gas or mixture of gases of known oxygen
potential may be used as the reference electrode. The

preferred gas 1s oxygen. Suggested mixtures of gases in-

clude air, carbon monoxide and carbon dioxide, and
hydrogen and water vapor. However the preferred ref-
erence electrode is a metal in admixture with its oxide.
Specific examples of these reference-electrodes in-
clude a mixture of iron and iron oxide, chromium and
chromium oxide, copper and copper oxide, nickel and
nickel oxide, titanium and titanium oxide and molybde-

num and molybdenum oxide. Any mixture of a metal

~ and 1ts oxide that is a solid at the melt temperatures and
has relatively stable thermodynamic properties may be
used as the reference electrode. Generally the refer-
ence electrode will contain about equal portlons of the
metal and the metal oxide.

The reference electrode may be prepared by mixing

equal volumes of screened and sized metal and metal

oxide powders. The powders are thoroughly blended in
a rotary mixer or the like. The mixed metal and metal

oxide powders are compressed and sintered in the elec-
trolyte tube. Contact to the metal/metal oxide sintered

pellet may be-made by a platinum disc spot welded to
a platinum wire or other electrical conductor. The plat-
inum wire or electrical conductor may be sheathed in
a protective tube of quartz, alumina or the like so that
mechanical pressure may be applied to the platinum
disc. |

Contact to the molten metal bath is made with an
electrical conductor sheathed in a quartz, alumina, or

the like, protective tube. The molten metal bath -

contact electrical conductor is selected so that it is not
dissolved or corroded by the molten metal bath.

Because of the relative sensitivity of the measure-

ments required 1n this invention it is preferred to use
platinum leads from the reference electrode in the elec-
trolyte to the potentiometer and an electrical conduc-
tor from the molten bath to the potentiometer selected
so that 1t is not attacked by the molten metal bath. Spe-
cific examples of electrical conductors from a brass
melt to the potentiometer are tantalum, tungsten, rhe-
nium, molybdenum and the alloys thereof.

The reproductbility of the cell potential for most
alloy systems is excellent. It is also very sensitive to
shght composition changes. Owing partly to the low

electrical resistivity of the electrolyte, cell potential

may be resolved to the nearest 0.1 millivolt. This means

that a composition change of 0.02 weight percent can

be detected if the temperature 1s accurately known.
Thus if the temperature in the area of the melt contain-
ing the cell is known to =+ 2° C. the metal concentration
can be determined with a range narrow enough to meet
most requirements of the process metallurgist. |

FIG. 1 shows pictorially a preferred embodiment of
the electrochemical cell of tlns Invention in a molten
metal bath. |

FIG. 2 graphically presents the electromotive force.

of a cell as a flll'lCthI'l of zmc eoncentratlon In molten
brass.

'EXAMPLE |

This example illustrates an electrochemieal cell inac-

5

10

8

cordance with this invention as-it is used to directly

measure the zinc content of molten copper-zinc alloys.

The. internal cell arrangement was essentially that
shown in FIG. 1. The electrochemical cell consisted of

low body preferably having a tubular configuration
formed from zirconium oxide containing about 7%

weight percent calcium oxide.. Equal volumes of
screened and sized (—250 mesh) nickel and nickel

 oxide powders'were thoroughly blended, compressed
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Pt ] N'i, NiO ||1Zr0.::_-"~l¥ 71/2%Ca0l| Zn(inCu), ZnO | Ta

40 -

and sintered in the electrolyte to form a nickel/nickel
oxide pellet reference electrode. Contact to the nick-

el/nickel oxide pellet was made by a platinum disc spot
welded to a platinum wire. The platinum wire was

sheathed in a quartz tube so that mechanical pressure
could be applied to the platinum disc. Contact to the
molten copper—zinc bath was made by a tantalum wire
sheathed in alumina. A tantalum contact was chosen
since 1t does not dlssolve In the molten eopper—zmc al-
loy. |

——— e = e — ek e | = ———-—

" Alumina cement was used to Seal off the mterlor of
~ the electrolyte body from eondensmg Zinc vapor con-

tamination. A thermocouple in a quartz well was pro-
vided to give accurate temperature measurements in

the region of the electrolyte and the molten copper-

zinc alloy contact.. | _
This electrochemical cell may be represented as

POTENTIOMETER-

The internal cell similar to that shown in FIG 1 was
placed in an alumina crucible adapted to be heated in

‘an electrolyte in the form of closed-end elongated hol-~

.

. aresistance furnace. The brass (249 grams, 30 percent’

45
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zinc) whose zinc concentration was to be measured was
charged to the crucible and melted. The composition

of the alloy was changed by either allowing the zinc to

vaporize from the melt, or by adding welghed amounts
of pure copper. The zinc oxide present in the copper-
zinc melt, as shown in the cell above resulted from the
reaction of zinc with trace amounts of oxygen present

in the atmosphere above the melt. In all cases samples

were taken correspondingly to each reading and a
chemical analysis was made. Readings were taken for
various alloy composmons at 995° C and 1,069° C.

L e | o ele— —-—_

—amaT wEm raar - o =T

- Cell potentials were measured with a null potentiom-

eter. The data obtained are shown in the Table and
plotted with the parameters of zinc¢ concentration and -

| EMF as shown in FIG 2.

—— - ar— e

"The reprodumblllty of the cell petentlal was excellent
and was very sensitive to slight composition changes.
Cell potenttals were easily resolved to the nearest O.]
mV. This meant that a composition change of 0.02
welght percent zinc could be detected if the tempera-
ture is accurately known. Thus if the temperature in the

area of the melt containing the electrochemical cell is

known to % 2° C then the melt’s compos:tlon can be de-
termmed to & 0 06 wetght percent zinc.
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TABLE ‘The nickel concentration in a copper-nickel alloy
~  melt may be measured using a nickel/nickel oxide ref-
erence electrode in a zirconium oxide-calcium oxide

: | electrolyte Where the system has a low chemical po-
at 995°C 5 tenual 1t 15 preferable to use an electrolyte of doped

Potentials of Cell as Function of imr. (_oncentratlon
. in Molten Bra*-.a

Alloy No. Wt. Pct. Zn EMF of Cell, mV thorium oxide.
i . 24 18 ) 3099 ‘Where a system usmg a particular reference elec-
2 25.18. 312.8 trode develops large electromotive forces thus giving
2 | §§§’f | %:g?g rise to possible electrode polarization it is preferable to
5 26.54 319 0 10 use a reference electrode other than nickel/nickel ox-
' ‘_;’ E; ; 3 232? | - ide. Thus in measuring the aluminum concentration in
g 28.03 3955 ~aluminum-bronze melts 1t 1s preferred to use a chromi-
g 28.68 328.1 um/chromic oxide reference electrode in a thorium
I B 508 - oxide electrolyte doped with calcium oxide or magne-
12 ' 29.09 329.9 15 sium oxide. Chromium concentration in stainless steel
- S EA: - melts is measured using the chromrum/ehromle oxide

5 1 29.56 3313, reference electrode. .
18 gg.gg gg;a 3 In one embodiment of this invention it is contem-
g 59 87 3375 plated that the electrochemical or galvanic cell may be
19 29.92 - 334.0 20 adapted to be inserted directly into the melting vessel

g? g?_:gg ggg:(’] containing the molten metal.

- | | — In another embodiment within the scope of this in-
at 1069° C - vention the galvanic cell is suspended in a vessel such
22 - 29.76 316.0- - as an alumma crucible. The crucible and cell are placed
> el 35098 25 in a small furnace conveniently located near the melt-
25 31.89 327.2 ing pot. The furnace is maintained at a temperature
%g - ggz; | | ggg; : complimenting that of the molten metal alloy in the
R - melting pot. In operation, a molten metal sample is re-
moved 1n any convenient manner from the melting pot
e - 30 and transferred immediately to the crucible in the fur-
EXAMPLE 2 nace. The EMF of the galvanic cell is then measured on

a potentiometer to determine the concentration of a
metal in the molten metal.

What I claim is:

1. A method of determining the concentration of zinc
in molten brass contammg at least 0. 005 parts per mrl-
lion oxygen which comprises: |

a. preparing a bath of molten brass

b. taking samples of said molten brass at time mter-

vals while adding zinc to said molten brass,

c. measuring the electromotive force across a gal-

- vanic cell inserted into said molten brass simulta-

neously with the taking of each sample, wherein
one electrode comprises said molten brass, the

- This example illustrates that the galvanic cell and
process of this invention may be used to measure the
concentration of a metal in a molten metal alloy when 35
the metal to be measured 1s at relatwely hlgh and low
concentrations. |

A. Using essentially the same cell arrangement as de-
scribed in Example 1 EMF readmga in millivolts were
obtained on a molten copper-zinc alloy | held at-798° C 40
where the zinc concentration was from about 69.5% to
94.4%. The results are tabulated below

Wt Pct. Zn EMF of Cell, mV 45

Alloy No. ¢ , _ A
St - -~ - other electrode 1s a reference electrode comprising
28 94.43 431.; | . -a mixture of a metal and its oxide or a gas of known
53 Ez'ié | - jgm oxygen .potential at the same temperature as said
31 80.32 471.4 molten brass and the electrolyte 1s a solid anionic
32 76.96 473.4 “conductor, -
33 73.17 469.1 50
34 169.56 d. analyzing each sample for zinc,

404.5

e. plotting calibration curves of zinc versus electro-
motive force based on electromotive force mea-
surements from step (c) and zinc analyses from

B. A copper-zinc alloy containing from about 5.5% step (d), and
to about 13.0% of zinc was held at 1,069 C. The EMF o f. in a second bath of molten brass eontammg at least
readings, In millivolts, across the electrochemlcal cell - 0.005 parts per million oxygen, measuring in said
are tabulated bEIOW | - second bath the electromotive force as in step (c)
| | and obtaining from the calibration curve plotted In
step (e) the concentration of zinc in said second

bath of molten brass.

. .
| rmaBma . trmme = e s [ - R ERIC L LR
’ v ’ ) 60
. '

~ Aliov. No. Wt. Pct. Zn EMF of Cell, mV o .
S e e 2. A method of determining the concentration of
| gg - L ggi o :g;g nickel in molten copper-nickel alloys contamning at
37 - 778 1990 | least 200 parts per million oxygen which comprises:
- §§ | o 1(8)‘;{7} | | %;3; | 65 Aa. preparing a bath of molten copper-nickel alloy,
40 1196 547 5 b. taking samples of said molten copper-nickel alloy
41 12.08 250.6 at time intervals while adding nickel to said molten
42 12.92 256.4 |

copper-nickel alloy,
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c. measuring the electromotive force across a gal-
vanic cell inserted into said molten copper-nickel

alloy simultaneously with the taking of each sam-

ple, wherein one electrode comprises said molten
copper-nickel alloy, the other electrode. 1s a refer-

ence electrode comprising a mixture of a metal and

its oxide or a gas of known oxygen potential at the
same temperature -as said molten copper-nickel
alloy and the electrolyte is a solid anionic conduc-
tor, | |

d. analyzing each sample for nickel,

e. plotting calibration curves of nickel versus electro-
‘motive force based on electromotive force mea-
surements from step (c) and mckel analyses from
step (d), and | | |

f. in a second bath of molten copper-nickel alloy con-
taining at least 200 parts per million oxygen, mea-
suring in said second bath the electromotive force
as in step (c) and obtaining from the calibration
curve plotted in step (e) the concentration of
nickel in said second bath of molten copper-nickel
alloy. - |

3. A method of determining the concentration of alu-

minum in molten aluminum-bronzes containing at least
1.0 parts per million oxygen which comprises:

a. preparing a bath of molten aluminum-bronze,

b. taking samples of said molten aluminum-bronze at
time intervals while adding alummum to said mol-

. ten aluminum bronze alloy, |

C. measurmg the electromotive force across a- gal-
vanic cell inserted into said molten- aluminum-

bronze simultaneously with the takmg of each sam-

ple, wherein one electrode comprises said molten
aluminum-bronze, the other electrode is a refer-
ence electrode comprising a mixture of a metal and
its oxide or a gas of known oxygen potential at the

same temperature as said molten aluminum-bronze .

and the electrolyte is a solid anionic C(mductor |
d. analyzing cach sample for aluminum,
e. plotting calibration curves of aluminum versus

5

10

15

20

23

30

35

40

electromotive force based on electromotive force

measurements from step (¢) and alummum analy-
ses from step (d), and

f. in a second bath of molten alummum bronze con-
taining at least 1.0 parts per million oxygen, mea-
suring in said second bath the electromotive force

~as in step (c¢) and obtaining from the calibration
curve plotted in step (e) the concentration of alu-
minum in said second bath of molten aluminum-
bronze. | |

4. A method of determining the concentration of

chromium in molten stainless steel containing at least
1.0 parts per million oxygen which comprises:

a. preparing a bath of molten stainless steel,

b. taking samples of said molten stainless steel at time
intervals - while addmg chromlum to said molten
stainless steel, | | |

c. measuring the electromotive force across a gal-
vanic cell inserted into said molten stainless steel
simultaneously with the taking of each sample,
wherein one electrode compriSes said molten stain-
less steel, the other electrode is a reference elec-
trode comprising a mixture of a metal and its oxide
or a gas of known oxygen potential at the same

temperature as said molten stainless steel and the

electrolyte is a solid anionic conductor,
d. analyzing each sample for chromium,

e. plotting calibration curves of chromium versus

45

50

35

60

65

electromotive force based on electromotive force
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‘measurements from step (c¢) and chromium analy-
ses from step (d), and - |

f. in a second bath of molten stainless steel containing

“at least 1.0 parts per million oxygen, measuring in
said second bath the electromotive force as step
(c) and obtaining from the calibration curve plot-
ted in step (e) the concentration of chromium in
said second bath of molten stainless steel.

5. A method of measuring the concentration of a
metal in a melt of an alloy, said metal having an oxide
which has an oxygen potential less than that of the oxy-
gen normally dissolved in the solvent metal of a molten
alloy, said molten alloy selected from the £roup consist-

ing of copper-nickel alloys, aluminum-bronzes, brasses

and stainless steels, wherein said metal having an oxide
which has an oxygen potential less than that of the oxy-
gen normally dissolved 1n the solvent metal 1s nickel in
molten copper-nickel alloys, aluminum i molten

aluminum-bronzes, zinc in molten brasses, and chro-
mium In molten stainless steels, which method cCom-

prises:

a. preparing a bath of a moiten alloy selected from
the group consisting of copper-nickel alloys con-
taining at least 200 parts per million oxygen, alumi-
num-bronzes containing at least 1 part per million
oxygen, brasses containing at least 0.005 parts per
million oxygen, and stainless steels containing at
least 1 part per million oxygen,

b. taking samples of said molten alloy at time inter-
vals while adding nickel to said copper-nickel al-

~loys, aluminum to said ‘aluminum-bronzes, zinc to
said brasses and chromium to said stainless steels,

-~ ¢. measuring the electromotive force across a gal-
- vanic cell inserted into said molten. alloy simulta-
neously with the taking of each sample, wherein
one electrode comprises said molten alloy, the
other electrode is a reference electrode comprising
a mixture of a metal and its oxide or a gas of known
oxygen potential at the v.dme:temperature as said
molten dlloy and the electrolyte s a ';olld anionic
conductor, . |
d. analyzing each sample for nickel in said copper-
nickel alloys, aluminum in said aluminum-bronzes,
‘zinc in said brasses and chremlum n said stamless

steels,

e. plotting calibration curves of nickel versus electro-
motive force, aluminum versus electromotive
force, zinc versus electromotive force, and chro-
mium versus electromotive force based on electro-
motive force measurements from step (c) and
nickel, aluminum, zinc and chromium analyses
from step (d), and

f. 1n a second bath of a molten alloy selected from the
group consisting of copper-nickel alloys containing
at least 200 parts per million oxygen, aluminum-
bronzes containing at least 1 part per million oxy-
gen, brasses containing at least 0.005 parts per mil-
lion oxygen and stainless steels containing at least

- 1 part per million oxygen, measuring in said second
bath the electromotive force as in step (¢) and ob-
tain from the appropriate calibration curve plotted
in step (e) the concentration of nickel in said sec-
ond bath of molten copper-nickel alloy, aluminum
In said second bath of molten aluminum-bronze,
zinc in said second bath of molten brass and chro-

mium in said second bath of molten stamless 9teel
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