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18 GLASS-TO-METAL SEALS

4. ALLOYS coNTAINING Iron, Nicken anp Coparnt.

_The inflection temperature of nickel-iron alloys is, as already stated,
generally too Jow to permit them to be fused to the low-expansion normal
borosilicate glasses.
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Thermal Expansion Characteristics of Iron-N iekel-Cobalt Alloys.

The Bffect of Cobalt in Raising the Inflection Pemperature for a given Thermal
Rxpansion Coeflicient (a).
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The Effect of the Addition of about 189, of Cobalt on the Linear Thermnal
Bxpangion Coefficient (o) of Ni-Fo Alloys.

Substitution of cobalt for nickel lowers the thermal expansion coefficient
without affecting the inflection temperature, so giving alloys suitable for
sealing to hard glasses. In the absence of cobalt, the expansions are
considerably higher for a given inflection temperature than those
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obtained with the most favourable cobalt content, as shown in Figs.
32 and 33. This lowering of tho expansion increases as the proportion
of nickel is replaced by cobalt to a limit of about 18 per cent. and the
curves showing the relation between {nickel - cobalt) content, expansion
and inflection temperature represent substitution to this limit.12  Con.
sideration of these graphs shows that an alloy containing 40 per cent,
{Ni -+ Co) has the coefficient of lincar thermal expansion 43 x 10-% ag com-
pared with 7-0 % 10-% for the corresponding cobalt-free alloy, both alloys
possessing the same température of inflockion of 430°, The inflection
temperature of a cobalt-frce alloy of expansion coefficient 4:3 x 10-% is
as low as 350°, thus rendering it unsuitable for sealing to low-expansion
glasses of the normal borosilicate composition.

The limit to which nicke] can be replaced by cobalt is governed by the
stability of the alloy. Fhe desired low and reversible thermal expansion
of these alloys is characleristic of the face-centred cubie lattice, known
as the gamma.phase, which is meta-stable below about 400°, the stable
form being the body-centred alpha-phase. 'The alpha.phase possesses
& much higher thermal expansion than the gamma, so that the gamma >
alpha transformation must bo depressed below room temperature in
order to ensure the alloy being stable under all conditions of usage. It
must not take place in alloys intended for glass-to-metal joints becanse
reversion to the higher-expansion form would cause seals to crack.
Increasing the proportion of nickel depresses the transformation tempera-
ture, but cobalt raises it. Practical considerations dictate that the
gammna->alpha transformation skould be depressed to about — 100°, and
so the optimum cobalt content is taken as that which will cause the
transformation to occur atb this temperature. With fixed proportions
of (nickel -i- cobalt) and of other elements, Howard Scott 12 has shown
this to be governed by the relation :—

o4Co == 1-B5{%Ni -+ Co) - 3(%Mn)+-18(%C} — 55.
By substituting (100%—U¥e) for the percentage of (Ni-Co) in
the above equation, the proportions of nickel and cobalt for a given
iron content are obtained, as shown in Table V, assuming the

Taprn V.

Optimum. Proportion of Cobalt in Stable Alloys containing only
Tron, Nickel and Cobalf.

(Calculated from Scott’s relationship :—
o/ Uo = 1-55 (%Ni +- Co) + 30 (%Mn) + 180 (9,0) — B5.)

o4, Iron, % Cobalt, o, Nickel.
40 38 22
45 30 25
i} 22:H 276
50 15 30
60 7 33
hd 16-5 20-5

5id 18-9 9775 Mn 6-29, C 005",
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alloys to be free from minor constituents. Taking the iron content of
Fernico or of Kovar as 54 per cent., the above relation shows that
the optimum proportion of cobalt is about 16-5 per cent. for the pure
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Fia. 34.
Phermal Bapansion Curves of Iron-Nickel-Cobult dlloys,

© — @ Initial heating.
3 Heating after immersion in liguid sir.
Expansion (20°—350°).
After Immersion

Initinl, in Liguid Air,
(a0 % 10%). {a > 10%).
Curve 1. Alloy, 529 Fe, 27%, Ni, 1% Co ...... 7-75 R

. 2. Unstable commercial alloy ... 44 G4
3. Alloy, 549, Fe, 319% Ni, 16% Co ...... 54 od
., 4. Stable commmercial alloy ... 4-8 48
o 0. Unstable expertmental alloy, 559, e,

2897 Ni, 16:6% Co vvvervnnniieaniins G-5 7-3

alloy containing no minor constituents, whereas it may bo as high as
18 per cent. if the alloy contains 0-2 per cent. manganese and (-0 per cent.
carbon.
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As the cobalt approaches the opbimum proportion, however, the alloy
bocomes less stable so far as the gamma —» alpha translormasion is con-
corned. 1t has been stated that the alloy containing 54 per cent. Fe,
28 per cent. Ni, 18 per cont. Co possesses the highest transition tem-
perature for stable low-thermal-expansion alloys.?®  This proportion of
cobalt is somewhat higher than that permitted in a pure alloy, according to
the values given in Table V. By reducing the proportion of cobalt to 15
per cent., the gamma - alpha transformation cannot be induced, even by
immersion in liquid air. The eontrast in behaviour on heating and cooling
between stable and unstable alloys of this type is shown in Fig, 34. These
curves show that alloys containing as much as 19 per cent. of cobalt, made
from pure maberizls by powder metallurgy, show reversible expansion
charaeteristics even alter itamersion in liquid aiv (— 194%). Heat treat-
ment ab high temperatures is needed to re-convert the high-expansion
alpha form into the Tower-expansion gaming forn.

The optimum cobalt content is naturally higher the. greater the pro-
portion of the elements which lower the transformation toanperature ; but
unforbunately the thermal-cxpansion cocflicient is raised more by the
addition of these clements, with the exception of carbon, than it is Jowered
by the greater cobalt content permitted. They are, therefore, preferably
kept to o minimum, although manganese is often added to make prepara.
tion and fabrication easier,

Small additions of earbon nob only lower the expansion slightly but
also permit the use of o higher cobalt content, as shown by the refation-
ship given above. The proportion of carbon should not exceed about
0-3 per cent., an amount which lowers the linear expansion coefficient by
0-4 x 10-6, because higher proportions may not be retained in solid
solution, in which case they do not have the desired effect.

Addition of carbon to these alloys by carburising has been recommen-
ded ™ in order to preveut the transformation which is aceompanied by an
alteration in such physical propertics as thermal expansion, hardness,
duetility and mechanical strength.  In the absence of carbou the change
i said to occur between 0° and — 50° whereas with 0-05 per cent. or more
of carbon it was in the region of — 200°. Carburisation is accomplished
by heating in graphite in an atmosphere of hydrogen, in hydrogen coti-
taining hydrocarbon eils for 30 minutes at 1100°, or by immersion for
10 minutes in sodium cyanide at 800°.  Annealing in hydrogen to remove
carbon, however, has been suggested to prevent the formation of bubbles at
the glass-metal interface,’® but it has already been shown that stable
alloys can be produced by correct proportioning of the major constituents,
which is preferable to these carburising methods.

Plastic deformation by cold working, such as by filing, rolling or deep
drawing, causes the gamma -> alpha transformation to oceur, so that
annealing at 9007 to restore the ganma-phasoe should be carried ont after
such treatment. The reversible ehange in expansion in the region of
400° is nob fully understood; it has heen suggested that the change
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is not a true transformation bub Is somewhat akin to the A2 changoe in
iron.

Freedom from stress in seals can be obtained by agreement of both
thermal expansion coefficient and inflection temperatures of metal and
glass, so that the non-linear expansion of these nickel-iron-cobalt alloys
affords the possibility of realising this close mateh with hard glass.
A.W. Hull, B. E, Buarger and L. Naviag 13 have determined the sensitivity
of thermal expansion characteristics of the alloy to the small changes
in chemical composition which are bound to occur in manufacture,
ascertaining their effect on the sealing rather than on the inflection
temperature of the alloys. This sealing temperature was determined
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sealing temperature from intersection with curve of straight line the slope (o) of which
equals 115 that of average slope (a) of curve between 206° and 300°,

a8 shown in Fig. 35, by the interscction with the thermal expansion
curve of the alloy of a straight line the slope of which with the temperature
axis was 15 per cent. greater than the average expansion of the glass
between 25° and 300°, The point so determined on the expansion curve
of the glass is eaid to represent the sealing temperature of borosilicate
glagses used with theso alloys; and hence it also represented the sealing
temperature of the metal which matched the glass. The average
coeflicient of linear thermal expansion between 25° and the sealing temper-
ature was found to be 0-805 (Ni - 0:75 Co 4- 0-5 Ma 4+ 0:6 8i + -8 Al —
34-9) x 10-%, where the chemical symbols represent the percentage
weights present in the alloy. ‘
Taking the upper limit of the tensile stress in the glasy component of
a giass-to-metal joint as 100 kg. per sq. em., these suthors, from considera-
tions of the changes in length caused by small differences in sealing
temperature and expansion coefficient, have calculated the corresponding

g
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changes in chemical composition which would bring about a stress of this
magnitude. Such a result would follow if the alloy composition changed
by — .

+ 1-2%, nickel
or - 2-1%, cobnit
or 4 (-59Y, manganeso
or - $-339%, silicon
or L 0349, aluminium.

The sealing teniperature might preferably be called the annealing
temperature because it coincides with the temperature at which strain
would be released rapidly, whereas the temperature at which the glass
and metal are sealed to each other is considerably higher. 'This sealing
or anncaling temperature can be derived from the relation :—

sealing temperature =
36-0 (Ni - 0-875 Co — 0-5 Mn - 14 8i — 10 Al — 31-0)

the chemical symbols ropresenting the percentage of the element present
in the alloy.

The presence of minor constituents lowers the sealing temperature,
the effeet of small changes in composition of the alloy on these charace-
teristics being illustrated in Table VI

Tappe VI
The Effect of Minor Constituents on the Sealing Temperatures wnd
Linear Thermal Expansion Coeflicients of Nickel-Iron—Cobalt Alloys.

Tffoct of Change in Composition.

Y

rOn Sesling

Change in Chemieal Composition, Temperature, On a x 10%
Addition of 0-19 nickel ... 4- 36 + 0-08

» 0-1%, cobnlb...... -+ 31 -+ 0-06

. (19 manganese — b8 - 004

' 019, ailicon ...... ] G- 1048

' (1% sluminium - 36 A4 0064

- Signifies an incresse,

These figures will be of little assistance to the secal maker, since it is
preferable to measure the stresses present in a seal rather than to caleulate
them by comparison with a known batch of alloy. “They are a valaable
guide, however, to the alloy maker because they enable him to estimate
the effect of variability in composition.

These alloys are normally prepared by the customary melting and
casting technique and consequently they contain small proportions of
manganese, silicon and aluminium which are added to remove sulphur
and oxygen from the molten metal thereby assisting in the production
of sound wire and strip. They are not necessary if the alloy is produced
by vacuum melting or powder metallurgy processecs and their effect on
the thermal expansion is thereby avoided.

Cobalt lowers the electrical resistiviby of nickel-iron alloys, thus
reducing the heating effects in the seal when current passes. It also
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results in a more fusible oxide when the metal is heated in readiness for
coabing with glass.

This brief account of the physical properties of the alloys containing
iron, nickel and cobalt will enable an estimate to be {vrmed of their
suitability for joining to particular glasses. The alloy compositions
listed in Table V1I have been taken from the patent literature; but, in

Tasrr VIL
Composition per cent, of Alloys containing Nickel, Iron and Cobalf.

As quoted in the Patent Literature,

Tron............... —  remainder  — — 45-54 574 51-5
Nielel .o B5-82 2430} 28-34 32-38 28-30 304 318
Cobalé..... L1245 525 5-20 & 183--25 -8 16
Maongonese...... 1 I 1 05 — 0-79 0-65
Carbon ......... — e — — 0-05 00t 0-01

minimiamn

References :  US. Pat. Bril, Pat. Brit. Pat. Brit. Pat. U8, Pat. U8, Pat.
2,043,307 491,058 368,034 497,644 2,180,970 2,217,422/3

general, the limits quoted for composition are so wide that it is impossible
to express any opinion as to the suitability of the alloys for any given glass,

5. ALrovs coNTAINING Irow, Nickun aNp CHROMIUM.

In contrast with cobalt, chromium is added to nickel-iron alloys in
order to raise their thermal expansion coefficient to suit soft glasses.
1ts effect can be scen from the resulls in Table VILI,

TazLe VIIL

The Effect of Chromium on the Linear Thermal Expansion Coefficient
‘ (¢} of Nickel-Iron Alloys. 1t

a X 109
Alloy (%, Composition). 20—350° 20—400°
42 NL BB Fo i 53 i3
42 Ni, 52 e, 6 Cr  vviviiiiiiennns 8.3 * g4 ¥
42-2 Ni, 4-8 Cr, Fe remginder 850 -0
44 Ni, 102 Cr, Fe remainder ...... 11:% * 11-0 *

46 Ni, 54 Fe ... — 7-6
44-3 Ni, 82 Te, 105 Cr.o.ooeeiniiiiie 11-6 11-7

* These values have been derived from the curves in W. E. Kingston's contribu-
tion,1% and are approximate because of the small-scale reproduction.

A range of expansions can be obtained by substituting chromium for
iron in the 42 per cent. nickel-iron base alloy, and minor adjustments
can be made to the expansion by altering slightly the proportions of nickel
and chromium. The expansions are reversible over a wide range of tem-
perature—at least from — 75° to 1000°. The alloy containing § per
gent. of chromium is not nearly so resistant to oxidation as the 26—30
per cend. chrome—iron alloys, and it should be oxidised prior to seal making
at 1050°—1250° in an atmosphere of hydrogen which has been saturated
with water vapour at 40°.  The oxide layer then consists of roughly equal
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proportions of Cr,0, afid a spinel type oxide — RO-R,0;—econtaining iron,
nickel and ehromium oxides.  Kxperience with the alloy containing 6 per
cent. chromium indicates that care is needed fo avoid over-oxidation
during seal making. The adhorence of the oxide to the base metal is not
good, but according to Kingston it is improved by minor additions of
compound-forming constituents, of which there were present in his alloys
0-04 — 0-15 per cent. carbon, 0:12 — 0-27 per cent, silicon, and 0-21 — 0-29
per cent. manganese.

Deoxidised and gas-free alloys of this type have been prepared by
adding 0:25 per cent. of aluminium and up to 1 per cent. of beryllium to
the molten metal, Any compounds formed are converted by suitable
fluxes to slag which is removed before casting.t?

The 6 per cent, chromium alloy is soft and ductile in the annealed
condition, but can be hardened by the addition of about (-5 per cent.
of carbon. This alloy is used instead of the composite copper-coated
nickel-iron alloy for making seals with soft glass.

6. ALLOYS CONTAINING IRON AND UHROMIUM.
The thermal expansion of steels containing about 0-1 per cent. carbon
is decreased by adding chiromiumn as shown by the rvesults in Table TX.
TapLE [X.*

The Effect of Chromium on the Linear Therinal Expansion Coefficient
{«) of Low Curbon Steels.

Composition, %. ‘
Moan o 3 108

Chromium. Mn. Bi. C. {20~-4007}.
nit 0-26 0:18 0-09 14-1
470 0-27 0-18 o-11 12:9

11-96 0205 0-1% 12 11-7
17-48 0-28 0-21 [F18 B4 FI-3
24-53 0-36 0-22 0-13 FE-
32-27 0-36 026 0-12 in-4

* J, Iron o Steel Inst., 1938, 137, 361-—370,

The fall in thermal expansion coefficient is rapid up to 15 per cent.
chromium but less marked with the higher proportions. With the excep-
tion of the alloy containing 32 per cent. chromium, there is no evidence
of sudden volume changes on heating, for the rate of expansion increases
but slightly with rising temperature. The lower-expansion alloys are
thus suitable for sealing to soft glass, and are used in cases where high
sealing-in temperatures would conduce to oxidation of thin Dumet
wires too severely.

Alloys containing sufficient chromium are probably the most resistant
to oxidation of all metals used for sealing to glass, with the exception of
the noble metals. “The thin oxide film is rich in chromium oxide, green
in colour, and adheres tenaciously to the base metal, which it protects
from further oxidation during the scal-making processes. This pro-
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Tasrey XI.
Ni—Fe

Processes used for Joining Metals.

Molyb-

GLASS-TO-METAL SEALS THE PROTERTIES OF SUITABLE METALS 31
} . but sometimes it is necessary to restriet the period to that of a few cycles, |
b Eﬁ when acourate electronic control of the current is cssential. Some metals
g 2 either do not alloy readily or they produce brittle welds. In sueh cases :
« it is often permissible fo use an intermediate metal : for example, nickel
) o Piq is somectimes used to produce stronger welds between tungsten and ¥
§ le(g i molybdenum but naturally they will not then withstand so high an i
4 4| J( . operating temperature. Solders, brazos and other fusible metals are v
"R also used instead of wolding, the choice of method being governed by
B y ﬁe local conditions. In using these soldering methods it is important
B 8% g 2 to bear in mind the maximum operating temperature in relation to the
= EE melting point of the * solder.” - Further, some metals, notably cadmium
B and zine, are volatile when heated in vacuo and this may prohibit their ‘
- o 'ﬁﬁ i use in gome circwnstances.  Diffusion of gold into copper at about 400° ¢
2 B4 optlFte SR has been successfully used for joining copper components together.?® The i
e 53,“?3‘4 Eﬁ 8 surfaces to be joined must be serapulonsly clean and free from scratches. £
- - —E It is not possible to deal more fully with this aspect of the subject in :
& 3 "|q g E this monograph, or to recommend any one method in preference to another
g é Otéogm A because so much depends on the nature of the job. Methods used for
© a9 E,L 8 joini_ng l.nei;zuls together are ligted in Table X.2% Those employed for
] i v = making joiits between metals employed in the more common glass-to-
3 5 é an [ é - metal seals ave given in l'able X1,
o
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